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Introduction 
 
The Earth system -- the lithosphere, atmosphere, 
hydrosphere, and biosphere -- has evolved over 
billions of years and is the home for all known 
life, including humans.  It is a delicate home, it 
is a fascinating home, and it challenges us to 
better understand its balances. This course took 
us on a journey through the 4.567 billion years 
of Earth's history, and the papers in this journal 
mark the culmination of student work. The 
journal is split into four parts:  
 
1.  Lagerstätten have been crucial in not just 
producing significant fossils, but have also 
advanced our knowledge of the Earth system as 
snapshots in time. These sites contain 
exceptional numbers of fossils and may also 
exhibit exceptional quality preservation which 
warrant their protection for years to come. These 
discoveries often become UNESCO World 
Heritage sites due to their importance to science 
and their contributions to our body of 
knowledge.  

Several famous Lagerstӓtten from North 
America are described in great detail including 
the unique and bizarre organisms from the 
Burgess Shale located in the Canadian Rockies 
highlighted by Bormann and Merrick. The “Age 
of Fishes” from the Devonian are brought to 
light by Boyd and Rowe, where well-
documented discoveries from the Miguasha 
lagerstӓtte in Quebec are discussed. On the East 
coast of Canada, Singh Bhullar and Thiele 
provide a recount of the importance of the coal 
forests of Joggins Cliffs, Nova Scotia while 
Bautista and Mindanao share in-depth 
descriptions of Ediacaran fossils from Mistaken 
Point, Newfoundland.   

Some of the most important Lagerstӓtten 
found in Europe are from Germany, illustrated 
by Al Raisi and Eaton-Tessier who focused on 
the Devonian fossils found in Bundenbach, and 
through significant discoveries such as the first 
bird Archaeopteryx at Solnhofen by Guillerez. 
Many discoveries have been made in South 
America, but a unique site containing differerent 
types of fossilized animals including pterosaurs 
discovered in the Santana formation from Brazil 
is reviewed in a descriptive contribution by 
Murphy. One of the most significant lagerstӓtte 

from Asia is outlined by Yuan, where fossils 
from Chengjiang rival those found from the 
Burgess Shale. All of the aforementioned 
contributions have described discoveries that 
have played significant roles in the 
understanding of life and evolution on Earth and 
will continue to do so for centuries to come.  
  
2.  Our understanding about past life is still 
growing. This section includes various papers 
relating such new discoveries and discussing 
their significance for understanding life’s many 
changes over the eons.   

Relationships between form, function, 
and phylogeny are a common theme underlying 
these papers, nicely capturing the classic trifecta 
of causal phenomena in evolution. This is 
exemplified by contributions by Cheng, Gupta 
and Han, and Mooney and Osterling Arias, 
highlighting bizarre morphologies in different 
groups of dinosaurs and the efforts that have 
been made to understand their origins and 
diversity. Similarly, Patterson and Panasiuk 
provide a deep dive into the evolution of 
dinosaur feathers and hypotheses for their 
evolution.  

The papers also span the full range of 
taxonomic diversity encountered in the fossil 
record. Chan and Sengupta focus in on a group 
of amber fossils whose horn-like mouthparts 
have inspired the nickname "hell ants", proving 
that Cretaceous insects deserve attention equal 
to that afforded to dinosaurs. Carrothers and 
Fargey provide a focussed discussion on the 
newly discovered Kylinxia zhangi, a Cambrian 
arthropod from China which fills an important 
gap in our understanding of the early evolution 
of arthropods. Choi and Fortune discuss a new 
Canadian discovery: the earliest fossil 
occurrence of a neglected group of organisms – 
the fungi.   

Finally, many articles emphasize the 
utility of new methods for interrogating the 
fossil record. In particular, Chen examines 
several case studies involving hydrodynamics in 
the fossil record. She shows that some fish body 
shapes have evolved repeatedly while others 
were unique. Similarly, Walker and Moya walk 
us through the study of colour in the fossil 
record, as revealed by preserved pigment-
containing organelles called melanosomes. 
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Altogether the papers in this section are 
testament to our ever-changing knowledge of the 
history of life. We’ve come a long way from a 
few drawers of dusty bones.  
  
3.  The Earth system harbours many surprises. 
This section presents synthesis-articles that are 
focused on the evolution and general properties 
of the Earth, physical and chemical processes 
present in our planet, and their effects on the 
Geosphere and Biosphere. The general-internal 
properties of the Earth are presented by Caratsch 
and Pham in their paper “The Emergence of 
tectonic plates” in which they show the history 
and basis of the plate tectonic theory while the 
internal forces of Earth are explained by Han in 
her article titled: “Uncovering the Geodynamo”. 
The role that microorganisms play in 
biochemical and chemical changes can produce 
high impacts in the environment. This is well 
explained by Tablada in his paper “The Great 
Oxidation Event (GOE); its causes and its effect 
on the evolution of Eukaryotic traits”. 
Microorganism also play an important role in 
soil formation. Mul explains in his paper “The 
Formation of Soils and Its Function” the 
different process of soil formation and its 
importance for human life. Geological and 
biochemical processes have been recorded 
through Earth history and they have been the 
main causes of mass extinction events. 
Examples of mass extinction events and their 

causes are given by Islam and Butt in their paper 
“The Greatest Mass Extinction in Earth’s 
History: The Permian-Triassic Extinction Event” 
and Dong in his paper “The Late Triassic 
Extinction Events”.   
  
4.  The final section looks at the nature and 
extent of interactions between humans and Earth 
processes, including human activities altering 
Earth's landscapes, oceans, and the atmosphere. 
The Anthropocene (causes and future status) is 
well presented by Li in her paper “Scientific and 
Philosophical Arguments in Favour of the 
"Anthropocene". Herrmann in her paper “How 
plastic use has impacted the environment” 
addresses the problems of plastic waste and 
presents some attempts to control the pollution 
of plastics in the environment. Hu and Dalueg 
provide a review of the “Anthropocene” movie, 
and the volume ends on a positive note with an 
interview by Ross and Qu of the author of 
"Timefulness".  
 
We hope you enjoy reading the 27 papers in this 
first volume of the ESS261 Journal. 
 
 
Toronto, 30 April 2021 
Megan Swing 
Heriberto Rochin Banaga 
Joe Moysiuk 
Carl-Georg Bank
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1. Introduction 
 
The Burgess Shale is an exquisite fossil-bearing 
deposit located in the Canadian Rockies of British 
Columbia, Canada. It is a classic Lagerstätte 
famous for its exceptional diversity and “whole 
body” preservation of soft-bodied organisms and 
soft-body imprints (Butterfield, 2003), particularly 
of middle Cambrian fauna (505 million years ago 
to 510 million years ago), making it one of the 
earliest fossil beds discovered to date. In fact, it has 
yielded the best-known record of Cambrian fossils 
in the world. This differentiates it from most other 
sites because typically, it is the hard parts of 
organisms that are fossilized. The information 
gathered from the site territory is of grave 
geological and biological importance as it provides 
a window into the earth’s evolutionary history. The 
feature is a paleontological fascination and so this 
paper will explore the characteristics of the site 
from the perspective of its formation, fossil 
community, evident evolutionary relationships, 
and paleontological importance. 

2. Characteristics of the Site 
 
 
2.1.  Geography 
 
In the Canadian Rockies of British Columbia, the 
Burgess Shale depositional site is situated on the “Fossil 
Ridge” located between Wapta Mountain and Mount 
Field. On the ridge, three distinct quarries exist, each 
with their own diverse assemblage of fossils (Royal 
Ontario Museum, 2011). These encompass what we 
generally refer to as the Burgess Shale. Named after 
their respective pioneers, these are the Collins Quarry, 
Raymond Quarry and Walcott Quarry – the most 
popular. The Walcott Quarry was discovered and 
excavated in 1909 and 1910 and is the best known of the 
three sites, particularly because it houses the 2-meter-
thick Phyllopod bed, where the most important 
excavations were made. The Raymond site was 
excavated 22 meters above the Walcott Quarry with 
Collins a further 40 meter higher (Royal Ontario 
Museum, 2011). In its entirety, the feature extends to be 
approximately 100 meters thick.  
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Abstract 
 
The three quarries of the Burgess Shale, perched on a steep cliff in British Columbia’s Fossil Ridge, 
contain the remains of a diverse array of mid-Cambrian biota and their outstandingly preserved soft 
tissues. Entrained throughout the rock is a mixture of beds containing relatively even distributions of 
pyrite, layered between framboidal pyrite deposits – suggesting variations in oxygen supply. The 
Burgess Shale’s compositional sediments were deposited in the deep ocean, below a limestone reef 
escarpment subject to regular sediment slumps. The fossil community is highly diverse, with well over 
one hundred described taxa represented in its ranks. This predominantly benthic group manifests what 
appear to be larger scale evolutionary trends, such as extensive adaptive radiation and the proliferation 
of skeletal structures. Cladistics and the concept of stem groups are currently the most effective 
methods through which Burgess Shale biota are classified, however the taxonomy of an appreciable 
number of these organisms remains, as it stands, indeterminant. The tale of Charles Walcott’s chance 
discovery has become something of a legend, and the site is venerated in paleontological circles. This 
reverence stems not only from its prominent place in scientific history, having provided indispensable 
knowledge on Cambrian faunal community compositions and divulged many of their elusive soft-
bodied biota, but also for the ground-breaking findings we continue to glean from its strata. 
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Figure 1: An aerial view of the Canadian 
Rockies, depicting the location of the Burgess 
shale-type deposits, Walcott Quarry and Kootenay 
Park. Source: Morton M., n.d. 
 
 
2.2.  Geology 
 
The Burgess shale deposition site possesses a 
unique geology and paleoenvironmental conditions 
that provide insight into that which existed during 
the Cambrian, and allowed for the deposition, 
exceptional preservation, and subsequent 
fossilization of the Burgess Shale fauna.   

Initially, at depth, the fossil assemblages in 
the Burgess shale are preserved in parallel, 
horizontal, sheet-like layers of predominantly 
laminated shale (Royal Ontario Museum, 2011). 
Shale is a sedimentary rock and a type of mudstone 
formed through the collective deposition of fine 
muds, primarily composed of clay minerals. The 
muds would have been lithified to form shale 
through the application of increased temperature 
and pressure throughout their geological history – 
as seafloor muds typically do – and particularly 
during the tectonic uplift responsible for the 
formation of the Rocky Mountains (Collom et al., 
2009; Royal Ontario Museum, 2011). Each 
Burgess Shale stratum spans millimetres to metres 
and generally constitutes a single depositional 
event. Fossils between these layers create 
weakness zones and when the rock is split apart, we 
can find fossils interspersed between them (Collom 
et. al, 2009). In brief, the lithification of mudstone 
to shale is characteristic of the Burgess Shale 
geology and alludes to its marine environment 
during the Cambrian. 

Additionally, the distribution of pyrite 
throughout the Burgess Shale is a key geological feature 
alluding to its formation conditions. When the marine 
environment at a water-surface interface is anoxic, 
hydrogen sulfide is produced by sulphate-reducing 
bacteria, and the sulfide is present in excess (Allison, 
1995; Collom et. al, 2009). It then simultaneously 
undergoes a reaction with iron minerals as they are 
lithified, resulting in a scattered pyrite morphology 
(Allison, 1995), as is observed in the territory. Pyrite is 
dispersed in the laminae of both the Walcott and 
Raymond quarries. The spread of pyrite is invariant at 
the Walcott quarry, and relatively evenly distributed at 
the Raymond quarry where it is associated with organic 
layers (Allison, 1995). However, pyritized organic 
remains and framboids corresponding to organic, 
carbonaceous remains of organisms were also found, 
and these signify periodic oxygenation events. It is 
common in both the Walcott and Raymond quarries, but 
more so in the latter (Allison, 1995). Such aggregates 
are identified in laminae separate from those with 
evenly dispersed pyrite. Additionally, the presence of 
trace fossils in the layers of the Raymond quarry 
provides further evidence of this oxygenated 
environment.  

Altogether, the unique geology of the Burgess 
Shale, namely its shale composition and pyrite dispersal 
in the quarries’ bedding, provided an environment 
suitable for the formation of the marine depositional 
area and the fossilization of its fauna during the 
Cambrian.  
 
 
2.3.  Formation Conditions 
 
The variable oxygenated conditions previously 
mentioned, and therefore the formation of the site and 
its deposits, occurred underwater (Donovan, 2001; 
Allison, 2008). In fact, the Burgess Shale was forged 
deep in the existing ocean at that time, on or near a deep-
sea fan and basinwards from a coral reef (Donovan, 
2001). This was determined because many of the fossils 
have been found in association with limestones within 
the layers of the quarries (Allison, 2008). It is evident 
that its proximity to the limestone rock that constitutes 
the reef escarpment upslope of the Burgess Shale 
provided a habitat on which the Lagerstätte rested.  

It should also be noted that the organisms whose 
fossils have been preserved in the Burgess Shale site 
lived in or near the sea floor of very deep, tropical 
oceans of the ancient continent of Laurentia (Royal 
Ontario Museum, 2011). However, due to plate 
tectonics, the landmass has been relocated to what we 
now call North America. This process also led to the 
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exposure of the sea beds and the Cambrian fauna 
fossils. This is via a tectonic uplift, which created 
the Canadian Rockies on which the “Fossil Ridge” 
of the Burgess Shale is located. The erosion of 
these mountains further exposed the fossils and 
allowed for their discovery. Consequently, the high 
concentration of calcium carbonate component of 
the marine limestone and variable oxygen 
conditions, together with plate tectonics, realized 
the formation of the Burgess Shale depositional 
area with its magnificent fossilization. 
 
 
2.4.  Fossilization 
 
Exceptional “whole-body” preservation and 
fossilization of unmineralized or “soft-bodied” 
biota and their tissues, like those established in the 
Burgess Shale – for example the tentacles of 
cephalopods and the legs of trilobites – is 
extremely rare and typifies the expanse of the 
location (Donovan, 2001; Butterfield, 2003). Such 
fossils account for at least a third of all fossil 
species recorded for the area. Fossilization of such 
Cambrian fauna was aided by the sediment slumps 
and turbidity currents (Donovan, 2001). The 
marine fauna is theorized to have been covered by 
periodic soft-sediment slumps which pushed them 
deeper and deeper into the ocean floor (Donovan, 
2001). These events were facilitated by currents 
with great turbidity and tiny suspended sediment. 
As they were taken deeper, the organisms were 
confined to anoxic water and additional layers of 
sediment accumulated atop, compressing them, 
and thereby initiating the fossilization process 
(Donovan, 2001; Royal Ontario Museum, 2011). 
This overwhelming collection of the soft-bodied 
organisms and their exposure to the anoxic 
environment allowed their bodies to remain intact, 
protecting them from scavengers and slowing their 
decay – resulting in their exceptional fossilization 
(Butterfield, 2003). Whole body preservation of 
soft-bodied biota of this quality is almost 
incomparable (Gabbot, 2001).  

Moreover, in order to date these superb 
fossils at the Burgess Shale, biostratigraphic 
correlation and geochronologic methods such as 
radiometric decay analysis have been employed. 
The analyses are based on the stratigraphic 
principle of superposition, which posits that the 
oldest sedimentary rock layers are always found at 
the base of a section (Royal Ontario Museum, 
2011). In performing these investigations, short-
lived fossils, and those with mineralised shells such 
as trilobites, are particularly useful in dating the 

fossils within a specific stratigraphic layer (Gould et al., 
n.d.). For the most part, there is a lack of rock containing 
radioactive materials at the Burgess Shale and a result 
very few sites have precise dates. Relative ages were 
instead determined and compared. Using these methods 
though, they have been dated to the middle Cambrian 
Period of the Paleozoic Era, 505 million years ago to 
510 million years ago. As such, the relative ages of the 
fossils have aided the indirect dating of the depositional 
area to be of Cambrian origin.  

The fossils dated were of mixed types, namely 
replacement fossils and those created in part through 
silicification (Donovan, 2001). Replacement occurs 
when minerals from the water replace those that make 
up the soft, bodily remains of the fauna after the hard 
parts are dissolved (Gabbot, 2001). One of these 
minerals is silica, which penetrates the cell and cell 
structures and “follows” the internal structure of the 
organism (Allison, 1995). This results in its shape and 
particular bodily features such as appendages being 
preserved, especially under compression (Butterfield, 
2003). In the Burgess Shale, many organisms’ contours 
are also preserved by clay and iron-rich minerals such 
as mica, replacing thin films originally made of carbon 
(Gabbot, 2001; Royal Ontario Museum, 2011). 
Phosphatization was also observed to be a fossilizing 
process that occurred in the Burgess Shale, allowing 
organisms’ three-dimensional shape to be preserved 
(Royal Ontario Museum, 2011). 
 
 

Figure 2: A photo showing a Burgess shale fossil with 
partial replacement of carbon with clay and mica. 
Source: Caron, J.-B., 2011.  
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3.  Fossil Community 
 
 
3.1.  Composition 
 
The fossil community preserved in the Burgess 
Shale is as diverse as it is abundant, providing a 
detailed glimpse into the region’s mid-Cambrian 
biota. More than 140 species have thus far been 
unearthed, representing well over one hundred 
distinct genera (Morris, 1979). The best 
represented phylum is Arthropoda, with its 
members constituting approximately 37% of 
Burgess Shale taxa (Donovan, 2002; Morris, 
1979). Many of these specimens are trilobites, 
whose easily fossilized exoskeletons have made 
their remains common in Cambrian sedimentary 
deposits (Morris, 1979). Burgess Shale collections 
are noteworthy, however, in their preservation of 
trilobite soft tissues and limbs – which are, in the 
site, almost exclusively from the species Olenoides 
serratus (Donovan, 2002; Morris, 1979). A highly 
diverse range of non-trilobite arthropods are 
observed, constituting over 25% of Burgess Shale 
taxa (Morris, 1979). A prominent example is 
Marrella, whose antennae, spines, and cephala 
resemble those seen in its trilobite relatives (Refer 
to Figure 3) (Donovan, 2002; Morris, 1979; 
Walcott, 1931). Related species include, but are by 
no means limited to, the rounded Burgessia, 
shrimp-like Waptia, and the early crustacean 
Canadapsis (Morris, 1979; Walcott, 1931). 
Although all such specimens possess an outer 
skeletal structure and some segmentation of their 
body plans, as is characteristic of arthropods, 
profound differences exist in their carapaces, 
spines, and antennae, as well as the distribution, 
quantity, and morphology of their jointed limbs 
(Morris, 1979; Walcott, 1931).  

Sequestered in the Burgess Shale lies 
Echmatacrinus brachiatus, the oldest discovered 
example of a crinoid (Morris, 1979). Brachiopods 
are well represented at the site, as are priapulids 
and sponges (Morris, 1979; Walcott, 1931). 
Several chordate species have been recovered, 
notably the worm-like “Ottoia” tenuis and Pikaia 
gracilens, which possessed a notochord – an 
elongated, rail-like structure running the length of 
its body – and may have been a precursor to the 
earliest fishes (Morris, 1979; Walcott, 1931). 
Several species of the segmented annelid worm 
group known as the polychaetes are observed 
across the site, with Canadia spinosa possessing 

leg-like structures, or parapodia, most concordant with 
modern genera (Donovan, 2002; Eibye- 

 
Figure 3: An illustration of the morphology of 
Marrella splendens, a mid-Cambrian arthropod 
species anatomically similar to trilobites, their closest 
common relatives. Their fossils are found in 
abundance throughout the Burgess Shale. Source: 
Walcott, 1931 
 

Figure 4: Fossilized Pikaia gracilens specimens, 
containing central notochords. This species may have 
been an ancestor to modern fish. Source: Royal Ontario 
Museum, 2011 
 
 
Jacobsen, 2004; Morris, 1979). Stark differences in 
these parapodia have been used to distinguish between 
the annelids Burgessochaeta setigera, Peronochaeta 
dubia, and Insolicorypha psygma (Morris, 1979). 

Approximately 16% of Burgess Shale 
specimens are of the group Problematica, whose 
members possess highly atypical morphologies which 
fail to sufficiently coincide with all currently defined 
phyla (Donovan, 2002; Morris, 1979). One of the more 
acclaimed examples of these organisms is Hallucigenia 
sparsa (Refer to Figure 5), easily recognizable by its 
seven sets of spine-like appendages, arranged along the 
length of its torso and paralleling seven pairs of tentacles 
(Donovan, 2002; Morris, 1979). Equally strange in 
demeanor was the five-eyed Opabinia regalis, sporting 
a segmented body lined with gills and a tentacle 
terminated by a single claw (Donovan, 2002; Morris, 
1979). Other notable species include Amiskwia 
sagittiformis, Banffia constricta, and Oesia disjuncta, 
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all of which were worm-like in appearance and 
cannot be readily inserted into recognized taxa 
(Morris, 1979).  

 
Figure 5: A fossilized Hallucigenia sparsa 
specimen, a worm-like metazoan whose taxonomy 
has yet to be determined. Its seven pairs of 
tentacles are observable along the dorsal surface 
of the fossil. Source: Morris & Whittington, 1985 

 
 
On the whole, this diverse community is 

primarily composed of benthic species (Morris, 
1979; Topper et al., 2015). A limited set of 
polychaetes and priapulids likely resided in 
burrows within ocean sediments, as is evidenced by 
their trace fossils and morphological characteristics 
– thus displaying an infaunal lifestyle (Morris, 
1979; Topper et al., 2015). The majority of studied 
organisms were epifaunal, predominantly 
inhabiting the sea floor, while only a modest 
selection of echinoderm and trilobite species are 
believed to have been pelagic (Morris, 1979). This 
distribution of behaviours may be representative of 
the original community as a whole (Morris, 1979). 
 
 
3.2.  Evolutionary Trends 
  
The Burgess Shale fossil collection has exposed 
many evolutionary trends occurring in the fauna of 
the Cambrian period, knowledge that has been 
crucial in developing our current understanding of 
Earth’s organismal history (Donovan, 2002). 
Firstly, preserved in its mudstone lies a profusion 
of lifeforms unobserved in earlier Lagerstätten 
(Donovan, 2002; Morris, 1979). This suggests a 
widespread and expeditious adaptive radiation 
event in which many new and distinct phyla 
developed, including many observed today 
(Donovan, 2002). This is further corroborated by 
the markedly complex and specialized trace fossils 
of the Burgess Shale, as compared to those of 

previous sites, such as slender burrows and tunneling 
structures (Morris, 1979). Trace fossil specialization 
indicates further developments in the physiologies and 
morphologies of fauna, as body plans adjusted to better 
tailor their environment. Although soft bodied fossils 
constitute about 80% of the unearthed Burgess Shale 
taxa, a notable anatomical transition remains observable 
– the proliferation of skeletal structures (Donovan, 
2002; Morris, 1979). These are believed to have 
enhanced movement, provided armament against 
predation, and allowed for organ specialization by 
providing a rigid internal framework (Donovan, 2002).  
 
 
3.3. Cladistics and Evolutionary Relationships 
 
The Burgess Shale has been foundational in the study of 
the evolutionary relationships of Cambrian fauna and 
their links to previous, as well as present-day organisms 
(Gabbot, 2001), whilst providing glimpses into the 
mechanisms underpinning the remarkable diversity of 
the Cambrian Explosion (Brysse, 2008). Since Walcott 
first reported the discovery of the Lagerstätte and 
attempted to classify the vast and diverse array of 
preserved fauna, there has been much debate as to the 
most appropriate manner of interpreting their taxonomy 
(Brysse, 2008; Butterfield, 2006). This conjecture 
continues today, as many species designations remain 
hotly disputed (Brysse, 2008; Donovan, 2002; Morris, 
1979). The present-day classification system combines 
cladistics with the concept of stem group lineages to 
develop a more systematic categorization process 
(Brysse, 2008; Butterfield, 2006). Cladistics refers to 
the systematic organization of organisms using 
knowledge of shared, derived characteristics, and stem 
groups are those composed of extinct organisms whose 
descendants eventually developed into known, 
monophyletic groups with extant members (Brysse, 
2008). Today’s interpretation of the evolutionary 
relationships of Burgess Shale fauna has allowed for the 
reasonable insertion of most of its members into a 
defined set of known phyla (Brysse, 2008).  

Although the current system has proven 
advantageous in its methodical manner of categorizing 
species on the basis of these homologies, and has indeed 
succeeded in presenting an organized phylogeny, 
limitations in its efficacy remain (Brysse, 2008). Indeed, 
a significant fraction of the Burgess Shale fossils cannot 
be inserted sensibly into any thus far identified phyla 
and are instead relegated to the miscellaneous group 
referred to as Problematica (Butterfield, 2006; 
Donovan, 2002; Morris, 1979). 
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Figure 6: A view of an exposed portion of the 
Burgess Shale along Fossil Ridge, British 
Columbia. Source: Gaines, 2008 

 
4.  Importance of the Site 
 
Although mid-Cambrian biota have been fossilized 
in many sites, the Burgess Shale is exceptional in 
its outstanding preservation of soft tissues and 
other delicate structures, such as trilobite limbs 
(Donovan, 2002). In fact, so renowned is this 
location in paleontology, all Lagerstätten with 
comparably effective fossilization are commonly 
known as Burgess Shale-type. It is believed that the 
fossil distributions of this Lagerstätte are 
representative of a typical deep water ecosystem in 
the Cambrian, as the composition of its hard bodied 
faunal communities are similar to sites lacking in 
soft bodied preservation (Morris & Whittington, 
1985). Trace fossils found elsewhere also allude to 
the existence of organisms with delicate anatomies 
(Morris & Whittington, 1985). As was noted 
previously, four out of five Burgess Shale 
specimens were soft bodied – and thus this site is 
capable of providing direct access to the remains of 
a group that may constitute the majority of 
Cambrian biota, however generally remains deeply 
underrepresented in the fossil record (Morris, 
1979).  

Relatedly, a profusion of taxa unobserved 
in any separate location are found within the 
Burgess Shale, such as Hallucigenia sparsa and 
Opabinia regalis, the discoveries of which have 
broadened scientific knowledge of the diverse 
range of organisms inhabiting the biologically 
turbulent Cambrian Period (Donovan, 2002; 
Morris, 1979). Finally, the numerous cladistic 
studies conducted across this remarkable site have 
helped to shape and redefine our most fundamental 
understandings of the evolutionary history of 
metazoans (Brysse, 2008). 
 
 

5.  Recent Discoveries 
 
As recently as 2008, a Burgess Shale-type fossil deposit 
was discovered in the Stanley Glacier of Kootenay 
National Park, approximately 61.6km away from the 
protected Burgess Shale site (Royal Ontario Museum, 
2011). It houses a fossil community similar to that of the 
known Burgess shale deposit containing well-preserved 
trilobites, brachiopods, sponges, and more (Royal 
Ontario Museum, 2011). The new site is most 
comparable with the Walcott Quarry of the Burgess 
Shale with respect to its exceptional abundance and 
preservation of soft-bodied fossils, though its fossil 
community is less diverse (Royal Ontario Museum, 
2011). However, evidence suggests that this deposit 
may unearth new, unknown fossil species considering 
the diversity found in the short space of time since its 
discovery (Royal Ontario Museum, 2011).  
 Nonetheless, this discovery of this site at 
Kootenay Park implies a much wider environmental 
distribution of the Burgess Shale than was formerly 
appreciated and accounted for (Royal Ontario Museum, 
2011). 
 
 
6. Concluding Remarks 
 
The paleontological significance of the Burgess Shale 
and its profusion of mid-Cambrian fossils cannot be 
overstated, as the outstandingly preserved biota have 
shaped our understanding of the period and its 
inhabitants. Though over a century has passed since the 
site’s discovery, it is undoubtable that the Burgess Shale 
will, in the future, continue to deliver fresh insight into 
Cambrian life and Earth’s elusive history. 
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Editors' note: The article presents the full story that is 
the Burgess Shale. This famous site is brought to life 
through comprehensive descriptions and detailed 
figures. The significance of the Burgess Shale and the 
bizarre Cambrian biota are highlighted throughout the 
article. This article also explores the evolutionary 
trends observed and their relation to the development 
of complex and specialized species. 
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1. Introduction 

The Miguasha Lagerstatten is located on Miguasha 
Point in Gaspe, Quebec, Canada, and appears in the 
Escuminac formation (Matton et al. 2012). This 
formation is composed of mainly sandstones, shale, 
siltstones, and conglomerates (Claudino-Sales, 
2019). The first discovery from the Miguasha 
lagerstatte was by Dr. A. Gesner in 1842, who 
described a series of macrofossils within the rocks 
(Lemieux, 1996). However, major research did not 
occur until 1879, when R. W. Ellis revisited the 
fossils and started a proper scientific exploration of 
the area (Lemieux, 1996). In 1985, Miguasha was 
declared a national park by the Province of Quebec, 
providing protection for this important site (Mason, 
2012). The Miguasha lagerstatten is home to a 
large number of well-preserved fossils from the 
Frasnian stage of the Devonian. In the past, the 
paleoenvironment was considered to be freshwater, 
although currently the paleoenvironment is 
accepted as a transitional marine environment 
(Claudino-Sales, 2019). The area contains a 
mixture of vertebrates, invertebrates, and plants 
from both marine and terrestrial ecosystems, and 
boasts exceptional preservation including soft 
tissues and even embryos preserved within its 
stratigraphic layers (Johanson & Trinajastic, 2014; 
Claudino-Sales, 2019). Miguasha is home to over 
18000 fish fossils spanning twenty separate fish 
species, which is noticeably elevated above the 
worldwide average of four vertebrate species per 

Devonian locality. Both the excellent preservation and 
abundance of fossils at Miguasha provides a rare insight 
into the ontogenies of several Devonian fish species, 
allowing for a detailed study of early fish growth cycles 
and physiology. These unusual and extraordinary 
features make the Miguasha lagerstatten a very 
important site for the study of Devonian ecosystems and 
early fish in general. 

 

2. Geology/Geomorphology 

2.1 General Overview 

The Miguasha Lagerstatten is situated within a large 
coastal cliff which extends along Miguasha Point in 
Gaspe, Quebec (Claudino-Sales, 2019; Matton et al., 
2012). In addition to this main cliff, two satellite 
outcrops have been discovered at distances of three and 
forty kilometers from the main cliff (Claudino-Sales, 
2019). Fossils within the main cliff face are found in a 
range of between 40 and 200 meters above sea level, 
although the 119-m thick Escuminac formation is the 
most important section (Claudino-Sales, 2019). The 
Escuminac formation is situated within the Gaspa 
synclinorium, a large-scale fold structure (Claudino-
Sales, 2019). The formation contains a total of 394 
documented beds, with varying compositions including: 
shale, silty/calcareous sandstone, limy sandstone, 
siltstone, laminites and conglomerate (Claudino-Sales, 
2019; Sequin & St-Gelais, 1988; Matton et al., 2012). 
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The clear organization of layers within the 
formation allow for rigorous and complete 
stratigraphic correlations between species 
(Cloutier et al., 2011). The Escuminac Formation 
overlies the Fleurant Formation, which is 
composed of conglomerate with sandstone lenses 
and most likely indicates an alluvial fan deposit 
(Matton et al., 2012). Discordantly bracketing the 
Escuminac formation from above is the 
Bonaventure Formation, which has been dated to 
the Carboniferous period (Mason, 2012). 

 

2.2 Geochemical and Stratigraphical Analysis 

Miosporal content and fish assemblages 
indicate that this formation dates to the Frasnian 
stage within the Late Devonian (385-374 mya) 
(Matton et al., 2012; Mason, 2012). It is estimated 
that the Escuminac formation formed over the 
course of 59.5-2500 thousand years (Cloutier et al., 
2011). The bottom seven layers of this formation 
indicate a shallow-water littoral environment, 
which would in turn indicate episodic aerial 
exposure, and it is above this point that fish fossils 
appear with an uneven distribution (Matton et al., 
2012). Based on the conglomerate and 
silty/calcareous sandstone beds, the Escuminac 
Formation was originally interpreted as a lacustrine 
environment (Sequin & St-Gelais, 1988). 
However, more recent analysis of strontium 
isotopes within the fossils indicates a composition 
similar to marine water during the Frasnian, with 
the current consensus describing the 
paleoenvironment as brackish-to-marine in origin 
(Matton et al., 2012). The presence of foraminifera 
fossils provides further support for a marine 
environment in the Escuminac formation (Mason, 
2012). Paleomagnetism data, based upon hematite 
and magnetite percentages in stratified units, 
indicates that this region was equatorial during the 
time of deposition (Sequin & St-Gelais, 1988). The 
presence of rhythmites within the Escuminac 
formation indicates the presence of daily (or lunar) 
tidal cycles, which combined with a lack of 
sediment reworking (as evident through the lack of 
bioturbation) lead to efficient burial of marine 
carcasses and minimal post-deposition degradation 
(Cloutier et al., 2011). These particular conditions 
allowed for the exceptional preservation seen 
throughout the Miguasha lagerstatten. 

 
 

3. Preservation 

3.1 Ontogenies and Embryos 

The deposits of the Miguasha lagerstatten indicate the 
presence of sea water and, more specifically, a 
transitional marine environment (Claudino-Sales, 
2019). Exceptionally detailed fossilization at this 
locality has resulted in the preservation of ontogenies, 
including embryos (Johnanson & Trinajastic, 2014). 
Multiple embryos have even been found in pregnant 
female placoderm fish, as well as embryos of different 
size and sex (Johnanson & Trinajastic, 2014). In most 
cases, only plate morphology can be used for 
differentiating placoderm species and determining 
ontogenetic series due to ease of preservation, therefore 
the presence of several well-preserved ontogenetic 
series including soft tissues in Miguasha is quite 
remarkable (see figure 1) (Johnanson & Trinajastic, 
2014). One example of an ontogeny within the 
Miguasha lagerstatten is a sequence of Bothriolepis 
canadensis head shields, with specimens ranging 
between five and twenty-two centimeters in length 
(Cloutier, 2013). This series is believed to cover the 
majority of the species growth cycle (Cloutier, 2013). 

 

3.2 Predation 

Spectacular evidence of predation has 
additionally been found within the Miguasha 
lagerstatten, both directly and indirectly. A well-
preserved acanthodian has been found within the 
digestive tract of an osteolepiform, providing insights 
into more complex ecosystem interactions (Cloutier, 
2013). Eusthenopteron has also been found with an 
ingested acanthodian, Homalacanthus concinnus, which 
appears to have been swallowed headfirst (Arsenault, 
1982). Less direct evidence of predation has been noted 
in the form of circular bite marks made by an 
osteichthyan on the head shield of Bothriolepis 
canadensis (Cloutier, 2013). Cannibalism has been 
documented within the species Cheirolepis and 
Eusthenopteron, occurrences that are not abundantly 
common within the fossil record (Cloutier, 2013). 
Miguasha is also home to regurgitates, coprolites, and 
cololites (coprolites preserved inside the intestinal 
tract), which can provide additional context to predation 
and ecosystem relationships (Cloutier, 2013). 
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3.3 Preservation Quality 

Preservational quality can vary 
significantly within this lagerstatten, ranging from 
singular skeletal elements to fully preserved fish 
(Cloutier, 2013). Unusually, bacterial mats have 
been preserved covering soft tissues (Cloutier, 
2013). The lack of bioturbation may indicate that 
the ocean floor was hypoxic or anoxic (Cloutier et 
al., 2011). Most of the fossils have been laterally 
compressed, but three-dimensional preservation 
remains somewhat common (Cloutier, 2013). Bone 
histology is often preserved, with hard tissues like 
enamel, dentine and cartilage, cell spaces and even 
dental tissues present (Cloutier, 2013). 

 

Figure 1 (taken from Johanson, Z., & Trinjastic, K. 
(2014)): Embryo head shield preservation, 
showing bone development of Austroptyctodus 
gardineri. The impressive extent of preservation is 
showcased in this sample; these elements are 
measured in mm (scale bar represents 1mm), 
allowing in-depth analysis of bone development 
here, and soft tissues in other samples. 

 
4. Biology and Ecology: 

The Miguasha lagerstatten preserves not only 
autochthonous aquatic biota in the form of various 
invertebrates and fishes, but also allochthonous 
plants and invertebrates of terrestrial origin (figure 
2) (Claudino-Sales, 2019). Within the Escuminac 
Formation, twenty different fish species alone have 
been discovered, and over 18,000 specimens have 

been preserved at this remarkable site - including 
exceptional preservation of complete skeletons, three-
dimensional specimens and even fossilized soft tissue 
(Claudino-Sales, 2019). Missing from the Miguasha 
lagerstatte are some notable Devonian marine groups, 
including brachiopods, bryozoans, cephalopods, corals, 
echinoderms, graptolites, and trilobites (Mason, 2012). 

 

4.1 Flora and Invertebrates 

    The foliage of various continental plants has been 
preserved at Miguasha, which include Archaeopteris, 
Spermasporites, Protobaryynmophyton, Barynophyton 
and Flabellofolium (Cloutier, 2013). In addition, spores 
from over seventy species of plants have been preserved 
within these marine deposits, which may indicate that 
evidence of continental plants was transported fluvially 
over long distances (Cloutier et al., 2011). Fifteen 
genera of marine acritarchs have also been preserved 
within the Miguasha lagerstatten (Cloutier, 2013). 
Invertebrates comprised only a small part of the 
diversity of this locale, with aquatic taxa including the 
eurypterid Asmusia membranacea, a scoleodont, two 
ichnotaxa, and other undescribed traces (Cloutier, 
2013). Terrestrial invertebrates included the millipede 
Zanclodesmus willetti, the scorpion Petaloscorpio 
bureaui, a gigantoscorpionoid and fragments of 
arthropod cuticles (Cloutier et al., 2011). Some 
arthropod fragments could be attributed to several 
groups of arachnids or trigonotarbids (Cloutier et al., 
2011). Unlike other marine locales from the Devonian, 
this lagerstatten displays an unusually low abundance of 
marine invertebrates (Mason, 2012; Cloutier, 2013). 

 

4.2 Vertebrates 

Twenty species from ten major vertebrate groups have 
been identified from Miguasha, ranging from basal 
anaspids to more derived elpistostegalians - a stark 
contrast to the average of four vertebrate species per 
Devonian locale (figure 3) (Cloutier, 2013). Most fishes 
were spiny or armor-plated, such as numerous 
placoderm specimens (Claudino-Sales, 2019). 
However, some were preserved with lobe-like fins and 
lungs, which were features necessary for the transition 
to semi-aquatic and terrestrial behaviour - these fish 
could most likely use these features to crawl across 
mudflats (Claudino-Sales, 2019). The abundance of 
specific vertebrate taxa is highly variable, with 
thousands of specimens belonging to some taxa 
(Cloutier, 2013). Bothriolepis canadensis is by far the 
most common vertebrate species, with 38% of 
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vertebrate specimens belonging to this taxon alone 
(Cloutier, 2013). The acanthodian 
Triazeugacanthis affinis, the dipnoan 
Scummenacia curta and osteolepiform 
Eusthenopteron foordi are also abundant within 
this formation (Cloutier, 2013). In contrast, the 
placoderms Callistiopterus clappi, Elpistostege 
watsoni, Diplacanthus ellsi and Levesquaspis 
patteni are all known from less than 10 specimens 
each (Cloutier et al., 2011). The most common 
fossil in the entire Escuminac formation is the 
eurypterid Asmusia, with entire beds covered in 2-
4 mm wide valves from this species (Cloutier, 
2013). The fish fossils preserved here exemplify a 
part of the Devonian where fish first diversified and 
expanded into fluvial and lacustrine environments 
(Claudino-Sales, 2019).  

 
Figure 2 (taken from Cloutier, R. (2013)): Various 
fossilized organisms found at Miguasha, including 
terrestrial plants, millipedes, scorpions, andc 
placoderms. This figure displays both the excellent 
preservation of biota and the diversity of species 
within this formation.  The species in question are: 
a. Archaeopteris hallania, b. Zanclodesmus 
willetti, c. Petaloscorpio bureaui, d-e. Bothriolepis 
canadensis, d. Scaumenacia curta, f. 
Gyrophyllites, g. Planolites montanus, h. Asmusia 
membranacea. 

     

 

Figure 3 (adapted from Cloutier, R. (2013)): Vertebrate 
fossils found within the Miguasha Lagerstatte, including 
osteolepiforms, acanthodians, and actinopterygians and 
showcasing soft-body preservation and vertebrate 
diversity. The taxa presented here include a. 
Eusthenopteron foordi; b. Holoptychius jarviki; c. 
Bothriolepis canadensis; d. Scaumenacia curta; e. 
Elpistostege watsoni; f. Fleurantia denticulata; g. 
Miguashaia bureaui; h. Cheirolepis canadensis; i. 
Quebecius quebecensis; j. Euphanerops longaevus; k. 
Levesquapsis patteni; l. Escuminapsis laticeps; m. 
Diplacanthus horridus; n. Triazeugacanthis affinis. 

 
4.3 Evolutionary Significance 
 
    Several species present within the Miguasha 
lagerstatten possess evolutionary significance, 
including several plant and arthropod species. The 
lignophyte Archaeopteris currently holds the status as 
the first tree within the fossil record (Cloutier, 2013). 
The spores of Spermasporites are considered to be one 
of the first seed plants ever described (Cloutier, 2013). 
In addition to these land plants, the arthropods 
Petaloscorpio and Zanclodesnus are considered to be 
the oldest arthropods to have adopted a terrestrial 
lifestyle (Cloutier et al., 2011). The fossils and 
ecosystems within the Miguasha lagerstatten represent 
the diversification of fish and the beginnings of 
movement onto land as the Devonian begins drawing to 
a close and the Carboniferous quickly approaches. 
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5. Conclusion: 

The Miguasha lagerstatten is an important study 
area in regard to both life in the Frasnian and the 
Devonian as a whole. The fossils in the Escuminac 
Formation are found in a transitional marine 
paleoenvironment, specifically an alluvial fan. The 
environment was determined to be marine rather 
than freshwater due to the isotope concentrations 
found in the exceptionally preserved fossils. 
Paleomagnetic data points towards the area being 
equatorial during the Devonian period. The 
transitional marine environment was anoxic or 
hypoxic, which provided excellent conditions for 
preservation, resulting in the remarkable fossils 
that are found in Miguasha. This preservation 
encompasses terrestrial and marine flora and fauna, 
including soft tissues, embryos, entire ontogenies, 
predation, and cannibalism, which all together 
helps reconstruct not just individual species but an 
entire ecosystem. Both fossilized spores and 
foliage are found within Escuminac strata that 
originated from terrestrial locales. However, the 
most important feature of this lagerstatten is the 
exquisitely detailed vertebrate preservation. Over 
18,000 total fish specimens have been discovered 
throughout the lagerstatten, spanning over 20 
separate species. Vertebrates are the most common 
fossil type by far, with invertebrates being 
noticeably more uncommon. The enormous sample 
size for many species, coupled with the excellent 
preservation allows in-depth analysis of many early 
fishes, in particular placoderms, and especially 
their ontogenies. Several fossils, such as the plant 
Archaeopteris and Spermasporites spores, have 
major evolutionary significance, in this case 
representing the first tree to appear in the fossil 
record and the first seed plants, respectively. Other 
notable fossils include the arthropods 
Petaloscorpio and Zanclodesnus, which are 
considered to be the oldest terrestrial arthropods. In 
terms of future research, the Miguasha lagerstatten 
will continue to provide remarkable insights into 
Devonian ecosystems and fish ontogenies. 
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Editors' note: Comprehensive descriptions of a 
wide variety of Devonian biota are provided in 
this article on the Miguasha lagerstӓtte. Excellent 
figures of fossilized organisms are included 
alongside explanations of the species and their 
environments. Like in the case of many other 
lagerstatten, the article highlights the significance 
of the discoveries made at Miguasha, including 
behaviours identified in different species. 
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Abstract  
 
The Joggins Fossil Cliffs are located in Northwest Nova Scotia on the eastern shoreline of the Cumberland 
Basin in the Chignecto Bay branch of the Bay of Fundy. The Joggins ecosystems have yielded an 
exceptionally elaborate assemblage of approximately 96 genera, 200 fossil species and 20 footprint groups, 
including the earliest known terrestrial amniotes, and spanning the entire terrestrial trophic food web, 
allowing for the most complete and contextual in situ display of Carboniferous terrestrial life on Earth. The 
Joggins Formation is a distinguished stratigraphic section and concentration lagerstätten, and the principal 
Joggins situs of paleontological discovery. Its seasonal paleoclimatic environment drove the section’s 
sedimentary succession, with a basin-wide subsidence domain as evidenced by the preponderance of 
flooding surfaces. In addition, the Joggins Formation has amassed stratigraphic assemblages, beginning 
with open–water facies with impeded marine fauna, followed by a poorly-drained coastal floodplain and a 
well-drained alluvial floodplain, with indicative protracted wetland conditions that facilitated parallel 
subsidence and sedimentation events, therein supporting recurrent forest origination and deposition. As the 
basin floor subsided, a wetter climate accelerated, thereby stimulating lycopsid tree and seed fern growth, 
and triggering the emblematic coal evolution. 
 

1. Introduction

“Lagerstätten” is a designation that is reserved for 
extraordinary fossil preservation, whether 
exemplary individual fossil preservation 
(“conservation-lagerstätten”), remarkable 
sedimentary fossil concentration (“concentration-
lagerstätten”) or prolific ecological fossil 
transcendence (“eco-lagerstätten”) (UNESCO 
Nomination 2007). Arguably the pre-eminent 
collective occurrence of all three lagerstätten 
archetypes which are reflective of the terrestrial 
Carboniferous period manifests at geographical 
co-ordinates 45◦ 42’ 35” N -- 64◦ 26’ 09” N in the 
Province of Nova Scotia, Canada.  The Joggins 
Fossil Cliffs (“Joggins”) have become an 
intriguing pinnacle for the research of our 
geologic past. Located in Northwest Nova Scotia 
on the eastern shoreline of the Cumberland Basin 
in the Chignecto Bay branch of the Bay of Fundy, 
the Joggins area covers 689 hectares, with a 14.7 
kilometre span of craggy, imprinted sea cliffs, 
bluffs, rock platforms and beach shoreline (IUCN 
2008). Joggins was first thrust into the global 
spotlight in the mid-nineteenth century by Sir 

Charles Lyell, who advocated that Joggins was 
the “finest example in the world of a natural 
exposure [of Carboniferous coal measures] in a 
continuous section ten miles long” (Joggins 
Fossil Cliffs.Net 2021). Joggins also embodies a 
foundational element within the evolutionary 
doctrines of Charles Darwin who promoted 
Joggins as demonstrative of the concurrent 
endurance of fossil forests and the intrinsic 
deficiency of our global fossil archive, which is 
why Joggins is known as the “Coal Age 
Galapagos” (IUCN 2008).  From its renowned 
exposure of “Coal Age” rocks of the 
Carboniferous, to its quintessential fossil record 
of the coal-bearing fossil forests and in situ 
terrestrial life, including the earliest known 
terrestrial amniotes which represent a crucial 
segue to the first vertebrae life on land, Joggins 
has become a staple in paleontological research, 
and has been inscribed as an UNESCO World 
Heritage Site (IUCN 2008). Believed to be named 
for a derivation of the Mi’kmaq Indian word 
“Chegoggin”, meaning “a place of fish weirs”, 



  ESS261 Journal, volume 1 (2021) 16 

the Joggins’ ecosystems have originated 
prodigious coal deposition, and the area was one 
of the first locations in North America where coal 
was mined -- an activity which was availed by the 
industrial age as a principal patron of human 
advancement (UNESCO Nomination 2007; 
Carpenter et al 2015).  Globally, there are nine 
other properties with a significant Carboniferous 
lagerstätten, including one in nearby Sydney, 
Nova Scotia (UNESCO Nomination 2007). But 
for the geological significance of its emblematic 
coal-procreating strata, for the paleobiological 
significance of its extensive assemblage of 
species aggregating an exhaustive terrestrial 
trophic food web, and for the paleoecological 
significance which allows for an unparalleled 
contextual understanding of a Coal-Age 
lagerstätten, Joggins represents the most 
compelling paleo-depiction of Earth’s historical 
footprint during the Carboniferous period. 
 
 
2. Geologic Backdrop and Stratigraphy  
 
Joggins encompasses the most comprehensive 
record of Late Carboniferous (Pennsylvanian) 
coal-bearing strata, with Carboniferous rocks 
dated from 318 to 303 mya and a 15 million year 
disclosed sedimentary layer succession (Figure 
1): the Pennsylvanian being the most influential 
geologic time scale period in Earth’s coal-
formation history (Grey & Finkel 2011; IUCN 
2008).  The Joggins Formation or “Classic 
Section” is a distinguished stratigraphic section 
and concentration lagerstätten, and the principal 
Joggins situs of paleontological discovery.  The 
formation lacks open marine index fossils, which 
has made exact dating of the formation a 
challenge (Calder et al 2011).  However, 
biostratigraphy fauna analysis has been used to 
date the strata as early Langsettian (Calder et al 
2011).  With its characteristic sedimentary rock 
display in the fault-bounded Cumberland Basin 
depocentre, an integral component of the regional 
Atlantic Maritime Basin, fault movement-
induced subsidence is believed to have been 
significant during this time (Grey & Finkel 2011; 
Calder et al 2011). 

The Joggins Formation strata is 915.5 
metres thick, and has been segmented into 14 
recurrent cycles based on primary flooding 

surfaces, with a thickness spectrum from 16 to 
212 metres, averaging 65 metres (Calder et al 
2011; Carpenter et al 2015). The intregated 
thickness of the sedimentary succession is 4,442 
metres -- the thickest sedimentary succession for 
any Coal Age basin globally (UNESCO 
Nomination 2007; Davies et al 2005).  Each of the 
cycles displace one another in vertical position 
within the formation (Calder et al 2011)). 
Sedimentological studies have indicated that the 
Joggins Formation witnessed a rapid, basin-wide 
subsidence domain as evidenced by the 
preponderance of flooding surfaces and the 
paucity of lowstand exposure surfaces (Davies et 
al 2005). Davies et al (2005) have documented a 
detailed sedimentological log of the Joggins 
Formation strata, and advocate that a 
“tectonically controlled architecture” underlies 
the Joggins Formation cycles (Davies et al 2005). 
The manifold flooding surfaces, and the 
limestone, coal and fossiliferous shale bases, 
which mark the seasonal sea-level rise, may be 
indicative of 
basin tectonics, 
glacioeustatic 
sea level 
vacillation and 
sediment 
advancement 
deviation 
(Davies et al 
2005). 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

Figure 1: 
Stratigraphical 
illustration of the 
Cumberland 
Group, 
highlighting the 
Joggins 
Formation strata 
(Davies et al 
2005). 
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 Indeed, the 14 cycles are further sub-
divided into three amassed stratigraphic 
assemblages, beginning with open–water facies 
with impeded marine fauna, followed by a 
poorly-drained coastal floodplain and a well-
drained alluvial floodplain, with indicative 
protracted wetland conditions that facilitated 
parallel subsidence and sedimentation events, 
therein supporting recurrent forest origination 
and deposition (Davies et al 2005).  

 
 
2.1 Open-Water Facies 
 
The open-water facies assemblage features thin 
coal succeeded by dark limestone, and several 
metres of grey siltstone indicating the restored 
advance of the coastal plain (Davies et al 2005; 
Carpenter et al 2015). This assemblage is 
ultimately capped by channelized sandstone, 
which features an abundance of bivalves, 
ostracods, arthropods, fish and plant fragments, 
as well as trace fossils, with a restricted marine 
evidentiary record that is suggestive of basin-
wide flooding by a brackish sea (Davies et al 
2005; Carpenter et al 2015).  This interval is 
strikingly thick – a thickness that has been 
rationalized as facilitating a significant marine 
encroachment into the basin (Carpenter et al 
2015). An accumulation of lycopsid plants are 
identified within the limestone, with the siltstone 
and sandstone displaying a mixture of 
gymnosperms, sphenopsids, pteridosperms, and 
pro-gymnosperms, implying a complete 
immersion of the basin floor (Davies et al 2005).  
 
 
2.2 Poorly-Drained Floodplain Facies 
 
The Joggins Formation is also acclaimed for its 
poorly–drained floodplain facies assemblage, 
encompassing the iconic fossil forests and 
depicting deposits that are constructed by wetland 
deltas (Carpenter et al 2015). This assemblage 
displays sandstone and green/grey mudstone, 
along with coal beds, carbonaceous shale and 
some limestone (Davies et al 2005).  Particularly 
striking are the sheet-like sandstone and 
mudstone, stretching across the cliffs and 
featuring the celebrated entombed erect lycopsid 

trees and the remarkable discovery of fossils 
within tree stumps (IUCN 2008; Grey & Finkel 
2011).  Distributary channels span the coastal 
plain and during cyclical flood conditions 
funneled mud and sand to the adjoining bays, 
with these sedimentation events likely causing 
the fascinating tree entombment (Davies et al 
2005; IUCN 2008; Grey & Finkel 2011).  
 
 
2.3 Well-Drained Alluvial Floodplain 
Facies 
 
Finally, the well-drained alluvial floodplain 
assemblage displays red mudstone and sandstone, 
as well as coal-bearing limestone (Davies et al 
2005). The coal beds in the Joggins Formation 
incorporate 45 coal beds, which are thin, 
luminous, pyritic, and clarain-enriched, and 
generally contain significant levels of vitrinite 
and sulphur (Calder et al 2011; Hower et al 2000).  
Since the 17th century, the coal beds all along the 
bay were mined -- an activity that continued in the 
surrounding community until the early 1980s 
(Hower et al 2000). It is believed that the 
evolution of the coal beds had its genesis from 
peat deposits below the tropical forests, which 
displayed considerably enhanced pH levels 
(Hower et al 2000). In addition, the coal content 
is predominated by pervasive pyrite and certain 
other mineral aggregation (Hower et al 2000). 
The sulfide minerals are reflective of various 
mineralization episodes which occurred 
subsequent to peat discharge, and possibly, as a 
result of marine impacts (Hower et al 2000).  Not 
only are the Joggins coals indicative of pyrite 
mineralization but also of lead and zinc 
mineralization events, which some believe could 
be the result of the juxtaposition of the Joggins to 
major converging groundwater-fed faults within 
the basin area, particularly the Cobequid-
Chedabucto fault complex, which may have 
propelled metallic saline through tectonic activity 
(Hower et al 2000). 

Ultimately, a seasonal paleoclimatic 
environment drove the section’s sedimentary 
succession, with evidence of composite red beds 
(Figure 2) signifying arid conditions during the 
Mississippian, which were superseded during the 
Pennsylvanian by humid conditions (Grey & 
Finkel 2011).  As the basin floor subsided, a 
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wetter climate accelerated, thereby stimulating 
lycopsid tree and seed fern growth, and triggering 
the emblematic coal evolution (Grey & Finkel 
2011).   
 

 
 
 
 
 
 
 
 
3. Paleobiology 
 
The Joggins ecosystem and in particular, its 
Classic Section, have yielded an exceptionally 
elaborate assemblage of approximately 96 
genera, 200 fossil species and 20 footprint 
groups, spanning the entire terrestrial trophic 
food web, from plant primary producers to 
invertebrate detritivores to tetrapod carnivores 
(Grey and Finkel 2011; UNESCO Nomination 
2007). Joggins represents the most complete and 
contextual in situ display of Carboniferous 
terrestrial life on Earth (UNESCO Nomination 
2007). This discovery delineates four animal 
phyla, five classes of vascular plants, and three 
genera of protozoans, and includes the earliest-
identified reptile and amniote (Hylonomus lyelli), 
and the earliest-identified land snail, as well as 
tracks of the largest-identified land invertebrate 
(Anthropleura) (UNESCO Nomination 2007). 
Joggins’ terrestrial fauna, including terrestrial 
amniotes, is pivotal to our understanding of the 

transformative colonization of vertebrates and 
ultimate evolution of humans (IUCN 2008). 
Indeed, of the 63 terrestrial fauna fossil species, 
the majority are type specimens that have only 
been observed at Joggins (UNESCO Nomination 
2007).  
 
 
3.1 Aquatic Assemblages  
 
Joggins documents a fossilized conglomerate of 
aquatic life, both vertebrates and invertebrates 
(Buhler & Grey 2016).  The adjacent seas were 
brackish and were home to varied aquatic species, 
including bivalves, crustaceans, crab-like fauna, 
and bony fish (IUCN 2008). Much evidence has 
been provided by the Joggins Formation in 
respect of determining the evolutionary dynamics 
of its different fossilized organisms. Fish fossils 
have been notoriously underexamined at this 
locale, and in the Carboniferous framework as a 
whole. Despite this, there has been evidence to 
substantiate significant evolution in many 
respects, including in terms of living in either or 
both of saltwater and freshwater. Carpenter et al 
(2015) overwhelmingly promulgate that many 
fish were once euryhaline tolerant (moving 
between fresh and saltwater), a duality which is 
believed to have arisen as a result of the ever-
changing nature of our planet at the time 
(Carpenter et al 2015).  The ability to live a dual-
environment existence prompted evolutionary 
adaptations to the respective water types 
(Carpenter et al 2015). Fish fossil record evidence 
at Joggins suggests that the relevant fish 
displayed a salinity resistance, and that it was 
salinity disparities that may have resulted in a 
transitory phase of development before the 
establishment of freshwater fish communities 
(Carpenter et al 2015). It follows that the 
preponderance of fish fossils are located in the 
open-water facies, which correlates with the most 
enduring marine deposits (Carpenter et al 2015).  
The Joggins fish assemblage (Figure 3) has a 
diverse fish taxa of chondrichthyes, 
sacrcopterygii, actinopterygii and acanthodii, 
and represents a transformative interval in 
freshwater colonization (Carpenter et al 2015). In 
addition to further analysis in respect of the very 
diverse fish fossil specimens, additional study 
may also be warranted in respect of the 

Figure 2: The sedimentary succession of the 
Joggins Formation (UNESCO Nomination 
2007). 
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microfossils which have been discovered at 
Joggins, including the several ostracods that have 
been found within the limestone and are believed 
to have emanated from a brackish environment 
(Grey & Finkel 2011).  

 

 
 
 

 
 

 
In terms of aquatic fossils, fish and 

bivalves were highly prevalent (Carpenter et al 
2015). Fish fossils compose a great deal of the 
fossil diversity at this locale. Although through 
strontium isotope analysis, fish fossils have been 
examined, these fossils have not been found with 
intact full structures, and accordingly, their 
preservation often lacks the fine granularity that 
is associated with many exceptionally preserved 
conservation lagerstätten (Carpenter et al 2015). 
For example, the only part of William Dawson’s 
novel species, Ctenoptychius cristatus, that to 

date has been found, is a single tooth (Carpenter 
et al 2015). It follows that the fragmented skeletal 
nature may provide insight into why, until 
recently, there has been a lack of documented 
studies in respect of fish fossils investigation. 
Bivalves on the other hand are one of the 
preeminent classes of organisms found at 
Joggins, which, along with ostracods, occur 
principally in between the prominent “Coal 32” 
interval and the lower forest stand, being another 
prominent stratigraphic interval of the Joggins 
Formation (Carpenter et al 2015). Bivalve records 
show similarity with species that lived inland, 
therein providing insight into the ecology of other 
domains at the time (Calder et al 2006). Although 
bivalves were mainly found in the 
aforementioned intervals, which involved 
preservation in a floral setting, there were 
Arachnodon specimens that were found in the 
sandstone bodies of the Joggins Formation, thus 
evidencing different indicative means of 
preservation across the spectrum of organisms 
found at Joggins (Carpenter et al 2015). 
 
 
3.2 Fossil Forests 
 
Perhaps most emblematic of Joggins are the 
dominant fossil forests, which include the 
remarkable upright fossilized lycopsid trees 
(Figure 4), whose up to 7.6 metre trunks are 
preserved in situ, and other species encompassing 
the flora record that resulted in the expansive coal 
deposition  (UNESCO Nomination 2007;  IUCN  

 
 

Figure 3: Histogram showing absolute 
and relative abundances of 
Joggins fish taxa (Carpenter et al 2015). 
 

Figure 4: Joggins’ exemplary fossilized 
lycopsid tree (UNESCO Nomination 2007). 
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2008). The lycopsid trees display very little 
resemblance to their modern day equivalent, as 
their trunks are thick, rather than vine-like, with 
coalified bark (Morris 1999). Even more 
remarkable was the discovery of several fossil 
trees with over 200 tetrapod skeletal remains 
within hollow tree stumps (Morris 1999). And 
with Joggins being located on the banks of the 
Bay of Fundy, with the highest tides in the world 
and resultant daily cliff erosion, there is an 
interminable manifestation of the fossil record 
(Morris 1999).   
 
 
3.3 Tetrapods 
 
The Joggins Formation is also representative of 
exemplary conservation-lagerstätten and 
concentration-lagerstätten, displaying a wide 
array of various organisms, often preserved in 
logs that were found in the ever-present coal beds. 
Tetrapod fossils were the most common land 
fossils, and were frequently unearthed at this site, 
the most significant being the oldest known 
reptile and amniote, Hylonomus lyelli (Calder et 
al 2006). Other tetrapods that were discovered 
include Dendrerpeton acadianum, as well as 
Limnopus vagus (Calder et al 2006). The former 
was preserved by means of authigenic 
cementation, a type of recrystallization that yields 
exceptional preservation of “body fossils and 
articulated skeletons” (Calder et al 2006), distinct 
from the typical mode of preservation found at 
Joggins. Other terrestrial fossils include the 
arachnid Graeophonus carbonarius and the 
millipede Xyloiulus sigillariae, which, along with 
a wide variety of other fossils, were found in the 
upper forest horizon stratigraphic section (Calder 
et al 2006). 
 
 
3.4 Complete Food Web 
 
Notwithstanding the existence of an entire 
Carboniferous food web at Joggins, food web 
reconstruction efforts require significant fossil 
analysis and investigative inference, including as 
a result of incompleteness of the fish fossil 
records relative to the fossil records of other 
classes, as well as accepting the reality of having 
to deduce information from other ecosystems that 

exhibit similar characteristics, and having to 
inform the reconstruction using adaptations and 
feeding habits of the organisms involved and their 
predatory fossil markings and organism 
movement evidentiary records (Carpenter et al 
2015). Nevertheless, researchers have considered 
this information and hypothesized certain feeding 
relationships at Joggins. For example, evidence 
elicits that the fish of the Carboniferous were 
either secondary or tertiary consumers, but were 
mainly predatory in nature as a result of 
adaptation in their teeth that facilitated their 
ability to prey on smaller fish (Carpenter et al 
2015). This conclusion was inferred through 
research that was conducted which showed that 
these teeth were similar to those of modern day 
sharks in terms of shedding processes (Carpenter 
et al 2015). Researchers also found fish fragments 
in tetrapod fossils, indicating that certain 
tetrapods consumed fish, a theory supported by 
the fact that some tetrapod fossils were indicative 
of aquatic residency (Carpenter et al 2015). 
Moreover, it has been inferred that the fish 
predators at the top trophic level were the largest 
fossils found, these being xenacanths and 
rhizodonts. Facies analysis of their fossils has 
allowed researchers to infer that these organisms’ 
hunting grounds, being mangroves and estuaries, 
and in turn, their likely prey, were smaller 
tetrapods (Carpenter et al 2015). Furthermore, 
Calder et al (2006) have determined that the top 
predator held this position, pursuant to analysis in 
respect of the size of its footprint, which was 
disproportionately large relative to other relevant 
organisms (Calder et al 2006), and leading to 
further insights on Carboniferous feeding 
relationships. 

 
4. Paleoecology 
 
The Joggins eco-lagerstätten yields a fossil record 
of expansive paleoecological significance, with 
immense landscape attributes from wetlands to 
drylands, and evidence preservation dimensions 
at Joggins which demonstrate broad 
environmental implications that are paramount 
within terrestrial ecosystems (UNESCO 
Nomination 2007). As discussed above, through 
the facies analysis of different components of the 
formation, it becomes apparent that the 
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ecosystems at Joggins are very multifaceted in 
terms of both flora and fauna (Davies et al 2005). 
When looking at the open-water facies 
assemblages, the impacts of major ecosystem 
flooding events are exposed. The abundance of 
certain fossilized organisms, namely bivalves and 
ostracods, in coals and siltstones, along with the 
ripple patterns which are shown in sandstones 
that cap the siltstones, surface strong evidence of 
wave activity (Davies et al 2005). However, trace 
fossils indicate grazing, walking and even resting 
traces, thus showing that subaerial conditions 
followed the flooding episodes (Davies et al 
2005). Furthermore, the presence of the 
aforementioned organisms, along with 
foraminifera, is indicative of brackish conditions 
at the very least, and implicates a marine 
corollary, inclusive of fish with salinity tolerance, 
as well as supporting freshwater condition 
ramifications (Davies et al 2005). Once again, 
stratigraphical implications pertaining to water 
levels provide insights into ecosystem 
repercussions, as well as being indicative of 
cyclical paleoclimatic conditions (Grey & Finkel 
2011). Peat and coal were typically associated 
with water level rises, while siltstone was 
associated with decreasing sea levels, and thin 
shoreline formation (Davies et al 2005). Plant 
fragments found in these assemblages were also 
significant. The presence of drifted lycopsid 
plants in limestone fragments are again indicative 
of flooding events, as is the sandstone and 
siltstone covering (Davies et al 2005). These 
layers themselves are indicative of flooding as 
well, due to the presence of plants from upland 
vegetation (Davies et al 2005). 
 The poorly-drained floodplain 
assemblage, together with the well-drained 
facies, represents systematic cyclical regression, 
and is of particularly great global significance, as 
it contains the famed fossil forests. It was here 
that Lyell and Dawson made the ground-breaking 
discovery that certain fossils were preserved 
within trees. Tree fauna are highly diverse, with 
11 tetrapod genera, various coprolite traces, and 
many invertebrates present as well (Davies et al 
2005). The coal groups of this assemblage are 
indicative of channel formation, and movement 
of heterolithic sediments across different parts of 
the formation, which allowed for the exceptional 
preservation of trees that are observed today 

(Davies et al 2005). The sandstone deposits on 
trees, such as at the Upper Fundy forest level, 
elicit this movement of material, and are 
indicative of several ecological changes over 
time. Charcoal remains abound in proximity to 
some of the tree trunks, suggesting the occurrence 
of substantial wildfire activity, which may be 
responsible for the resultant hollowed trunks that 
harboured the early tetrapods and other 
organisms (Davies et al 2005).  Given that part of 
the assemblage is poorly drained, hydrologic 
influence is naturally dominant, and this premise 
is reflected by the fact that coals exude 
characteristics which are conducive to water 
influence, including sulfur concentrations which 
are indicative of flooding by sulphate rich water 
and the fact that coal seems to act as a cap on 
heterolithic units, showing peat development 
after sea level rise (Davies et al 2005).  
 
 
5. Conclusion 
 
From Lyell and Dawson, to Darwin, the Joggins 
Fossil Cliffs have been at the epicentre of ancient 
biodiversity and pivotal history-shaping 
discoveries. The Joggins’ rich over 150-year 
paleo-history research record has yielded 
invaluable insights into this ancient panorama 
which is home to iconic fossilized plants and 
animals that have been effectively frozen in time, 
within ecosystems that are over 300 million years 
old (Davies et al 2005), therein fostering the 
creation of ground-breaking geological and 
evolutionary principles. Furthermore, its 
exemplary value makes it the most complete 
terrestrial lagerstätten of the “Coal Age” world, 
with its paleoecosystems that culminated in 
extensive coal deposits which drove the industrial 
age and human development (IUCN 2008). 
Scientific discovery deserves further 
sedimentology, stratigraphy, biology and 
petrology research, particularly in Joggins upper 
sections, such as the Springhill Mines and 
Ragged Reef Formations.  And with the fossil-
bearing strata advancing inland from the cliffs 
and being legislatively-safeguarded for a 30 
kilometre radius, and with the current pace of 
natural erosion measuring up to 0.25 metres per 
year, Joggins will continue to produce novel 
discoveries for an estimated 120,000 years 



  ESS261 Journal, volume 1 (2021) 22 

(UNESCO Nomination 2007), attracting the 
attention of researchers and tourists alike, and 
continuing to paint the horizon of our 
understanding of Carboniferous life. 
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Editors' note: The Carboniferous is known for its 
ever-relevant coal-bearing fossil forests and 
unique biota — portrayed in great detail in this 
article on Joggins Cliffs. The article goes in depth 
into the setting in which the fossil forests were 
discovered. The lagerstatte also contains a 
number of interesting fish and tetrapod species 
explained very well here, allowing for the reader 
to imagine themselves in the environment.   

 



1. Introduction 
 
The fossil lagerstätte located in Mistaken Point, 
Newfoundland in Canada, is home to one of the 
oldest organisms dating back to ~575 - 543 Ma 
(Antcliff et al., 2015). The species of 
Charniodiscus, Fractofusus make up some of the 
most defined Ediacaran fossils and are found 
globally. What makes Mistaken Point in 
Newfoundland unique is its large reserve of these 
fossil communities, allowing researchers to gather 
information about the kind of organism that lived 
during the Ediacaran Period and insight into the 
environment. The fossil lagerstätte in Mistaken 
Point makes it ideal for investigating potential 
ancestors for modern organisms due to its diverse 
and abundant specimens. 
 

Interactions between different taxa within 
the fossil lagerstätte are presumed to be the key to 
understanding how the modern deep-sea organisms 
interact. Many of the discovered Ediacaran fossil 
communities are soft-bodied sessile organisms that 
display benthic behaviour, which is linked to 
ecological succession over time (Clapham et al., 
2003). Volcanic ash's rapid flow killed many of 
these organisms and set an optimal condition for 

the best preservation (Antcliff et al., 2015). Despite the 
extensive research done on the taphonomic surfaces in 
the region, there are still questions unanswered, such as 
the environment these fossilized species live in prior to 
the ash flow and their cementation, the Ediacaran biota, 
and what information can we from the Neoproterozoic 
metazoan that is relevant to modern-day animals. 
 

The purpose of this paper is to illustrate a recent 
model for the Ediacaran Period in the Avalon Peninsula 
of Newfoundland at Mistaken Point. The information 
generated by multiple studies of Ediacaran biota are 
critical to our understanding of the evolution of Earth's 
history; from mainly microorganisms during 
Precambrian to Phanerozoic metazoans (Clapham et al., 
2003). 
 
 
2. Geographic and Geologic setting 
 
The southeast region of Newfoundland accounts for one 
of the oldest assemblages for Ediacaran biota due to its 
rich fossiliferous surface and thick stratigraphy of 2.5 
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Abstract 
 
The Ediacaran fossil assemblages at Mistaken Point hold many of the earliest lifeforms on our planet Earth’s 
history. It is globally recognized for its exceptional preservation of thousands of Ediacaran fossils, and even 
regarded as a Unesco World Heritage Site. This paper aims to illustrate recent studies about the site, coupled 
with new information regarding fossil community and ecological interaction. These recent studies are key to 
understanding some of the evolutionary questions we are dealing with, such as the origin of modern species, 
Precambrian transition to Phanerozoic metazoans. It is revealed that previous studies regarding in situ 
preservation of the site at Mistaken Point are not presented accurately. Instead of all organism being killed 
during rapid ash flow, studies have shown that some of the organism preserved had already been dead and 
only 15-40% of the organisms had died. With this information, we can further narrow down the question of 
ancestry of modern species and provide an understanding of how different assemblages interact with each 
other. Additionally, since these preservations dates back millions of years ago and is representative of modern 
deep-sea animal, we can use this to develop a concept for changes in species relative to the environment over 
time. 
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km (see figure 1) (Clapham et al., 2003). The long 
coastal successions in different formations houses 
thousands of well-preserved fossils dating back to 
575 to 543 Ma, representing the oldest organisms 
in Earth's geologic record (Antcliff et al., 2015; 
Clapham et al., 2003). This Avalon Terrane was 
originally part of a Neoproterozoic superterrane 
along the margins of Gondwana, located adjacent 
to Amazonian craton (Wood et al.,2003). The 
volcanic ash component of the bedding planes in 
Conception group and base of St John's group is 
said to be linked to the tectonically active oceanic 
arc basin of the original Avalon Terrane before its 
separation to Amazonian craton (Wood et 
al.,2003). 
 
 Studies have shown that the formation of 
Mistaken Point occur through the process of 
accretion, where a gradual accumulation of 
sediments forms depositional layers. Wood et al. 
(2003) claimed that a downward slope in which 
Trespassey formation is the mid-slope and 
Mistaken point as a flat toe of the slope, similar to 
alluvial deposition, generate a reasonable 
explanation for the good preservation of Ediacaran 
fossils. In addition, the low wave activity identified 
in the fossil further supports this view. 
  
  
3.  Taphonomy of Ediacaran Biota  

Assemblages of soft-bodied, non-phototrophic 
Ediacarian organisms are preserved in situ 
within Mistaken Point Formation (Clapham et 
al., 2003). These fossils are preserved in great 
detail on more than hundreds of bedding 
surfaces that have experienced immediate 
burial by volcanic ash layers (Wood et al., 
2003). Sea-floor currents also played a role in 
the preservation and characterization of these 
fossils since they are deep-water sessile 
organisms (Wood et al., 2003). The flow of 
water is significant to the understanding of 
fossil topography, the lack of predation and 
gentle water allows these species to increase in 
population. The current brings along 
depositional sediments such as clay which 
further set up a good condition for 
preservation. Both of these preservations are 
important to our understanding of organisms' 
characteristics, ecological dynamics, and 
interactions with other taxa  (Mitchell & 
Butterfield, 2018). Moreover, this is evidence  

Figure 1: (A) Shows the overall map of Newfoundand, 
Canada. (B) The southeastern region pointed at A 
illustrate the Avalon Peninsula where Mistaken Point 
resides. (C) This figure presents the thickness of each 
formations divided into two groups, Conception and St. 
John's group, along with the stratigraphy of the region. 
(Clapham et al., 2003). 
 
for the rich and abundant fossiliferous bedding 
planes.  



Bautista & Mindanao: Mistaken Point   25 

As mentioned, Ediacaran fossils in 
Mistaken Point are exceptionally preserved in 
situ beneath thin layers of volcanic ash 
(Clapham et al., 2003). Most of the species 
found are Fractofusus and Charniodiscus that 
are microscopic and soft-bodied individuals, 
thus it is unusual that they are preserved in 
great detail (Wood et al., 2003). Due to the 
location in which they were preserved, in deep 
water (Liu & Matthews, 2017). The reasoning 
is that current underwater is not strong enough. 
This occurence permits the growth of 
microbial mats which helped in molding the 
structure of the soft-bodied organism during 
ash flow (Antcliffe et al., 2015; Wood et al., 
2003). The imprinting of the organism's body 
in ash surfaces created negative reliefs and 
positive reliefs, which became the basis for 
understanding the fossil biota and ecology 
(Antcliffe, et al., 2015). The preservation 
settings of the fossils are on the top surface of 
intertubidite deposits, suggesting that they 
reside near the seafloor with contact upon the 
arriving ash (Mitchell & Butterfield, 2018). 
This is significant for the detailed preservation 
of the fossils in a specific setting. The close 
proximity between the seafloor and ash yielded 
a better imprint; furthermore, it regarded the 
species as flexible (Antcliffe et al., 2015).  
 

Additionally, previous studies thought 
that all Ediacaran organisms were killed on site 
by overlying volcanic ash, becoming the 
species' agent for preservation (Antcliffe et al., 
2015). The preserved biota represents the 
fossilized organisms' ecosystem of when it was 
alive (Antcliffe et al., 2015). However, another 
study proves that the volcanic ash flow did not 
kill all the fossils on the surface of Mistaken 
Point. That being the case, it was also found 
that not all the fossils preserved were alive at 
the time of the event (Mitchell  & Butterfield, 
2018). By examining Fractofusus and 
Charniodiscus specimens' fossil preservation, 
as either imprinted below or above the 
preserving ash mat dictates a positive or 
negative relief (Antcliffe et al., 2015). The 
fossil species of Fractofusus were found below 
the microbial mat and is preserved better than 
Charniodiscus, which is more decay-resistant 

and found above the microbial mat (Mitchell & 
Butterfield, 2018). This indicates that before the 
Fractofusus was killed by the ash event, 
Charniodiscus was already dead and their 
preservation was both aided by the ash flow 
(Antcliffe et al., 2015). This discovery disregards 
the idea that all Ediacaran organisms found in 
Mistaken point are a snapshot of all its biota and 
were all killed by the ash flow (Clapham et al., 
2003). 
 

 
Figure 2: Illustration of the ten taxonomic groups 
interaction at surface E in Mistaken Point using 
Bayesian network. The line indicates the correlation 
level; the wider the line, the greater the interaction. The 
arrow shows the direction of the dependence on a taxon. 
A number along the lines shows the strength of 
interaction; a positive number means aggregation, a 
negative number for segregation, and zero means 
different densities to the two (Mitchell & Butterfield, 
2018). 

 

4.  Biological and Ecological Interactions 

4.1 Biological Interaction   

 
Ediacaran assemblages in Mistaken Point E surface 
have rich taxonomic groups because of its higher 
number of fossils than other surfaces; it has broad 
ecological conditions resulting in distinct interactions 
between taxa (Liu & Matthews, 2017). Using a 
Bayesian Network Interference (BNI) analysis, we can 
provide ecological insight and distinctions between two 
surfaces (Mitchell,  & Butterfield, 2018). The analysis 
found a diverse interaction and association between 10 
of 11 taxa found on the E surface (See Fig.2) (Mitchell 
& Butterfield, 2018). Among those taxa, only 
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Thectardis did not show any interactions or 
associations with other taxa despite its similar 
abundances with other taxa (Mitchell & 
Butterfield, 2018). This signifies a real ecological 
signal demonstrating that species' isolation from 
other taxa on surface E could result in more 
differentiation of that species (Mitchell & 
Butterfield, 2018). The feeding mode, spongy 
affinity, of this taxa confirms the spatial analysis 
discovered by BNI; Thectardis feeds by active 
filters of their sponges while the rest of the taxa 
feed by passive osmotrophic mechanisms (Wood et 
al., 2003). 
 
 One of the eight correlations of E 
surface is the result of primitive competition 
and the rest are habitat association (Mitchell  & 
Butterfield, 2018). Studies show habitat 
association leading to competition within this 
surface (Clapham et al., 2003). This relation is 
observed in both Plumeropriscum-
Charniodiscus and Plumeropriscum-
Fructofuses in which each couple showed 
small and large scale segregation (Mitchell  & 
Butterfield, 2018). For instance, in 
Plumeropriscum-Fructofuses both taxa 
exhibited an increase of density in the same 
paleoenvironment but separated between 1.5m 
and 3.5m (Mitchell & Butterfield, 2018). This 
relationship is also exhibited in the 
Plumeropriscum-Charniodiscus correlation 
and is strengthened by each taxon's similarities 
of resources (Mitchell & Butterfield, 2018). 
Each of these relationships signifies an 
interspecific resource competition because the 
growth of each organism leads to more 
aggregation of each taxon (Mitchell & 
Butterfield, 2018). 
 

Mistaken Point preservation of census 
populations of benthic fauna is important to 
study because of its relationship to modern 
bathyal megafauna (Clapham et al., 2003). 
Their relationship can be used to study the 
relationship between the early evolution of 
animals and their ecosystem (Clapham et al., 
2003). Mistaken Point populations have high-
density fossils, a high degree of single-species 
spatial patterning to contemporary marine 
epibenthic communities and have a similar 
spectrum of species abundance (Clapham et 

al., 2003). Each of these factors was used to 
compare to the modern megafauna (Liu & 
Matthews 2017). For example in Canada and 
England, mistaken point communities have richer 
communities than the two counties' deep-water 
biota (Clapham et al., 2003). 

 
Additionally, shallow water Ediacaran 

assemblages in Australia, the White Sea, and 
Namibia differ significantly from those at Mistaken 
Point in terms of structure (Liu & Matthews 2017). 
In general, however, the levels of spatial patterning, 
as well as species richness, organism density, and 
diversity values, all fell within the norms of 
contemporary epibenthic slope communities of 
Mistaken point (Clapham et al., 2003). It is fair to 
say that the structural characteristics of the oldest 
complex cultures in the fossil record are 
remarkably similar to those of current 
contemporaries (Liu & Matthews 2017). 
 
 
5. Concluding remarks 
 
In summary, Ediacaran fossil communities are one of 
the oldest known organisms in the Earth's history. It 
provides a transition time from the early micbrobial 
world of Precambrian to the explosion of life during 
Phanerozoic. The Neoproterozoic metazoans serve as 
ancestors to modern-day animals. The thousands of 
fossils found at Mistaken Point assemblages have been 
well-preserved by volcanic ash. This great condition for 
preservation allowed for extensive research to be done 
in the region. However, recent studies using modern 
techniques generated a more comprehensive data for 
species diversity, interaction, and abundance. The 
special location of the exposed fossil assemblages at 
Mistaken Point is susceptible to weathering and erosion, 
which reveals more Ediacaran fossils over time. 
Unfortunately, more research is needed to fully identify 
the depth of the location of Mistaken Point Formation 
during the Ediacaran Period, but development of 
technology makes it possible for this to be investigated 
in the near future.  
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Editors' note: This article summarizes the 
significance of the Ediacaran biota discovered at 
Mistaken Point in addition to the geology of the 
area and important interactions. Figures are full of 
detail and aid in the understanding of the dynamics 
observed in the ancient environment. The article 
features Fractofusus and Charniodiscus, two 
organisms that had a great impact on our 
understanding of Ediacaran taxonomic groups. 
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1. Introduction 
 
The world around us is constantly changing. For 
that, it is important to become cognizant of these 
changes on Earth, and one of the ways to do so is 
by exploring lagerstätten from all around the world. 
To start off, the term lagerstätten could be defined 
as  sedimentary deposits with exceptionally well 
preserved fossils (Fossil Museum, n.d.). The 
Bundenbach lagerstätte is an important lagerstätten 
which aids in the understanding of geological time 
and fossil preservation. The Bundenbach 
lagerstätte is a metamorphosed black shale, almost 
390 million years old, as it is found to be from the 
Devonian (Vincett, n.d.). The age of the lagerstätte 
was determined by zircon analysis (Kirnbauer and 
Reischmann, 2001). The Hunsrück Slate is found 
in Bundenbach, Germany. Bundenbach is a village 
in the Rhine valley of southwestern Germany. This 
lagerstätte not only intrigued our interest to see 
how different locations from around the world have 
different types of fossils, but it is also important to 
review such a significant feature in a significant 
time period. The Bundenbach lagerstätte is one of 
the most important lagerstätten that was formed 
during the Devonian that aided many research 
methods in a variety of scientific advancements. 

For that, it is necessary to question what makes the 
Bundenbach lagerstätte unique. This article will explore 
the geography, history, geology, formation, fossils, and 
recent scientific advances. 
 
 
2. Geology & Geography  
 
An important factor of all lagerstätten that affects almost 
every feature of the lagerstätte - from fossil diversity to 
the preservation method - is the geographical and 
geological setting of the lagerstätte. This section gives 
an in-depth look into when, where, and how the 
Bundenbach lagerstätte formed.  
 
2.1.  Geography and history of the lagerstätte   
 

The lagerstätte, often referred to as the 
Hunsrück Slate, is located south of the River Mosel in 
Bundenbach, Germany. Its geography has changed 
since its formation due to the migration of continental 
plates - essentially, this is caused by the convection 
currents in molten rock below the crust in the Earth’s 
mantle (Manoa, n.d.). The Hunsrück Slate is from the 
Devonian, therefore it is important to explore the 
Devonian period in the geologic timescale. The 
Devonian is a period that is part of the Palaeozoic era, 
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site including the animal species preserved in great detail within the slate making up the lagerstätte, as well as the 
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about 420 Ma - 360 Ma (House, n.d.). The 
Devonian is sometimes referred to as the “Age of 
Fishes” due to the abundance and diversity in 
species that swam Devonian seas, this is evident in 
the Bundenbach fossils in the Hunsrück Slate as the 
fossils found clearly reflect the specific biological 
diversity of the time period in which the creatures 
have been preserved (House, n.d.). As previously 
mentioned, its location in a river would have 
enabled an abundance of fossils to be preserved in 
the lagerstätte. This proximity to a river means that 
a large variety of creatures are found in the 
lagerstätte, providing more of a diverse ecosystem 
in the area the lagerstätte was formed. Examples of 
species found in the Hunsrück Slate include 
sponges, clams, and sea stars, all of which are 
marine animals (Fossil Museum, n.d.). 

The age of the Bundenbach lagerstätte is a 
key indicator of the environment in which fossils 
lived. The Devonian period can be split into three 
main epochs; upper, middle and lower. The Lower 
Devonian and Middle Devonian are the main foci 
of this lagerstätte, more specifically it was formed 
during the Emsian faunal stage of the Devonian. 
Scientists have used various methods to date the 
lagerstätten but a key method is the Pb/Pb zircon 
analysis. An article by Thomas Kirnbauer and 
Thomas Reischmann analyzes the method used. 
Research has found that the Hunsrück Slate is from 
the Lower/Middle of the Devonian. This was 
achieved by looking at biostratigraphic records and 
magmatic zicrons from a volcaniclastic layer in the 
Hunsrück Slate (Kirnbauer and Reischmann, 
2001). The method included the use of a zircon 
Pb/Pb evaporation method. The results of the 
research showed that the slate is from the boundary 
of the Lower and Middle Devonian epochs, as it is 
younger than 388.7 ± 1.2 Ma (Kirnbauer and 
Reischmann, 2001).  

Bundenbach lagerstätte played an 
important role in the mining industry in previous 
years. The mining of the Hunsrück Slate can be 
traced back to 1300 CE (Vincett, 2018). The 
mining of the slate was important for the discovery 
of the fossils. The slate is made up of a sequence 
which is predominantly mudstone and siltstone. 
Therefore, this was useful for mining and the 
material was used for domestic roofing and to be 
exported to other European countries. However, as 
time passed, it has become cheaper to mine from 
slates in Portugal, instead of Germany. For that, the 
Hunsrück Slate has a wide variety of fossils that are 
preserved (Vincett, 2018). This exemplifies the 
importance of the Bundenbach lagerstätte not only 
scientifically, but also historically. 

 
Figure 1: Image of the Hunsrück Slate, Western 
Germany. (Gon III, n.d.)  
 
 
2.2.  Geology  
 

As previously mentioned, the Hunsrück Slate 
formed near the beginning of the Devonian period. 
During this time period, Earth’s continents were all 
found near the South Pole, most of present day Europe’s 
landmass was underwater at the time, including the 
Bundenbach region - this is why marine fossils are 
preserved in the lagerstätte. The Hunsrück Slate 
specifically was located within the Hunsrück basin, a 
deep marine environment that was found near the 
continental landmasses that makeup current day 
Northern and Southern Europe. Since the lagerstätte was 
formed in a marine environment, a large tectonic 
uprising of the landmass had to occur for it to be found 
high above sea level in the present day. Tectonic stress 
and processes have led to slight deformation of some of 
the fossils, causing wrinkling, or other forms of 
mishappening (Poschmann et al, 2017).  

The rock making up the Bundenbach lagerstätte 
is a slate consisting of metamorphosed shale, the actual 
fossils in the lagerstätte were for the most part preserved 
through pyritization. The sediments that formed the 
slate were very fine dark gray clays and silts that had 
been weathered and eroded from a continental rock 
formation that was present during the Devonian often 
called the Old Red Sandstone Continent (Vincett, 2018). 
The individual beddings of the lagerstätte are thin layers 
that were created as the clay and silt sediments were 
deposited onto the sea floor area the lagerstätte 
occupied, the deposition of the fine sediments requires 
a low energy environment, meaning there was very low 
or no water currents, and not many disturbances (Glass, 
2002). The pyritization of the fossils means that their 
composition is mainly just the element pyrite, with some 
additional elements found throughout the fossils and 
slate; there was likely a large amount of iron and sulfur 
in the sediments and organic matter, as these elements 
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are often required for the pyritization process to 
properly occur. The pyrite composition of the 
fossils is shown in Figure 1., which shows a 
trilobite fossil consisting completely of the yellow-
gold coloured pyrite. These pyrite structures are 
what preserved the body shape of essentially all the 
fossils found in the lagerstätte, the crystalline 
element filled in the spaces occupied by the 
organisms, creating a more durable structure that 
has been preserved through time. Some trace 
fossils appear to be preserved through impression 
into the sediments, preserving the activity of the 
organisms rather than body fossils. 
 

 
Figure 2: A trilobite fossil found in the Hunsrück 
Slate. The fossils exemplifies the pyritization of 
the fossils in the slate. It is a yellow-gold colour - 
the colour of pyrite - and the crystalline structure 
of the fossil is visible. (S.M. Gon III, 2009). 
 
 
2.3 Formation of the Lagerstätte 
 

Formations of lagerstätten are essential to 
the understanding of the fossils and the 
environment. The conditions for the Bundenbach 
lagerstätte to be so well-preserved include little to 
no oxygen, presence of mud which prevents 
bacterial decomposition - thus giving enough time 
for mineral exchange, precipitation, and other 
chemical processes (Fossil Museum, n.d.). 

Furthermore, a very specific event aided in the 
formation of the Hunsrück Slate - underwater landslides 
led to great sediment plumes in the lagerstätte which 
quickly buried the organisms (Vincett, n.d.). As a result, 
only some animals that lived in the ocean were buried, 
these were mainly the ones who were still and unable to 
move before they died. The Hunsrück Slate is especially 
unique because it preserved hard parts of organisms as 
well as the soft parts - which are much harder to preserve 
and less often found - this allowed scientists a wider 
scope when analyzing the bodies and morphologies of 
the organisms that were preserved in the slate.  

Adolf Seilacher, a German paleontologist, 
classified such deposits into two different types of 
occurrence: concentration and conservation deposits 
(Allison, 1988). The former describes the concentration 
of organic remains through sedimentological and 
biological processes (Allison, 1988). However, this 
does not include the preservation of the soft parts of 
organisms. Moreover, conservation deposits, the 
fossilization of organisms was a result of depositional 
conditions which are classified as unusual (Allison, 
1988). Unlike concentration deposits, conservation 
deposits predominantly include the preservation of the 
soft parts of organisms (Allison, 1988). Furthermore, 
Seilacher’s study of fossil biotas listed that some 
conditions for the exceptional preservation of fossils 
were controlled by sedimentological conditions, 
including anoxia - meaning the periods in which there 
were depleting oxygen levels on Earth, fast burial of 
species, the presence of materials which inhibit decay. 
Examples for such materials are tar, permafrost, or 
amber (Allison, 1988).  

As for the lithology of the Bundenbach 
lagerstätte, Figure 3 provides a detailed description of 
each of the layers in the 3750m sequence (Wuttke, 
2013). Most of the Bundenbach lagerstätte is made up 
of silt and fine grained sandstone, or shale. The very 
bottom layer at 0 metres is made of silt and fine grained 
sandstone. Essentially, this means that the growth of 
outcrops is promoted in such layers as silt is considered 
to be more fertile, promotes water retention and air 
circulation (National Geographic, n.d.). Furthermore, 
the presence of shale indicates that the preservation of 
the fossils has been unaltered since its deposition. 
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Figure 3: Geologic and geographic maps of the 
Bundenbach village, illustrating the lithological 
and stratigraphic layers of the lagerstätte. 
(Wuttke, 2013). 
 
 
3.  The Fossils found in the Bundenbach 
lagerstatten  
 
The Bundenbach Lagerstätte is an incredible 
scientific site, not only for geologists, but also 
scientists studying evolution and prehistoric life. 
The lagerstätte has allowed for a much deeper 
understanding of life during the Devonian period 
with over 250 animal species fossilized. In 
evolutionary history/ the geological time scale the 
Devonian is known for having great diversity of 
Brachiopods, there was also notable evolution in 
vertebrates and fish, with bony fish evolving, as 
well as large placoderms - which are extinct 
armoured fish multiple well preserved placoderm 
fossils are found in the lagerstätte.  

The different fossilized species within the 
lagerstätte are still being studied, with new research 
being published every year, analyzing the different 
features of the fossils, the relations between the 
different species, and even classifying new species 
within the slate. The fossils in the slate have been 
very well preserved, including very fine details of 
the animals morphologies, as well as trace fossils 
which allow information on the life history of 
different species during the Devonian. Some of the 

species found in the Hunsrück Slate are actually unique 
to the region the lagerstätte formed, and are not as 
commonly found fossilized. Overall, the lagerstätte has 
animals from several different groups, including fishes, 
arthropods, echinoderms, molluscs, corals and sponges.  
 
 
3.1.  Fishes 
 
Ranging from placoderms to jawless fish agnathans, a 
wide range of fish groups can be found fossilized in the 
Bundenbach lagerstätte. Placoderms were a class of 
armoured fish that existed during the Devonian period - 
going extinct during the late Devonian. There are 
multiple placoderm fossils found in the Hunsrück Slate, 
with a range of different generas included. A special 
feature of these fossils is that some of them have been 
preserved in 3D - they are not just flat imprint fossils, 
but actually show the physical structure of the 
placoderm fishes, which has greatly helped the research 
of the group.  
 Whole body fossils of the jawless fish have yet 
to be found, but there is evidence of the fish within the 
Hunsrück Slate. The jawless fish have been identified 
through the fossilization of their spines in the lagerstätte. 
Through analysing the fish spines, they have determined 
the fish to be in the genus Machaeracanthus, and the 
research has allowed for the classification of a new 
species- Machaeracanthus hunsrueckianun, named 
after the fact the fossils are found in the Hunsrück slate 
(Südkamp, 2007). Other fish groups are also present in 
the slate, but there is currently not as much research on 
them. 
 
 
3.2.  Echinoderms 
 
Starfish and crinoid fossils make up the largest number 
of echinoderm fossils preserved in the Hunsruck slate. 
Throughout the entire lagerstatten there are many 
different species of starfish fossilized, some of the most 
notable are those of group Ophiuroidea- a small group 
with very rare fossilization (Glass, 2005). The starfish 
found in the slate are almost all full body fossils, with 
excellent preservation of the physical features of the 
many different starfish, as is depicted in Figure 4. Along 
with the starfish, Crinoids are an excellent preservation 
of the physical features of marine animals, recognizable 
by the feather-like appearance of their feeding limbs. 
Within the Bundenbach lagerstatten several different 
genres and species of Crinoids are found, though with 
limited research, the exact number has yet to be found.  
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Figure 4: depicts an Euzonosoma tischbeiniana 
an extinct starfish fossilized in the Hunsrück Slate. 
It is a body fossil which has been preserved 
through pyritization. The entire starfish body is 
preserved, even showing very fine 3D 
morphological features. 
 
 
3.3 Brachiopods 
 
Brachiopods are a phylum of mollusc species that 
have been present on Earth science the Cambrian 
period. They had a large diversity throughout the 
Devonian period, and this is evident in the fossils 
in the Bundenbach lagerstätte. Many Brachiopod 
fossils of various genera are found throughout the 
slate - the fossils themselves also vary between 
body fossils and trace fossils.  

Within the lagerstätte, around 20 different 
specimens of the group Conularia are found- the 
Conularia taxonomic grouping is still somewhat 
debated, many researchers use it as a species 
grouping, within or related to brachiopods (Van 
Iten, 2010). The conulariids specimens found in 
the lagerstätte are particularly notable for the 
preservation of their soft tissues, a very rare 
occurrence which has allowed for a greater 
understanding of the body plan and morphology 
of the group (Van Iten, 2010). Another key 
brachiopod group found within the Hunsrück 
Slate are of the genus Discinisca- a very rarely 
found group of organisms, with small amounts of 
research done on them (Van Iten, 2010). Very 
little information is known about the Discinisca, 
as they are so rare, so their preservation within the  
lagerstätte is very significant for research of the 
research of extinct brachiopod groups. There has 
yet to be great amounts of research done on the 
brachiopod specimens found within the 

Bundenbach lagerstätte, so the exact species and genus 
classifications are not fully certain.  
 
 
4.  Scientific Advances 

As can be seen from previous sections, the Hunsrück 
Slate is a lithostratigraphic unit which is essential to the 
understanding of sedimentology and fossil preservation 
(Poschmann and Dunlop, 2005). As such, it has aided 
scientific advances. One of the most important studies 
from the Bundenbach lagerstätte is the discovery of a 
new sea spider.  

Scientific research found a new Lower 
Devonian sea spider in the Hunsrück Slate from the 
arthropoda Pycnogonida (Poschmann and Dunlop, 
2005). The sea spider is described to be 
Flagellopantopus blocki (Poschmann and Dunlop, 
2005). However, it is only the sixth fossil pycnogonida 
species (Poschmann and Dunlop, 2005). Research 
describes the sea spider to have a unique aspect which 
is its long, flagelliform telson (Poschmann and Dunlop, 
2005). Telson is a term used to describe the terminal 
segment of the body of an arthropod (Biology Online, 
2021). Furthermore,  the species was found to be an 
entirely marine species. Not only does this delineate the 
environment in which other species lived in, but it also 
links back to the importance of the time period in 
relation to the lagerstätte. As previously mentioned, the 
Devonian is said to be a period in which marine species 
dominated the geological period. 
 
 
5. Conclusion 
 

In conclusion, the Bundenbach lagerstätte 
proves itself to be a great source of scientific research, 
and advancements in the studies of evolution and 
geologic history. The hundreds of diverse fossils 
excellently preserved within the bedding of the 
lagärstatte have provided a detailed look into the 
environment on Earth almost 400 million years ago. The 
geologic timing of its formation also enhances the 
importance of the many fossils preserved in the slate - 
the Devonian was a time of great evolution of Earth’s 
animals, and had many changes throughout Earth’s 
systems. The preservation of the different organisms 
also gave insight into the state of the environment and 
Earth’s systems at the time. With continued research on 
the Bundenbach lagärstatte, there have been many 
changes in the classification of species, and this will 
continue in the future as many more researchers analyze 
the Hunsrück Slate.  
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Editors' note: This article provides a detailed look into 
the types of fossils found in the Bundenbach lagerstӓtte 
and their importance to scientific advances from the 
Devonian period. Figures illustrate examples of 
organisms’ fine structures preserved through 
pyritization and the article includes a great description 
of the fossilization process. 
 
 
 
 
 
 
 
 
 
 
 
 



 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
1. Introduction 
 
Fossilization is a rare event where a deceased 
organism is preserved in some way before it has the 
chance to decompose. Unfortunately, for the most 
part, the fossilization process does not fossilize 
every part of the organism, but the hardest parts, 
which take longer to decompose. This fact is what 
makes Lagerstätten so unique and important to 
study. Since Lagerstätten are areas with exceptional 
fossil preservation, the soft parts such as the tissues 
and follicles of an organism can be preserved. This 
means that these sites contain fossils that give us 
unique insights into an organism’s anatomy, for 
example the existence of feathers on dinosaurs. 
Solnhofen has been an important source of building 
materials for nearby villages since the medieval 
period in human history, and is now a leading source 
of Jurassic vertebrate fossils. 
 
2. Lagerstätten and their role in preservation 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
their rarity. As previously stated, a Lagerstätte is a 
geological formation with exceptional fossil 
preservation, even providing fossils with soft tissue 
intact. The term Lagerstätte is a combination of the 
German words Lager and Stätte, which translate to 
“Storage Place”. The fossil sites are then divided 
into two distinct categories, Konzentrat and 
Konservat Lagerstätten (Allison, 1988). According to 
the scientist who coined the term, Adolf Seilacher, 
Konzentrat refers to a deposition with a high 
concentration of usually the same type of fossil. The 
other type, Konservat refers to an area with the 
famously exceptional preservation of fossils. The 
Solnhofen site is a Konservat Lagerstätten, meaning 
that the fossils there are very well preserved, and 
thus provide unique outlooks into ancient life. 
Koservat-Lagerstätten are rare, which denotes that 
they require very specifc formation conditions. This 
poses the question on how Lagerstätte form, and 
what conditions must be met for this excellent fossil 
preservation? 
  

Considering the abundance of well-preserved fossils  
that can be found in a Lagerstätte, they are relatively  
unknown to the general populace, possibly due to 
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2.1 Conditions for Exceptional preservation 
 

In his 1985 paper, Seilacher et al. identifes 
possible causes that lead to the degree of 
preservation we see in places such as Solnhofen. 
The three main causes listed are rapid burial, 
stagnant conditions, and a layer of cyanobacteria 
covering the dead organism. Each of these variables 
have diferent roles in preserving the fossils in their 
pristine condition (Allison, 1988). Rapid burial is 
common in all fossilization procedures, and is key to 
the preservation of hard parts of organisms such as 
bones and shells. Stagnant environments such as 
peat bogs and swamps are the ideal environment for 
preservation, and while most soft parts are not 
preserved entirely, it can lead to mummifcation of 
the organism, as seen in many ancient humans 
whose remains have been found in peat bogs 
around the world. The variable that distinguishes 
Lagerstätte, especially Solnhofen, is the presence of 
cyanobacteria, a unicellular organism akin to 
primitive algae which can form carbonate structures 
(Merz, 1992). This creates excellent limestone 
preservation of fossils. While many Lagerstätten are 
not limestone formations, and thus do not have this 
contribution by cyanobacteria, the Solnhofen 
Lagerstätte is limestone, and cyanobacterial fossils 
have been found in the limestone. Finally, Allison 
identifes another factor that leads to exceptional 
mineral preservation: diagenesis. The boundary 
between diagenesis and metamorphism is unclear, 
but it is a chemical and physical change in 
sediments, which can also signify a replacement of 
the original sediments, or parts of the organism 
(Keenan, 2016). 
 
3. The Geology Of Solnhofen 
 
Geologically, Lagerstätten can be very diverse, 
forming from a multitude of diferent environments, 
and containing many diferent types of sedimentary 
rocks. When considering a Lagerstätte, it is 
important to look at its past environment, and the 
geological process it went through between its 
“active” phase and the current day. Solnhofen is an 
interesting case, whose unique conditions allowed 
for it to become the wonderful site it is today. 
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3.1. Geological Formations of and around 
Solnhofen 
 

Solnhofen is part of a larger formation in 
Bavaria, called the Altmühltal formation, which lies 
on the Rögling Formation, and underneath the 
Mörnsheim Formation. All three of these 
formations date from the Jurassic period, and are 
all fossiliferous limestone, however Altmühltal 
stands out due to its above average level of 
preservation (Schweigert, 2007). Schweigert used 
ammonite biostratigraphy in order to distinguish 
the layers. Ammonites are especially useful in the 
Jurassic period, due to rapid evolution. This 
allowed a clear distinction between German 
limestone formations, and narrowed down what 
exactly Solnhofen is (Schweigert, 2007). Since 
the extent of Solnhofen is now properly defned, 
the paleoenvironment can be reconstructed to see 
the conditions, fauna, and fora present. 
 
3.2 Palaeoenvironment of Solnhofen 
 

As mentioned before, the exact biome 
Solnhofen was in the Jurassic period, would have 
major implications for fossil preservation. Many 
diferent models for the palaeoenvironment have 
been proposed, with the limestone petrology and 
structures around it being compared to other 
palaeoenvironments to see if they matched up. The 
limestone plattenkalk (very fne grained limestone) 
that is representative of Solnhofen are characteristic 
of mud submerged under calm waters (Barthel et al. 
1994). The existence of marine fossils such as coral, 
and ammonites in the basin denotes that the area 
was marine. However, fossilized land reptiles are 
also found, proving that Solnhofen was likely a 
mixture of land and sea. However, the stangnancy of 
the water (characterized by the plattenkalk 
limestone) prove that the area was most likely a 
lagoon, separated from the land by large coral reefs. 
 
Figure 1 and 2 show a reconstruction of the Solnhofen 
area, and exactly how it was possible to fnd both land 
and marine fossils. Certain fossils found in the 
plattenkalk are extremely useful for determining 
environmental factors. For example, a cephalopod, 
Belemnite rostra, fossilizes with certain Sr:Ca ratios, 
these ratios seem to be temperature dependent 
(Wierzbowski, 2009). Solnhofen was abundant with 
these cephalopod creatures during its prime days, this 
means that the temperature can be 
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theorized to be approximately 26 degrees 
celsius (Wilkin, 2020). Wilkin compares the 
area to the Bahamas in terms of climate.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1: A diagram showing a detailed possible 
reconstruction of the Solnhofen Lagoon. The 
diagram at this scale shows us just how marine 
and terrestrial organisms can both be found in one 
spot, and exactly which places would have had the 
perfect conditions for the fossils to form, namely 
the Helvetic Basin, and the Plattenkalk Basins. 
From Page 57 of (Barthel et al. 1994), edited by 
Alexandre Guillerez for clarity.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2: A more broad diagram showing the larger 
area that would later become Solnhofen. As is 
visible, Solnhofen was located on an archipelago 
in the Tethys ocean. This explains how the lagoon 
was able to form, and how the fossils were able to 
be created with the overabundance of water from 
the surrounding area. When visualizing the 
environment, it is important to consider the 
immediate surroundings and the more global 
surroundings. from (Wilkin, 2020) 
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The depth of the water at Solnhofen has 

also been a large subject of debate. Early estimates 
declare it to be relatively shallow, although using a 
comparison of the stratigraphy of the oceanic layers, 
and the height of the coral reefs, Barthel estimates 
the depth of the water to range from 30 to 60 metres 
(Barthel et al, 1994). Barthel also mentions that 
Solnhofen is known for its extensive cyanobacterial 
mats, which are known to have a maximum depth of 
about 60 metres deep.  

Many diferent theories exist to try to fnd an 
environmental factor that could preserve the fossils 
even further, and some of the leading theories are 
hypersalinity, anoxic waters, and large toxic algal 
blooms. The amount of evidence for these theories 
varies greatly, and any of them may have been 
present to varying amounts. That being said, the 
theory that has the most evidence supporting it is 
one of rapid deposition. This theory suggests that 
the area of the Tethys where Solnnhofen lied was 
ravaged by violent storms quite often. The storms 
would stir up a layer of sediment and cover the 
ocean foor, rapidly sufocating the organisms that 
were unlucky enough to be trapped within it (Barthel, 
1994). Since the waters in the lagoon were calm, the 
organisms would be killed by the violence of the 
storm, and then the suspended sediments would 
“rain” down on the organisms (De Buisonjé, 1972). 
This can be characterized by the orientation of the 
ammonite shells, since the orientation does not align 
with models of burial solely by the storm (Barthel, 
1994). 
 
4. Marine life of Solnhofen 
 
As a marine lagoon, the Solnhofen area evidently 
had marine life trickle in and out of the area. If the 
organisms were unlucky enough to be caught in a 
rapid burial process, they would have fossilized in 
the shallow water areas of Solnhofen. Marine life 
was abundant during this time in the Jurassic, with 
vertebrates and invertebrates alike. Comparatively 
however, not much research has been done in 
marine life at Solnhofen compared to terrestrial life, 
either because of lack of interest or lack of fossils. 
 
4.1 Invertebrate Fossils 
 
The marine invertebrate fossils of Solnhofen 
are not exclusive to the site, but that does not 
stop them from being valuable fossils to the 
scientifc community. 
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Some of the most famous invertebrate 

fossils from Solnhofen are a species of horseshoe 
crab fossils, which exhibit “death trails” as they are 
buried in the sediment before dying. These 
trackways have been found many times before, and 
the ichnofossil even has its own name: 
“Kouphichnium” . According to Emory university, the 
tracks resemble bird tracks, and were thought to be 
some sort of bird tracks, before a Mesolimulus 
fossil was discovered making the tracks in 
Solnhofen, pictured in Figure 3 (Fisher, 1975).  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3: A sample of a Kouphichnium trace 
fossil from the Emory University. These 
tracks were made by the primitive species of 
Horseshoe crab, Mesolimulus, not by birds. 
 

Another common fossil that has been 
extremely well preserved in the Solnhofen limestone 
are crinoids. Crinoids are commonly known as “sea 
lilies” and can be very easily found in most fossils 
worldwide. However, the fronds of crinoids do not 
preserve well due to their fragile and soft nature. 
Most crinoids are found with only their stems 
fossilized. This is diferent in Solnhofen, where the 
fronds of these sea lilies are preserved, making for a 
rare opportunity to actually see the fronds along with 
the rest of the crinoids (Hess, 1999). Unique crinoids 
have been found in Solnhofen, and due to their 
excellent preservation, ancient crinoid behaviour can 
be identifed. Hess identifes that the crinoids found 
are small, which means that the environment must 
not have been suitable for larger crinoids. The 
crinoids have been identifed as one genus, 
Saccocoma, a small crinoid that lived in swarms 
(Hess, 1999). A swarm found in Solnhofen is 
pictured in Figure 4, showing how small they were, 
and how they formed colonies together. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4: Multiple Saccocoma crinoids clustered 
together. Notice the small size of their stalks and 
fronds, and the diference of size in general from 
modern or other fossil crinoids. (Hess, 1999) 
 
4.2 The fsh of Solnhofen 
 

Solnhofen is also the burial ground for some 
species of fsh. At Solnhofen, fsh fossils outnumber 
fossils of other vertebrates due to the marine nature 
of the fsh allowing them to be easily buried. The 
rarity of fsh fossils found at Solnhofen ranges, but 
some rare specimens have been found, proving 
useful for paleontologists (Barthel, 1994).  

The fsh fossils found in the Jurassic 
period are somewhat similar to modern fsh, and 
have thus been classifed in the same way.  

Some of the prized fsh fossils from the 
Solnhofen Plattenkalk are cartilaginous fsh. 
Cartilage preserves much worse than bones, so the 
existence of fossil cartilage is nothing short of a 
miracle. Barthel identifes fve types of sharks from 
Solnhofen. The most recognizable is from the genus 
Galeoidea. As previously mentioned, the genii found 
in Solnhofen are still extant, and the modern-day 
relatives of this genus are found in the North sea, 
and like the fossils at Solnhofen remain quite small. 
The Galeoidea fossils are quite similar to modern-
day fossils, with the main diference being that the 
fossil sharks lack an organ called a spiracle, a sort of 
vent above the eye which allows a shark to vent its 
gills and dwell near the bottom of the seafoor 
(Hawaii.gov, 2014), (Barthel, 1994). Other 
cartilaginous fsh such as rays and ratfsh have also 
been found preserved in the plattenkalk, a testament 
to the level of preservation of the area. 
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The Solnhofen Lagerstätte also contains 
bony fsh, who can provide valuable information 
about the evolution of modern bony fsh. The 
limestone preserves three diferent kinds of fsh, 
and from these fossils we can identify the 
ancestors of the modern group of bony fsh, the 
Chondrostei, and the Holostei (Barthel, 1994). 
 
5. The Terrestrial Vertebrates of Solnhofen 
 

By far the most important discoveries to 
come out of Solnhofen are related to the terrestrial 
vertebrate fossils found in the limestone. Solnhofen 
in particular is associated with one discovery that 
shook the palaeontological world: Archaeopteryx, 
the frst bird. While the discovery of Archaeopteryx 
is what gave Solnhofen the spotlight among 
lagerstätte, other important vertebrate species have 
been found, such as plethora of crocodylomorphs, 
turtles, pterosaurs, ichthyosaurs and other dinosaurs 
such as compsognathus. 
 
5.1 Archaeopteryx - the frst bird 
 

While birds older than Archaeopteryx may 
exist, none of them have had as large of a cultural 
impact as Archaeopteryx (Godefroit et al. 2013). 
Archaeopteryx was frst discovered in 1897 in 
Solnhofen, and since, twelve specimens of the 
dinosaur have been found in or around Solnhofen 
(Mayr, 2007). Within these fossils, full skeletons and 
feathers have been identifed. These fossil skeletons 
are pristine, and allowed for full identifcation of the 
bones and anatomy of these animals. The structures 
on the fossils are analogous with the structures of 
fight feathers in modern birds, which was a huge 
discovery, because it meant that fight in reptiles had 
likely been developed by then (Erickson et al. 2009). 
Archaeopteryx displays parts that are found in non-
avian dinosaurs, and birds. Logically, this would 
make it a “missing link” between dinosaurs and 
birds, and proves the idea that birds evolved from 
dinosaurs. Archaeopteryx had avian-like feathers, 
which was a factor in fight, but it also had teeth, and 
a bony tail, something that modern-day birds lack 
(Mayr, 2007). 
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Figure 5: The frst specimen of Archaeopteryx 
discovered. Note the clear feather imprints and the 
whole skeleton. This fossil is excellently preserved, 
and anatomical comparisons can be made to 
modern birds because of this (Mayr, 2007). 
 
5.2 Crocodylomorphs 
 

An often overlooked part of the Mesozoic is 
the fact that crocodylomorphs were a prominent 
organism in Mesozoic ecosystems. Crocodiles found 
in Solnhofen are not very diferent from modern 
crocodiles. They fossils seem to be smaller, and with 
small anatomical diferences from its modern-day 
counterparts. Jurassic crocodiles had longer limbs, 
and were more adapted for land rather than the sea 
(Barthel, 1994). 
 
5.3 Other Dinosaurs 
 

Dinosaurs, being the dominant organisms 
during the Jurassic, obviously existed far and wide 
among the Mesozoic world. To this day, the only 
species of “true dinosaur” (i.e. not a half-bird, like 
Archaeopteryx) that has been found in the Solnhofen 
limestone is Compsognathus, a species of theropod 
dinosaur that is quite small. Larger dinosaurs are 
absent from the fossil record here (Barthel, 1994). 
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6. Conclusion 
 

The Solnhofen lagerstätte is a unique, and 
rare opportunity for palaeontologists to come and 
accurately study an entire ecosystem dating from 
the Jurassic period. The excellent preservation is not 
only visible in the plethora of fossils excavated from 
the site, but also from the excellent preservation of 
the physical ecosystem, which allows for a more in-
depth reconstruction of the geographical area. The 
area of Solnhofen has been a limestone quarry for 
centuries, and still proves to have valuable scientifc 
discoveries waiting to be uncovered. Without 
Lagerstätte like Solnhofen, palaeontological 
information would be much harder to come by, and 
our knowledge of the Earth’s history would be a 
fraction of what it is now. 
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Editors' note: The Solnhofen lagerstӓtte is famous 
for the discovery of the first bird, Archaeopteryx, 
and its importance is clearly stated in this article. 
This article focuses on the extreme diversity of 
organisms found at the site, with figures to reflect 
the uniqueness of organisms. Each section begins 
with a brief introduction to set the stage for the 
significance of discoveries from the Solnhofen 
lagerstӓtte.  

 



  

1. Introduction 
 
The Santana Group is a geological setting in 
found in the Arripe basin of northeastern Brazil, 
primarily consisting of marine and lacustrine 
sediments. The Santana Group is made up of 3 
formations, the Crato, Ipubi, and Romualdo 
formations. The Romualdo formation is 
sometimes referred to as the Santana Formation. 
For the sake of clarity, however, the formation 
will be referred to as the Romualdo formation, to 
avoid any confusion. The focus of this paper will 
be the Romualdo formation, as it is the formation 
containing the best-preserved fossils, and in the 
greatest abundance. The Romualdo formation 
contains a large diversity of terrestrial, aquatic, 
and airborne predators, presenting a unique and 
fascinating paleoenvironment. There has been 
significant difficulty in dating the Romualdo 
formation, with researchers often disagreeing on 
the precise dating of the formation. However as 
more research is conducted, there is more 
evidence (and controversy) for dating the 
formation. Notable in this new research is 
palynology, which is proving to be a key source of 

data regarding the age and environment of the 
Romualdo formation. 
 

 
Figure 1. The Geographic setting of the Romualdo 
formation in N.E. Brazil. (Martill, 2007) 
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Abstract 
 
The Santana group is a grouping of 3 fossil-bearing formations found in the Arripe basin of northeastern 
Brazil. Of these, the Romualdo is best known for its exceptional fossil content and preservation. The 
Romualdo consists of shale interbedded with limestone and is known for its transgressive-regressive cycle of 
marine deposition, wherein the sea level rises and the shoreline recedes, intermittently changing the types of 
sediments deposited. The Romualdo has presented several difficulties in terms of precisely dating the age of 
the formation. Various methods of dating have provided more data, and palynological data has been a source 
of key information regarding the precise date of the formation, as well as information regarding the 
paleoenvironment of the Romualdo. The formation contains many well-preserved vertebrate fossils and a large 
degree of diversity. The fish preserved in the Romualdo formation preserve information regarding mass 
mortality events. The pterosaurs of the formation have been extensively studied to such a degree that they can 
now be identified from individual limb bones. The spinosaurids of the Romualdo have unique adaptations for a 
piscivorous lifestyle and provide key insight into the ecosystem of the Romualdo. Palynomorphs provide 
further information as to the paleoenvironmental conditions of the coastal lagoon that existed in the early 
cretaceous. 
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2. Geological Setting 
 
The formation consists of interbedded shale, and 
limestone formations, and can be identified as the 
Romualdo by its slightly micaceous, grey-green 
laminated color (Marill et al, 2008). The shale 
layers are interbedded in between layers of 
limestone. Shale is generally deposited in 
lacustrine, fluvial, and shallow marine 
environments and limestone in marine 
environments. The shale layers of the Romualdo 
formation are consistent with lagoonal and deltaic 
depositional environments. The interbedded layers 
of shale and limestone indicate a transgressive-
regressive cycle of deposition between lacustrine 
and marine environments (Vila nova et al, 2011). 
A transgressive-regressive cycle is when the 
shoreline and coast go back and forth over long 
periods of time and leave different sediments 
behind. This can have several impacts on the 
environment of the time. The repeated shifts in 
sea level create changes in sediment deposition, as 
well as the fossils that are found in the formation, 
at various times. Palynomorphs have been used to 
interpret the environment as well. The 
foraminiferal lining indicates periods of open sea 
and marine sedimentation (Aral & Assine, 2020). 
There are also dinoflagellates present in the 
interbedded shale. The palynomorphs present 
further reinforce the interpretation of a 
transgressive-regressive deposition cycle (Aral & 
Assine, 2020). Some of the dinoflagellates found 
in the formation were adapted to euryhaline 
environments, meaning they could survive in 
environments of variable salinity (Aral & Assine, 
2020). This indicates an epicontinental 
environment (shallow sea), which further 
reinforces the interpretation that the coastal 
lagoon of the Romualdo formation was subject to 
transgressive-regressive deposition cycles. The 
Romualdo formation would have formed as the 
south Atlantic was beginning to open, explaining 
in part the cycle between lacustrine and marine 
sediments. 
 
3.  Fossils and research 
 
3.1.  Fossil Excavation 
 
 Fossil excavations of the Romualdo 
formation began in the early 19th century, with 
fossils collected by various European surveyors, 
such as Bavarian explorers Spix and Martius, and 
Scottish botanist George Gardner (Martill, 2007). 

Much of the paleontological excavation conducted in 
the Araripe basin has been done by amateurs, and not in 
a particularly controlled environment, which has 
detrimentally affected the data on the biostratigraphy of 
the formation( Vila Nova et al, 2011). Since explorers 
and amateur collectors did not always precisely record 
where they found a given fossil, it can be difficult to 
correlate a given specimen with a given formation or 
sedimentary layer. Another issue with the lack of 
controlled excavations is the bias inherent in the 
amateur collection process. An amateur collector may 
seek the largest and most attention-grabbing specimen, 
leading to a collection bias that leaves out smaller, more 
numerous specimens. In the Romualdo formation, this 
may have led to an overrepresentation of pterosaurs in 
the fossil record, and a disproportionally small record of 
fossil fish (Vila Nova et al, 2011). Controlled 
excavations have become more commonplace in areas 
closer to larger population centers in and around the 
Araripe basin, presumably to allow for greater 
development. 

 
Figure 2: The dating of the Romualdo formation has 
varied significantly from study to study. Above is a 
sample of the findings of 17 of the more recent studies, 
representing of the large degree of controversy 
surrounding the precise dating of the Romualdo 
formation (Martill, 2007.) 
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3.2.  Dating the Romualdo Formation 

 
The Romualdo formation was first as early 
cretaceous, and the specific dating has varied from 
study to study (see figure 1.) Generally speaking, 
the formation is dated to the mid-early cretaceous, 
with some arguing the formation is late early 
cretaceous, or even early-late cretaceous (Martill, 
2007). The main point of contention is whether 
the formation is entirely Aptian or has some early 
Albian material. There has been significant 
difficulty in precision dating the Romualdo 
formation, due to a variety of factors. Since the 
formation is entirely sedimentary, there are no 
suitable igneous or metamorphic rocks to date 
radiometrically, and the formation also lacks 
suitable index vertebrate fossils (Martill, 2007). 
The formation contains several fish and pterosaur 
species that are found in other formations; 
however, these species are insufficiently short-
lived to be practical index fossils for precision 
dating (Martill, 2007).  

An interesting method of biostratigraphy 
used in the Romualdo formation is the use of 
palynomorphs as index fossils. The formation 
contains over 205 palynomorph species, a 
palynomorph being a fossilized microorganism. 
Of the species identified, Sergipea variverrucata 
was the only palynomorph that was only 
associated with the Aptian age solely, which 
would identify the Romualdo formation as 
exclusively Aptian in age, and in no part Albian  

 

 
                                                                    

(Aral & Assine, 2020). Several other methods are 
being used to get a better understanding of the 
Romualdo formation's age, including but not limited to 
geochemistry, paleomagnetism, and 
thermoluminescence (Aral & Assine, 2020). 
 
3.3.  Biodiversity of the Romualdo 
 
The Romualdo formation is a Konservat Laggerstatte, 
meaning that it contains fossils with an exceptional 
degree of preservation. Romualdo formation is best 
known for its fish and pterosaur specimens, 
crocodilians, turtles, and an impressive diversity of early 
cretaceous theropods.  

 
The fish specimens are often the best preserved, 

as they had the quickest burial before they could be 
scavenged or decomposed by microorganisms. 
Concretions are often split open to find multiple 
specimens preserved in a single bedding plane, with a 
small lamination (Martill et al, 2008). These specimens 
are often preserved laying on their side, flattened. Small 
fish are often found in concretions containing more than 
one specimen, while larger fish are usually found alone 
(Martill et al, 2008). On occasion, several smaller fish 
are found in the same concretion as a larger fish of a 
different species. Given that the various fish specimens 
have similarly excellent degrees of preservation, it is 
likely that all animals died at the same time. An issue 
with using concretions to identify mass mortality evens 
is the average size of concretions from this formation. 
As the concretions are usually 10-40 cm in diameter, 
they cannot always show the full extent of the mass 

 

 
 

Figure 3: This image represents the 
food web of the Romualdo formation.  
1. Irritator. 2. Small theropods.  
3. Pterosaurs. 4. Crocodilians.  
5. Terrestrial omnivorous 
crocodyliforms. 
6. Turtles. 7. Large fish. 8. Small fish. 
9. Gymnosperms and angiosperms. 10. 
Microinvertebrates. 11. Plankton 
 
 
source: Aureliano & Ghalardi, 2008 
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mortality event (Martill et al, 2008).  As a result, 
these concretions will primarily preserve mass 
mortality events for small, tightly shoaled fish, as a 
more dispersed shoal will be split among several 
concretions, and larger animals will only have part 
of their body preserved in a single concretion 
(Martill et al, 2008).      
  

As discussed previously, pterosaurs are 
likely overrepresented in the fossil record of the 
formation, however, the diversity of pterosaurs is 
still impressive, with 25 species being known from 
the formation. Pterosaurs have especially fragile 
bones and are often found crushed however in the 
case of pterosaurs, only a few fragmentary bones 
are needed to identify a specimen. The length and 
proportions of the wing bone are all that is needed 
to calculate the size and distortion of the wings in 
flight, a primary concern when analyzing 
pterosaurs (Vila Nova & Sayao, 2012). Since the 
pterosaurs are often quite lightly built, their skulls 
are often not fossilized with the rest of the body, 
making identification difficult (Vila Nova & 
Sayao, 2012). Since cranial synapomorphies (traits 
present only in an ancestor and its evolutionary 
descendants) have been the primary method of 
classifying pterosaur species, a method was needed 
for identifying fragmentary limb remains of 
pterosaurs (Vila Nova & Sayao, 2012). The study 
of pterosaur linear morphometry has proved 
reliable too for analyzing the fragmentary fossil 
remains of pterosaurs. By studying the ratios of 
bone sizes relative to other bones in known 
pterosaurs, researchers have been able to classify 
fragmentary pterosaur fossils (Vila Nova & Savao, 
2012). Researchers have been able to successfully 
calculate the body plan ratios of the most common 
pterosaur groups to the Romualdo, the 
Anhangueridae, and Tapejaridae groups (Vila 
Nova & Savao). Tapejarids are best know for their 
distinctive bony crests on their skulls, and the 
Anhanguirids for their long snouts with long teeth 
(Vila Nova & Savao, 2012). These groups were 
found to have non-overlapping ratios of bone sizes, 
which allows researchers to classify fossilized 
pterosaur remains of the Romualdo formation with 
greater ease (Vila Nova & Savao, 2012).  
     
 The diversity of theropods is also 
impressive, with at least 4 species identified (Sayao 
et al, 2020). Of these theropods, the most 
distinctive are the two spinosaur genera' Irritator 
challengeri, and Angataurama lamai, the latter of 
which is sometimes considered to be a junior 
synonym of Irritator (Sues et al, 2002). Irritator is 

a unique species in terms of its unique adaptations to its 
environment and lifestyle. While both Irritator and 
Angatuarama are only known from fragmentary 
remains, a significant amount of effort has been given to 
reconstruct the animal. Its conical teeth, similar to those 
of Spinosaurus aegypticus, are curved and conical, ideal 
for catching and feeding upon fish and other aquatic 
prey (Aureliano & Ghilardi, 2008). Irritator also has 
nostrils located in the midpoint of the snout, indicating 
that it could have a large section of its mouth in the water 
indefinitely, as it could still breath (Aureliano & 
Ghilardi, 2008). These adaptations indicate that 
Irritator's predation style could have been to wade in 
shallow water, with part of its snout in the water, and 
wait for an unassuming fish or other aquatic organisms 
to swim close enough for Irritator to ambush its prey. 
Irritator's limb bones have an increased bone density, 
which may have been used for greater buoyancy control 
while swimming (Aureliano & Ghilardi, 2008). While 
there is significant debate regarding the aquatic lifestyle 
of spinosaurs, there is little doubt that they relied on fish 
to serve as a primary food source (Aureliano & Ghilardi, 
2008). The lack of large herbivores may be one 
explanation as to the small size of Irritator relative to 
other spinosaurs. Since there were no large herbivores, 
there was no need for Irritator to grow as large as other 
Spinosaurids, since there would have been a greater 
requirement for energy and no added benefit. The lack 
of terrestrial herbivores also meant that Irritator, despite 
being piscivorous, would have been an apex predator, 
and have nothing to fear aside from other Irritators. 
Since Irritator was already sufficiently large to hunt its 
target prey, fish, there was little reason for it to grow 
much larger. 
 
3.5.  Paleoenvironmental interpretation 
 
The vertebrate fauna of the Romualdo formation 
provides insight into the environment. The lack of 
large terrestrial herbivores is indicative of two 
things. First, there was a shortage of sufficient 
vegetation to support a large population of 
resident herbivores (Aral & Assine, 2020). 
Secondly, this indicates that for at least a large 
part of the year, the area around the Romualdo 
formation was largely arid in terms of climate 
(Aral & Assine, 2020).  These two interpretations 
support the conclusion that the spinosaurids of the 
Romualdo would have relied on aquatic resources, 
as there were no large herbivorous animals to 
support a resident population of large tetrapod 
carnivores (Aral and Assine, 2020). As previously 
discussed, the Romualdo formation was likely a 
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coastal lagoon, based on its sedimentology. 
The presence of small terrestrial theropods 
indicates the presence of a population of 
smaller animals, such as lizards or small 
mammals, which could have fed on aquatic 
vegetation from the lagoon, or the terrestrial 
plant life capable of surviving in the arid 
climate (See Figure 2.). The diversity of 
aquatic predators, such as crocodilians, large 
fish, and the abundance of pterosaurs, 
indicates that the coastal lagoon that makes up 
the formation was rich in aquatic resources 
(Aral & Assine, 2020). The carnivores of the 
Romualdo would have needed to inhabit and 
hunt in different areas of the lagoon, 
otherwise, there would have been far too 
much competition for any species to thrive. 
Palynological studies have also yielded 
interesting information regarding the 
paleoenvironment. Several fossil pollen 
specimens identified in the formation have 
been previously associated with hot and arid 
environments (Aral & Assine, 2020). Other 
pollen samples collected from formations 
nearby but upland from the Romualdo 
formation (Pilosisporites) have been 
previously associated with wetter climates, 
indicating that inland from the Romualdo 
formation the climate was noticeably wetter 
(Aral & Assine, 2020). This upland could 
have been a source of fresh water for the 
coastal lagoon. 
 
4.  Concluding remarks 
 
The Romualdo formation is unique in the 
paleoenvironment it preserves. The degree of 
biodiversity despite the lack of large 
vegetation is unique and testifies to the 
abundance of aquatic resources, to such a 
degree that it can support a resident 
population of large predatory. The 
palynomorphs preserved have information 
critical to reconstructing the environment and 
age of the Romualdo formation. As research 
continues on the Romualdo formation, the 
understanding of the paleoenvironment will 
only improve, and more fascinating 
specimens will be discovered, described, and 
had their lifestyle reconstructed. The wide 

variety of paleontological research techniques 
applied to the Romualdo formation will continue 
to provide key insights into the paleoenvironment.  
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Editors' comment: This article on the Romualdo 
formation showcases its assortment of fossilized 
vertebrate species of the Cretaceous. Several important 
species are well described here, including the spinosaur 
Irritator. Interactions between these species provided 
insight into their paleoenvironment and the value of 
diversity. The article illustrates the importance of 
further studies and the impact of proper fossil collection 
and preservation. 



1. Introduction 
 
When camping outside the urban cities, it is 
possible to find a fossil, and you might be 
awarded or honored if you hand over it to the 
national museum. However, when you not only 
find one, instead you find plenty of fossils in one 
place, that is basically a Lagerstätte. It is more 
valuable for understanding the earth’s history and 
biomes in a certain period with fossils records.
 Chengjiang Lagerstätte, also called 
Maotianshan Shale or Chengjiang Biota, is one of 
the Konservat Lagerstätte contains exceptional 
quality of preservation of fossilized organisms and 
traces in early Cambrian (Megan et al, 2021). It is 
inscribed by UNESCO with the most complete 
record of the early Cambrian marine community 
(United Nations Educational, Scientific and 
Cultural Organization, 2012). One difference 
between Chengjiang Lagerstätte to others is, 
similar to the Burgess Shale in Canada, the rare 
and complete preservation of soft tissues of 
organisms at Cambrian. In archeology, it is 
extraordinary because the fossil formation of soft 
tissues requires strict conditions including but not 
limited to quick burial, anoxic condition, and low-
nutritious condition as microbes wouldn’t 
consume the remains. 

As Chengjiang Lagerstätte is about ten 
million years later chronologically than Burgess 
Shale, it supports that metazoans were diversified 

earlier and faster than used to be known as those were 
since Burgess Shale (Kazlev, 2001).  
 
2. Geologic and geographic settings  
 
Chengjiang is in Yuxi, Yunnan Province, China with 
the coordinate of 24°39′02″N 102°56′06″E, which is in 
the south part of China(Government of 
Chengjiang,n.d.). In the Cambrian period, South China 
was in the northwest shallow seas of Gondwana just as 
Burgess Shale was in the west shallow seas of 
Laurentia as Figure 1 implies. 

 
Figure 1: The estimated location of Chenjiang 
Lagerstätte in South China and Burgess Shale in late 
Cambrian based on map from C.R. Scotese, 2013, from 
The University of Texas at Arlington 
 
 Chengjiang is now north to a plain, east, west, 
and south are surrounded by mountains, Maotianshan 
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Abstract 
 
Chengjiang Lagerstätte, also called Chengjiang biota is located in Yunnan, China; it is one of the UNESCO 
World Heritages with conservational preserve fossils in early Cambrian aged earlier than the well-known 
Burgess Shale in Canada (United Nations Educational, Scientific and Cultural Organization,2012). In the 
following, Chengjiang Lagerstätte will be introduced with basic information and geographical settings in part 
1 and 2. What makes Chengjiang Lagerstätte special is the fossil specimen there provide plenty of information 
about Cambrian and organisms at that period. Some representative fossil samples, evolutionary patterns of 
arthropods, and some discussion on if Chengjiang Lagerstätte contradicts Darwin’s evolution theory would be 
introduced in part 3. Part 4 introduces many interesting research findings including some of the earliest found 
orders of organisms and their lifestyle in Cambrian. Development in technology about fossil researching and 
Chengjiang Lagerstätte would be included in part 5. 

Burgess Shale Chengjiang Lagerstätte 
(South China)  
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shale named from Maotianshan hill is one of the 
mountains.  
The sedimentary layers formed various strata in 
different times: before upper Sinian, most rock 
types are siliceous or phosphoric dolomite, shales, 
and feldspathic quartz in different colors; between 
upper Sinian to Carboniferous System, most rocks 
are thin shale, mudstone, fine quartz, thin and 
thick bioclastic limestones (also multi-colored); 
from Carboniferous System to Quaternary 
System, most rock types are sandy clay and 
conglomerate with the debris of dolomite, 
siltstone, phosphate rock, dolomitic limestone and 
basalts (Ministry of Housing and Urban-Rural 
Development of the People's Republic of China, 
2011). 

The weather there is mid-subtropical 
plateau monsoon climate with two distinct dry and 
wet seasons with mean annual temperature around 
12-17°C and mean annual relative humidity of 
76%. Over 35% of the GDP there based on 
tourism (Government of Chengjiang,n.d.). 
 Based on that background, Chengjiang 
Lagerstätte was first discovered by a 
paleontologist Mr. Xianguang Hou in 1984 with 
the founding in Naraoiid Misszhouia, a kind of 
soft body organism relative to trilobites. After 
that, Chengjiang Lagerstätte was studied by 
different scholars from different countries. Till 
now, over 50,000 fossil samples were collected; 
over 180 species from different phylum were 
found (Ma et al, 2010).   
 
3.  Insight of Chengjiang Lagerstätte 
 
3.1 Fossil samples found 
 

Until 2000, organisms from over 11 phyla 
were confirmed. The founding including several 
species of algae mostly in filiform shape and only 
a few show spiral shape; 20 different species of 
Porifera mainly were of Demospongea and 
Hexactinellida as primitive multicellular 
organisms with various shape in radical 
symmetry; 2 species of Coelenterata with implied 
the beginning of Eumetazoa with extra primitive 
muscle and neural cells than Porifera; 3 species in 
3 genera of Nematomorpha in linear shape with 
parasitic lifestyle in larva and water-living in adult 
time; 4 species in 4 genera of Priapulida with 3 
sections of proboscis, torso, and tail; at least 4 
species in 4 genera of Kinorhyncha for the ones in 
Chengjiang Lagerstätte and they grew up to 1 
meter and were enormous in Cambrian seas; at 

least 6 species in 6 genera of Lobopodia, which the 
numbers were astonishing to scientists, including some 
nowadays Onychophora; 4 species in 4 genera of 
Brachiopoda including one of the best-preserved 
brachiopods fossil with pedicles; 4 species in 4 genera 
in Mollusca including extinct Hyolitha; over 40 species 
from 40 genera in Arthropoda and those were the most 
abundant phylum found in Chengjiang Lagerstätte; 
Echinodermata only reported with 1 species (Hou & 
Feng, 1999). The data was a little outdated but it was 
still reflected the abundance of phylum in late 
Cambrian from the evidence of Chengjiang 
Lagerstätte.   
 
3.2 Fossil demonstration (partial) 
 

Anomalocaris, under the order of Radiodonta, 
which is the order for stem-group arthropods used to 
live in early to middle Cambrian worldwide. It is also 
called “abnormal shrimp” with similar looking to 
shrimps now. One sample was shown in Figure 2. 
Anomalocarid was one of the earliest predators with a 
recording of feeding on trilobites by studying coprolite 
which contained trilobite parts and anomalocarid was 
the only species large enough to consume plenty of 
trilobites at that time (Nicola, 2009). 
 

 
Figure 2: One fossil sample of Anomalocarididae in 
Chengjiang Lagerstätte (Unknown, n.d. 
http://www.fossilmall.com/Science/Sites/Chengjiang/C
hengjiang.htm) 
 

There are only 5 existing specimens all found 
in Chengjiang Lagerstätte of Jianfengia 
multisegmentalis demonstrated in Figure 3. It is a 
multilegged arthropod speculated to live in shallow sea 
regions (Paleobiology Database, 2007). 

 
3.3 Darwin’s nightmare? 
 

Cambrian Explosion used to be one of the 
mysteries for earth history as a huge number of species 
just “appeared” into fossil records and many debates  
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Figure 3: One fossil sample of Jianfengia 
multisegmentalis in Chengjiang Lagerstätte 
(Unknown, n.d. 
http://www.fossilmall.com/Science/Sites/Chengjia
ng/Chengjiang.htm) 
 
on if it challenged evolution theory as Darwin 
himself couldn’t explain Cambrian Explosion 
with limited evidence at the time when 
evolution was first proposed. Even after finding of 
Burgess Shale, before exploring Chengjiang 
Lagerstätte, the Cambrian Explosion is still 
unexplained because there was still 200 million 
years’ gap between Burgess Shale and 
Precambrian Ediacara Hill (Kazlev, 2001).  

Till now, some creationists still use 
Cambrian Explosion as their repulsion to 
Darwin’s theory of evolution especially to the part 
of gradualism which described evolution as a slow 
process generation by generation. 

What they are mistaken are: before 
Cambrian, species had already evolved for a long 
time. The species found in Cambrian were not 
“appeared” at the same time, as Chengjiang 
Lagerstätte proved that some evolutionary 
patterns and almost all phylum had already 
existed in Cambrian just as mentioned before; 
while it does not equal to “all species were 
existed”. That is to say, the findings from 
Chengjiang Lagerstätte could support the 
evolution theory (National Center for Science 
Education, 2013). 
 
3.4 Evolutionary evidence  
 
 The origin and evolution pathway of 
arthropods is always a mystery and scientists used 
to believe arthropods were closely related to 
annelids. Before 2000, molecular biology showed 
those two should be classified as two major 
realms in Protostomia (Halanych et al., 1997) 
while studies in morphology, function, and 
development showed there was a polyphyletic 
origin for arthropods (Manton et al., 1977). 
Without solid evidence, neither of the statements 
was reliable. 
 While from Chengjiang Lagerstätte, there 
unearthed an extremely rare lobopod mixed with 

characters of arthropods and lobopods showing the 
possible transition from lopopods to arthropods. The 
species was called Miraluolishania haikouensis, it 
consisted of paired eyes, paired antennae, and primitive 
tagmosis which belonged to characteristics of 
arthropods; meanwhile, it also had a worm-like body 
structure, dorsal spines, and lobe-like legs which 
belonged to lobopods. The characteristics are displayed 
in Figure 4, abbreviations are as follows: An, antennae; 
As, anterior spine; Ds, dorsal spine; Faa, the first 
anterior appendage; Mt, mid-trunk; Ps, posterior spine; 
Rta, rear-trunk appendage. Miraluolishania 
haikouensis as the transitional species between 
arthropod and lobopod, it was researched and found 
that originally arthropods were with paired uniramous 
legs while later evolved the biramous legs. (Liu et al., 
2004)  
 

 
Figure 4: One fossil sample of Miraluolishania 
haikouensis with body parts annotation. (Liu et al., 
2004. Miraluolishania haikouensis. from Chengjiang 
Lagerstätte, China.) 
 
 What’s more, for arthropods, there was also a 
trend of evolution by trading off reproductive quality 
and quantity. Chuandianella ovata found in 
Chengjiang Lagerstätte reproduced nearly 100 eggs 
with around 0.5mm diameter every time while Waptia 
fieldensis found in Burgess Shale reproduced nearly 25 
eggs with around 2.0mm diameter every time. As 
fossils in Chengjiang Lagerstätte were in the early 
Cambrian while the ones found in Burgess Shale dated 
back to middle Cambrian. (Ou et al., 2020) 

The total fossil records are extraordinarily 
sufficient that scientists and researchers found much 
more than just evolutionary patterns and how might 
arthropods had evolved.  
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4.  Key research findings 
 
4.1 Reproduction features 
 

Continuing the topic with arthropods, 
Kunmingella douvillei is one of the most common 
arthropods in Chengjiang Lagerstätte as a kind of 
bivalved bradoriid. One rare specimen of 
Kunmingella douvillei with eggs was found and 
different functions of appendages were discovered 
by Duan et al. (2013). Like shrimps today, female 
Kunmingella douvillei would carry their eggs 
among their appendages, while what was special 
for Kunmingella douvillei was they only carry 
their eggs under certain appendages.  

After studying and comparing, the later 
6–8 appendages were found to be different from 
the fronter 2–5 appendages in morphology and 
functioning. The later 6–8 appendages had a 
similar length to appendages 2-5 but thicker and 
they were related to sensory functions, and the 
frontier 2–5 appendages were thinner than 
appendages 6-8 and were possibly related to 
walking or feeding functions. Figure 5 shows the 
fossil sample of gestation period Kunmingella 
douvillei with an annotation of its reconstruction; 
the eggs were all carried on appendages 6–8; 
appendages 2-5 were used for walking or feeding 
and appendages 1,9,10 were longer or at a higher 
level for holding eggs and deduced to be moving 
functions and no eggs were found there (Duan et 
al., 2013). 

 
Figure 5: The fossil sample of Kunmingella 
douvillei with eggs circled in red with body parts 
annotation for Kunmingella douvillei with eggs 
(Duan et al., 2013. from Chengjiang Lagerstätte) 
 
4.2 First Jellyfish 
 
 Yunnanoascus haikouensis was the 
earliest known crown-group medusa in Cambrian 
and it was described as a ctenophore with pelagic 
and predatory characteristics. Han and his 
colleges studied more about its structure based on 
some of the previous achievements by Hu et al. 

(2007). There was only one complete specimen now 
and preserved in Nanjing Institute of Geology and 
Paleontology, Chinese Academy of Sciences. 
 The body structure consisted of sixteen strips 
interpreted as tentacles including possible nematocyst 
batteries, a hemispherical central disc, and a coronal 
sinus connected with tentacles. It is in tetra-radial 
symmetry in shape.  

Rhopalia are small sensory structures of extant 
medusae and they would release rhythmic electronic 
signals to motor nerves to stretch and move vertically 
in the ocean (Meglitsch & Frederick,1991). 
Yunnanoascus haikouensis had 16 of them found 
around the bell which indicates a nektonic lifestyle; the 
stalk with round aboral end devoid and a sub-umbrella 
cavity used for altering the proportion of air and water 
also proved the nektonic lifestyle. 

There were 32 elongate tentacles showed in 
Figure 6 with broad bases and the elongate tentacles 
also contained twistable distal part which may contain 
nematocyst batteries as mentioned before; those 
batteries, for extant medusae, were always 
accompanied with a huge amount of cnidae (organelle 
like capsules with eversible tubes) with toxins; those 
characteristics show similar predatory habit as most of 
the medusae today (Jian et al., 2016). 

 
Figure 6: The only complete fossil sample of 
yunnanoascus haikouensis.( Hu et al., 2007. Y. 
haikouensis. from the Cambrian Chengjiang 
Lagerstätte, China.) 
 
4.3 Earliest-known priapulomorpha 
 
 Xiaoheiqingella peculiaris, also called 
Yunnanpriapulus halteroformis were the earliest known 
ancestors of nowadays order of priapulomorpha which 
were consisted of prosoma and trunks, and lived benthic 
or marine.  
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 Samples in Chengjiang Lagerstätte were 
found with pairs of caudal appendages instead of 
normally known single appendages flanked to 
trunk ends; there were also possibilities of the 
urogenital duct inside the preanal region. 
 Other records of Xiaoheiqingella 
peculiaris were found lying on rocks with the 
angle of 30-40° and also one was burrowed in a 
similar way to those of recent priapulomorphies; 
those evidence implied they were able to move 
vertically inside sediments with a lower 
compression ratio of the rocks. During burrowing 
time, they were deduced to be active with annuli 
on the trunk which were the bundles of circle 
muscles beneath the cuticle. With the presence of 
a pharyngeal bulb in one specimen, there was a 
high possibility for Xiaoheiqingella peculiaris to 
feed on muds (Han et al., 2004). 
 
 
5.  Relative developments  
 
5.1 Developments in techniques  
 
 Traditionally, when scientists study 
fossils, matrix, which are the surrounding rock and 
dust parts of fossils, were removed carefully just 
like samples in images above. However, some 
minor parts or “less important” parts around or of 
those species’ fossils would be ignored and 
destroyed. In 2015, microtomography, also called 
micro-CT, was first applied to examine fossils 
without damages.  

The example applied here was a study on 
Xandarella spectaculum, a specimen of Cambrian 
trilobitomorph arthropod. Figure 7 consisted of 3 
images. Figure 7a shows how micro-CT works 
with respect to fossil samples; the rock sample, or 
the slab, was placed close to the X-ray source to 
obtain the highest resolution and the slab would be 
rotated 360° during the microtomography with a 
rotation radius of 42.5mm. Figure 7b was the 
details of the anterior part of the sample and “1” 
represented the first post-antennal appendage; “en” 
represented endopods; “ex” represented exopods; 
“an” represented the annulated antennae. Figure 7c 
is a much closer-up of part “c” in figure 7b which 
is the third post antennal appendage. (Liu et al., 
2015) 

It is not hard to tell that micro-CT provides 
a high resolution of fossils where the sample above 
of the seta were only around 100 μm in length in 
figure 7c. The preservation of surrounding minor 

parts of the specimen is also a great advantage of micro-
CT. 

However, without full revealing of the 
specimen, there may be some problems. Firstly, it might 
be hard to identify the specimen with little exposure; the 
reason why scientists could identify Xandarella 
spectaculum in the above example is because it was 
revealed with enough information such as only one eye 
was opened on one side of the head shield and an 
extended fissure from the opening to the margin of the 
head shield which both of them were particularly unique 
features for Xandarella spectaculum. When facing some 
species with similar traits to others, micro-CT could 
only provide limited information for species 
identification without revealing them (Yu et al.,2015).  
 

 
Figure 7: 7a shows the mechanism of micro-CT; 7b 
and 7c are the fossil sample of Xandarella spectaculum 
found in Chengjiang Lagerstätte under scanning of 
micro-CT. photos a, b were taken by G.S.and c by 
Y.L.in research team. 
 
 Other techniques including but are not limited 
to Scanning electron microscopy or SEM, 
microstructural studies, energy dispersive X-ray or 
EDX.  

SEM was used to discover how non-
mineralized tissues of organisms were preserved in late 
Cambrian in Chengjiang Lagerstätte; it figured out that 
there were some taxonomic controls over the 
precipitation of authigenic minerals in the first stages of 
diagenesis. While most of the labile organic tissues are 
preserved by a film of minerals which SEM might not 
be applicable. EDX could then analyze the mineral 
compounds and most of them are pyrite and iron-rich 
aluminosilicates. (Zhu et al., 2005) 
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5.2 Local development 
  

After construction from 2014, invested for 
over 0.6 billion yuan and a total area of over 42,000 
m2, in August of the year 2020, Chengjiang Fossil 
Site Natural Museum was open to the public with 
high-tech instruments such as a high-resolution 
spherical screen, 4D cinema, virtual reality for 
organisms’ reconstruction. etc. Over 60,000 
specimens are displayed and over 200 multimedia 
videos including Cambrian history, fossil 
information, works done, and so on were projected 
in the museum. (China News, 2020) 

 
Figure8: Tourists in Chengjiang Fossil Site 
Natural Museum were taking photos of fossil 
specimens (Jiaxian, reporter of China News, 
2020. From Chengjiang Fossil Site Natural 
Museum) 
 
 
6.  Conclusion 
 
 It is obvious after a basic introduction 
above about Chengjiang Lagerstätte that 
Chengjiang Lagerstätte is no doubt one of the most 
important fossil sites for humans to understand the 
earth and history better. The fossils being 
discovered are not limited to the remaining death 
part but standing more for the development of 
organisms in all and in the certain phylum. While 
Chengjiang Lagerstätte is still not known 
completely by scientists, more fossil specimens are 
being being processed and treated carefully by 
paleontologists right now. Let’s look forward to 
finding out more astonishing results in the near 
future. 
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Editors' note: Although this Lagerstätte has only been 
known for less than four decades, it has provided us with 
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Palaeozoic and evolution, as summarized in this paper. 





 
1. Introduction 
 
Parasaurolophus is a genus of hadrosaurid, or duck-
billed dinosaur, that lived during the Late Cretaceous 
period around 76 to 65 million years ago. 
Parasaurolophus were approximately 10 meters long, 
5 meters tall, and weighed around 3,500 kilograms 
(Norman, 1985, p. 21). These dinosaurs were bipedal, 
meaning they could interchange between walking 
with two legs and four legs, like all other hadrosaurs. 
Parasaurolophus are thought to have preferred 
quadrupedal movement, walking on four legs, while 
scavenging for food and bipedal movement, walking 
on two legs, for fast movement such as escaping a 
predator (Farke et al., 2013). Figure 1 shows the 
restoration of P. walkeri, a species of 
Parasaurolophus. As Parasaurolophus were 
herbivores, their predators likely involved 
carnivorous theropods, such as Daspletosaurus 
(Senter & Robins, 2015). The most notable feature of 
the Parasaurolophus is the curved crest protruding 
from the back of its head. Male Parasaurolophus had 
longer crests than females, with the median crest 
length being approximately 6 feet long (Norman, 
1985, p. 25). Although the purpose of this crest is 
unknown, some significant hypotheses include that 

the crest was used as a communication tool and visual 
display when mating (University of California, 
Berkeley, n.d.). Parasaurolophus is thought to have 
been social animals, as paleontologists believe they 
lived in flood plains across western North America in 
large herds.  
 

 
 
Figure 1: Restoration of P. walkeri. This shows that 
the Parasaurolophus could walk on both 2 legs and 
4 legs (Senter & Robins, 2015).  
 

Parasaurolophus is thought to have spent 
most of their time in herds because other hadrosaur 
bones, such as those from the Lambeosaurine and 
Saurolophine dinosaurs, have been found in 
abundance, suggesting evidence of social behavior. 

ESS261 Journal, vol 1 (2021) 55-60 
 
Parasaurolophus Habitat, Social Behaviour, and Crest Function 

Kathryn Cheng 
Earth Sciences, University of Toronto, 22 Ursula Franklin Street, Toronto, Ontario M5S 3B1 

E-mail: Kathryn.cheng@utoronto.ca 
(received: 17 March 2021; revised: 09 April 2021; accepted: 26 April 2021) 

 
 
Abstract 
 
Parasaurolophus is a duck-billed dinosaur and member of the hadrosaurid family that lived during the Late 
Cretaceous period. Specimens have been discovered in western North America, including southern Alberta, New 
Mexico, Colorado, and Utah. Three Parasaurolophus species have been found, including Parasaurolophus 
walkeri (P. walkeri), Parasaurolophus cyrtocristatus (P. cyrtocristatus), and Parasaurolophus tubicen (P. 
tubicen). These species are distinguished based on their crest differences, such as length and the anatomy of their 
crest. Parasaurolophus were herbivores that likely consumed vegetation near the ground, such as conifer needles, 
as suggested by coprolite and teeth analyses. Parasaurolophus is thought to have been social organisms based on 
fossil beds found from similar hadrosaurs; however, no evidence of social behavior has been found of 
Parasaurolophus due to the limited number of specimens. There have been many hypotheses regarding the 
function of their crests, with the most notable one being that the crest was used as a communication and visual 
display device. Few Parasaurolophus individuals have been discovered to date, therefore their crest function and 
social behavior remain a mystery. Future research with computer tomography scans can be done to reconstruct 
the Parasaurolophus brain, skull, and crest to further understand their behavior and form and function of their 
crest.  
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However, Parasaurolophus specimens have not been 
found in mass accumulations like other hadrosaurs 
due to the limited number of specimens currently 
discovered (Norman, 1985, p. 125). They were also 
thought to have been aquatic dinosaurs; however, 
footprint evidence suggests that they were fully 
terrestrial animals with the possibility that they could 
swim (University of California, Berkeley, n.d.). 

 
 
2. Species of Parasaurolophus 
 
There have been three species of Parasaurolophus 
discovered to date. They include P. walkeri, P. 
tubicen, and P. cyrtocristatus. Features that aid 
paleontologists in distinguishing between the three 
different Parasaurolophus species include the size, 
shape, and internal structure of the crest (University 
of California, Berkeley, n.d.). 
 
 
2.1. Parasaurolophus walkeri  
 
William Parks, a Canadian paleontologist, named and 
discovered the first and most well-known 
Parasaurolophus species, P. walkeri, in 1922. P. 
walkeri has more simplified internal nasal passages 
than P. tubicen. P. walkeri also has a straighter crest 
and different internal nasal passage than P. 
cyrtocristatus, as can be seen in Figure 2. The crest of 
P. walkeri has a more simplified nasal passage than 
P. cyrtocristatus and P. tubicen (Ostrom, 1961, p. 
575).  

P. walkeri was found in Canada, specifically 
the Dinosaur Provincial Park region in southern 
Alberta. Additional P. walkeri fossils have been 
discovered in Montana, USA. Although this species 
is the most well-known Parasaurolophus, P. walkeri 
is still rare in abundance compared to other 
hadrosaurs found in Alberta and the rest of western 
North America (Evans & Campione, 2009). The 
specimens found were not fully complete, but it came 
from a deceased animal that is estimated to be around 
9.5 meters long when it was alive (Bertozzo, et al., 
2020). 
 
 
2.2. Parasaurolophus tubicen  
 
P. tubicen’s nasal passages inside the skull are more 
complex, but the crest is externally similar to that of 
P. walkeri, with a long, straight shape. P. tubicen is 
thought to have grown larger than P. walkeri (Farke, 
et al., 2013). Only three specimens of P. tubicen have 
been discovered. P. tubicen is best known from the 

Kirtland Formation, near New Mexico and Colorado, 
USA. These specimens were recovered from the 
upper part of the Kirtland formation; the De-Na-Zin 
Member. This member is Kirtlandian in age, 
approximately 2 million years old, from 74.8 to 72.8 
million years (Sullivan & Williamson, 1996; 
Sullivan, 2006, p. 256).  
 

 
2.3. Parasaurolophus cyrtocristatus 

 
Carles H. Sternberg, an American paleontologist, 
discovered a nearly complete Parasaurolophus 
skeleton in 1923 and Carl Wiman, a Swedish 
paleontologist named this species P. cyrtocristatus in 
1931. The Fruitland Formation in Utah and the 
Kaiparowits Formation in New Mexico are where the 
specimens were discovered. P. cyrtocristatus is the 
smallest of the three Parasaurolophus species 
(Ostrom, 1961, p. 575). They also have the most 
curved and shortest crest, as the end of the curvature 
reaches the back of its skull, which can be seen in 
Figure 2 (Ostrom, 1961, p. 577).   
 

 

 
 
Figure 2: Image of P. walkeri and P. cyrtocristatus’s 
skull and crest. A represents a P. cyrtocristatus crest. 
As can be seen, it has a very small crest and large 
curvature. B represents a P. walkeri crest. As can be 
seen, it has a long, straight crest (Ostrom, 1961, p. 
576). 
 

P. cyrtocristatus’s small size led to the initial 
idea that P. cyrtocristatus may have been a juvenile 
P. tubicen or female P. tubicen. Paleontologists 
initially thought that P. walkeri and P. tubicen 
specimens were male due to their larger and more 
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elaborate crests, while P. cyrtocristatus was female 
(Weishampel & Jensen, 1979). This hypothesis 
would fit into other patterns set by other species in 
which female specimens have slightly different and 
smaller anatomy compared to their male counterparts. 
However, this is now thought to be highly unlikely 
because P. cyrtocristatus lived one million years 
before P. tubicen (University of California, Berkeley, 
n.d.). 

Another hypothesis suggested that the 
Parasaurolophus specimens were all the same species 
and the differences between their anatomy and skull 
was due to sexual dimorphism and difference in 
growth stages. Sexual dimorphism refers to when two 
sexes of the same species differ in characteristics so 
that they are distinguishable (Sullivan & Williamson, 
1996).  The proposal that male hadrosaurs had larger 
and more elaborate crests than female specimens is 
difficult to prove due to the limited number of 
specimens discovered (Bertozzo, et al., 2020). 
 
 
3.  Lifestyle and habitat  
 
Parasaurolophus was a common herbivore group that 
lived during the Late Cretaceous period in present day 
western North America (Norman, 1985, p. 27). The 
crested dinosaurs are descendants of the 
Iguanodontian dinosaurs, as these two dinosaur 
groups have similar body structures. Iguanodontian 
dinosaurs lived earlier than the Parasaurolophus, in 
the Late Jurassic and Early Cretaceous periods 
(Béland & Russell, 1978). 
 
 
3.1. Diet  
 
Paleontologists discovered Parasaurolophus 
coprolites that suggested these dinosaurs likely 
consumed vegetation close to the ground, rather than 
eating vegetation on trees and branches (Chin, 2007, 
p. 554). Scratches on Parasaurolophus teeth were 
even, suggesting that they repeatedly used the same 
series of jaw motions. Parasaurolophus skulls allowed 
for a grinding motion, similar to chewing 
(Weishampel & Jensen, 1979). Their teeth were 
replaced continuously because additional teeth were 
contained in dental batteries in their jaw. Dental 
batteries are hundreds of teeth that work together 
when the organism is chewing. Although there were 
many teeth in the Parasaurolophus skull, only several 
teeth were used at a time when feeding (Bertozzo, 
2020).  

The dinosaur’s diet is hypothesized to 
contain mostly low-lying leaves, such as conifers, and 
lacked bulkier vegetation, such as twigs or stems, that 
might have necessitated a different chewing method 
and produced different wear markings on their teeth 
(Chin, 2007, p. 558). Parasaurolophus used their beak 
to cut plant material and had a narrower beak than 
their crestless counterparts, suggesting that they could 
feed more selectively than broad-beaked animals 
(Farke, et al., 2013).  

Coprolites, which are fossilized feces, of 
some Late Cretaceous Parasaurolophus showed that 
these dinosaurs would occasionally consume rotting 
wood. Patterns of tissue damage in the wood 
discovered in coprolites suggested fungal degradation 
(Chin, 2007, p. 554). Although wood lacks nutrients, 
decomposing wood is home to fungi and detritus-
eating invertebrates, which are abundant in nutrients 
(Chin, 2007, p. 558). 
 

 
3.2. Habitat  
 

All three species of Parasaurolophus lived in 
warm, lush flats between the Rocky Mountains and 
inland seaway that existed in the Late Cretaceous in 
North America, as can be seen in Figure 3. Some 
species were found in formations around Southern 
Alberta, New Mexico, and Utah (Sullivan & 
Williamson, 1996).  

The lower Dinosaur Provincial Park region, 
where P. walkeri was discovered, was a swampy 
coastal region with wooded lowlands and floodplains 
cut by winding rivers during the Late Cretaceous 
period (Evans & Campione, 2009). Dinosaur 
Provincial Park is a UNESCO world heritage site in 
Alberta and is one of the richest deposits of dinosaur 
fossils in the world (Béland & Russell, 1978). 
Parasaurolophus was not found in abundance in 
Dinosaur Provincial Park, unlike some of the other 
hadrosaurs. This implied that the Parasaurolophus 
found in the region are representative of the 
individuals who died while migrating through the 
area (Evans & Campione, 2009).  

Parasaurolophus is thought to have needed a 
higher topographic terrain for nesting and feeding. 
The Dinosaur Provincial Park region had a shallow 
slope topography and seaway that ran through it 
called the Western Interior Seaway. As the Western 
Interior Seaway transgressed towards the west, the 
rivers and floodplains became swampier due to the 
marine conditions (Béland & Russell, 1978). Studies 
done by Evans and Campione suggested that since 
very few Parasaurolophus species are found in the 
area, they are uncommon in the southern Alberta 
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region because they may have preferred drier, upland 
environments to the west, and spent less time in the 
coastal areas than other hadrosaurs (2009). However, 
other hadrosaur species are more common in similar 
environments to the south, so perhaps P. walkeri 
specimens found in the Dinosaur Provincial Park 
region represent individuals living around the 
northernmost boundary (Evans & Campione, 2009).  
 

 
Figure 3: The distribution of Parasaurolophus 
across North America. The orange regions represent 
continents in the Cretaceous era. The area between 
east and west present-day North America is the 
Western Interior Seaway. The Grey regions represent 
present-day continents. The green dots areas where 
Parasaurolophus fossils were discovered. As can be 
seen, Parasaurolophus lived on the western side of 
the Western Interior Seaway and ranged from New 
Mexico to Southern Alberta (“Parasaurolophus”, 
2021).  
 
 
4.  Crest functions  
 
There have been many hypotheses as to why 
dinosaurs had crests. Several hypotheses have been 
proposed as to the function of the Parasaurolophus 
crest, but many have been discredited due to further 
evidence of the animal’s lifestyle (University of 
California, Berkeley, n.d.). The internal and external 
structure of Parasaurolophus crests  were analyzed to 
determine its function.  
 
 

4.1. Breathing mechanism  
 
Sullivan and Williamson suggest that the crest was 
used as a breathing mechanism, similar to a snorkel, 
when these animals were underwater, as it was 
thought that the animal was amphibious. However, 
this is unlikely because there was no hole at the end 
of its crest; the only opening to the outside of the crest 
was the nostrils (1996). 

Ostrom, an American paleontologist, 
hypothesized was that the crest was used as an extra 
reservoir of air when these dinosaurs were swimming, 
to avoid water entering their lungs. However, the crest 
does not hold an abundance of air (1961). As well, it 
was probably uncommon to find crested dinosaurs 
swimming because later evidence suggested that the 
animal was fully terrestrial (University of California, 
Berkeley, n.d).  

Another hypothesis stated that the air 
Parasaurolophuses were breathing in was warmed by 
the crest. However, this is unlikely because crested 
dinosaurs lived in warm environments (University of 
California, Berkeley, n.d.).  
 
 
4.2. Structural support and defence mechanism  

 
Dr. Carroll, a vertebrate paleontologist, hypothesized 
that the crest attached to a proboscis and was used to 
gather food or as a breathing tube. However, this is 
unlikely because muscles scars signaling a proboscis 
was absent from specimens discovered (84). 

Dr. Farke, an American paleontologist, and 
his team suggested that the crest was used to move 
and support the creature’s head because the crest may 
have had connecting tissue joining the vertebrae 
above the shoulders. However, this is unlikely 
hadrosaurs have ligaments that attach to their neck or 
the base of their skull (2013).  

Sullivan and Williamson also proposed that 
the crest was used as a weapon when fighting with 
other animals or used like a helmet (1996). Other 
hypotheses suggested that the crest’s nasal passages 
expanded areas for olfactory tissue to enhance the 
sense of smell. However, this was refuted because this 
has no defensive properties. It is not clear which 
function is the most significant during different 
periods of the crest and internal nasal passages 
evolution. However, this is unlikely because research 
shows that olfactory nerves and corresponding 
sensory tissues were located outside the nasal 
passages in the crest, so the expansion of the crest 
would not have helped to enhance its sense of smell 
(Weishampel & Jensen, 1979).  
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4.3. Visual and communication tool 
 

Currently, the most accepted hypothesis of 
crest function is that crested dinosaurs make deep, 
loud noises and calls from their crests as a means of 
communication. In other words, the crest served as a 
resonating chamber. These calls are thought to have 
warned other crested dinosaurs of predators, kept a 
herd together, attracted potential mates, or the calls 
were used as a combination of these functions (Farke 
et al., 2013; University of California, Berkeley, n.d.). 
The crest may have also functioned as a visual 
display when mating. Perhaps large and odd-shaped 
crests attracted mates (Carroll, 1988, p.126; 
University of California, Berkeley, n.d.). 
 
 
5.  Concluding remarks 
 
Parasaurolophus is rare due to the limited number of 
specimens found, thus much of the information about 
their lifestyle and crest function and form are 
uncertain. The biggest mystery continues to be the 
crest function. I believe that the crest was used for 
audio and visual display. The visual display is viable 
because Parasaurolophus was thought to have lived in 
herds, and having a visual display being a social 
organism helps the organism to mate and 
communicate. The audio display is reasonable 
because a communication method is needed when 
living in a herd with other Parasaurolophus. The 
sound could have been produced through nasal 
passages and echoed through the crest chamber. 
Further research and discovery of Parasaurolophus 
specimens are needed to confidently conclude the 
crest function.  
 
 
5.1.  Future research 
 
A method to further test the hypothesis of the function 
of the Parasaurolophus crest is to reconstruct the 3-
dimensional structure of the skull, crest, and brain 
using computer tomography (CT-scans) to see if the 
visual and sound display hypotheses are viable, 
similar to the study done by Dr. Rogers, an American 
paleontologist on the dinosaur species Allosaurus 
fragilis (1998, p. 673). Using CT-scanning, the 
Parasaurolophus skull can be reconstructed. This aids 
in the reconstruction of the brain, which can be done 
by analyzing cranial cavities. Cranial cavities are 
spaces within the skull. The brain sections can be 
reconstructed using the skeleton structure, skulls, and 
tooth system. 

In modern birds, the forebrain auditory area 
is used for auditory processing and perception (Nagel 
et al., 2011). Since modern birds are the closest living 
relatives of Parasaurolophus, reconstruction of the 
Parasaurolophus brain can be compared to the brain 
structure of modern birds. If the Parasaurolophus 
brain is thought to also have an auditory area similar 
to that of a bird, Parasaurolophus probably received 
sounds from other Parasaurolophus and used the 
auditory area of their brain to receive and process 
noise.  

If the crest was used for sound, a notable 
feature in the crest and skull would be a chamber that 
allows sound to resonate. As well, long nasal 
passages should be present so that air can travel and 
resonate through the skull and crest. Reconstruction 
of the Parasaurolophus crest can be compared to other 
crested hadrosaurs to further interpret the function.  

It is important to understand how extinct 
organisms lived because scientists can learn about the 
paleoenvironment that the organism may have lived 
in. This is also important because scientists can use 
their discoveries to get a broad view of how 
organisms lived during a particular time period or era. 
The stronger the knowledge foundation is gained 
regarding dinosaurs; the better scientists can predict 
the paleo ecosystem and the extinction process of 
dinosaurs.  
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Editors' comment: By bringing together 
information from geographic and temporal 
distributions, palaeoenvironment, morphology, 
trace fossils, phylogeny, and ecological 
community, this article exemplifies the process of 
inferring lifestyle and functionality in extinct 
organisms. We especially liked that you provided a 
plausible and innovative approach to testing 
controvercial hypotheses of crest function using 
CT scanning. 
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Abstract 
The Spinosaurus, one of the largest theropods in the world, is a type of large theropod which 

is very different from other types. Recent studies show that unlike other large theropods that hunt 

large herbivorous dinosaurs, the Spinosaurus presents a semi-aquatic lifestyle like crocodiles. If 

you’ve ever seen the movie Jurassic Park III, you’ll notice that it is present in the film and is adapted 

for hunting both on land and in water, although it is presented differently that the actual body type 

found in fossils. This is shown through its anatomy, where the skull and teeth structure suggested its 

piscivorous habits, while the dorsal fin and fin-like tail helped them when they swam and hunted 

under water. Using it’s large, snout-like skull it was able to hunt fish similar to a modern day 

crocodile, as well as using a dorsal fin to keep it stable in water and act as a stabilization whilst 

jostling during hunting. Finally, its large, fish-like tail granted it the ability to swipe and stun prey that 

are moving at high velocities.  It was also suggested that the juveniles would join their parents in their 

semi-aquatic lifestyle at a sufficient age, providing a much larger habited zone than previously 

thought, and denoting the dominance the creature had over its governing areas.  

 

 

Inroduction 
 Theropods, the only groups of carnivorous dinosaurs, used to be the dominant predators in the 

Mesozoic. Most of the large theropods, such as the Tyrannosaurus rex and the Allosaurus, had strong 

hindlimbs for chasing their prey and powerful jaws that can kill the prey efficiently. However, there is 

a family of large theropods which are very different from other types - the Spinosauridae.  

The family of Spinosauridae was a group of theropods with unique features. Many members 

are included in the family Spinosauridae, such as Spinosaurus, Suchomimus, Irritator, and Baryonyx. 

Spinosaurus is the most famous and significant dinosaur in this family. It lived in North Africa during 

the Late Cretaceous period (99 to 93.5 million years ago). It could reach lengths of 15 to 16 meters 

and 6.4 to 7.5 metric tons (Ibrahim et al., 2014), and was considered to be the largest theropod in the 

world. The most significant feature of the Spinosaurus are the sail-like neural spines, which are the 

long extensions of the vertebrae. It also has a long and narrow tail with long, thin neural spines and 

elongated chevron bone, presenting a fin-like structure (Gimsa, Sleigh & Gimsa, 2015). The skull of 
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Spinosaurus is long and narrow, which is similar to that of crocodiles, and straight conical teeth 

without serrations are present (Lakin & Longrich, 2019). All these features suggested that 

Spinosaurus might have semiaquatic and piscivorous habits.  

 

 

Structure that make these Theropods unique 

 

 
 

Figure 1: Body shapes of Spinosaurus aegyptiacus compared to a sailfish. (a) represents the 

Spinosaurus in the standing position, (b) represents a sailfish with its dorsal sail raised, (c) is 

Spinosaurus swimming fully submerged. (Gimsa, Sleigh & Gimsa, 2015) 

 

As stated before, the members of Spinosauridae, specifically the Spinosaurus, contain unique 

features that allow them to hunt efficiently as piscivores. The first fossil evidence is the long and 

narrow skull that is presented, allowing it to hunt underwater through dorsoventral extrusions. This, 

combined with its bone density, make it comparable to modern day hippopotamus or even early 

whales. This alone is evidence that Spinosaurus was an excellent aquatic hunter, however there are 

more pieces of fossil evidence and analysis that can further this argument. Their narrow snout can be 

compared to a modern day crocodilian known as gavialis gangeticus, with the latter using lateral 

swipes of the head to capture fish (Gimsa, Sleigh & Gimsa, 2015). The Spinosaruus skull also 

contains two rows of laterally outward facing incisors which more efficiently utilize this method of 

capture, allowing the creature to snap while rapidly turning its head.  
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Secondly, we can examine the primary feature that visually makes this creature unique: its 

dorsal fin. Inferring that the dorsal fin was simply aesthetic, it would run into too many problems such 

as not being able to fold on land, prone to accidental injury and therefore destabilization of the head 

and neck, and even possible damage to the vertebrae of the spinal cord. Therefore, this fin should 

serve hydrodynamic purposes, that is to say, purposes that make water movement more efficient and 

easier. Utilizing another modern day animal, swordfish and adjoining billfish, the structures of the fin 

are anatomically functional analogues, the only difference being that swordfish are able to retract their 

dorsal fin. It is unclear as to whether the Spinosaurus remained fully submerged, but if it did, it would 

have special tendons to reduce the lateral bending forces and shocks acting on the sail underwater. 

This is present in swordfish, and therefore presents a real possibility for Spinosaurus. Additionally, 

swordfish seem to have a mechanism for multi-cell shock absorption, and the very pronounced 

proximal flanges (A bone very close to the end of the foot or hand) of Spinosaurus may serve the very 

same purpose. Additional evidence for a submerged sail is that it would provide hydrodynamic 

stabilization around the head and neck area, allowing for precise movements which are key for aquatic 

predators.  

Finally, we can examine the tail of the Spinosaurus. The tail of the creature serves a modern 

functional analogue of thresher sharks, employing the tail to slap the water to stun herds of fish before 

devouring them. Interestingly, all three of Spinosaurus' unique features allow it to achieve this with 

relative ease: Using the sail to reduce yaw rotation (Rotation from left to right, as if shaking the head 

to say no)  whilst jostling its body, its long neck and snout to snap at those that get stunned by the 

long trunk-like tail that may not be recognized as predatory (Holtz Jr., 1998). These three key features 

made it an optimal hunting predator, capable of hunting even giant crocodiles that might have dwelled 

during the same time, such as Sarcosuchus or smaller crocodilians such as Kaprosuchus. 

 
Figure 2: Sizes of Spinosaurus compared to what would be part of its diet.  
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How sail Theropods became aquatic apex predators 
These factors are all extremely influential in the achievement of Spinosaurus becoming an 

apex aquatic predator. Though, due to their size and nature, they are sometimes hypothesized to be 

omnivorous and also predate on land, it seems through the anatomical analysis that the creature was 

built for aquatic hunting and its lifestyle. We can examine the maturity cycle of the Spinosaurus to see 

what sort of lifestyle the creature would live throughout its lifetime. Examination of juvenile and adult 

bones of Spinosaurus revealed that there was a co-occurrence of adult Spinosaurus and their 

offspring. Therefore, they would inhabit the same ecological niches. This therefore suggests that 

while growing up, the offspring and their parents would enact semi aquatic lifestyles, however due to 

the fossils size disparity there is also evidence that they did not habit the same niches. Furthermore, 

interestingly there is very little hatchling evidence, which one hypothesis could infer means that 

hatchlings did in fact occupy a distinct habitat (Lakin & Longrich, 2019). These evidence, or lack 

thereof, indicate that on the early ontogenetic (pertaining to the origin and growth of an organism) 

stages the offspring would spend time possibly on land, and when of a sufficient age the juveniles 

would join their parents in their semi-aquatic lifestyle. This changing environmental lifestyle could 

have added to the ‘toughness’ of the creature, forcing it to mature quickly and therefore employ its 

hunting strategies as soon as it became juvenile and capable of a semi-aquatic lifestyle. Using their 

dorsal fin to block and control their body movements, the Spinosaurus would thrash with its tail to 

stun its prey, using its long and powerful snout to pick off the weakened animal and enjoy a fairly 

simple meal. There is also evidence of pronounced muscle in the chest and neck areas, indicative of 

this sort of behaviour, which would lead to the Spinosaurus, and other Sail Theropods, to become the 

apex aquatic predator.  

 
Figure 3: Size comparisons for juvenile fossils found and adult Spinosaurus. (Tarlach, G. 2018) 

 

Conclusion 

 To sum up, the fossil evidence and morphology demonstrated that the Spinosaurus had a 

semi-aquatic lifestyle. The skull and teeth structure showed that it had piscivorous habits like modern 
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crocodiles. Its sail-like neural spines, or dorsal fin, had hydrodynamic purposes, like modern 

swordfish and adjoining billfish, when it swam. Its fin-like tails helped slap the water to stun herds of 

fish like modern thresher sharks. This anatomical evidence is proof that the Spinosaurus had the 

capability and functionality to easily become the apex predator, primarily focused on semi-aquatic 

areas. Fossil evidence also exhibited that the offspring of Spinosaurus lived on land in the early 

ontogenetic stages, and joined their parents in their semi-aquatic lifestyle when they reached a 

sufficient age. This movement from different environments exemplified the Spinosaurus’ ability to 

adapt and control a large portion of the habitat it resided in.  All these features made the Spinosaurus 

a unique predator compared to other theropods which hunted large herbivores in terrestrial 

environments.  
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Editors' comment: We are sure that readers will enjoy this entertaining piece about one of the 

strangest dinosaurs. You gave a good summary of the variety of new discoveries, making a compelling 

case for a semi-aquatic lifestyle for this sail-backed predator. We were also pleased with the effort 

made to improve this article based on reviewer comments. Unfortunately the layout does not match 

the rest of the journal. 
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Abstract 
  
The maniraptoran theropod dinosaurs Yi qi and Ambopteryx longibrachium belong to the clade 
Scansoriopterygidae and date from the Middle-Upper Jurassic during the evolution of flight in early birds. 
They both display membranous wings extending from a unique skeletal feature known as the styliform as 
well as their elongated digits to connect with their thoracic area, forming an aerodynamic surface. The 
styliform feature is functionally similar to the pteroid bone in pterosaurs and the assemblage of bones and 
joints in the wrists, elbows and forelimbs of modern bats, which demonstrates the convergent evolution 
for similar features in volant species with membranous wings. Throughout this review, we highlight the 
unique morphological differences and similarities among each species of Scansoriopterygid, their 
phylogenetic placement among paraves, and discuss their presumed volant capabilities based on 
hypothetical wing reconstructions.  
 
 
1.  Introduction 
 
The vastness of evolutionary time is 
incomprehensible and the diversity of 
evolutionary pathways that have been 
undertaken to develop the common specialized 
features in everyday animals is not something 
that occurs to many people. We often think of 
birds as aerodynamic pioneers and masters of 
conventional flight, but what about the proto-
birds who did not quite make it to the skies? The 
discovery of small maniraptoran theropod 
dinosaurs with bat-like wings belonging to a 
basal paravian clade called Scansoriopterygidae 
may shed light on this question (basal parave 
refers to an early divergent phylogenetic group 
from aves which are modern birds) (Wang et al, 
2019; Sorkin, 2020). These small bat-winged 
dinosaurs are thought to be experimental 
peculiarities in the evolution of flight for early 

avians, and show striking evidence for extensive 
convergent evolutionary pressures selecting for 
volant lifestyles (able to glide or fly) at the time 
of early bird evolution (Xu et al, 2015; Wang et 
al, 2019; Dececchi et al, 2020; Sorkin, 2020). 
Scansoriopterygids are an excellent example of 
the diversity of evolutionary mechanisms which 
were experimented with in early birds to develop 
flight, and provide a richer representation as to 
the evolutionary path to conventional flight in 
modern birds (Zhang et al, 2002, 2008; Xu et al, 
2015; Wang et al, 2019; Sorkin, 2020).  
 
 
2. Scansoriopterygidae 
 
The clade Scansoriopterygidae is a parave basal 
group of maniraptoran dinosaurs consisting of 4 
known species: Epidendrosaurus ninchengensis, 
Epidexipteryx hui, Yi qi, and Ambopteryx 
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longibrachium, listed in order of their discovery 
from oldest to newest respectively, and all date 
back to the Jurassic period of China (Zhang et 
al, 2002, 2008; Xu et al, 2015; Wang et al, 
2019). Ambopteryx longibrachium and Yi qi 
both preserve unique membranous wings, an 
elongated manual digit along with elongated 
forelimbs, and a styliform which are features not 
seen in theropods outside of 
Scansoriopterygidae, and are significant features 
for the convergent evolution of flight facilitated 
by membranous wings (although they were 
likely only capable of gliding) (Zhang et al, 
2002; Dial, 2003; Xu et al, 2015; Wang et al, 
2019; Dececchi et al, 2020). However, 
Epidendrosaurus ninchengensis and 
Epidexipteryx hui do not display membranous 
wings or a styliform because either they did not 
have these adaptations or they were not 
preserved (Zhang et al, 2002, 2008; Wang et al; 
2019). Scansoriopterygids in general were 
bipedal and the size of a small bird with various 
feathering patterns and colours, short snouts 
with heterodont (means they had different types 
of teeth) arrangements resembling a primitive 
beak, hollow bones, three toes, circular eye 
orbits, and elongated forelimbs and digits 
(Zhang et al, 2002, 2008; Li et al, 2014; Xu et al, 
2015; Wang et al, 2019: Ma et al, 2020). 
Scansoriopterygids are also thought to be 
omnivores because they display some similar 
herbivorous adaptations to those of 
Oviraptorosaurians who are strictly herbivores 
(Ma et al, 2020). This interpretation for 
herbivory is largely supported by the 
characteristic heterodont morphologies of 
Scansoriopterygids like Epidexipteryx hui, 
which clearly show an anteriorly packed 
mandibular dentition that was functionally 
reminiscent of a beak in Oviraptorosaurians (Ma 
et al, 2020). Unfortunately the cranial 
preservation of Ambopteryx longibrachium is 
too poor for this interpretation, but the preserved 
plant matter, gastroliths (pebbles that help with 
digestion of vegetation), and bone in its stomach 
indicate an omnivorous diet (Wang et al, 2019).  

 

 
Figure 1: Photo and anatomical illustration of 
post cranial Ambopteryx longibrachium fossil 
with membranous wings (grey shaded area), 
feathers (nf), styliform (se), and stomach 
contents preserved (ga, gs)(Wang et al, 2019). 

 
 

2.1 Ambopteryx longibrachium 
 

Ambopteryx longibrachium is 
considered a non-avian theropod and was the 
second species discovered belonging to 
Scansoriopterygidae that displayed membranous 
wings supported by elongated forelimbs and a 
styliform (Wang et al, 2019). This new species 
dated to the Upper Jurassic in what is now China 
and was described from a single largely post 
cranial skeleton of a subadult or adult individual 
judging by the completeness of periosteal 
ossification and fusion of the pygostyle (Wang 
et al, 2019). A picture and illustration of the 
fossil specimen can be seen in Figure 1 above. 
Ambopteryx had well-preserved feathers around 
its neck, head, and shoulders (Wang et al, 2019). 
Ambopteryx has many anatomical similarities to 
other Scansoriopterygids but can be 
distinguished by its substantially wider ulna 
relative to the radius while being shorter than the 
humerus (this is not seen in other non-avian 
theropods), short tail with fused pygostyle 
(feature common to non-avian dinosaurs), 
elongated forelimbs (1.3x that of hindlimbs), 
shorter tibia than humerus, and most strikingly a 
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rod-like post acetabular process of the ilium 
known as a styliform (Xu et al, 2015; Wang et 
al, 2019; Sorkin, 2020). This styliform feature 
was unknown among theropod dinosaurs and 
likely had an aerodynamic purpose (Xu et al, 
2015; Dececchi et al, 2020). It also had a 
specialized elongated manual digit III 
surrounded by membranous tissue, which also 
likely served as an adaptation for a volant 
lifestyle (Xu et al, 2015; Wang et al, 2019; 
Anderson and Ruxton, 2020; Dececchi et al, 
2020). The exceptional preservation of the 
styliform and membranous wings of 
Ambopteryx allowed for the interpretation of 
these features in conjunction with those of Yi qi 
to understand the diversity of convergent 
evolutionary mechanisms that evolved in 
paravians around the time modern birds evolved 
(Xu et al, 2015; Wang et al, 2019). It is thought 
that Ambopteryx lived in an arboreal 
environment in which it was able to glide and 
perform inclined running using its membranous 
wings to get between trees (Dial, 2003; Xu et al, 
2015; Wang et al, 2019; Dececchi et al, 2020). 
 
 
2.2 Yi qi  
 

Yi qi is known from a single adult 
specimen and was the first Scansoriopterygid to 
conclusively display membranous wings, a 
styliform feature, and an elongated manual digit 
in which the membrane would attach (also seen 
in Ambopteryx) (Xu et al, 2015; Wang et al, 
2019; Dececchi et al, 2020). A photo and 
illustration of this specimen can be seen in 
Figure 2 on the right. Interestingly, Yi qi had 
long stiff filamentous feathers along its 
forearms, hindlimbs, and on its short tail; 
whereas the skull and neck area displayed 
shorter thin filamentous feathers (modern bird 
like feathers) with a branching pattern (Xu et al, 
2015; Sorkin, 2020). These feathers however are 
not thought to have been capable of forming an 
aerodynamic surface (Xu et al, 2015). These 
feathers and patches of the membranous wings 

also preserved a diversity of melanosomes, some 
of which are the largest seen in any animal 
which indicates that Scansoriopterygids may 
have had intricate colouring patterns (Li et al, 
2014). Yi qi was also described as having a 
relatively robust skull, short snout, a large 
premaxillary tooth, and a short scapula 
compared to humerus (common feature of 
Scansoriopterygids) (Xu et al, 2015). The only 
known Yi qi specimen was also not preserved 
well enough to reconstruct its flight apparatus, 
but is still thought to have lived a volant lifestyle 
like Ambopteryx (Dial, 2003; Xu et al, 2015; 
Wang et al, 2019; Dececchi et al, 2020). 

 

 
Figure 2: Photo and illustration of Yi qi fossil 
displaying preserved membranous wings (dark 
grey shading), feathers (light grey shading), 
skull (sk), styliform (lse, rse), and forelimb digits 
(phl_, mcl_) (Xu et al, 2015). 
 
 
2.3 Epidexipteryx hui 

 
Epidexipteryx hui was dated to the 

Middle-Upper Jurassic period and did not 
display the striking membranous wings or 
styliform seen in Yi or Ambopteryx (Zhang et 
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al, 2008; Sorkin, 2020). This species had 4 long 
ribbon-like tail feathers, a distally tapering 
pygostyle, procumbant large anterior teeth, a 
proportionally short pubis with distally widened 
ischium (unseen in other theropods), and also 
lacked contour feathers on its limbs which are 
thought to have served as integumentary 
ornamentations (Zhang et al, 2008). All of these 
features can be seen in the photo of this fossil 
specimen in Figure 3 and an illustration in 
Figure 4 on the right. It also lacked feathers of 
modern birds but did display a unique feather 
arrangement in which the feathers were free 
distal barbs anchoring to the edge of a 
membranous structure, which is an arrangement 
not seen in any other theropod (Zhang et al, 
2008). These features made this species key to 
establishing Scansoriopterygidae as a new basal 
avialan group that was similar to early-diverging 
Oviraptorosauria (Zhang et al, 2008). Since this 
species also lacked the membranous wings, 
styliform, contour feathers, and reduced 
forelimb wing area, it has been suggested that it 
was not suited for a volant lifestyle like Yi or 
Ambopteryx (Zhang et al, 2008; Sorkin, 2020). 
Interestingly, it was also thought to be the most 
basal theropod with feathers and represented 
perhaps the most basal transition form between 
non-avian theropods and birds (Zhang et al, 
2008).  

 
Figure 3: Photo of fossil Epidexipteryx hui 
displaying well preserved elongated and fine 
feathers, as well as the nearly complete 
articulated skeleton (Zhang et al, 2008). 
 

 
Figure 4: Illustration of Epidexipteryx hui 
identifying key features like the 4 elongated 
feathers (4 ETFs), parts of the skull (f, pm, pa), 
and overall articulation of skeletal elements 
(Zhang et al, 2008). 
 
 
2.4 Epidendrosaurus ninchengensis 
 

Epidendrosaurus ninchengensis was the 
first Scansoriopterygid to be discovered and was 
initially recognized as an arboreal coelurosaur 
(Zhang et al, 2002). The specimen was about the 
size of a house sparrow and believed to be a 
juvenile judging by the incomplete ossification 
of articular surfaces (Sanz et al, 1997; Zhang et 
al, 2002). The most distinctive feature is the 
elongated manual digit III (characteristic feature 
of Scansoriopterygids) that is thought to be well 
adapted for extracting insects from trees, which 
is a feature not seen in other basal avian birds 
like Archaeopteryx (Zhang et al, 2002). The 
elongated digit and proportionately longer 
forelimbs to hindlimbs are distinct to 
Scansoriopterygids because the opposite trend is 
often true among non-avian theropods (Zhang et 
al, 2002; Sorkin, 2020). This species also 
displays a humerus longer than its femur and a 
manus longer than the humerus (specifically the 
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elongation of the second phalanx in digit II, 
compared to the first phalanx), which suggests 
that this species was also adapted for a non-
volant arboreal lifestyle (Zhang et al, 2002; 
Sorkin, 2020). A photo and illustration of this 
fossil showing these key skeletal features can be 
found in Figure 5 on the right. These features 
support the idea that the role of the forelimb and 
elongated manus were important in early birds 
with arboreal lifestyles, and that they faded as 
birds became more advanced and well-adapted 
for powered flight (Zhou, 1995; Clark et al, 
1998; Zhou and Hou, 1998; Feduccia, 1999; 
Zhang et al, 2002). Aside from its upper body, 
Epidendrosaurus also had unique feet in which 
metatarsal I is articulated with metatarsal II at a 
low position where it appears as if the trochlea 
of metatarsals I-IV are on the same level, which 
is a feature similar to those in perching birds and 
arboreal pterosaurs (Zhang et al, 2002). These 
arboreal adaptations are suggested to be basal to 
avialans meaning they were acquired before the 
evolution of modern birds (Zhang et al, 2002).  
 

 
Figure 5: Photo and illustration of 
Epidendrosaurus ninchengensis fossil 
identifying key skeletal elements (Zhang et al, 
2002). Key elements include: III1-4 first to 
fourth phalanges of manual digit III; H 
humerus; FE femur; and MTI-IV metatarsals I-
IV (Zhang et al, 2002). 
 
 

3. Phylogenetic Discussion 
 
Scansoriopterygids are considered theropod 
maniraptoran dinosaurs that make up a basal 
group of paraves that diverged from 
pennaraptorans, and are characterized by their 
stout skull morphologies and mandible dentition, 
that are similar to other early-diverging avialan 
proto-birds like Oviraptorosaurians (Xu et al, 
2015; Wang et al, 2019; Ma et al, 2020).  A 
comprehensive dietary analysis based on 
anatomical and functional perspectives between 
Scansoriopterygids and Oviraptorosaurians 
revealed striking similarities in their skulls, 
dentition of their upper jaws, and mandibles, 
which in Scansoriopterygids like Epidexipteryx 
hui form a functionally reminiscent pseudo-beak 
like those of Oviraptosaurians (Zhang et al, 
2008; Ma et al, 2020; Sorkin, 2020). However, 
there are also some anatomical differences 
between Scansoriopterygids and 
Oviraptorosaurians, since Scansoriopterygids 
have longer frontals, smaller temporal fenestra, 
shorter coronoid process prominence, overall 
lower jaw-closing mechanical advantage values 
for all parts of the jaw, and most notably, no 
beak (Ma et al, 2020). The similar skeletal 
features for herbivory shared between 
Scansoriopterygids and Oviraptosaurians 
indicates that Scansoriopterygids were 
comparatively less adapted for a strictly 
herbivorous diet, but still highlights their close 
phylogenetic relatedness as basal availans (Ma 
et al, 2020; Sorkin, 2020). These similarities in 
morphology suggest that the most recent 
common ancestor of the paraves, and the two 
clades was most likely a scansorial four-winged 
glider that diverged separately into 
Scansoriopterygidae and the ‘Oviraptorovolans’ 
(this would have been a hypothetical scansorial 
and volant oviraptorosaur), which would then 
evolve into the flightless oviraptorosaurs 
(Sorkin, 2020). These phylogenetic relationships 
can be seen in Figure 6 on the right.  
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Within the clade Scansoriopterygidae, it 
is believed that the Yi and Ambopteryx both 
make up a sister taxon with each other based on 
their shared membranous wings and styliform 
elements (Xu et al, 2015; Wang et al, 2019; 
Sorkin, 2020). Epidexipteryx is then considered 
a sister taxon group with both Yi and 
Ambopteryx as one group because it shares 
shortened filamentous tail feathers, but no 
membranous wings or styliforms (it is assumed 
that Yi had short filamentous tail feathers even 
though they were not preserved) (Xu et al, 2015; 
Wang et al, 2019; Sorkin, 2020). Finally, 
Epidendrosaurus makes up the outgroup for this 
clade (most basal member) since it displays long 
filamentous tail feathers and does not have 
membranous wings or styliforms (Wang et al, 
2019; Sorkin, 2020). A phylogenetic tree can be 
seen in Figure 6 below displaying these 
phylogenetic interpretations (Wang et al, 2019; 
Sorkin, 2020). 

 
Figure 6: A phylogenetic tree showcasing early 
bird taxa including Scansoriopterygidae, as well 
as the relatedness of each Scansoriopterygid 
species to one another (Sorkin, 2020). 
Abbreviations are as follows: F = flightless; G 
= only capable of gliding and/or parachuting; P 

= capable of gliding, powered flight, and 
parachuting; R = only capable of parachuting; 
S = scansorial; T = terrestrial; ? = uncertainty 
of scansorial and/or aerial ability (Sorkin, 
2020). Note: Epidendrosaurus ninchengensis is 
labelled as Scansoriopteryx heilmanni due to 
uncertainty as to their identity using juvenile 
specimens. 
 
 
4. Volant Adaptations of Yi qi and  
    Ambopteryx longibrachium 
 
The aerodynamic features displayed by Yi and 
Ambopteryx are evolutionary peculiarities that 
speak to the strength of selective pressures on 
convergent evolution for flight around the time 
birds evolved (Bennett, 2007; Anderson & 
Ruxton, 2020; Dececchi et al, 2020). 
Scansoriopterygid wings differ from those of 
modern birds and their more closely related 
ancestors like Archaeopteryx, in that they do not 
have fully feathered wings and some of the 
skeletal adaptations that were required for 
powered flight (Senter, 2006; Xu et al, 2015; 
Voeten et al, 2018; Anderson & Ruxton, 2020; 
Sorkin, 2020; Dececchi et al, 2020). Laser-
stimulated fluorescence was used to generate 
models of the forelimbs and soft tissue of Yi qi 
and Ambopteryx to simulate their flying 
capabilities, which revealed that they could 
likely only glide (Kaye et al, 2015; Falk et al, 
2016; Wang et al, 2017; Dececchi et al, 2020). A 
key feature used by these species to glide from 
tree to tree was the styliform element which was 
a rod-like bone that extended from the ulna to 
support the patagium (which is the membranous 
wing), that then extended from to the body 
without attaching to the ankles (Xu et al, 2015; 
Wang et al, 2019; Anderson & Ruxton, 2020; 
Dececchi et al, 2020). There is even some 
evidence suggesting that these specimens even 
had interdigital webbing similar to current bats 
(Xu et al, 2015; Wang et al, 2019; Anderson & 
Ruxton, 2020). Pterosaurs and bats both possess 
patagiums and are capable of powered flight 
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because of their attachment from their 5th digit 
or wing phalanges to their ankles, as well as in-
between their ankles and tails (Bennett, 2007; 
Anderson & Ruxton, 2020). Scansoriopterygids 
were likely not able to achieve powered flight 
like bats and pterosaurs in part because their 
patagium did not attach to the ankles and was 
rather attached to their thoracic area (Anderson 
& Ruxton, 2020; Dececchi et al, 2020). 
 

Through convergent evolution the 
styliform element of Scansoriopterygids is also 
similar to the pteroid bone seen in pterosaurs, as 
well as the collection of bones in the forelimbs, 
elbow, and wrist joints of bats used for 
controlling wing shape (Bennett, 2007; 
Anderson & Ruxton, 2020). The pteroid bone in 
pterosaurs supports and controls the 
propatagium (membranous wing) in all planes 
which gives them complete control over the 
shape of their wings and exceptional 
maneuverability (Bennett, 2007). The size of 
this bone also has a direct effect on the 
individual's ability to control their propatagium 
(Bennett, 2007). Bats on the other hand have a 
unique forelimb morphology (the clavicle passes 
dorsally over the shoulder from where it attaches 
to the sternum to connect with the acromion of a 
free-moving scapula) along with elbow and 
wrist joints which allow them to control the 
shape of their wings during flight, which are 
functionally similar to a styliform (Anderson & 
Ruxton, 2020). The function of the styliform 
element in Scansoriopterygids is thus interpreted 
as critical for maneuverability when gliding, but 
its rigidity created limited flexibility and 
aeroclastic properties which prevented changes 
to wing shape and in part prevented powered 
flight (Bennett, 2007; Dececchi et al, 2020). 
This reconstruction of the wing was based on the 
maniraptoran and bat wing models (Dececchi et 
al., 2020). In addition to this reconstruction, 
Dececchi et al. (2020) also note that “the 
orientation of the styliform element (with 
respect to the 4th metacarpal) would not allow 
easy rotational flapping of the wings”, which 

further suggests that they were better suited for 
an arboreal and gliding lifestyle (Anderson & 
Ruxton, 2020; Sorkin, 2020). These wing 
models can be viewed in Figure 7 below (Xu et 
al, 2015; Dececchi et al, 2020). 

 

 
Figure 7: Simplified models of membranous 
wing structures used for the reconstruction of 
the Yi qi wing (Xu et al, 2015; Dececchi et al, 
2020). Each wing model is based on a species 
capable of some form of aerial mobility (Xu et 
al, 2015; Dececchi et al, 2020). The pterosaur 
and frog models were also considered for this 
reconstruction, but the bat and maniraptoran 
models were deemed as the best combination for 
the Yi qi wing model (Xu et al, 2015; Dececchi 
et al, 2020). 

 
Powered flight also required extensive 

pectoral musculoskeletal adaptations which are 
not found among any Scansoriopterygid 
(Dececchi et al, 2020; Sorkin, 2020). 
Simulations revealed that Yi qi fell within the 
body mass range for gliding taxa, but they also 
had high wing loadings, meaning that they were 
likely poor gliders (Dececchi et al, 2020). 
Additionally, gliding for this clade required high 
movement speeds and high launching vantage 
points which were facilitated by climbing high 
in trees, which further supports the notion that 
Scansoriopterygids were well adapted to an 
arboreal lifestyle (Dial, 2003; Xu et al, 2015; 
Wang et al, 2019; Dececchi et al, 2020). If these 
reconstructed wing models proved to be true, it 
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supports the idea that interdigital webbing 
evolved before a forelimb-to-hindlimb patagium 
and was used for gliding (Anderson & Ruxton, 
2020).  

 
 

5. Conclusion 
 
Even though Yi qi and Ambopteryx 
longibrachium could likely only glide through 
the treetops, they are a testament to the selective 
pressures of convergent evolution for volant 
lifestyles during the Mid-Upper Jurassic when 
early birds evolved (Bennett, 2007; Xu et al, 
2015; Wang et al, 2019; Dececchi et al, 2020; 
Anderson and Ruxton, 2020). 
Scansoriopterygids are also among the strangest 
scansorial dinosaurs discovered and demonstrate 
the variety of evolutionary adaptations that were 
experimented with in early birds for flight, 
which ultimately left us with what we know 
today as modern birds (Sorkin, 2020). We 
encourage you to imagine what birds would be 
like today if these volant Scansoriopterygids 
survived. 
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Abstract 
 
The question of whether dinosaurs had feathers or scales was termed The Great Dinosaur Debate and for good 
reason. With dinosaurs being the early ancestors of birds, one of the main conundrums was the timeline of feather 
evolution. The descendants of dinosaurs are known for their diverse and brightly coloured plumage which 
decorates over 10,000 species of birds today. However, early drafts of dinosaur morphology had them sharing 
more characteristics with their reptilian ancestors, including the scaly skin that is popularly portrayed in the 
Jurassic World trilogy. So when and why exactly did this feature develop? These questions are ones that 
researchers in the late 20th century were trying to answer with difficulty since as organic matter, feathers were not 
preserved in the fossil record. Early hypotheses were put forth about dinosaur feathers but no concrete fossil 
evidence was available. This is until several well-preserved specimens were found in the Liaoning Province in 
China that preserved real feathers of dinosaur species. Even though the main question of whether dinosaurs had 
feathers or scales was answered, this brought on an avalanche of further inquiries. For instance, what feathers 
were needed for, how did they evolve from scales, and more. In this paper, we review the current knowledge 
which attempts to answer these questions. Due to the relative abundance of fossil dinosaur specimens, this 
research can provide a foundation for how evolution proceeds in other lineages at large. 
 

 
1. Introduction 
 
The Great Dinosaur Debate has been ongoing for 
decades however, it has morphed significantly. In 
the beginning, it seemed egregious that dinosaurs 
could be feathered. Slowly the debate has moved 
towards understanding that feathered dinosaurs 
not only existed but seemed to be the norm 
(Persons et al., 2019). One of the big questions 
existing within the debate was whether dinosaurs 
had feathers that were consistently spread or 
sporadic (Fedduccia et al., 2005). There has also 
been copious amounts of research into the stages 
and long term evolution of feathers (Xu, 2006). In 
this journal article, there will be an analysis of the 
information about feathers and scales in dinosaurs.   
   
 
2. Feathers, Scales or both 
 

The debate of whether dinosaurs were feathered, scaly 
or both was once a hotly debated controversy. Now, 
however, with the incredible 2005 discovery of Early 
Cretaceous feathered dinosaurs from the Liaoning 
Province in China, the question has shifted slightly 
(Xu, 2006). The new lines of inquiry are which 
dinosaurs had feathers, whether they convergently 
evolved in some species of dinosaur and what function 
they served. The specimens found in the Liaoning 
Province had exceptional preservation, including 
recoveries of feathers ranging from proto-feathers to 
modern-like bird feather analogues (Norrell and Xu, 
2005). These dinosaurs were part of the Coelurosauria 
clade, a group of dinosaurs that evolved as a group of 
the Theropods, the clade including the biggest 
carnivores like the Tyrannosaurus Rex (Xu, 2006). 
This clade has been traced as the ancestor of modern 
birds, with the advent of features like the wishbone, 
air-filled bones and of course, feathers.  
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However, a new discovery of a carnivore 
theropod Juravenator, which is only slightly older 
than the feathered Archaeopteryx was described to 
have scaly skin around the tail and hindlimbs (Xu, 
2006). This is surprising since the Juravenator was 
part of a small group that contained the first 
discovered feathered dinosaur Sinosauropteryx. 
However, the answer given was that loss of 
feathers could have occurred, similarly to how 
other structures in mammals tend to be 
experimental and may disappear within several 
generations. Just as fast as they disappeared, 
feathers could have re-evolved several times in the 
evolution of this clade (Xu, 2006). Similarly, 
scales could have evolved replacing feathers, such 
as what likely happened in the case of the 
Juravenator.  
 

The key is that feathers likely evolved 
somewhere in the Middle to Late Jurassic when 
most of the coelurosaurian lineages evolved (Xu, 
2006). These would have been primitive, local 
feathers concentrated near the tail or hind legs as 
in the Oviraptorosauria.  

 
Figure 1. An artist rendition of a feathered 
velociraptor (NYT) 
 
Since feathers only evolved in the theropods, 
where did the scales of theropod ancestors come 
from? The answer is from 1-m long bipedal 
reptiles 215 million years ago (Sereno, 1999). 
These evolved into the first dinosaurs -  

Prosauropods, although some less abundant species of 
dinosaurs appeared 15 million years earlier or even as 
early as 250 million years ago (Sereno, 1999). These 
earlier species of dinosaur would have had reptilian-
like planar scales (McNamara et al., 2018). Overall, 
with each new Figure 2.  An artist rendition of a scaly 
velociraptor (NYT) 

 
discovery of theropods or even earlier dinosaur 
species, the findings show that scales predated 
feathers, co-existed with each other for some time, and 
then dinosaurs that had full down-filament coverage or 
proto-feather coverage evolved.  
 
 
3. Evolution of Feathers 
 
The evolution of feathers has been difficult to 
reconstruct due to the poor availability of fossil 
ancestral forms of feathers. In fact, the earliest record 
of a feather fossil comes from the Archaeopteryx, a 
genus of bird-like dinosaurs and an ancestor of modern 
birds (Prum, 1999). An early theory of feather 
evolution proposed that feathers evolved from scales. 
However, morphologically, feathers are more tubular 
structures than planar ones, making this theory weak 
(Ksepka, 2020). Instead, Prum proposed an 
evolutionary theory of feathers void of consideration 
for ancestral function which had weakened previous 
theories put forth about the evolution of feathers.  
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 According to Prum, and widely accepted 
in the palaeontology community today, feather 
evolution follows a stepwise trajectory beginning 
with the most simple hair follicle to the complex 
and variable feathers decorating birds today. The 
entire differentiation process consists of 5 main 
evolutionary stages.  
 

 
Figure 3. Stages of feather evolution (from 
Ksepka, 2020). Note that the Intermediate stage 
matches with Stage IIIb.  
 

The first stage involves a simple 
undifferentiated hair follicle that has a hollow 
tube-like appearance (Figure 3, Stage I). This was 
the first simple feather that appeared as a sheath-
like structure resembling the stem of modern 
feathers. This central stem is called the rachis. In 
Stage II, barbs, which are the primary branches of 
the rachis, began to form around the inside of the 
follicle tube allowing for keratin filaments (a type 
of protein) to sprout out. In this evolutionary 
stage, the feather appears as an undifferentiated 
tuft of unbranched filaments (Figure 3, Stage II). 
In Stage III, there is a divergence of feather 
evolution into Stage IIIa and IIIb. In the former, 
the evolution of helical displacement of barb 
ridges on the main follicle allowed for the 
formation of rachis which is the equivalent of 
fused barbs. Essentially, several “tufts” from 
Stage II become fused. In Stage IIIb, barbules, 
which are secondary branches extending from the 
shaft of the barbs, similar to branches of a tree, 
evolved (Figure 3, Intermediate Stages). With 
both these stages working in tandem, Stage IV 
commenced with the evolution of both distal and 
proximal barbules. These are two types of 
barbules that, once attached to each other, formed 
a closed pennaceous (planar) vane, similar to a 

knitting pattern. This is an analogue for the flat plane 
of a feather (Figure 3, Stage IV). At this junction, the 
feather had evolved both morphologically and 
functionally and the final stage involved further 
diversification into the various features we see today. 
For instance, feather asymmetry evolved to 
accommodate flight (Figure 3, Stage V).  
 

The theory of feathered dinosaurs became 
salient when the first proto-feathered dinosaur that was 
ancestral to birds was found in a ~122 - 124 Ma lake 
deposit in China (Ksepka, 2020). This species, 
Sinosauropteryx prima became the earliest confirmed 
evidence of Stage II type unbranched monofilament 
feathers. This was until a new trace fossil was found in 
a 200 Ma deposit of a dinosaur tail impression which 
left behind evidence of potential filamentous feathers 
manifested by elongate grooves (Ksepka, 2020). This 
means that feathers could have evolved as soon as the 
early Jurrasic. This species predates the Archaeopteryx 
by 50 million years which demonstrates a rather rapid 
evolution considering feathers of the Archaeopteryx 
are analogues of modern bird feathers.  
 

Several theories strive to address why feathers 
developed originally, including flight and display. 
However, all of these miss the mark in terms of initial 
evolution, since these require specific feather shape 
and location. The most likely explanation is that as 
feathers evolved, they took on more functionality. The 
functionality of feathers will be discussed in greater 
detail later on in this paper.  
 
4.  Feather distribution 
 
Feather distribution in dinosaurs has been postulated 
following a variety of patterns. A new specimen of 
Ornithomimus that was exceptionally well preserved 
showed that feathers were relatively uniform except 
for the caudal ventrum and the hind limbs (Van der 
Reest et al., 2016). The dimensions of these feathers 
were recorded and matched to a specific 
developmental stage. There was also a very well 
preserved specimen of Archaeopteryx that had 
sporadic patches of feathers instead of a fuller 
covering like the one seen in the Ornithomimus (Regal, 
1975).  
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Figure 4. Evolution of dinosaur feathers. The 
Sauropodomorpha are one of the earliest 
dinosaur clades that lacked feathers. Continuing 
downwards through the evolutionary tree, 
primitive feathers begin to appear (i.e., 
filamentous feathers), followed by shafter 
feathers, pennibrachia and then fully avian 
dinosaur species evolve. (Kiat et al., 2020) 
 

Figure 4 represents a schematic that plots 
the evolution of feathers in dinosaurs. Dinosaurs 
started out as scaly skinned creatures, then started 
to turn into bony knobs (Ksepka, 2020). These 
bony knobs then had filamentous feathers grow 
out of similar bony knobs. These then began to 
develop and morph into traditional shafted 
feathers and flightless wings began to develop. 
There was then the final positioning and growth of 
feathers that enabled flight we saw in the 
Ornithomimus (Regal, 1975).  
 
 
5.  Why feathers? 
 
Feathers provided dinosaurs with early advantages 
in several different ways. The first was 
thermoregulation, specifically insulation and 
evaporative cooling. Evidence of corneocyte 
fossils, a subtype of primary skin cell 
(keratinocyte) on the non-avian maniraptoran 

clade of dinosaurs indicate the presence of α-keratin 
tonofibrils that are associated with early feathers 
(McNamara et al., 2018). These are characteristically 
found in non-avian feathered dinosaurs, which are 
considered the intermediate group between non-
feathered dinosaurs and birds. Therefore, it is proposed 
that these early proto-feathers were used for another 
reason other than flight, specifically thermoregulation. 
These tonofibrils facilitated evaporative cooling in hot 
environments, as well as provided insulation from 
cold. The latter having been proposed to have co-
evolved with aviation due to convective heat loss 
during flight (Regal, 1975).  
 

Another advantage of feathers was in tactile 
sensation and was proposed to develop early since it 
didn’t require full coverage to be effective. This theory 
comes from modern bird feathers having specific rictal 
bristles which are connected to sensory neurons called 
mechanoreceptors that take in information from 
external stimuli (Ksepka, 2020). In addition, small 
proto-feathers around the eyes, similar to eyelashes 
could have prevented incoming debris and dust from 
coming into the eye. Both functions are manifested in 
local feather abundance and so are likely to be the first 
functions of feathers.  
  

Similarly, local feathers could have provided 
advantages in the display. That is, feathers could have 
made the dinosaur appear larger or attract mates with 
large or colourful plumage. Both of which would 
present survival and reproductive fitness advantage 
respectively. In particular, the Psittacosaurus and 
Tianyulong, reptiles living in the Cretaceous and mid-
Jurassic respectively had dorsal feathers that had the 
likely function of making them look larger and more 
menacing (Ksepka, 2020). The latter function of 
attracting mates poses more questions. This is because 
male dinosaurs would be expected to have more 
colourful and diverse plumage, in analogy to the 
sexual dimorphism found in modern birds. However, 
to date, there aren’t concrete examples of sexually 
dimorphic feathers in dinosaurs, despite likely being 
the case (Persons and Currie, 2019).  
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Figure 5. A feathered flying dinosaur (Royal 
Ontario Museum) 
 

Perhaps the most obvious function of 
feathers is the function of flight. Considering this 
would require the most advanced and evolved 
type of feather (Stage V), this function was likely 
the last to have evolved. That is, it forms the last 
bridge between non-avian feathered dinosaurs and 
the first avian dinosaur. Evidence of avian 
dinosaurs come from asymmetrical feather 
imprints, found in the Microraptor that likely 
glided in flight (Ksepka, 2020). Other evidence of 
flight uses the physiological molt behaviour 
(complete primary feather loss) of feathered 
dinosaurs which is analogous to some modern 
birds like waterfowl. This behaviour is necessary 
because feathers, unlike skin and hair cannot be 
renewed and must be completely shed before 
developing new ones, unaffected yet by 
detrimental factors like mechanical abrasion (Kiat 
et al, 2020). Here, the Microraptor also provides 
an excellent example of molting, since this four-
winged Early Cretaceous dinosaur exhibited 
sequential and symmetrical molt behaviour that 
did not inhibit it from flying, unlike modern bird 
species. This in turn meant that flying was integral 
to its niche including foraging and escaping 
predators since it evolved molt behaviour that did 
not inhibit it from flying (Kiat et al, 2020). This 
finding demonstrates that flight was a necessary 
function of some feathered dinosaurs that did not 
live in habitats that could have allowed them to 
remain flightless until their plumage returned.  

 
 
6. Concluding Remarks  
  
From many childhood experiences, like the Jurassic 
Park/World series, dinosaurs are reptilian scaly 
creatures. Recent developments however have pointed 
out that this was not the case. It was initially thought 
that dinosaurs shared their morphological traits with 
reptilian ancestors and not so much with their modern-
day bird counterparts. There was fierce debate about 
which researchers were right about the morphology of 
dinosaurs. This stayed quite divisive until specimens 
were uncovered in the Liaoning Province of China. This 
information brought an onslaught of new questions 
about how they evolved feathers and what was the 
purpose of the feathers. In this paper we presented 
multiple answers to these questions, however, we 
believe feathers were originally developed for 
thermoregulation to gliding and then to flight. The 
relative abundance of fossil dinosaur specimens 
provided a foundation for how evolution proceeds in 
other lineages as well. 
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Editors' note: This paper provides an in-depth yet 
accessible summary of the evolution of dinosaur 
feathers. We especially enjoyed your perspective 
on the functional origins of these unique 
structures. No doubt this will elicit a continuation 
of the Great Dinosaur Debate among academics 
and Jurassic Park enthusiasts alike. 



1. Introduction 
 
The first amber sample containing a hell ant, named 
Haidomyrmex Cerberus, was found in Myanmar 
roughly 100 years ago, but was not properly studied 
until 1996 by Dlussky1. Since then, many more 
specimens have been found and studied, greatly 
changing scientists’ understanding of the ant 
species that existed during the Cretaceous period, 
and their relationships to extant ant species today. 
Hell ants are characterized by their mandibles, 
which are long, scythe-shaped, and positioned 
vertically, different from all other known ant 
species which have horizontally positioned 
mandibles.  

It is also due to the scythe-like structure of 
these mandibles that the subfamily is commonly 
known as ‘hell ants’ – likening their appearance to 
something that one would see in hellish 
environments. The specimens are found mainly in 
Myanmar, France, and Canada, specifically in 
Cretaceous deposits spanning 22 million years, 
between 78.5 Ma to 100 Ma1. So far, the subfamily 
has been determined to be a sister group to all other 

ant species and is very different from current crown ants 
that exist today, and stem ants – extinct ants that have 
morphological features that are different from both 
crown ants and hell ants1. Stem ants share ancestors with 
hell ants and crown ants, but they do not share the same 
last common ancestor with extant crown ants. Currently, 
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Abstract 
 
Different species from the Haidomyrmecinae subfamily – commonly called hell ants – that were preserved in 
Burmese amber from early to mid-Cretaceous have been found in the past century, but in-depth morphological 
and phylogenetic analyses have only been carried out in the last decade. The main focus of these studies has 
been the ant’s morphology, through the use of a variety of cameras, microscopes, and x-rays. Additional 
information about the species’ phylogenetic history can then be inferred from extensive and detailed 
morphological analyses, as well as comparisons with other organisms with similar structures that present modern 
analogs to how hell ants moved and behaved. This article provides details about their strange head shapes, and 
their predation and feeding behaviours, such as using their horn-like mandible to trap prey. Phylogenetic 
analyses have been used to determine their relation to currently existing (extant) ant species. Hell ants can be 
distinguished from stem ants and crown ants by their distinctive clypeal horn/node, and their elongated mandible 
that may have been used for impaling or grasping prey. Despite the increased study of this extinct subfamily, 
much is still unknown about hell ants, including the exact mechanism for the movement of their mouthparts, 
their diet, and how or why they went extinct.  
 
 

 
Figure 1: Image (A) and 3D digital reconstruction 
(B) of Ceratomyrmex ellenbergeri trapped in 
Burmese amber, with a Caputoraptor elegans 
nymph in its mandible2 
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9 genera and 14 species have been described, many 
of them only recently discovered5. Most research 
done relies on the bodies preserved within the 
amber samples, while other characteristics like 
behaviour are inferred. The discovery of an amber 
preserving a hell ant and its prey (Figure 1) was 
unique in providing a window into the lifestyle of 
these species, since before its discovery, 
researchers could only speculate on how the unique 
mandibles were used. This specimen confirmed 
how at least one species of hell ants used their 
mandibles. Though this may be specific to that 
certain species, this species can be used as a 
reference for other hell ant species, for which the 
exact mechanism of the mandibles is yet to be 
confirmed.  
 
 
2. Discussion 
 
2.1.  Methods 
 
Of the papers studying specific specimens, the 
majority were obtained from Myanmar. This 
suggests that this region had a relatively higher 
abundance of hell ants. In one study, most samples 
collected contained a winged female, although 

several workers were also included in the samples5. The 
quality of the samples was judged based on specimen 
preservation, noting portions of the specimen that were 
missing or fragmented, like an appendage or certain 
unique features. The clarity of the amber was also 
considered, specifically distortion, which can affect 
observations and the accuracy of creating a 3-
dimensional structure of the species.  

To fully analyze the samples, various imaging 
equipment were used, including different types of 
microscopes and cameras. The microscopes are needed 
because the actual size of the specimens is very small 
(within a scale of millimeters) and it is needed to carry 
out a detailed examination of the features of the ants. 
With the cameras, thousands of pictures are often taken 
and then combined to improve the overall clarity of the 
final image with certain software such as HeliconFocus 
and Adobe Photoshop3,4,5. One article also captured 
images by scanning samples with x-ray micro-computed 
tomography1, which creates a cross-section of the 
sample as well as a 3D structure, providing a different 
perspective with the measurement and analyses of the 
specimen.  

Once proper models are created, specimens are 
meticulously measured, ensuring that any significant 
feature has a value for its dimensions. Examples of these 
features include head height, horn length, eye length, 

Table 1: Examples of various hell ant species 
Species Discovered 

by 
Significant traits Age Location 

Haidomyrmex 
cerberus 

Dlussky L-shaped mandibles, bulging 
clypeus, dense, stout setae (hair-
like structures that cover parts of 
the exterior of the body) 

~98.8 
Ma 

Kachin State, 
Myanmar 

Haidomyrmodes 
mammathus 

Perrichot, et 
al. 

Winged, only reported worker and 
queen hierarchy in Cretaceous 
taxon, possesses ocelli 

~100 
Ma 

Charentes, 
France 

Haidomyrmex 
scimitarus, 
Haidomyrmex 
zigrasi 

Barden & 
Grimaldi 

Dealate (H. scimitarus), worker 
(H. zigrasi) L-shaped mandibles in 
vertical plane, trigger hairs on 
clypeus suggest similarities to 
trap-jaw predators, largest 
haidomyrmecine (over two times, 
H. scimitarus) 

N/A Burmese amber 

Haidoterminus 
cippus 

McKellar, et 
al. 

Youngest known haidomyrmecine, 
extends temporal and geographic 
range, elongate antennal scape 

~78.5 
Ma 

Medicine Hat, 
Canada 

Ceratomyrmex 
ellenbergeri 

Perrichot, et 
al. 

Unique clypeal horn coated 
ventrally in elongate setae, long 
mandibles 

N/A Burmese Amber 

Source: Barden et al., 2017 
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and mandibular length. These measurements, along 
with many others, are thus specific to a sample and 
its species. The main purpose of these 
measurements is to allow for comparison with 
different species to construct a proper phylogeny 
with other hell ants, as well as all known ant 
species. Measurements are also used to distinguish 
whether a new specimen found is a new species, or 
one of an already known species. This is done by 
proving that there are enough differences from the 
sample to other known species. Most often the 
measurements are used, comparing lengths, 
widths, and angles of specific features such as the 
ones mentioned previously. Scientists rely on this 
to gain a greater glimpse of the evolutionary 
pathways that occurred, which include researching 
what allowed certain species to flourish while 
others became extinct. These measurements can 
also be used to infer the function and purpose of 
specific features such as the mandible, providing an 
overall greater understanding of life millions of 
years ago.  
 
 
2.2. Morphology 
 
Hell ants have a very distinct morphology that 
makes them easily identifiable, and distinguishable 
from other ant genera. The first of these 
distinguishable features is an elongated projection, 
called a clypeal horn or node, that is part of their 
cephalon (head region of arthropods), and located 
in the middle of their antennae2,4 (highlighted in blue 
on Figures 2 and 3). The exact length and shape of 
the clypeal horn or node differs for different taxa 
or species; some, like Proceratomyrmex (B in 
Figure 3) only have a small bump or node, while 
others, like Ceratomyrmex (Figure 2) have very 
long horn-like structures. 

 The second distinguishing feature of hell 
ants is their scythe-like mandible (highlighted in 
red on Figures 2 and 3), which is thought to be an 
elongated tooth 2, 4. Again, the exact length and shape 
varies between species, and the differences in 
mandible morphology may be due to the feeding 
behaviours of the different species2.  

Lastly, most hell ant species have trigger 
hairs near their mouth, although this trait is also 
observed in many extant species of ants today2. 
However, the clypeal horn/ node and the elongated 
mandible are not observed in any other extinct or 
extant species and are traits that are unique to hell 
ants2, 3, 4. The major differences in morphology 

between hell ants and extant ant species can be seen in 
Figure 2.  
 
 
2.3. Predation Behaviour 
 
The unique morphology of hell ants presents clues to 
their predatory behaviour and feed habits. The way that 
their mouthparts moved is still a topic of discussion; 
while some researchers argue that the mandible moved 
vertically in an up-and-down motion, others argue that 
the hell ants’ mouthpieces moved laterally, much like the 
mouthparts of modern ants today2. There are also 
speculations that while species like Haidomyrmex 
impaled their prey on their horn-like mandible, other 
species like Ceratomyrmex used it to grasp prey between 
their mandible and their cephalic projections2. However, 
there is even debate about whether hell ants were 
completely predatory, or whether they also exhibited 
foraging behaviours2,4. Lattke et al. propose that some 
species of hell ants could have been foragers, based on 
their morphology and the food sources that they have 
been found trapped with in pieces of amber4. On the other 
hand, Barden et al. claim that hell ants were likely 
predators, and preyed mostly on smaller insects or 
nymphs2. Lattke et al. also does suggest that hell ants 
could have had a mixture of foraging and predatory 
behaviours, with a liquid diet that consisted of food 
sources like honeydew and hemolymph – a fluid found 
in the body of arthropods, similar to blood in vertebrates4.  

Modern analogs for the interesting morphology 
of the mandible has been seen in some present-day 
species of wasps and beetles, both of which have 
movement perpendicular to the ground (as opposed to 
modern ant species, that move their mandibles 
laterally)2,4. Some of the muscles around the mouthparts 
of certain hell ant species have been found to be similar 
to those of extant species today that have a liquid diet and 
use suction to extract the liquids (either plant-based or 
from other insects)4. 

Another suggested mechanism for the 
movement of the hell ant mandibles is a trap-jaw 
mechanism, where the upper and lower parts of the 
mandible snap shut at incredibly high speeds; however, 

 
Figure 2: Top - digital 3D reconstructions of 
extinct hell ants Linguamyrmex (left) and 
Ceratomyrmex (middle), and extant Tetraponera.2 
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this mechanism is less in hell ants since their 
muscles around the mandible are not as strong or 
developed as in insect species that exhibit this 
behaviour2,4. 

 
 
2.4. Phylogenetic analysis and extinction 
 
Different phylogenetic analyses of extinct hell 
ants and stem ants, and extant crown ants have 
shown that the hell ant lineage split from modern 
ants before the most common ancestor of all 
modern extant ant species5. A phylogenetic tree 
proposed by Barden et al. shows how the hell 
ants are thought to be related to stem ants and 
crown ants which is shown in Figure 3. 
Interestingly, the proposed trap-jaw mechanism 
has evolved independently at least four times5. 
Another interesting point is that the phylogenetic 
tree separates the hell ants from the stem ants 
based on the vertical movement of the mandible, 
even though the exact direction of movement is 
still a topic of debate amongst researchers.   

Discoveries of extinct Haidomyrmecinae 
species continue to happen every year, and the 
phylogenetic tree shown in Figure 3 could change as 
more species are discovered and categorized. Despite 
this, it is still unclear as to how or why the 
Haidomyrmecinae went extinct, when there is no 
apparent obvious disadvantage to the genus. 
Generally, as the geographic range of species shrinks 
(which can happen due to a combination of biotic and 
abiotic factors), the extinction risk increases6. Biotic 
factors can include competition from other species, 
including modern ant lineages4, changes in the food 
sources available, and pests and pathogens that affect 
certain species. Abiotic factors include climatic and 
topographic changes that can happen gradually, or 
over a short time span.  
 
 
3.  Conclusion 
 
Hell ants, belonging to the Haidomyrmecinae 
subfamily, were unique ants that lived during the 
Cretaceous period, but went extinct by roughly 80 Ma. 
Since the discovery of a hell ant trapped in amber with 
its prey, much more development in its study has taken 

 
Figure 3: phylogenetic tree showing extinct Haidomyrmecinae (hell ant), stem ant and crown ant lineages, 
beginning from the early Cretaceous 120 Mya, and going up to the late Cretaceous by which time all known 
hell ant species had gone extinct2. 
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place. Most of the research has taken place over the 
past couple decades, and there is still much to learn 
about these organisms. New species continue to be 
discovered, and each is intricately analysed, 
especially their morphological structures, and what 
they may indicate about their behaviours.    

Their unique features set them apart from 
extant crown ants that are in existence today, as 
well as all other known ant species. These features 
include the elongated clypeal horn and scythe-like 
mandibles that likely moved vertically. All species 
of crown ants have much smaller mandibles that 
move horizontally. Despite these being 
distinguishing features of hell ants, there is still a 
great amount of variability between the currently 
known species. Although the exact purpose of their 
unique morphology is still uncertain, they likely 
used their mandibles to either grasp, or impale 
prey. Their diet may have consisted of a 
combination of plant and insect products, i.e. they 
demonstrated a mixture of foraging and predatory 
behaviours.  The discovery of a specimen of C. 
ellenbergeri trapped in Burmese amber, with a C. 
elegans nymph in its mandible, showed how some 
hell ants would have used their mandibles to trap 
prey between their jaws, although the exact 
mechanism is unclear. A trap-jaw mechanism has 
been suggested, which has been seen to have 
individually evolved at least four times in ants’ 
lineage. However, biomechanical studies suggest 
that the ants’ jaws were not strong enough to 
withstand the forces that are involved with a trap-
jaw mechanism.   

Current records of hell ants show that the 
Haidomyrmecinae went extinct close to 80 Ma. 
The causes for their extinction are not known, 
although shifts in geographic ranges due to climatic 
changes, changes in predation and food 
availability, and the emergence of pathogens and 
diseases are all probable causes.  

Much is still unknown about these 
intriguing creatures. What allowed for the great 
prosperity and diversity of the Haidomyrmecines? 
Their scythe-like mandible seems to be a very 
advantageous trait for predation; however, if the 
traits they contained were indeed so beneficial why 
was this trait lost? How did this entire subfamily of 
ants go extinct, allowing crown ants to become the 
dominant family that evolved and survived to the 
present day? Though these questions may remain 
unanswered for the time being, new discoveries 
every year mean that researchers are working hard 
to get closer to the answer. This involves the 
continued meticulous measurement and 
comparisons of known species, as well as slowly 

piecing together a phylogenetic tree that may provide a 
larger picture of the path of evolution. At the same time, 
progress might just have to wait until more species are 
uncovered to provide clarity to the reasons behind the 
Haidomyrmecinae’s extinction. Perhaps more 
specimens, from other hell ant species will be 
discovered with their prey or food sources, expanding or 
clarifying our understanding of hell ants. There is much 
more to uncover still, but the rate of recent discoveries 
is encouraging, and might lead to answers for the many 
questions that arise and remain.  
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Editors' note: We really enjoyed how extensive this 
review was, covering methods of study, 
morphology, phylogeny and behaviour. Your 
excellent conclusion forces us to ponder the drivers 
of extinction in this clade, whose ultimate downfall 
remains a mystery. This also prompts us to wonder 
how the distribution of amber deposits might 
impact our picture of the diversity of these ants 
over time and space. 

 

 

 

 

 

 

 



1. Introduction 
 
The discovery of Kylinxia zhangi could lead to 
endless new research topics and opportunities to 
furthering our understanding of arthropod 
evolution, especially in the gap that is apparent 
during the Cambrian period. Although there is 
very little research on the specimen so far, this is a 
very new and exciting finding where more 
extensive research can be done to further 
investigate Kynlinxia zhangi’s role throughout 
arthropod evolutionary history. For now, scientists 
remain enthusiastic about how the understanding 
of the largest phylum in the animal kingdom is 
becoming clearer. The Cambrian period marks the 
most diverse period of time for the arthropods (de 
Lazaro, 2020). They thrived and evolved into 
many species that are essential in the evolutionary 
past of arthropods we see today. Kylinxia zhangi 
shares similar characteristics to panchelicerata, 
megacheiran, and radiodonta that were among the 
variety of arthropods thriving during the 
Cambrian (de Lazaro, 2020). Similarities between 
these species provide a bridge that fills the 
missing puzzle piece for how the classes diverged 
and evolved the characteristics they each possess 
(de Lazaro, 2020). The addition of this new fossil 
offers more data to study the connections between 
arthropods and their past ancestors.  
 
 

2. Discovery 
 
Kylinxia zhangi was discovered in 2019 in southern 
china among the Maotianshan Shales from the 
Yu'anshan Formation in Yunnan. The Chinese 
Academy of Sciences with Han Zeng made the formal 
description and taxonomy. Yehui Zhang found six 
specimens that were complete and well preserved 
(Zeng et al, 2020). Holotypes of the original specimens 
are kept at the Nanjing Institute of Geology and 
Palaeontology, where other specimens are preserved at 
the Yingliang Stone Natural History Museum.  
 

 
 
Figure 1: Holotype of Kylinxia zhangi.  (Image credit: 
D.-Y. Huang & H. Zeng) Kylinxia zhangi fossil sample 
found in Yu'anshan, China. Found as clay-mineral 
compressions this fossil was well preserved and still 
contains its softer parts such as eyes and appendages.  
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Abstract 
 
Kylinxia zhangi found in China may be the missing link we need for understanding the mysteries of arthropod 
evolution. This fossil’s jointed appendages, head shield, and segmented body are key links to similar 
characteristics found in arthropods today. Biramous appendages bring together Kylinxia zhangi and closely 
related crustaceans and specifically megacheirans that appear to have the same feature. This new species also 
has frontalmost appendages that are shared with radiodontias. There has been an absence in fossil data 
describing relationships between Cambrian arthropods and how they evolved, but Kylinxia zhangi has been 
vital in closing the gap between the diverse arthropods that roamed the Earth during the Cambrian period.  
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3. Lifestyle 
 
Kylinxia zhangi lived in a marine environment 
during the Cambrian era. It is likely they lived at 
depths to 1000 metres resulting in lack of sunlight 
in their environment. To compensate for the lack of 
light in their extreme living environment Kylinxia 
zhangi developed large complex eyes (Zeng et al, 
2020). They also integrated radiating teeth to help 
them see due to the poor lighting in the deep ocean 
(Zeng et al, 2020). 

Kylinxia zhangi can be divided into three 
sections to understand the makeup of this arthropod 
(Zeng et al, 2020). With a fused head, a segmented 
trunk, and jointed legs, Kylinxia zhangi had a 
similar body plan to a shrimp (Zeng et al, 2020). 
This design allowed Kylinxia zhangi to swim and 
move by contracting its abdomen into the body and 
then releasing it causing the arthropod to navigate 
through water (Zeng et al, 2020). As these 
specimens did not have fins it relied on this motion 
of its body.  

The head region of Kylinxia zhangi has a 
pair of frontal appendages which allowed them to 
use clutch and consume food similarly to spiders 
(Zeng et al, 2020). This type of feeding can be 
proven by understanding the breakdown of the 
fossilization of the head and mouth (Zeng et al, 
2020). 
 
4. Body plan 
 
The body plan of this fossil consists of a 
segmented body, five compound eyes, jointed 
appendages, pygidium, a fused head shield, and a 
tail fan separated into three lobes (Figure 2). 
Kylinxia zhangi’s most fascinating feature is the 
arrangement of five eyes located on its rigid head 
shield (Weisberger, 2020). The five eyes vary in 
size; the two inner eyes are twice as large in 
comparison to the surrounding three. This eye 
structure relates to class Opabinia and the 
marginal rims that border around the eyes of that 
class and Kylinxia zhangi (Zeng et al, 2020). 

Its body is segmented, a common feature 
seen throughout history on arthropods such as the 
trilobite or on arthropods around today such as the 
millipede. The trunk consists of 20-30 segments 
(Zeng et al, 2020) and depending on the organism’s 
phase of its life, it could have acquired more as 
development progressed. The head shield creates 
protection for Kylinxia zhangi along with the 
exoskeleton by sheltering its softer internal tissues 
(Zeng et al, 2020). The pygidium is also a tough 

shield-like structure located on the posterior end of 
Kylinxia zhangi, fused with its tail and body segments. 
The tail fan indicates Kylinxia zhangi’s ability to swim 
in the ocean and similarities in the tails structure 
provides linkage to class megacheiran from the 
euarthropoda phylum (Zeng et al, 2020). 

Jointed appendages Kylinxia zhangi possesses 
are common amongst the arthropods. The way Kylinxia 
zhangi’s appendages are constructed is biramous (Zeng 
et al, 2020), relating closely to crustaceans and their 
divided appendages into two fragments (figure 3). Four 
smaller appendages extend from the head and trunk and 
longer appendages off of segments on the body 
(Weisberger, 2020). The two extending out front from 
Kylinxia zhangi’s head share similar construction to 
megacheirans by lacking outer spines, but also share a 
relation to radiodontias with 12-15 distal articulate 
podomeres and different sized endites (Zeng et al, 
2020).  

 

 
Figure 2: Zeng, et al. (2020). This figure shows the 
entire structure of kylinxia zhangi. The drawing 
highlights the general body plan showing segments, 
jointed appendages, head shield, pygidium, and tail fan.   

   
Figure 3: Nicholas W. Beeson. Lumen Learning.  
https://courses.lumenlearning.com/wm-
biology2/chapter/subphylums-of-arthropoda/ Figure 3 
presents a visual of biramous appendage that is seen 
on kylinxia and an important comparison to 
crustaceans.  
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5.  Evolution 
 
“The missing link” – Kylinxia zhangi represents a 
critical intermediate fossil that was predicted by 
Charles Darwin’s evolutionary theory (Zeng et al, 
2020). Darwin’s Theory of Evolution is based on 
natural selection and how species of organisms 
change over time due to changes in heritable 
characteristics (Ruse, 1975). The gap between 
Anomalocaris to true arthropods is missing a key 
link that connects them and if proven, Kylinxia 
zhangi be strong evidence for evolutionary theory 
of life (Weisberger, 2020). Kylinxia zhangi is 
believed to be that missing piece despite scientists 
not approving the name. Comparing Kylinxia 
zhangi to 300 other arthropod features in over 80 
taxonomic groups (Weisberger, 2020) it was 
determined that Kylinxia zhangi filled the void of 
evolutionary relationships between ancestral 
groups for arthropods. As this evolutionary gap has 
been coined as ‘the missing link’ scientists have 
been avoiding using the term because it creates 
multitude of confusion with readers and listeners. 
The confusion comes from the term creating a 
linear process that can be directly followed to its 
originated organism (Olsen, 1981). Scientists 
prefer to use the last common ancestor that is 
common with the branching tree diagrams. This 
system is more preferred as it does not have the 
implication of linear evolution, but rather that 
evolution has many stages and links to each 
organism (Olsen, 1981). Although the term does 
provide a logical idea of the intermediate stage 
between arthropods to modern humans, there is still 
controversy where many scientists prefer to use 
different terminology.  
 
 
5.1.  Arthropod resemblance   
 
An ancestorial arthropod that connects to Kylinxia 
zhangi would be Anomalocaris, yet it looks 
completely different from true arthropods (Zeng et 
al, 2020). As this arthropod evolved later in the 
family tree, Kylinxia zhangi developed a mixture of 
features that proposed evolutionary connects that 
were missing. A direct feature between Kylinxia 
zhangi and Anomalocaris would be their enlarged 
forearms which could have been precursors for 
structures that evolved later (Zeng et al, 2020). 
Similarly, these arthropods evolved structures 
including mouths like Chelicerata arthropods that 
had modified mouths similar to scorpions 
and spiders (Zeng et al, 2020).   

 Kylinxia zhangi is related the closest to 
Radiodonta, Megacheira, and Panchelicerata (figure 4). 
As seen in figure 4, Kylinxia zhangi offers a bridge 
between megacheiran and radiodonta with an extra 
piece of evidence that shows how morphology may have 
evolved. The Kylinxia zhangi acquires “radiodont-like” 
appendages and the rounded, fused head shield, 
biramous appendages, segmented body, and pygidium, 
all of which resemble the structure of megacheiran 
species (Zeng et al, 2020). The discovery of Kylinxia 
zhangi plays such an important role in researching the 
evolution of arthropods because there are missing steps 
between two classes that are closely related, and 
Kylinxia zhangi provides further explanation and an 
analysis for bringing the different species together.  
 

 
 
Figure 4: Zeng et al.  (2020).  
Morphology of Kylinxia zhangi incorporated with 
classes of other arthropods, showing the relationships 
and similarities between fossils.  
 

The structure of the pygidium being connected 
to Kylinxia zhangi’s three lobed tail is a unique feature 
to arthropods from the Cambrain period, helping place 
where this fossil may bridge other species together 
because Kylinxia zhangi contains characteristics found 
in common with both radiodonta and megacheiran. It 
fills the gap between how the species diverged from one 
another forming different traits as they evolved 
separately.  
 
 
 
 
 



92  ESS261 Journal, volume 1 (2021) 

7. Conclusion 
 
With emerging data that will hopefully be collected 
in the near future, it should fully explain how 
Kylinxia zhangi fills the void between Cambrian 
arthropods. With the lack of fossils found and data 
available of this species, it creates challenging 
situations of truly predicting the connection 
between these arthropods. With the data available 
it can be foreseeable that Kylinxia zhangi will 
prove to be the missing link and help understand 
evolutionary philosophies. The body plan 
composed of jointed appendages, a head shield, 
pygidium, and segmented trunk reveal similarities 
with arthropods seen today and throughout history. 
With common features denoted between 
megacheiran and radiodonta, Kylinxia zhangi can 
be deemed a vital fossil bridging the two classes 
together by providing the ‘missing link’ that 
explains how species evolved into the classes 
megacheira and radiodonta.  
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1. Introduction 
 
Fungi are very important components to modern 
ecosystems and have had a very important role in the 
colonization of eukaryotes and land plants all across 
the earth (Loron et.al, 2019). Modern-day fungi are 
easily known as decomposers being responsible for 
the breaking down of organic matter and providing 
nutrients into soils. Without these fungi many 
ecosystems would be lost because they play a critical 
role in providing resources and nutrients for species 
around the world. Fungi in the Arctic are important 
sources of nutrients and resources to many 
organisms.  

Unfortunately, the fossil record for most 
fungi species has been absent from the fossil record 
until approximately the mid Paleozoic era and the 
fungi fossil record is not very long, which affects our 
understanding of these species (Loron et al., 2019). 
This is what makes the topic so interesting, 
considering the fossil record for fungi is very 
unknown, especially those found in Arctic 
environments, gives paleontologists the drive to 
want to discover more about how these fungi have 
had an impact on how certain ecosystems live today 
as well as the formation of present-day fossils.  

Throughout this paper, aspects of the fungi 
fossil record within the Canadian Arctic will be 
discussed, investigating the earliest fungi and 
modern-day fungi including their morphology and 
importance to their respective ecosystems. In order 
to expand our knowledge on the subject, the 

continental positioning and climate at the time the 
earliest fossil was presumed to have been living will 
be compared to current Canadian Arctic climate 
settings, as well any possible morphological 
similarities that the earliest fungi specimen would 
have to other current fungi species to get a better 
idea of the fungi lineage and phylogeny were 
investigated. Lastly, there is still much we don’t 
know about these fossils therefore, further studies 
will be discussed. 
 
2. Arctic fungi 
 
Fungi in different environments act as mutualists, 
where they increase the nutrient uptake in plants as 
well as replenishing poor soils (Noffsinger et.al, 
2020). Fungi found in cold dominated habitats are 
difficult to find, therefore their full biodiversity is 
difficult in these regions. Most of these arctic fungi 
species are found on bryophytes, which are non-
vascular land plants that reproduce by spores, willow 
branches and within the soil (Noffsinger et.al, 2020). 
Two fungus species that are found in these cold 
environments include ascolichens which attach to 
rocks or soil and basidiolichens found on flat muddy 
land associated with algae (Noffsinger et.al, 2020). 
These fungi make it possible for plant life to be 
present in arctic environments and without them 
plant life would become sparser (Noffsinger et.al, 
2020). It has been concluded that arctic fungi shared 
similar morphologies to alpine fungi found at lower 

ESS261 Journal, vol 1 (2021) xx-xx 
 

Earth System Highlights - a guide to writing in this journal 
Charly Bank 

Earth Sciences, University of Toronto, 22 Ursula Franklin Street, Toronto, Ontario M5S 3B1 
E-mail: charly.bank@utoronto.ca 

(received: 18 January 2021; revised: 19 October 2021; accepted: 21 October 2021) 
 
 
Abstract 
 
Your abstract should be a stand-alone summary of your paper, about 200 words long. written in one paragraph, 
and providing a synopsis of the body of your paper. Only include material which is covered in the paper, and do 
not use citations. In your description of the “magical location” we ask you to consider the geographic setting, 
geologic background, and cultural aspects that form links between the people and the place. Aim for a 3,000 
word paper, and write with fellow ESS261 students in mind. Note that the electronic version of this very paper 
serves as your template. If this textbox around title and abstract is not large enough, please drag to make it bigger. 
 

ESS261 Journal, vol 1 (2021): 93-98 
 

The significance and characterization of the earliest fungi 
species Ourasphaira giraldae 

Namee Choi and Chloe Fortune 
Earth Sciences, University of Toronto, 22 Ursula Franklin Street, Toronto, Ontario M5S 3B1 

E-mail: namee.choi@mail.utoronto.ca, chloe.fortune@mail.utoronto.ca  
(received: 18 March 2021; revised: 31 March 2021; accepted: 28 April 2021) 

Abstract 
 
In this paper, the discovery of the earliest fungi species to ever be recorded in the planet’s history that was 
conducted and published in June of 2019 by a group of PhD students from the University of Liege in Belgium 
was learned. It was found that this particular species was found in the Canadian Arctic, specifically in the shale 
of the Grassy Bay Formation, and had characteristics that were indicative of its fungal affinity due to its 
morphology, growth, temperature, bilayered structure, and chitin content. These features were discovered in 
other fungi species that are currently alive, which thus allowed the researchers to come to this conclusion. It 
was determined that the O. giraldae was able to withstand freezing temperatures due to the ice ages that 
occurred during the time it was believed to have been living in. The future studies that are necessary in this 
field to further the research on fungal history and evolution were also determined. 
 



94  ESS261 Journal, volume 1 (2021) 

latitudes stating that fungi in both environments 
have a fleshy appearance (Noffsinger et.al, 2020).  

Even though fungi fossils are not uncommon 
they are rarely studied compared to other organism 
fossils which explains their rare account in the fossil 
record (Taylor et.al, 2015). Most of these fungi 
fossils are found microscopic. Under the 
microscope, scientists can identify key features of 
the fungus such as it spherical spores, its branching 
filaments that connect these spores, and their twin 
layered cell walls (Sample, 2019). These can all 
provide them with insight into what the morphology 
of these microscopic fungi was like. Other fungal 
structures are not suitable for preservation as fossils. 
(Moore et al., 2020). It is difficult for large fungi to 
fossilize due to their structure. Since they are rarely 
found in the fossil record it is difficult to know 
exactly how these fungi lived and reproduce (Taylor 
et.al, 2015). Most fungi have very unique 
morphological features which have continued to 
make it difficult to establish the fossil record for 
fungi (Moore et al, 2020).  

In order to successfully recognize and 
document fungi into the fossil record all relies on 
how the fungi was preserved (Krings et al, 2013). 
Some ways that fungi fossils may be preserved is by 
impressions which is the most common (Krings et 
al, 2013).  Unlike other forms of preservation this 
method does not have any organic remnant of the 
original organism (Taylor et.al, 2015). An 
impression can give paleontologists an idea of the 
fungi shape, size and morphology but unfortunately 
this type of preservations doesn’t work on very 
small fungi organisms (Taylor et.al, 2015). Fungi 
can also be preserved through the use of coal balls, 
this method captures the three-dimensional and 
structural features of the organism as well as the 
individuals cell structure (Krings et al, 2013). Fungi 
can also be preserved through compressions through 
the use of coal or other materials (Taylor et.al, 
2015). In this case fossils are flattened into two-
dimensional structure but still hold the original 
shape of the fungi (Taylor et.al, 2015). There are 
many other ways the fungi can be preserved but 
most fossils are microscopic and very hard to see. 
The most ideal conditions for preservation is through 
fast burial of the organisms allowing for the 
preservation of fungi soft tissue (Taylor et.al, 2015).  

Overall, determining the morphology and 
behavior of arctic fungi in the past is very difficult 
because of how uncertain their fossil record is, 
therefore resulting in many unknowns about these 
fungi fossils and how they contributed to the 
morphology and behavior of modern-day fungi 
found around the world.  

3.  The oldest fungus in the fossil record 
 
On June 13, 2019, a research article in the journal, 
Nature, was published entailing the recent findings 
of the earliest fungi fossil that we currently have on 
the fossil record, called the Ourasphaira giraldae. 
Corentin Loron, a PhD student from the University 
of Liege, Belgium, alongside his colleagues detected 
the presence of chitin – a fibrous chain of polymer 
and a derivative of glucose that is a primary 
component of cell walls in fungi – in microfossils 
found in the Canadian Arctic’s Grassy Bay 
Formation shale. The microfossil morphology, wall 
structure, and chemistry of these microfossils were 
found to be consistent with a fungal affinity (Loron 
et al., 2019).  

As a result of their role in biological cycles 
such as organic matter degradation, symbiosis, and 
phosphate fixation, fungi have significant roles in 
terrestrial and aquatic ecosystem dynamics, and it 
can be assumed that they may have had similar roles 
in the Proterozoic era (Loron et al., 2019). Due to 
the fact that the Ourasphaira giraldae was found 
preserved in the Grassy Bay Formation shale which 
is a shallow-water estuarine, it is estimated that this 
species may have lived in an estuarine environment, 
in which the buildup of degraded organic matter may 
have preferred heterotrophy and fungal growth 
(Loron et al., 2019). This species may have also 
been moved into this estuarine environment from 
marine or land niches.  

The microfossils were found to be between 
900 million to one billion years old in age, dating 
back to the Proterozoic period. The Ourasphaira 
giraldae is of the clade Opisthokonta, which is a 
broad classification group that encompasses 
eukaryote species that range from microorganisms to 
mammals alike. The significance of this group in 
relation to the age of this recently discovered fossil 
is that this fungus implies that animals may have 
existed during the Proterozoic, which is interesting 
in that mostly prokaryotic and eukaryotic algal 
species have only been found during this era. Fossils 
that were definitively found to be fungi previously 
only appeared as early as the Ordovician period in 
the Paleozoic era. A number of Precambrian 
microfossils have been estimated to have been 
species of fungi in the past fifty years. A few 
Proterozoic fossils have been uncertainly determined 
as fungi as well, specifically organisms of the 
Ediacaran biota, as they appeared to be lichen-like 
organisms. The earliest recognized fungi fossil is 
from the Rhymie-chert of Scotland from 410 million 
years ago, and from Wisconsin from 450 million 
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years ago. These fossils were used as the main 
calibration points for molecular-clock estimates that 
the origin of fungi was between 1.06 billion years 
ago to 740 million years ago (Easton, n.d.). 
However, these aforementioned studies were 
focused on general morphological estimations, and 
thus this methodology cannot officially support a 
concrete association with the fungi kingdom. The 
author concluded by saying that as more Proterozoic 
fossils are found, more fossil fungi and early 
eukaryotic species will be found and will thus 
greaten our understanding of the planet’s evolutions 
of its organisms earlier in Earth’s history (Loron et 
al., 2019). 

 
 

 
Figure 1: Microphotograph of O. giraldae specimen 
Picture: Loron et al., 2019 
 
3.1.  The living environment of O. giraldae 
 
The years at which the Ourasphaira giraldae was 
believed to be found was during the Proterozoic eon, 
the Mesoproterozoic era, and between the Tonian and 
Stenian period (Easton, n.d.).  The continents were 
still a part of the supercontinent, Rodinia, in the 
beginning of the Stenian period, however near the end 
of the Tonian period, the continents began 
fragmenting. The Earth’s atmosphere was largely 
barren of oxygen during this time, according to 
chromium isotopic evidence found in rock. The 
ancestors of seaweed and green algae first appeared 
as primitive multicellular or unicellular forms during 
this time as well (Planavsky, 2015). The Tonian 
period also followed the “boring billion” that took 
place in the Mesoproterozoic era and precedes 
“snowball Earth” glaciation periods in the 
Cryogenian period (Xiao & Tang, 2018).  

The Canadian Arctic was at a much lower 
latitude than it is at now, implying that although the 
Canadian Arctic houses climate conditions that are far 

below zero temperatures, this seemingly would not 
have been the case where the Canadian Arctic was 
situated when the Ourasphaira giraldae was alive. 
However, there were several ice ages that occurred 
during the Proterozoic, and the temperature dropped 
drastically everywhere (Easton, n.d.). Due to this, the 
species may have actually been able to withstand the 
freezing temperatures, or alternatively, the dropping 
temperatures could have resulted in the extinction of 
this species instead.  

There may be difficulties in comparing this 
particular species of fungi to others that currently live 
in the Canadian Arctic now with the extremely 
differing climatic conditions in terms of lifestyle 
habits and behavior. However, we still wanted to 
delve into the limited fossil record we have on fungi 
that we have and determine how the Ourasphaira 
giraldae could have influenced its possible 
descendants in fungi phylogeny and lineage. 
 
3.2.  Comparisons to modern-day fungi 
 
We wanted to analyze the phylogeny and 
evolutionary history of fungi, to see which species the 
Ourasphaira giraldae may have possibly passed on 
traits to (Loron et al., 2019).  

There were some morphological similarities 
that were found in this species, which led the 
researchers to determine that the Ourasphaira 
giraldae was a fungus species. The septate filaments, 
which are a system of tube-like assemblages that 
enables the fungus to reach out and absorb their food, 
had right-angled branching and terminal spheres, 
which could be understood as terminal spores, which 
are comparable to the stages of spore-bearing in many 
fungi. The great size of the microfossils and their 
morphology had some similarities to fungal spore 
cells however the sphere opening or disintegration, 
which indicates sporangial cleavage, was not found 
(Loron et al., 2019).  

A polarized growth, which requires the flow 
of secretory vesicles is directed towards a single site 
on the cell, and osmotrophic nutrition, but indicated 
by the septate filaments, are distinctive of the 
Chytridiomycota, Blastocladiomycota, and 
Ascomycota and Basidiomycota from the 
subkingdom, Dikarya, which are all different 
recognized phyla within the fungi kingdom (Loron et 
al., 2019). Polarized growth refers to the process of 
expanding the cell wall and plasma membrane of 
fungal cells in confined spaces in comparison to their 
total surface area. Therefore, polarized growth 
proceeds in all directions, instead of isotopically 
which is when they grow evenly (Sudbery & Court, 
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2007). Examples of these found on the planet today 
are the Batrachochytrium dendrobatidis, which was 
the causal agent of chytridiomycosis, an infectious 
disease in amphibians (Thorpe et al., 2018), the model 
organism Allomyces macrogynus, which is a model 
organism due to the sequencing of its genome for 
researchers to use (Paquin et al., 1995), and the 
organisms commonly known as mushrooms (Hibbett 
et al., 2018). Thus, it is possible that the Ourasphaira 
giraldae is a common ancestor of one of these clades 
(Loron et al., 2019). 

The temperature of the microfossil at which 
it was formed was able to be calculated using Raman 
thermometry. This confirmed that the era in which the 
organism was predicted to be found was consistent 
with the rock type the organism was fossilized in. The 
bilayeredness of the cell walls in the specimen also 
confirmed the presence of a cytoskeleton in its cells, 
once again confirming that this organism would be a 
eukaryote. The presence of chitin was also detected 
using FTIR spectroscopy, which as mentioned in 
Section 3, is the fibrous polysaccharide substance that 
is found in the cell walls of fungi (Loron et al., 2019).  

The combination of the morphology, 
polarized growth, temperature, bilayering, and 
presence of chitin that are all characteristic to fungi 
today led the researchers to the conclusion that this 
specimen was of the fungi family (Loron et al., 2019). 
 

 
Figure 2: B. dendrobatidis, invasive fungus infecting 
Litoria serrata (Green-eyed Treefrog) Picture: Lee 
Skerratt/University of Melbourne 
 

 
Figure 3: A. macrogynus. Picture: xerantheum/flickr 
 
4. Future studies 
 
As stated previously throughout this paper, fungi 
have a very unknown fossil record to this day 
therefore, there are many future studies that we can 
investigate. For example, the largest issue that our 
planet faces is climate change. The increase of 
temperature from the greenhouse gas effect, has 
resulted in warmer temperatures in more northern 
locations towards the poles. The greening 
environment facing the Canadian arctic has been 
known to have dramatic impacts on many arctic 
ecosystems. For example, through the effects 
towards polar bears causing them to become extinct. 
A future study that can be investigated is examining 
how the effects of climate change and how a 
greening arctic will have an impact on fungi in the 
Canadian arctic. If the temperature increases in the 
Candian arctic, these cold dominant fungi may not 
be able to survive. Since fungi is so important to the 
survival of most ecosystems their disappearance can 
therefore result in the destruction of the entire 
ecosystem.  

Throughout this article, the morphologies of 
current day fungi were discussed as well as how 
these morphologies connect to early Canadian arctic 
fungi fossils. Throughout the comparison the 
similarities and differences between current 
Canadian arctic fungi and early arctic fungi fossils 
was observed. From this observation future studies 
could investigate why current day fungi still have 
these certain traits as well as new traits these 
Canadian arctic fungi have adapted. From there, how 
these traits have helped with fungi survival 
throughout Earth's history.  
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Figure 4: Canadian Arctic fungi in greener 
environments Picture: Ina Timling, 2014 
 
5. Concluding remarks  
 
Through this research we learned that the earliest 
fungi species ever recorded in history were located 
in the Canadian Arctic in shale of the Grassy Bay 
Formation (Loron et al., 2019). Once discovering 
this particular species, we realized the importance 
fungi species are to Arctic ecosystems since they act 
as decomposers and provide nutrients to many plant 
species and other organisms in Arctic ecosystems. 
We then continued to observe the earliest fungi’s 
similarities and differences compared to other fungal 
species that live in arctic environments as well as 
other species around the world. To complete these 
comparisons, we analyzed the scientific literature 
about Canadian Arctic fungal species as well as their 
descendants. Then continued to investigate parts of 
the fungal fossil record that are still very unknown. 
From these comparisons and studies on the earliest 
Arctic fungi in Canada we can implement many 
future studies to help expand our knowledge on the 
unknown fungal fossil record. These future studies 
may include investigating how human activity 
resulting in increasing temperatures impacts these 
cold dependent fungi and therefore how the 
disappearance of these fungal species may impact 
other Arctic ecosystems. In conclusion, through our 
research we have discovered the importance of fungi 
species to many different environments around the 
world and how important the implementation of 
these future studies is to discovering more about the 
fungi’s unknown fossil record. 
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1. Introduction 
 
Some people view optimizing hydrodynamics 
and optimizing the speed hand in hand. 
However, optimizing the hydrodynamics of an 
object, or species in our case, does not 
necessarily mean speed. Decrease energy 
usage and increase speed when maneuvering 
underwater also boosts fluid dynamic 
performance. In this article, we will analyze 
the fluid dynamic body plans of some ancient 
fish. We will compare different body plans 
based on energy efficiency and speed 
efficiency. Finally, we will answer the 
following questions: Is there a correlation 
between these two? Will increasing one 
decrease the other? What’s the result of 
evolution today? 
 
 
2. The Origin 
 
The first fossil record of primitive fish dates 
back to the end of the Cambrian period. This 
major event is known as the Cambrian 
explosion. This is not only the beginning of the 
evolution of fish but also the start of all major 

animal phyla’s evolution. From our current day 
point of view, this evolutionary explosion that 
happened approximately 541 million years ago is 
the period when fossil records begin to appear in 
the strata. Scientists found evidence of bone 
structure from the calcium phosphate in the fossil 
records of this period.  
 Fish during the Cambrian explosion has just 
begun to develop bones. These bones, however, are 
mainly ones that make up a vertebrate. So, the fish 
are still jawless at this time. The class we will talk 
about is called Conodonta. Species of this class 
have a very similar body plan to our current date 
eels. Their method of swimming is called 
anguilliform locomotion, which we will further 
discuss later. This the first body plan we will use 
for comparisons of different hydrodynamic 
properties.  
 
 
3.  Body Plans 
 
Different organisms have different body plans. In 
this paper, we will explore the anguilliform 
locomotion of Conodonts living in the late 
Cambrian period. Then, from the Devonian period, 
we will use Osteostracans as the second 
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after extinction, and their population never recovered after the catastrophe. On the other hand, some 
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comparison, and Saurichthys from the Triassic 
period for our last comparison. We will discuss 
these body plans in the order of their 
appearance time, from the earliest to the one 
that's closer to our time. Each of them has very 
distinct shapes, so we can compare which are 
faster, which are more energy efficient. Most 
importantly, we will find out which body plan 
evolution prefers if there is a preferred one at 
all. 
 
 
3.1.  Anguilliform (Eel-like) Locomotion 
 
Conodonts are the first bony vertebrates from 
the ocean. They are jawless and have slim, 
elongated, and very flexible bone structures. 
These fish species rapidly twist their bodies to 
move through the water in an oscillating way 
(Figure 1). This type of movement is called 
anguilliform, or eel-like, locomotion. The 
wavy method to swim through the over 
actually creates an oscillation across the 
central axis of locomotion. 

  
Figure 1: Illustrated reconstruction of a 
swimming Conodont from the late Cambrian 
period. The image shows the specie to have an 
eel-like body and swims in an oscillating way 
around the central axis of locomotion. Source: 
R.J. Aldridge, 2014 
 
 Taking a look at the efficiency of 
anguilliform swimmers, we find that this body 
plan allows the fish to glide in water with 
consistent speed (Tytell, 2007). The word here 
is “consistent” speed, not “high” speed. Unlike 
the Saurichthys, another body plan which we 
will discuss in the following paragraphs, 
anguilliform swimmers are incapable of 

sustaining high speed cruising nor are they capable 
of rapid acceleration. This type of swimming does 
not allow the specie to hunt down its food. Hence, 
scientists proposed that conodonts use the ram 
feeding technique for survival in the open ocean. It 
is hard to acquire a lot of energy from food with this 
method, which very well matches the conodonts’ 
smooth gliding way of swimming in the ocean. 
 
 
3.2.  Armored Jawless Fish 
 
Fish begins to develop headshields during the late 
Ordovician period. Then, fish diversity boomed in 
the Devonian period also known as the age of fish. 
Our second example will be Osteostracans from 
this period. Osteostracans are also jawless fish. 
However, unlike the eel-like Conodonts, they have 
developed endoskeletal skulls and have wide 
horseshoe-shaped headshields that are covered in 
dermal bones (Figure 2). These headshields are not 
very suggestive when it comes to good 
hydrodynamic performance, which is correct in a 
way. These fish are not only slow, but they also 
have poor agility. Yet, studies have shown that 
these headshields can maximize lift and minimized 
drag, allowing the Osteostracans to use less energy 
to swim greater distances (Ferrón et al., 2020). 
 

 
Figure 2: Specimen of the zenaspidid osteostracan 
Zenaspis pagei from the Lower Devonian period. 
The headshield is distinguishable from the fossil. 
Source: Philippe Janvier, 1997. 
 
 Osteostracans are also known as 
cephalaspids, meaning “head shields.” They each 
have a mouth on their underside which sucked up 
food particles from the ocean floor. From this mode 
of life, Osteostracans do not have to swim much 
above the bottom of the sea. This shows that these 
fish species do not need the agility or flexibility that 
Conodonts have to live a well-adapted life as 
bottom dwellers.  
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3.3.  Saurichthys 
 
Our last example is the Saurichthys from the 
Triassic period. This class of fish has pointy 
heads and slim bodies. Their heads can quickly 
cut through the water. They have great speed 
and flexibility. They cannot maintain the speed 
at a very long duration (Kogan et al., 2015). 
This kind of fish’s body shape generates very 
little turbulence, greatly reducing the drag in 
quick movements. This means that 
Saurichthys’ body plan still allows them to 
swim long distances, just not at a very high 
speed. 
 Unlike the previous two fish we 
compared to, Saurichthys is a fast predator. 
They are very quick to strike their prey. They 
first create an instant burst to gain speed, then 
they propel themselves toward their prey with 
the minimum disturbance in the surrounding 
water. The body parts responsible for such 
action are their heads and tails (Figure 3). 
While the Conodonts make many twists, 
Saurichthys only need half of a powerful twist. 
They need more energy to maintain such 
strength. Hence, we can see the relationship 
that high energy can be related to strong 
acceleration, and lower energy can be used to 
maintain a constant speed.   
 

 
Figure 3: Modal of Saurichthys. These body 
parts labeled in red uses the greatest force 
when accelerating. The short head and tail can 
generate great burst in very short amount of 
time. Source: Rieppel, 1985. 
 
 
4.  Discussion & Conclusion 
 
From the three different body plans mentioned 
above, we find that 1) Eel shaped bodies tend 
to be better at high-speed coasting in the ocean 

spending an average amount of energy, 2) fish with 
headshields spends a lot less energy to lift 
themselves from the ocean floor than the other two 
classes, but are not fast swimmers, and 3) fish with 
pointy snouts can accelerate very quickly though, 
unlike eels shaped marine animals, they cannot 
maintain the speed in an energy-efficient way. We 
found that each type of fish has its unique way of 
swimming and lifestyle. Each of their modes is well 
adapted for a comfortable life during their time.  
           In the late Devonian extinction, Conodonta 
and Osteostracans became wiped out and their 
population never recovered. Saurichthys later went 
extinct in the mass extinction that marked the end 
of the Triassic period. We can find eel-like fish and 
pointy snout fish today. Although fish with bony 
headshields never came back after the extinction, 
we cannot simply conclude that they were poorly 
adaptable to the new environment. To further 
understand the reasons for a specie to go extinct, we 
can conduct another study on the topic involving 
evolution and environmental changes. 
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1.   Introduction 
 
Pigment and colour play a distinct and  
observable role in the survivability functions 
of many organisms. It can be used for a 
variety of functions including reproductive 
display, camouflage in predator/prey 
dynamics, and as a defensive measure 
against external environmental factors such 
as Ultraviolet radiation. Out of a variety of 
pigment-producing biochemicals, melanin 
production and utilization has been a highly 
studied and reconstructed biological 
component of both human and non-human 
physiological adaptation. It has recently 
been shown to be well preserved during 
fossilization, allowing for the possibility of 
experimental and analytical reconstruction. 
This development gives researchers the 
opportunity to fully understand and 
categorize the important roles melanin 
pigmentation plays in the mentioned 
ecologies and behaviors of extant and 
extinct organisms (Vinther, 2015). This new 
found ability has allowed for incredible 

insights into the function of colour in organism 
behavior in a reciprocal fashion. Additionally, 
Vinther, 2015 states that this emerging field, 
known as “paleo colour,” has the ability to 
discern the importances of pigmentation in 
fossilized organisms, and reconstruct unique 
behaviors and ecological roles largely 
uncategorized by modern scientific analysis. 
With the ability to corroborate laboratory analysis 
of fossilized samples with experimental 
reconstruction of melanin, researchers are better 
equipped to understand the specific role pigment 
plays in adaptation and behaviour. The viability 
of paleo colour as an emerging scientific field can 
be seen in the results of the 2015 study on 
diagenetically altered melanin in exceptionally 
preserved fossils by Colleary et al. It found that 
the fossilization process of melanin largely alters 
its chemical signature in high temperature and 
pressure settings, but the experimental 
reconstruction of melanin samples allows for the 
disavowal of alternative hypotheses for melanin 
alteration, namely biological contamination of 
microbes. Prior to the usage of artificial aging 
techniques, the differentiation between chemical 
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Abstract 
 

The understanding of geochemical signatures and indicators in the fossilization of pigment is not only 
an incredibly important process for the diagnosis of the original colour in fossilized samples, but also in 
understanding the context of a specific organism’s pigmentation in the broader role it plays in natural selection 
and physiological adaptation. Colour plays an important role in a range of survival functions, including 
camouflage, display for reproductive selection, predator/ prey dynamics, and other mechanisms of ecosystem 
interaction. The purpose of this paper is to discuss and analyze the fundamental usage and viability of post-
fossilization pigmentation diagnosis through laboratory methods and experimentation. The importance of 
melanosomes and the significance of colour in the history of the earth can contribute greatly to our 
understanding of our own ecosystem. Methods such as Secondary Ion Mass Spectrometry have been 
extensively utilized to catalogue the appearance of specific chemical signatures in fossilized melanin to 
determine the ratios of pigment allocators in post-fossilization samples, effectively reconstructing mechanisms 
of pigment construction. This combined with the experimental reconstruction of naturally occurring pigment 
and maturation experiments in laboratory settings have greatly expanded the knowledge surrounding 
pigmentation and the effects of fossilization on natural colours present in organisms.  Through this paper, we 
emphasize and justify the importance of colour in our ecosystem, how we find it in fossilized samples, and 
cement its role in evolution through geologic history. 
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alteration and biological contamination was 
challenging to discriminate, but through the 
usage of new techniques developed in the 
field of paleo colour, differentiation between 
these two mechanisms is now a viable 
possibility (Vinther, 2015). We argue that 
these specific insights are crucial for the 
scientific understanding of the role colour 
and pigmentation play in organism 
behaviour, and that their demonstrated usage 
represents a credible advance in the analysis 
of extinct and extant organism ecology. 
 
 
2.  Importance of Fossils 
 
Colour is a dynamic and highly useful 
pyhsiocharateristic in many organisms. As 
discussed, colour is a primary factor in 
organism behaviors and survivability and 
has been studied intensely as a result. One 
common method largely catalogued is the 
role colour retention and transformation 
plays are camouflage mechanisms (Duarte 
et. al, 2017). Organisms may retain or 
transform pigmentation in adaptive 
processes or for the benefit it provides in 
hiding and hunting behaviours. Predatory 
vertebrates such as tigers utilize the 
adaptation of specific colours and patterns to 
blend into their natural environments. This 
adaptation can be seen to correlate with the 
ocular ability of specific prey, namely 
dichromatic mammals, who are incapable of 
perceiving more than two or three colours, 
hence, are unable to see orange. This allows 
the large felines to remain hidden in 
deciduous environments (Duarte et. al, 
2017). The natural selection of such types of 
pigmentation demonstrates the importance 
of colour in these dynamic predator/prey 
relationships, and their development in the 
evolutionary “arms race” is conducive to the 
ecological roles organisms play in their 
environment.  
 

Intentional colour manipulation and 
transformation has also been demonstrated 
to play a role in hiding and hunting 
behaviours, cephalopods have been shown 
to manipulate skin pigmentation to rapidly 
diminish the visible distinction between 
themselves and their environment, allowing 
for more effective camouflage for during 

hiding behaviour (Duarte et al., 2017). Aspects of 
camouflage usage can be broken down into 
several distinct methods and physiological 
control methods. Organisms may use hormonal 
control, visual feedback, and cellular or 
metabolic processes to control and regulate 
distinct pigmentation for the purposes of 
camouflage regulation and active adaptation, with 
most active camouflage mechanisms requiring an 
extended period of time to take effect (Duarte et. 
al, 2017). Considering that most animals do 
require an extended period of time for active 
camouflage to take effect, behavioral adaptations 
play a large role in how camouflage is utilized. 
Defensive camouflage is constructed to offer 
concealment in largely heterogeneous 
environments, in which visual pathways and line 
of sight are a primary determinant for its 
effectiveness (Duarte et. al, 2017). The 
correlation between activation time, environment, 
and purpose of concealment therefore is highly 
determinant of overall organism behaviour in the 
usage of pigmentation for concealment purposes. 
This means that the environment plays an 
important role in determining which behavior and 
camouflage patterns are naturally effective in 
increasing organism survivability. 

 
 

3.  Melanin in fossils 
 
Melanin was discovered to be stored in fossils, 
the pigment found in preserved specimens raises 
the question, how was it preserved after all these 
years? Melanin is the pigment which gives colour 
to an organism’s skin and hair. The melanin 
found in soft-bodied fossils have been previously 
suggested to simply be bacteria, however that is 
not solely true (Colleary et al, 2015). Firstly, it is 
important to understand melanin itself, melanin is 
a complex polymer which is found in many 
fossils and can be separated into different types, 
we will be focusing on eumelanin and 
pheomelanin (Briggs & Summons, 2014; 
Colleary et al, 2015). Eumelanin is responsible 
for darker colours (dark browns and blacks), 
while pheomelanin is responsible for other shades 
of brown (red, orange, and yellow browns) 
(Colleary et al, 2015). Melanin’s processes and 
synthesisation occurs in melanosomes which is 
analyzed in a fossil sample during 
experimentation (Cordero & Casadevall, 2020). 
Chemical studies and analysis have found that 
there is a mix of eumelanin and pheomelanin 
found in soft-tissue fossils, this find concludes 
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that the pigmentation of organisms was left 
behind within these fossil samples which 
scientists can later learn from (Colleary et al, 
2015).  
 

When understanding melanosomes, 
the size is an important factor to note during 
research. While observing samples, it 
becomes clear that the length of melanosomes 
corresponds to the type of colour present; 
pheomelanin are usually about 500nm in 
length while eumelanin tends to be longer, 
closer to 800-1000nm long (Babarović et al. 
2019). The shape and length of the eumelanin 
and pheomelanin are indicators for scientists 
when identifying the colour of a certain 
sample (Colleary et al, 2015). An example of 
this is presented in Figure 1 (F and L) where 
the melanosomes from a bat specimen and 
another from a feather can be seen to be 
different lengths, resulting in differences in 
colour (Figure 1). In this case the researchers 
who studied these specific samples could 
conclude the colour of the bat was brown due 
to the short length, while the feather is 
considered iridescent after analyzing the 
morphologies of the melanosomes (Colleary 
et al, 2015).  
 
3.1 The Reliability of melanosomes: 
Maturation Experiments 
 
The reliability of melanosomes is relative, 
whether or not melanosomes hold true to their 
form within a fossil overtime is an issue. 
Since if the melanosome changes, it can 
provide scientists with information that proves 
accuracy only during a small time in history. 
Maturation experiments test examples 
accessible today (such as a younger feather) 
which go through a process of aging and 
change by replicating a fossil’s journey 
through time at a faster rate (Colleary et al, 
2015). Maturation experiments can be done 
such as an example from the Proceedings of 
the National Academy of Sciences of the 
United States of America, where a team has 
found through trial and research that in recent 
feathers, intense heat and pressure can result 
in altered melanosomes (Colleary et al, 2015). 
If this is the case, analysis and testing on 
melanosomes to find the original colour of a 
species is not certain to be always accurate.  

 

Figure 1:  Range of fossils analyzed with TOF-
SIMS imaged using photography and under SEM. 
(E and F) Isolated feather previously described as 
iridescent Messel, Eocene, Germany. (K and L) 
The bat Palaeochiropteryx, Messel, Eocene, 
Germany. Source: (Colleary et al, 2015) 



106  ESS261 Journal, volume 1 (2021) 

 Through the maturation experiments, 
it was concluded that melanosomes have gone 
through shrinkage, breaking, tears, and have 
merged with other melanosomes (Colleary et 
al, 2015). Nevertheless, through all the 
changes, melanin can still be established 
within a sample. However, this does not 
suggest the sample of melanin has been 
properly conserved and can reflect its 
characteristics from years prior since it most 
likely has gone through extreme changes over 
time. When sampling fossils, there are 
additionally organic and inorganic examples 
of other ions within the fossil which were 
previously confused with melanin.  
Research has found that bacteria and other 
ions within the specimen can be distinguished 
with confidence and categorized as separate 
bacteria, not melanin (Colleary et al, 2015). 
Overall, melanosomes become unreliable 
when they are used as the sole indicator for 
colour since through earth’s processes and 
changing environment, the fossils can be 
confirmed to have gone through extreme 
environments. Working with melanosomes 
are helpful when identifying the colour of a 
species, however, is not to be depended on 
without using other sources which support the 
research such as time-of-flight secondary ion 
mass spectrometry (TOF-SIMS) or electron 
microscopy (which produces an image of 
melanosomes) to help in confirming the 
colour and history of the sample. 
 
 
4.  Experimental Methods of 
Reconstruction 
 
Described in Colleary et. al, 2015, several 
methods of analysis and experimental 
reconstruction have been utilized to 
artificially age, alter, and diagnose the process 
of melanosome deformation in fossilized 
specimens. The process of artificial aging 
utilizes the encapsulation of melanosome 
samples in a gold capsule, which is then 
inserted into a Ni alloy container and 
pressurized with water to 25 mPa. Samples of 
unaltered melanin are preserved outside of the 
container, serving as controls. Once the 
process of maturation is complete, TOF-SIMS 
(Time of Flight Secondary Ion Mass 
Spectrometry) is utilized to determine specific 
signifiers of colour wavelength refraction and 

alteration (Colleary et al, 2015). This allows for 
better differentiation of microbial signatures from 
the natural alteration of melanin in fossilized 
samples. 
 
 
5.  Colour in Feathers 
 
It has been discussed how melanin can be found in 
soft bodied fossils, however melanin’s existence in 
feathers is marginally different. In feathers, 
melanin exists similarly, yet there are some 
differences that should be taken into account. We 
see colour due to the absorption and reflection of 
wavelengths, in feathers, there is also the scattering 
of light within the structure which is where the 
iridescent characteristic comes from (Babarović et 
al. 2019). Feathers in particular produce colour in 
various ways, a distinct manner is called the non-
iridescent colour which includes melanin as 
previously mentioned. Non-iridescent colour 
occurs in a layer right above the basal melanosome 
layer and acts to absorb the scattering light, this 
provides a colour that is not iridescent which 
produces multicoloured hues resulting in those 
very colourful and unique bird feathers (Babarović 
et al. 2019). The basal melanosome layer plays a 
major role in this process and is the key to 
absorbing the white light (Babarović et al. 2019). 
The absorption of light, along with melanosomes, 
are vital to providing an animal with its colour 
since the reflection of light is how we see colour, 
and pigments such as melanin exist due to 
melanosomes. 
 

Further examined, the melanosomes in 
non-iridescent coloured feathers were not 
extremely different from feathers with iridescent 
colours even though, to the human eye, they look 
rather distinct (Babarović et al. 2019). This is not 
the case for all melanosomes, since it can be 
viewed in figure 2, different coloured feathers have 
melanosomes which are slightly contrasting in 
terms of their length and width (figure 2). The 
charts below demonstrate significant 
characteristics when analyzing melanosomes 
which includes not only length and width, but also, 
it’s aspect ratio (Babarović et al. 2019). Iridescent 
feathers are unique to birds and differ in terms of 
colour, iridescent colours occur due to 
melanosomes thinly packing over themselves 
(Babarović et al. 2019; Briggs & Summons, 2014). 
The iridescent feathers act alternatively with 
scattering light, leaving these feathers to be 
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difficult to differ from some black colours; 
overall iridescent colours are also possible to 
compare with melanosomes while reflecting 
light more than other colours (melanin tends 
to absorb light) (Colleary et al, 2015). 

     

                   

Figure 2: Comparison of melanosome shape 
(in extant bird feathers) for different colour 
categories. Box plots of mean width (a), 
length (b), and aspect ratio (c) of measured 
melanosomes from 232 birds of various 
feather types. SEM images of melanosomes 
from six colour categories in feathers of the 
extant taxa: (d) black feathers of wrinkled 
hornbill (Rhabdotorrhinus corrugatus), (e) 
brown feathers of the great jacamar 
(Jacamerops aureus), (f) grey feather of the 
toucan barbet (Semnornis ramphastinus), (g) 
iridescent feather of the great jacamar 
(Jacamerops aureus), (h) feathers expressing 
non-iridescent structural colour of the blue 
paradise flycatcher (Terpsiphone cyanescens), 
and (i) black feather of an African penguin 
(Spheniscus demersus). Source: (Babarović et 
al. 2019) 

6.  Conclusion 

Colour plays a demonstrably important role in the 
characterization of organism behaviour and can be 
an explicit signifier for peculiar physiological 
traits. Its deconstruction and analysis therefore 
represent an incredibly important method of 
discerning the particular habits and relationships 
between organisms and their environment, with the 
fundamental ecology of ancient and modern 
ecosystems reflecting the drive for specific 
pigments through naturally selective processes. 
 

Melanin, and therefore melanosome 
characterization, plays an integral role in earth’s 
history of evolution and understanding it. 
Melanosome observation is a common way to 
assess the colour of a fossilized sample. Melanin 
occurs in not only feathers and fur, but in animals 
as well such as fungi; it is a common and 
successful polymer which contributes to the way 
an organism can adapt and survive (Briggs & 
Summons, 2014) offering a widespread selection 
of sample sources and allowing for relative 
research flexibility. With more study and 
advancement, scientists will be able to make 
educated predictions on the colours of extinct 
species. In this way, the emerging field of paleo 
colour will aid us in further discovering not only 
the nature around us, but ourselves. With this 
knowledge and new technology, science can make 
further strides in understanding the process of 
evolution and more. 
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 1. Introduction 

Plate tectonics have shaped and sculpted our Earth 
throughout its lifetime. The landmasses we see 
today are a product of millions of years’ worth of 
geological processes that provided us with the 
continents we live in, as well as all the beautiful 
mountain ranges, oceans, volcanos and our overall 
Earth structure. Our curiosity drives us to answer 
the questions of how the tectonic plates moved in 
the first place and why are there such plate motions 
all around the world.  
  These questions were first inquired by 
Alfred Wegener, the German geophysicist that 
proposed his theory of continental drift in the early 
1900s. The development of this theory involved the 
collaboration of many scientists from different 
specialties, places and times (Glasscoe, 1998). 
Over a century later and now we understand much 
of how our inner Earth works.  Temperature and 
density are the two fundamental conditions that are 
required for a plate to go from stagnant lid 
convection, to the full motions of the tectonic 
plates (Brown, 2020). This geological phenomenon 
is known as mantle convection, which involves the 
slow motion of the Earth's solid silicate mantle as a 
result of convection currents (Glasscoe, 1998).  
  
 2. Convection  

Temperature variation within the mantle is 
necessary for the convection cycle. Starting from 

plate formation, subduction, cooling, and reheating. 
Convection is the principle means by which heat is 
removed from the mantle (Davies, 1992). Convection 
currents are a product of changing densities as a result 
of increasing or decreasing temperatures. The higher the 
temperature the lower the density, and thus the heated 
material will rise. As it rises closer to the surface it 
begins to cool, which increases its density thus sinking 
deeper into the Earth, which then causes the matter to 
increase in temperature again. This cycle of rising and 
sinking materials leads to the subduction of older plates 
to be recycled in the mantle while younger plates will 
emerge at the divergent boundaries (Molnar, 1988). 
 Stagnant lid convection is the most common 
type of convection on other planets, where their 
high level of viscosity is strongly dependent on 
temperature (Korenaga, 2013). Unlike other plants, 
Earth experiences the motions of plate tectonics as a 
result of convection. This is a more difficult concept to 
understand as the development of this geological 
phenomena is unique to our Earth.  However, we know 
that this phenomenon can be directly correlated with the 
planet's thermal evolution (Korenaga, 2013). 
 Figure 1 represents the two contrasting 
convection types (a) stagnant convection where there 
are many small circulations to keep the plate to stay in 
the same place while (b) shows the plate tectonics in 
today’s convection where it brings down old, denser 
ends of the plate down to the asthenosphere to be 
recycled where new plates will be made and resurfaced 
back to the crust (Korenaga, 2013). 
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Abstract 
The plate tectonic theory has been in constant development since the early 1900s, hundreds of scientists around 
the world have shared their observations and worked collectively to describe one of the Earth's most important 
geological processes, continental drift. This theoretical approach provides evidence for the structure of the 
Earth's crust as well as many other geological phenomena that involve the interactions between the rigid 
lithosphere and the underlying mantle. This article aims to illustrate the emergence of the tectonic plates, their 
evolution through time, and the distinct geological conditions tectonic plates undergo to determine their motions. 
Convection is the driver of continental drift, where molten rock deep within the Earth sinks and rises due to 
changes density as a product of the geothermal gradient. The primitive plates most likely emerged after the moon 
forming collision, which caused the Earth to cool down and form the solid crust. Temperature and pressure 
conditions within the mantle evolved through time along with the Earth's structure. 
 
 
 
 



 ESS261 Journal, volume 1 (2021) 110 

 
Figure 1: Image “A” represents stagnant 
convection in comparison to Image “B” represents 
plate tectonics (Korenaga, 2013). 
 

3. Temperature Variations 

Temperature within the Earth varies in 
a predictable manner known as the geothermal 
gradient. This is the rate of temperature change 
with respect to increasing depth (Glasscoe, 1998). 
Temperature increases throughout as the plates 
sink closer to the Earth's core, this is never constant 
as slight temperature variation affects how the 
minerals could rise to the upper crust or sink from 
the asthenosphere to the mantle (Davies, 1992). 

There are two implications for the possible 
plate activities which are either (1) the heat was 
removed from the system or (2) the mantle was not 
cooled efficiently compared to the present. 

 

 
 
Figure 2. Temperature (degree C) vs Pressure 
(GPa) (Brown, 2020) 

If the crust were not too thick the 
conductivity cooling could penetrate through the 
crust to a substantial degree, the mantle part of the 
thermal boundary layer might still be quite strong 
and plate-like (Davies, 1992). When the mantle 
gets hotter and the crust thickens, then the mantle 
part of the boundary layer might be too thin and 
soft to be plate-like, and something closer to 

conventional constant - viscosity, nonplate convection 
might ensue (Davies, 1992). Figure 2, explains the 
changes as temperature variations in different pressure 
zones creating three different types of metamorphism 
based on their ratios from the rock records since the 
Neoarchean from the blueschist (low T/P 
environments), eclogite (intermediate T/P 
environments), and migmatite (high T/P environments) 
samples (Brown, 2020). 

Fluctuation in the mantle increases with 
temperature due to convection currents from the mantle 
plume depends on grain size and water content 
(Korenaga, 2013).  Both plates and plumes coexist in the 
mantle as plates rise in cold, high thermal boundary 
layer while plumes would sink and vice versa (Davies, 
1992). 
 

4. Density variation 

Upper mantle affected by changes in the temperature 
affects how the curst retains heat leading to changes in 
density and thickness of the plates (Holder, 2019).  

Different minerals have distinct compositional 
densities from each other. Temperature has the greatest 
influence on density, however, the mineral composition 
of a rock also influences its density as each mineral has 
a distinct crystal structure. Grain size, water content, and 
silica content all cause the slightest change in mineral 
density, which directly influences the mantles 
convection cycle. A higher water and silica content 
concentration would lead to a more viscous mantle 
(Korenaga, 2013).  

The average age of the tectonic plates at the 
time of subduction is about 100 m.y. If the mantle were 
hotter, its viscosity would be lower and it would convect 
faster, while keeping other variables constant.  (Davies, 
1992). In figure 3 we can see a Regime diagram for 
stagnant lid convection (grey circles) and plate tectonics 
(white circles), where the x-axis (Rai) represents the 
buoyancy-driven flow and the y-axis (ΔnL) represents 
the viscosity. The dashed line divides the graph into two 
sections, the lower section being the range at which 
plate tectonics develop, and the upper section being the 
range at which stagnant lid convection takes place. The 
values found underneath the dashed line show how the 
convective stress (τc*) needs to overcome the bending 
stress (τb*) for the development of plate tectonics to 
take place. i.e., τc* > τb*. Once convective stress 
overcame bending stress will also increase 
proportionally with Rai, thus the ratio between the two 
viscosity of the oceanic lithosphere (Δ ηL) will also 
increase (Korenaga, 2013).  

Below the Rayleigh threshold of ¼*Rai^½ is 
when convection is large thus plate tectonics happen 



  Caratsch & Pham: tectonic plates   111 

while Rai greater than the threshold is when 
convection is stagnant thus the plate movements 
are unaffected and stays in the same position 
(Korenaga, 2013). In the present-day Earth shown 
as a star, the threshold has Rai value of 10^10 and 
effective oceanic lithosphere value of 10^3 thus the 
world’s plates are all in convection of plate 
tectonics (Korenaga, 2013). 

 

 
Figure 3. Shows the graph between the effective 
oceanic lithosphere vs the Rayleigh number 
(Korenaga, 2013) 

 

5. The Evolution of the Plates 

The early Earth consisted of a hot, rising 
asthenosphere and the first melted mantle plumes. 
These systems were able to transfer heat within the 
Earth and regulate its temperature. After the moon 
forming collision, the Earth had insufficient 
internal thermal heat sources to maintain its magma 
ocean for more than 20Myr. Thus, we can make the 
likely calculation where the terrestrial surface 
solidified around 4.5-4.4 Ga, also marking the time 
where primitive plate tectonics began (Ernst, 
2016).  

High degrees of decompression partial 
melting as a result of the elevated geothermal 
gradients took place in ascending Archean mantle 
plumes which lead to the formation of komatiitic 
lavas and locally thick sections of oceanic crust or 
plateaus. The differential transport of rapidly 
moving plates characterized the mantle flow, 
which progressively made space for larger mantle 
convection cells that were capped by lithospheric 
plates (Ernst, 2016). 

Cratonal plates thickened as they cooled 
and became chemically more buoyant, which 
reflects their more felsic composition relative to the 

mantle. In the subcontinental mantle, the gradual growth 
of super continental assemblies prompted restricted and 
episodic stagnant-lid motions. The oceanic crust capped 
plates thickened and cooled simultaneously, at this time 
they are categorized by their increasingly negative 
buoyancy. These oceanic plates were then able to 
determine the sizes and dynamic of circulating 
asthenosphere cells via top-down mantle overturn 
(Ernst, 2016).  
 

6. The Evolution of the Plate Tectonic Theory  

The plate tectonic theory began developing after the 
German geophysicist, Alfred Wegener, proposed his 
theory of continental drift in 1912. He proposed that the 
continents broke through the crust of ocean basins, 
explaining the reason why the borders of many 
coastlines seem like they fit together as a puzzle would. 
An example of this would be the continents of South 
America and Africa (Glasscoe, 1998). Wegener was the 
first to propose the existence of an enormous land mass, 
named Pangaea, that gradually broke apart and 
developed into the continents we know of today. Taking 
a look at figure 4 we can see how the continents were 
once compressed into a single protocontinent. His 
hypothesis was lacking substantial evidence to explain 
the geological mechanism that resulted in continental 
drift. Thus, to better develop his theory he began 
searching for evidence (Simison, 1997).  

Figure 4. The supercontinent: Pangea (Simison, 1997) 

Wegener encountered a paleontological paper that 
attempted to explain the already well-known 
paleontological observation that fossils of the same 
species from the same time period were found in Africa 
and South America. This paper suggested the idea that a 
land bridge may have connected these land masses at 
one point in time. He then encountered another 
observation that supported his idea, providing evidence 
for the continental glaciation during the Pennsylvanian 
period. Scratches on land surfaces left by the scraping 
of glaciers provided evidence that Africa and South 
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America had been in very close proximity during 
the Ice age era (Simison, 1997). 

Wegener ideas were dismissed by most of the 
scientific community. However, in 1929 Arthur 
Holmes was interested in Wegener’s ideas and 
elaborated on one of his many hypotheses. He 
suggested that the mantle undergoes thermal 
convection which acted like a conveyor belt to 
break continents apart and move the segments in 
opposite directions (Simison, 1997). This idea 
focused on density and movement of matter as it 
increases and decreases in temperature. This 
constant cooling and heating results in a current 
which may be strong enough to move the 
continents. It wasn’t until thirty years later that 
Holmes’ idea received attention from the scientific 
community, after World War II (Glasscoe, 1998).  

Following the war of WWII more evidence was 
obtained and supported the tectonic plate theory. 
An unexpected geological phenomenon was 
uncovered by the use of seismometers that were 
installed world-wide to monitor nuclear 
testing.  Active geological features such as 
earthquakes and volcanoes were largely aligned 
along distinct belts around the globe. These belts 
were then defined as the edges of tectonic plates 
(Glasscoe, 1998). Once subduction processes 
under continental margins were discovered they 
managed to explain volcanism, earthquakes and 
tsunamis, along with the recycling of oceanic 
lithosphere. The plate tectonic theory was then 
more solidified as observational evidence of this 
geological phenomena can be easily recognized by 
many (Simison, 1997). 

7. Bonus: “Timefulness” by Marcia 
Bjornerud 

The author of this book, Marcia Bjornerud, 
elegantly relates the Earth's geological processes 
with our human nature. Inspiring environmental 
sustainability through philosophical and scientific 
writing she describes how our Earth has an intricate 
system of checks and balances. “After many 
rounds, everyone ends up back where they started'' 
- Marcia Bjornerud 2018. This doesn’t only 
perfectly describe our human nature, but it also 
describes our Earth's convection phenomenon. As 
described throughout this article, the Earth is 
constantly recycling, reforging and restocking 
itself.  This is evident through the formation and 
recycling of the tectonic plates. 

Geologists around the world could interpret the Earth in 
a way never done before. This change in perspective 
was refreshing for some, yet unsound for others. It 
divided the readers into those who believed it was too 
philosophical and those who believed it was too 
scientific. Those who don’t belong to either side of the 
spectrum could expand their geological perspective and 
apply it to all disciplines. Her book was truly inspiring, 
a wonderful read for all “earthlings”, as she likes to call 
us. 

8. Conclusion  

After many years of scientific collaboration and 
research, the plate tectonic theory is now a 
fundamental part of science. Starting its 
development over 100 years ago, it has come a long 
way and guided us towards a better understanding 
of our Earth. We now know that plate tectonic 
motion is driven by the convection cycle. Where 
hot rock near the center of the earth will rise, and 
the colder rock near the surface of the Earth will 
sink. Newly recycled material will rise through 
divergent boundaries and push the plates apart from 
each other, resulting in a subducting plate further 
away.  

As mentioned by Marcia Bjornerud, our Earth is in 
a constant cycle of recycling its own materials. The 
evolution of our Earth has resulted in a life 
determining phenomena exclusive to our planet, 
plate tectonics.  
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1. Introduction 
 
When thinking about the magnetic field it may be 
associated with the Borealis or perhaps the 
invisible force around our Earth that helps point 
towards the North and South poles. Though the 
magnetic field is a well-known concept the hidden 
driver behind sustaining this field is rarely 
recognized. Behind this greater force lies an inner 
power deep within the Earth’s core.  
 The geodynamo originated at least 3.45 
billion years ago (Bardo et al., 2016). Throughout 
the Earth’s core history, it is suspected that the 
geodynamo was driven by thermal convection or 
magnesium exsolution. But, with the onset of 
inner core nucleation this became a significant 
event for Earth’s magnetic field. Through the 
dynamo, the magnetic field enabled ideal 
conditions for this Earth to sustain life (Lingam, 
2020). Despite having significant progress and 
understanding in other Earth systems, the dynamo 
is a challenging concept to fully comprehend and 
research. This is because of the complexity of the 
Earth’s core and the challenges of not being able 
to tangibly work with the core. This paper will 
allow us to dive deeper into the fundamentals of 
how the geodynamo functions. 
 
 

2. Geodynamo origins  
 
For the first time in the 1930s, scientists discovered 
vibrations from earthquakes that seemed to intensify 
deeper under the surface (Jeanloz and Lay, 2005). This 
research led to the discovery of the inner core (Jeanloz 
and Lay, 2005). The geodynamo is believed to be at 
least 3.45 billion years old (Bardo et al., 2016). The 
geodynamo explains the generation of the magnetic 
field and the force responsible for causing reversals in 
the magnetic field (Glatzmaier and Olsen, 2005). 
Reversals are 180-degree shifts of North and South 
pole directions which typically happen every 200,000-
300,000 years ("Pole Reversal Happens All The 
(Geologic) Time", 2021). The generation of magnetic 
fields occurs within the outer core when there is the 
convection of iron fluid which generates electrical 
currents ("Pole Reversal Happens All The (Geologic) 
Time", 2021; Jeanloz and Lay, 2005). The magnetic 
field plays a critical role in allowing the atmosphere 
and life to be sustained as it blocks the impacts of solar 
winds (Lingam, 2020). The direct penetration of solar 
winds and UV rays causes irreversible damage to DNA 
and organisms (Lingam, 2020).  
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Abstract 
 
There is evidence that the geodynamo has existed for at least 3.45 billion years. The early geodynamo was in a 
weak field state which resulted in multipolar and bistable magnetic fields. During this time the dynamo was 
suspected to be generated by either thermal convection or magnesium exsolution. Despite this energy source, the 
dynamo was collapsing but with the onset of inner core nucleation this promoted inner core growth. This event 
allowed the restoration of the dynamo and strengthened the magnetic field by becoming dipole and symmetrical. 
Though the precise date of the inner core nucleation has yet to be determined there have been various methods 
used to predict its age such as paleointensity data, magnetized zircons, and silicate crystals. Some hypotheses 
propose inner core nucleation originated in the Ediacaran period while some believe it began in the 
Mesoproterozoic. With the onset of inner core nucleation, this generated compositional convection which still 
powers the geodynamo today. Compositional convection contributes to 80% of the dynamo while thermal 
convection contributes 20%. 
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2.1. Composition of the Earth’s core 
 
To understand the function of the geodynamo we 
first need to understand the composition of the 
core and how the core forms this dynamic energy. 
The core is located at the center and deepest 
layers of the Earth. The core is divided into three 
sections; the innermost solid layer, an outer fluid 
layer, and finally an outer silicate mantle (Buffett, 
2000). During the separation of these layers in the 
core, the inner solid layer is filled with higher 
density elements while the lighter density 
elements which are also known as light elements 
enter the outer fluid layer (Buffett, 2000; Driscoll, 
2019; Nimmo, 2013). For this reason, the outer 
core is less dense compared to the inner core 
(Nimmo, 2013). The light elements suspected to 
be present in the core are silicon, sulfur, oxygen, 
carbon, and hydrogen (Li and Fei, 2014 as cited in 
Zhang et al., 2021). In addition to the light 
elements, it is suggested that fluid iron is also 
abundant in the outer core (Buffett, 2000).  

The mantle layer is the biggest portion of 
the core. The mantle is responsible for cooling the 
heat within the core via the core-mantle boundary 
(CMB) which regulates the rate at which heat 
travels from the core to the mantle (Nimmo, 
2013). This is also known as the CMB heat flux 
(Nimmo, 2013). The conditions in the core have 
extreme temperatures and pressures. It is 
estimated that the outer core is approximately 
5500 K (Komabayashi et al., 2019; Zhang et al., 
2018 as cited in Zhang et al., 2021). While the 
mantle is cooler compared to the core it is under 
the immense pressure of approximately 136 
gigapascals (Jeanloz and Jay, 2005). From 
estimating the core's conditions Elise Knittle and 
Jeanloz (2005) deduced that high-pressure 
minerals would be found in this region. They 
suggested that compounds such as magnesium 
silicate, silicon oxide, and magnesiowustite 
(compound of MgO and FeO) would be present 
(Jeanloz and Lay, 2005).  

Within the core convection and 
conduction are the two forces that help drive the 
dynamo. Convection is the transfer of heat within 
the core (Jeanloz and Lay, 2005) which allows for 
cooling (Buffett, 2000). There are two types of 
convection; thermal and compositional which will 
be further discussed later in the paper. Conduction 
allows the passage of heat and electrical currents 
within the core (Busse and Wicht as cited in 
Buffett, 2000). 
 

 
Figure 1: The Earth’s core separated into the inner 
core, outer core, and mantle. The mantle forms a 
significant part of the core and closest to the earth’s 
surface. From “Earth's Core and the Geodynamo” by 
B. A. Buffett, 2000, Science, 288, 2008. Copyright 2000 
by Bruce A. Buffett. 
 
 
3.  Early Driving Force of the Geodynamo  
 
The inner core is an important entity that drives the 
geodynamo. However, the young Earth did not have a 
fully formed inner core, which sparks an ongoing 
debate on how it was able to generate a dynamo. In 
contrast to today’s geodynamo, the early geodynamo 
had a weak-field dynamo that sustained a small-scale 
magnetic field (Driscoll, 2019). Based on 
paleomagnetic rock samples from 565 Ma indicates 
that during this time the magnetic field was scattered 
and 10 times weaker in comparison to today (Bono et 
al., 2019). During this period the geodynamo 
experienced numerous hyper-reversals that surpassed 
the reversal frequencies during the Phanerozoic. This is 
indicative of the multipolar and abnormal geomagnetic 
field prior to inner core nucleation (ICN) (Bono et al., 
2019). To explain the existence of the past geodynamo 
two competing theories will be presented. The first is 
thermal convection and the second is magnesium 
exsolution. 
 
 
3.1.  Thermal Convection  
 
First, the mechanism of thermal convection will be 
explained. The movement of iron within the core is 
responsible for thermal convection (Glatzmaier and 
Olsen, 2005) and the generation of the magnetic field 
(Jeanloz and Lay, 2015). To drive thermal convection, 
buoyancy in the core is a pivotal force (Glatzmaier and 
Olsen, 2005). The fluid iron rises to the top region of 
the outer core due to buoyancy (Glatzmaier and Olsen, 
2005). The action of buoyancy is created as the iron 
rises and transfers heat to this area and once it reaches 
the top the iron solidifies because the mantle is much 
cooler compared to the core thus causing it to re-
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submerge into the lower part of the outer core 
(Glatzmaier and Olsen, 2005). Additional sources 
of buoyancy come from heat released by two 
processes; the first is during the growth of the 
core and secondly from the crystallization of iron 
in the outer core (Glatzmaier and Olsen, 2005). 
 Before the onset of ICN, it was speculated 
that thermal convection was the sole driving force 
as compositional convection only arose during 
ICN. Zhang et al.’s (2021) results show that this is 
only plausible when there is a continuous energy 
of convection, in other words, when the total 
buoyancy is positive. The conditions of the 
younger inner core are estimated to have 
temperatures of 4300-4400 K (this is an 
underestimate) which is much hotter compared to 
today. (Labrosse, 2015 as cited in Zhang et al., 
2021). A higher CMB temperature results in rapid 
cooling which drives greater thermal convection 
and buoyancy (Zhang et al., 2021). In thermal 
convection, the CMB heat flow must be greater 
than the adiabatic energy (Nimmo, 2013). The 
CMB heat flux is what drives the thermal 
evolution of the core and therefore the early 
geodynamo (Nimmo, 2013). 
 
 
3.2.  Exsolution of Magnesium   
 
Exsolution argues that thermal convection was not 
enough to support the geodynamo (O’Rourke and 
Stevenson, 2016). From diamond-anvil cell 
experiments, the results revealed the iron from 
thermal conductivity implies that the inner core is 
younger than the estimated 3.4 Ga (O’Rourke and 
Stevenson, 2016). Therefore, this argues that 
thermal convection might not have sustained the 
geodynamo in the young inner core. This leads us 
to the second theory that Earth’s accretion 
resulted in the abundance of magnesium oxide 
(MgO) for the inner core. Accretion is an 
important factor in driving magnesium exsolution 
because the impact creates high-temperature 
conditions to allow magnesium silicate to enter 
the core (Bardo et al., 2016). As magnesium oxide 
moves towards the mantle this enables buoyancy 
(O’Rourke and Stevenson, 2016). Upon 
magnesium entering the core it dissolves as MgO 
and the remaining magnesium enters the mantle 
and cools, thus providing energy for the 
gravitational and magnetic field (Bardo et al., 
2016). In agreement with their results, another 
model showed that the precipitate elements from 
the outer core into the CMB generate magnetic 

energy (O’Rourke and Stevenson, 2016). As 
magnesium is dependent on temperature when the core 
cools magnesium becomes less soluble and causes 
precipitation (Bardo et al., 2016; O’Rourke and 
Stevenson, 2016). When excluding magnesium 
precipitates from their models it revealed that the ICN 
originated 0.6 Ga which implies the models with 
magnesium exsolution are closer to the predicted 4.5 
Ga ICN origins (O’Rourke and Stevenson, 2016).  
 
 
 

 
Figure 2: The formation and growth of Earth’s inner 
core allowed the generation of a strong magnetic field. 
This magnetic field protects Earth from high solar 
energy. From “Why did life develop on the surface of 
the Earth in the Cambrian?” by C. Doglioni, J. 
Pignatti, M. Coleman, 2016, Geoscience Frontiers, 7, 
869. Copyright 2016 by Carlo Doglioni, Johannes 
Pignatti, and Max Coleman.  
 
 
3.3.  Inner Core Nucleation 
 
Many researchers believe that there is an ICN footprint 
indicating the timing for which this phenomenon 
began. However, there is still an ongoing debate on the 
age of ICN due to the gaps in the paleomagnetic 
record. Some propose that ICN began during the 
Ediacaran period while others disagree. When using 
paleomagnetic zircons the estimated age of the ICN is 
4.2 Ga (Tarduno et al., 2015 as cited in Bono et al., 
2019). However, when using paleointensity records it 
implies that the strong field geodynamo began during 
the Mesoproterozoic. Despite using a variety of 
methods to date the ICN there are discrepancies in the 
age.  

ICN solidifies the inner core by expelling light 
elements such as silicon and oxygen from the inner 
solid layer to the outer fluid layer (Buffett, 2000; 
Driscoll, 2019; Nimmo, 2013). This solidification of 
the inner core is done by cooling which subsequently 
allows the growth of the core (Buffett, 2000). This 
process of crystallization results in the inner core 
becoming denser as there are remnants of solid 
elements (Nimmo, 2013). In addition to ICN 
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promoting the growth of the inner core, this also 
enabled compositional convection (Buffett, 2000; 
Driscoll, 2019; Nimmo, 2013; Zhang et al., 2021). 
Upon the light elements entering the outer fluid 
layer, this drives compositional convection but 
also decreases the core’s temperature (Nimmo, 
2013; Buffett, 2000). This event strengthened the 
geodynamo by making it directional and dipole.  

From the paleointensity records, it reveals 
that between the Archean to the Mesoproterozoic 
era there was a substantial increase of dipole 
moments followed by an abrupt decline (Biggin et 
al., 2015). Near the end of the Archean (2,500 
Ma), there was a decrease in dipole moment and 
cooling within the core indicating that the thermal 
convection was losing its efficiency. (Biggin et 
al., 2015). Then, in the Mesoproterozoic (1,300 
Ma) there was a recovery in dipole moment as 
compositional convection first arose (Biggin et al., 
2015). From this evidence, it was deduced that 
ICN occurred sometime during the 
Mesoproterozoic era (Biggin et al., 2015). 
However, Bono et al. (2019) suspect that this 
estimated timeline for ICN is unreliable because 
the methodology for which Biggin et al. (2015) 
collected the paleointensity records was 
contaminated by magnetization residue (Bono et 
al., 2019). In Bono et al. 's study (2019) they used 
the single-crystal paleointensity method which 
uses silicate crystals containing magnetization to 
determine the age of ICN. Their results suggested 
that there were weak/low-intensity fields and 
frequent reversals around 565 Ma which 
correlates to the Archean to Ediacaran period 
(Bono et al., 2019). Also, the paleomagnetic 
measurements of the rock samples from the Sept-
Iles concur with this conclusion; that before the 
ICN there was a collapse of the geodynamo due to 
the weak field (Bono et al., 2019). Though the 
approximate date is not agreed upon, the onset of 
the ICN is an important element in the Earth’s 
geological history as it allowed the geodynamo to 
be revitalized to become stronger and directional 
(Driscoll, 2019).  

 

 
Figure 3: On the left is the weak field dynamo that is 
multipolar and, on the right, shows the strong field 
dynamo which provides a larger scale dipole magnetic 
field. From “Geodynamo Recharged.” by P. Driscoll, 
2019, Nature Geoscience, 12, 84. Copyright 2017 by 
Roberto Molar Candanosa and Peter Driscoll. 
 
3.4.  Inner Core Effect on the Magnetic Field 
 
When assessing the intensity of the magnetic field the 
dipole moment is an important determinant. The strong 
field dynamo has a significantly stronger dipole 
intensity by 70 times when compared to the weak field 
dynamo (Landeau et al., 2017). Landeau and associates 
(2017) speculate that the small dipole moment and 
weak field state before ICN was because of the 
bistability in the magnetic field in addition to the 
weaker magnetic field of the inner core (Landeau et al., 
2017). Bistability refers to the multipolar field where 
the fields are asymmetrical and the strength of the field 
is localized only in one hemisphere (Landeau et al., 
2017). In the presence of a strong field dynamo and 
ICN, the magnetic field in the CMB and at the surface 
is driven by an axial dipole (Landeau et al., 2017). 
Axial dipole follows the rotational axis which allows 
symmetrical and spread out fields across both 
hemispheres (Landeau et al., 2017).  
 
 
4.  Present Day Geodynamo  
 
After ICN, the generation of strong field dynamo 
powered the magnetic field at a larger scale (Nimmo, 
2013). The formation of strong field dynamo is 
generated by thermal and compositional convection 
(Zhang et al., 2021). It is thought that the onset of ICN 
allowed the growth of the inner core which 
strengthened compositional convection (Buffett, 2000; 
Driscoll, 2019; Nimmo, 2013; Zhang et al., 2021). 
Lister and Buffett (1995) calculated the geodynamo 
energy by the convective buoyancy flux. Their results 
showed that thermal convection does not have the 
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same influence compared to compositional 
convection (Lister and Buffett, 1995). Even 
though thermal convection was formerly the 
dominating presence of the geodynamo this 
influence has shifted to compositional convection 
(Lister and Buffett, 1995). The difference between 
the two is that compositional convection is driven 
by crystallization of the inner core which expels 
the light elements into the outer core (Buffett, 
2000; Driscoll, 2019; Nimmo, 2013). In contrast, 
the thermal composition is driven by thermal 
buoyancy when there is a cooling of excess 
adiabatic heat flow (Zhang et al. 2021).  

Another important variable in assessing 
the geodynamo energy is ohmic dissipation (Lister 
and Buffett, 1995; Nimmo, 2013) When there is 
high ohmic dissipation this causes an increase in 
CMB heat flux which contributes to the extraction 
of heat from the core thereby, providing a cooling 
effect (Nimmo, 2013). In particular, ohmic 
dissipation also affects the thermal buoyancy flux 
(Lister and Buffett, 1995). Thermal convection 
only partially supplies the energy for the 
geodynamo by releasing latent heat from the inner 
core (Lister and Buffett, 1995). As the core 
evolved and expanded thermal convection was 
reduced in strength (Lister and Buffett, 1995). 
Therefore, Lister and Buffett (1995) concluded 
that thermal convection provides 20% of the 
energy while compositional convection supplies 
80%.  

The thermal conductivity of iron and its 
alloys within the core are also important 
determinants in the strength of convection. In 
particular, there is an inverse relationship between 
convection and conductivity, when thermal 
conductivity increases the thermal convection 
becomes weaker because this results in high 
adiabatic heat flow (Zhang et al., 2021). To 
determine the relationship between the Fe-Ni-Si 
alloys and thermal conductivity experiments were 
conducted at various temperatures and pressures 
to emulate the core’s conditions (Zhang et al., 
2021). Zhang and associates (2021) confirmed 
that thermal convection contributes to the dynamo 
because their results from the models revealed 
there was a surplus of CMB heat flux compared to 
adiabatic heat flux. However, in another model 
where they removed silicon from the inner core, it 
showed an increase in the thermal conductivity 
and as mentioned previously, increasing thermal 
conductivity will decrease thermal convection 
strength (Zhang et al., 2021). This is significant 
because the inner core expels light elements 
which indicate that thermal convection is weaker. 

In agreement with Lister and Buffett (1995) Zhang et 
al.’s (2021) models also conclude that 83% of the total 
buoyancy is contributed by compositional convection.  
 
 
5.  Conclusion 
 
It appears that the geodynamo before inner core 
nucleation was in a weak field state that was unstable as 
it experienced many reversals (Landeau et al., 2017; 
Bono et al., 2019). In this paper, two compelling 
theories were presented to explain how the geodynamo 
was sustained before inner core nucleation. The first 
theory suggests that thermal convection relies on high 
CMB temperatures and buoyancy (Zhang et al., 2021). 
While the second theory states that the impact from 
accretion would have resulted in magnesium entering 
the core and providing high temperatures to drive the 
dynamo (O’Rourke and Stevenson, 2016). Over time 
there was insufficient energy which led to the collapse 
of the geodynamo but miraculously inner core 
nucleation occurred. Inner core nucleation was an 
essential part of Earth's history as it allowed it to sustain 
the magnetic field. There is still an ongoing debate on 
the age of inner core nucleation as the conclusion from 
the silicate crystals evidence (Bono et al., 2019) and the 
paleointensity data (Biggin et al., 2015) differ. Despite 
the advanced technologies to collect the data, there is 
still so much that is unknown about the geodynamo. It 
is important to continue to search for evidence and clues 
to uncover its mystery. 
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1. Introduction 
 
The Great Oxidation Event, or The GOE as its 
commonly referred to, represents the point in 
Earth’s history where oxygen first occurs at a 
stable and sustainable rate (Westall et al., 2012). 
This event is seen as a major step in the evolution 
of complex multicellular life on Earth 
(Ciborowski & Kerr, 2016) (Gross & 
Bhattacharya, 2010). Prior to the GOE, the 
atmosphere was primarily anoxic in composition, 
with methane being a large component of the 
early atmosphere, prior to a shift in the oxic 
conditions which occurred approximately 2450 
Ma (Ciborowski & Kerr, 2016). 
 The evidence for the GOE is seen in the 
geologic record by the absence of minerals which 
are unstable in the presence of oxygen (Schopf, 
2014) (Blaustein, 2016). These minerals are more 
common in older rocks that date to about the 
Archean. In younger rocks, these minerals are less 
common which suggests an environment richer in 
oxygen (Blaustein, 2016). Another evidence of the 
GOE is seen in the absence of mass-independent 
fractionation of sulphur isotopes in rocks younger 
than the earliest Proterozoic (Ciborowski & Kerr, 

2016). For this reaction to no longer occur the oxygen 
level in the atmosphere must rise to at least 1x10-5 
times current oxygen levels at the start of the 
Proterozoic (Ciborowski & Kerr, 2016). 
 The origins and causes of the GOE are an 
ongoing debate across several scientific disciplines. 
The most commonly argued cause for the GOE is the 
biological origin of oxygen, in that the rise of 
photosynthetic cyanobacteria increased oxygen levels 
and reduced CO2 in the atmosphere (Westall et al., 
2012). Another argued cause of the GOE is a depletion 
of nickel at the end of the Archean due to cooling 
upper-mantle temperatures and decreased eruption of 
nickel-rich ultramafic rocks (Konhauser et al., 2009). 
Nickel is a key metal in the biochemical enzymes of 
methanogens and without it the production of biogenic 
methane would occur shortly before the rise of oxygen 
in the atmosphere (Konhauser et al., 2009). The last 
potential cause that will be discussed is the release of 
large amounts of sulphate by increased volcanic 
activity in the early Proterozoic (Ciborowski & Kerr, 
2016). The reduction of sulphate liberated oxygen 
during the formation of pyrite (Ciborowski & Kerr, 
2016).  
 The GOE had a major effect on biotic life, and 
even influenced the evolution of some eukaryotic traits 

ESS261 Journal, vol 1 (2021): 121-126 
 

The Great Oxidation Event, its causes, and its effect on the evolution of 
eukaryotic traits 

Ben Tablada 
Earth Sciences, University of Toronto, 22 Ursula Franklin Street, Toronto, Ontario M5S 3B1 

E-mail: ben.tablada@mail.utoronto.ca 
(received: 18 January 2021; revised: 19 October 2021; accepted: 21 October 2021) 

 
 
Abstract 
 

The Great Oxygenation Event (GOE) marks the point in Earth’s history when the level of oxygen 
in the atmosphere rose to irreversible concentrations (Ciborowski & Kerr, 2016) (Blaustein, 2016). The 
potential trigger of this event is complex and is not explained at just one point in Earth’s history, rather the 
trigger may have been due to an interaction of several events (Schopf, 2014) (Blaustein, 2016). Subaerial 
volcanism in the Archean to early Proterozoic caused the release of immense amounts of sulfur ions, the 
reduction and deposition of which, in the form of pyrite, caused the release of O2 into the atmosphere 
(Ciborowski & Kerr, 2016). A deficit in nickel in the oceans saw the collapse in the production of the 
biogenic methane due to a lack of available nickel for the formation of methane via an enzymatic process 
that utilizes the metal as a cofactor (Konhauser et al., 2009). Cyanobacteria utilizes photosynthetic 
processes to convert atmospheric CO2 to O2, their ecological success and proliferation was another factor in 
the eventual rise of atmospheric O2 concentrations (Westall et al., 2012). 
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such as sex, endomembrane system and 
endosymbiosis of the mitochondrion (Gross & 
Bhattacharya, 2010). Early O2 in the atmosphere 
may have reacted with UV radiation to form 
reactive oxygen species that are mildly toxic to 
cellular organisms due to the lack of an Ozone 
layer (Gross & Bhattacharya, 2010). The selective 
pressure of toxic reactive oxygen species within 
the intra cellular membrane along with UV 
radiation selected for efficient repair of damaged 
DNA and protection from reactive oxygen species 
and UV radiation (Gross & Bhattacharya, 2010). 
 The rising oxygen levels in the 
Precambrian whether biological in origin as result 
of the success of cyanobacteria, a deficit in nickel 
which saw the decline of biogenic methane and 
consequently the rise of oxygen, or as a result of 
sulphate deposition due to magmatic activity, had 
a crucial role in the evolution of eukaryotic traits 
such as sex, and eukaryogenesis (Gross & 
Bhattacharya, 2010). 
 
 
2. Potential Triggers of the GOE 
 
Biotic Origin 
 
The biotic origins of the oxic conditions of the 
atmosphere are most commonly agreed to be the 
result of oxygenic photosynthesis following the 
success of cyanobacteria (Westall et al., 2012). 
This change from anoxic to an oxic environment 
is marked by the nonreversible state of the 
atmosphere following a biological innovation, in 
this case, oxygenic photosynthesis (Westall et al., 
2012). In terms of biochemistry, Oxygen is a 
much more favorable electron acceptor in the 
respiration pathway (Gross & Bhattacharya, 
2010).  

Through isotopic analysis of 
molybdenum, a pattern was revealed in 2.5-
billion-year-old rock which can arise only in the 
presence of oxygen, later osmium analysis would 
confirm these findings (Schopf, 2014).  
 The geologic record also holds evidence 
of early oxygenic photosynthesis. In the South 
African region, stromatolite formations reveal an 
assemblage of shapes and textures which match 
cyanobacterial patterns as seen in Figures 2 and 
3(Blaustein, 2016). As well, analysis of sulfide 
and iron isotopes shows no evidence is reduction 
indicating oxygenic phototrophs as the cause of 
these assemblages (Blaustein, 2016).  
 The most direct evidence comes from 
isolation of 2𝞪-methylophanes from organic-rich 

shales in Australia, as well as heavily depleted 
13Carbon which occurred around the same time, 2.7 
billion years ago (Canfield, 2000). 
 
 
 
 

 
Figure 1. A summary of the geologic evidence for the 
emergence of Cyanobacteria (Canfield, 2000). 
 

 
Figure 2. (A) Stromatolites of the Pilbara region. The 
red colouration is indicative of oxidized iron species 
(Blaustein, 2016). (B) South African stromatolites 
estimated at 2.98 billion years old with structures 
resulting for the mineralization of many layers of 
bacteria (Blaustein, 2016) 

A 

B 
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Nickel Deficit 
 

Methane was a major component of the 
atmosphere along with CO2 (Konhauser et al., 
2009). With the rise of oxygen during the GOE, it 
is hypothesized that a deficit of nickel about 2.7 
billion years ago may have caused a collapse in 
the supply of biogenic methane allowing a rise in 
oxygen levels in the early atmosphere (Konhauser 
et al., 2009). Other factors which would have 
caused a collapse in biogenic methane is the 
weathering of terrestrial sulphides, increased 
oceanic sulphate and the ecological success of 
sulphate-reducing over methane-reducing 
microorganisms (Konhauser et al., 2009).  

Analysis of Ni/Fe ratios found in banded 
iron formation (BIFs) reveals a decline in molar 
Ni/Fe ratios about 2.5 billion years ago as seen in 
Figure 4 (Konhauser et al., 2009). A major cause 
of Nickel depletion was in part due to the cooling 
upper-mantle temperatures and subsequent 
decrease in the eruption of nickel-rich ultramafic 
rock (Konhauser et al., 2009). The hotter Archean 
mantle produced more Nickel rich ultramafic 
rocks, resulting in a much greater supply of 
Nickel than at any time thereafter as seen in the 
lava temperature versus age curve and the molar 
Ni/Fe ratio of BIF, represented in Figure 4 
(Konhauser et al., 2009). 
 
 

 
Figure 3. Ni/Fe mole ratios for BIF versus age. 
Data includes literature data in circles, and data 
from Konhauser et al., 2009 in squares. Crosses 
represent laser ablation analysis (Konhauser et al., 
2009). Two stages of maximal Ni/Fe ratios are 
identified along with a transition period indicated 
by a grey bar (Konhauser et al., 2009). Probable 
eruption temperatures are indicated in relation to 
MgO content of parental komatiite liquids 
(Konhauser et al., 2009). 
 

 
Figure 54. Maximum dissolved Ni concentrations in 
sea water through time (Konhauser et al., 2009). Three 
Shaded areas represent aqueous nickel concentrations 
at dissolved silica concentrations of 2.2mM, 0.67mM 
and 0mM (Konhauser et al., 2009). 
Release of Sulphate by volcanic activity 
 
 
 Nickel-rich Archean oceans supported 
microorganisms that utilized enzymes in  
methanogenic pathways (Konhauser et al., 2009). 
Decline in nickel supply which is represented by 
Figure 5 would reduce the bioactivity of these 
organisms leading to a decrease in the amount of 
atmospheric methane which would have otherwise 
consumed photosynthetic O2(Konhauser et al., 2009). 

Subaerial volcanism in the early Proterozoic is 
responsible for a large pulse of sulphate to the ancient 
oceans (Ciborowski & Kerr, 2016). Release of O2 from 
the reduction of sulphate to ions in seawater may have 
driven the GOE (Ciborowski & Kerr, 2016). The 
conditions of rising O2 in the atmosphere is evidenced 
in the geologic record due to an absence of minerals 
which are unstable in oxygen following the 
approximate time the GOE occurred (Ciborowski & 
Kerr, 2016). These minerals are more common in older 
rocks pre-GOE (Ciborowski & Kerr, 2016). Likewise, 
mass-independent fractionation (MIF) of sulphur is not 
prevalent in rocks deposited since the earliest 
Proterozoic (Ciborowski & Kerr, 2016). The MIF of 
sulphur is used to indicate a reducing atmosphere, for 
inhibition of MIF of sulphur isotopes, atmospheric O2 
levels must have risen to at least 1x10-5 times present 
levels (Ciborowski & Kerr, 2016).  It is hypothesized 
that the Matachewan LIP is the main cause of 
volcanism for the excess release of Sulphate Ions in the 
atmosphere and subsequent rise in O2(Ciborowski & 
Kerr, 2016). 
 The Matachewan Large Igneous Province 
(LIP) consists of a magmatic system of dyke swarms, 
layers of intrusions and the largest flood basalt 
provinces on Earth (Ciborowski & Kerr, 2016). The 
geometry and geology of the massive dyke swarms 
imply a mantle plume origin. Analysis of U-Pb ages 
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show that magmatism began about 2.5 billion 
years ago (Ciborowski & Kerr, 2016). The flood 
basalt regions of the LIP show eruptive ages 
between 2.43 to 2.45 billion years which match 
estimated ages of occurrence for the GOE 
(Ciborowski & Kerr, 2016). Trace element and 
radiogenic isotopic analysis of the Kaminak dykes 
and Spi Basin lavas, which are both components 
of the Matachewan LIP, show identical 
characteristics (Ciborowski & Kerr, 2016). It is 
interpreted that the Spi basin lavas are an eruptive 
homologue to the lavas which formed the 
Kaminak dykes (Ciborowski & Kerr, 2016). Due 
to their identical characteristics, they are ideal for 
investigating the amount of sulphur released by 
the Matachewan LIP and subsequently the 
theoretical amount of oxygen released as a result 
(Ciborowski & Kerr, 2016).  
 Whole rock data for both the Kaminak 
dykes and Spi basin lavas show that they contain, 
on average, about 1036ppm and 710ppm of 
sulphur respectively (Ciborowski & Kerr, 2016). 
The difference in the two quantities of sulphur 
would be the result of degassing from erupted lava 
(Ciborowski & Kerr, 2016). Using established 
methods for calculating volatile release in modern 
eruptions, the absolute flux of sulphur released in 
the Archean-early Proterozoic atmosphere would 
be around 5.67x1010kg of sulphur (Ciborowski & 
Kerr, 2016). Taking into account other flood 
basalts preserved in the Huronian Supergroup in 
Southern Ontario, and the Sumi Supergroup in 
Kola-Kaleria, and assuming these two flood 
basalts emitted sulphur under identical conditions 
to the Spi Basin lavas, then the total amount of 
sulphur released into the early-Proterozoic 
atmosphere is around 3.23x1015kg of sulphur, and 
possibly more considering the geometry of the 
radiating dykes underlying the flood basalts. 
(Ciborowski & Kerr, 2016) 

Decomposition of SO2 released by 
subaerial volcanism, like those responsible for the 
formation of the Matachewan LIP, would have 
resulted in the formation of H2SO4 in the 
atmosphere. Dissolution of H2SO4 in the oceans 
would produce SO4

2- ions. These ions are then 
reduced by sulphate-reducing bacteria which 
forms sedimentary pyrite (Ciborowski & Kerr, 
2016). The consequence of heavy pyrite formation 
and and deposition is excess release of 
atmospheric O2 (Ciborowski & Kerr, 2016). 
 

 
Figure 5. Reconstruction of the Matachewan LIP 
(Ciborowski & Kerr, 2016) 
 

 
Figure 6. Δ33S versus age (Ciborowski & Kerr, 2016) 
 
 
3.   The crucial role of the GOE in the evolution of 
eukaryotes 
 
Apart from physical changes to the world, the GOE 
had a large role in shaping major traits of 
eukaryotes.Evidence of the first Eukaryote based on 
paleontological and biomarker records place them 
around 2.7-1.7 billion years ago (Gross & 
Bhattacharya, 2010). This time range coincides with 
the approximate occurrence of the GOE which 
suggests a correlation in eukaryote evolution with this 
major transition in the geochemistry of Earth (Gross & 
Bhattacharya, 2010). 
 In fact, the GOE may present a way to fully explain 
eukaryogenesis and the rise of sex (meiosis) in 



Tablada: The Great Oxidation Event   125 

eukaryotes (Gross & Bhattacharya, 2010). These 
two attributes may have evolved simultaneously 
and synergically under the selective pressures of 
spreading of O2 in local shallow water 
environments approximately 2.6-2.4 billion years 
ago was highly toxic to local biota, combined with 
the threats posed by UV radiation and desiccation 
(Gross & Bhattacharya, 2010).  
 The nuclear envelope is a defining feature 
of eukaryotes, however modern cell biology 
demonstrates that it is morphogenetically derived 
from the endoplasmic reticulum (ER) (Gross & 
Bhattacharya, 2010). The ER performs similar 
functions to the prokaryotic plasma membrane 
such as, post and co-translational protein 
targeting, and core glycosylation of proteins 
(Gross & Bhattacharya, 2010). The related 
functions of the prokaryotic plasma membrane 
and ER also share closely related biomechanisms 
which suggests a level of relatedness between the 
two (Gross & Bhattacharya, 2010). It is 
hypothesized the ER is the result of a migration of 
the plasma membrane of ancestral Archaea into 
the interior of the cell in response to increasing 
damage due to the prevalence of ROS and UV 
radiation (Gross & Bhattacharya, 2010).  
 The mitochondria is an organelle found in 
eukaryotes that is theorized to be the result of 
endosymbiosis (Gross & Bhattacharya, 2010). 
However, the purpose of endosymbiosis of the 
proto mitochondrion is not well understood. It is 
theorized that the initial step might have been the 
formation of an inter-species biofilm that 
protected the anaerobic archaeon by the aerobic 
respiration provided by the proto mitochondrion 
(Gross & Bhattacharya, 2010). On the contrary, 
the proto mitochondria was provided protection 
from ROS due to the cytoplasm of the host which 
contained detoxifying enzymes (Gross & 
Bhattacharya, 2010). 
 Another defining character of eukaryotes 
is sex in the sense of meiosis (Gross & 
Bhattacharya, 2010).  The origin of sex however is 
still under debate, one theory suggests that sex 
originated from archeal conjugation (Gross & 
Bhattacharya, 2010). Archeal conjugation is 
observed in Haloferax volcanii which is observed 
as cycles of partial cell fusion and splitting which 
allow for reciprocal exchange of plasmids and 
chromosomes that leads to ploidy variation. In 
eukaryotic protists it has been observed that sex 
occurs under stressful conditions, and that UV 
triggers pyrimidine dimers that break the double 
strands of DNA during replication (Gross & 
Bhattacharya, 2010). In modern eukaryotes these 

double stranded breaks occur pre-meiotic DNA 
replication and are induced enzymatically (Gross & 
Bhattacharya, 2010). The many enzymes present 
throughout the stages of meiosis all have distant 
relations to archean enzymes (Gross & Bhattacharya, 
2010). These strongly suggest that the process of 
meiosis evolved from archaeal conjugation and that both 
serve the same purpose, that is the repair of damaged 
DNA (Gross & Bhattacharya, 2010). In terms of the 
GOE, if pre-eukaryotic cells utilised archaeal 
conjugation for repair, it is then possible that cell-cell 
fusions allowed the formations of multiple ploidy states 
to be more resistant to deleterious mutations due to 
exposure to ROS and UV (Gross & Bhattacharya, 
2010). Under the theories of bidirectional flow that was 
used for DNA repair evolved to become eukaryotic 
meiosis overtime (Gross & Bhattacharya, 2010). 
 
 
4. Conclusion 
 

The GOE is a major event in Earth’s history 
that changed the geochemistry of the atmosphere in a 
long-lasting way (Schopf, 2014). This event marks the 
shift from anoxic condition to an oxic condition of the 
atmosphere (Ciborowski & Kerr, 2016) (Westall et al., 
2012). While an exact trigger to the event is yet to be 
agreed on, the GOE may be the result of a multitude of 
factors that allowed the rise of O2 in the atmosphere 
(Blaustein, 2016). It is highly likely that the GOE was 
the result of increasing sulphur release (Ciborowski & 
Kerr, 2016), a nickel deficit (Konhauser et al., 2009) 
and the success of cyanobacteria in the Archean- early-
Proterozoic (Westall et al., 2012). This increased O2 in 
the atmosphere heavily influenced the evolution of 
eukaryotic traits such as the nuclear envelope, 
mitochondria, and sex in terms of meiosis (Gross & 
Bhattacharya, 2010). The driving factor behind the 
evolution of all these traits is the selective pressure 
brought on by rising oxygen levels, and due to UV 
exposure, the transformation of oxygen into reactive 
oxygen species that were toxic to local biota (Gross & 
Bhattacharya, 2010). The combination of such 
stressors promoted efficient repair to damaged DNA 
which eventually evolved into the organelles and 
processes observed in modern eukaryotes (Gross & 
Bhattacharya, 2010). 
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1. Introduction 
 
Soils are the foundation of a healthy functioning 
ecosystem. It helps filter our water sources, 
provide essential nutrients to plants, and helps 
regulate environmental affects such as rising 
temperatures and wastes. Through the utilization 
of soils, humans have increased erosion by twice 
that of natural erosion by water and wind. 
Concerns for the protection of soils has been a 
challenge tackled by scientists for the last 100 
years. As technology has developed, techniques 
for protecting soils from chemicals, wastes, and 
farming have been implemented in many 
practices. This continual research has become 
extremely important for the future generations. 
Although, beyond the science industry the average 
human is not aware of what a soil is, how it is 
formed, and why we need to protect it. This article 
will try to tackle these questions in a compact 
format to inform the average person. 
 
2. What are Soils?  
 
Soils are an integral part of life on Earth and are 
found all around us. In general, Soils can be 
defined as a complex of organic and inorganic 
compounds on Earth that are modified through 
environmental factors (Weil, 2016). It contains 
mixtures of microorganisms, rocks, minerals, 
water, and various other components (Weil, 2016). 

Soils can be considered as a collection of smaller soil 
particulates (which can be distinguishable or 
indistinguishable from one another) (Weil, 2016). 
Therefore, soils around the world can be vastly different 
in texture, composition, and properties. (Next time you 
walk through a forest consider how the soils there are 
different then the ones by your home). 
 
2.1 Soil Components and Importance 
 
4 components in various proportions make up good soil. 
Air, minerals, water, and organic matter are the main 
fundamentals to the creation of soil (Schoonover, 2015). 
Minerals and organic matter compact to form the soil 
particulates. Some minerals that are included are 
primary minerals like quartz, micas and feldspars or 
secondary minerals like silicate clays and metal oxides 
(Weil, 2016).  Sand, silt, and clay particles are also part 
of these particulates and can compact in various shapes 
and sizes to create various soil textures (Weil, 2016). 
This helps govern how water and air move throughout 
the soils. Although these components make up soil 
particulates many properties can be distinguished from 
other features. Porosity is defined as gaps in soils that 
allow for the flow of air and water to be provided to 
microorganisms and the roots of plants (Weil, 2016). 
The movement of air and water in these pores change 
the texture of soils as well (Weil, 2016). How well a soil 
can move water and air helps with movement of 
nutrients and substances throughout it.  

ESS261 Journal, vol 1 (2021): 127-133 
 

The Formation of Soils and Its Function 
Daniel Mul 

Earth Sciences, University of Toronto, 22 Ursula Franklin Street, Toronto, Ontario M5S 3B1 
E-mail: daniel.mul@mail.utoronto.ca 

 (received: 18 March 2021; revised: 10 April 2021; accepted: 26 April 2021) 
 
 
Abstract 
 
Soils contains many contributions to life; it acts as a water filter, nutrient distributor, organism habitat and waste 
decomposer. For humans it provides the ability to grow crops, a facility for waste management, and a foundation 
for our societies. Soils are composed of smaller soil particulates made of air, minerals, water, and organic matter. 
These soil particulates rearrange into layers based on content of organic matter and minerals. The formation of 
soil is influenced by five properties: parent materials, climate, organisms, topography, and time which work 
together to form different types of soils. These properties are controlled by four main formation processes: 
transformations, translocations, additions, and losses.  Soils can be damaged by erosion through water and wind, 
although in the last 100 years humans have accelerated erosion by twice the amount. The concern for protection 
of soils has led to conservation techniques to reduce erosion and damage to environmental/human life. 
 



128  ESS261 Journal, volume 1 (2021) 

 Organic matter makes up about 1 to 6% of 
soils (Weil, 2016). Although even due to its small 
amount, organic matter plays one of the largest 
roles in a good performing soil. It increases the 
amount of water that can be stored and is a major 
source of nutrients for plants (Weil, 2016). These 
nutrients include many things ranging from 
magnesium to copper. Although the most 
important being nitrogen, phosphorous, potassium, 
and sulfur for plant growth (Weil, 2016). In soils, 
these nutrients are released as ions into the water 
around them (Schoonover, 2015). Thus, being 
transported through the soil body by water. While 
other organic materials are the main carbon and 
energy sources for microorganisms.  
 Soil solution (Weil, 2016) is contained 
within the gaps of the soil and is the water solution 
made of these dissolved organic and inorganic 
substances. Depending on gaps in the soil, flow of 
this soil solution plays a key in the distribution of 
nutrients to plants and organisms. The soil solution 
can also bring air and carbon dioxide along into the 
gaps in the soils (Weil, 2016).  
 When combining these elements, plants 
can absorb nutrients from the solution in the 
presence of enough oxygen to allow for root 
metabolism (Schoonover, 2015). This allows for 
plant life, microorganism life, and the uptake of 
carbon dioxide. The key in this is that soils provide 
a framework for life on Earth. As soils are damaged 
nutrient uptake and water pH levels are affected 
leading to lowered growth of plants (Schoonover, 
2015). Using pesticides and other various 
chemicals, can also affect soils (this will be 
discussed later). 
  
 
2.2 The Soil Profile 
 
The soil profile can be described as a vertical cut 
into the ground that showcases the horizontal 
layers of soils. Each layer is referred to as a horizon 
(Schoonover, 2015). The uppermost layer, known 
as the O horizon, is made up of organic matter and 
is usually changed the most in composition. The O 
horizon features plant and animal materials that are 
broken down biochemically and transformed into a 
precursor topsoil (Schoonover, 2015). Some of the 
corresponding materials can be moved downward 
by water to join further decomposition that can 
darken the soils below.  
 The A horizon is the layer underneath the 
O horizon and is known as the surface soil 
(Schoonover, 2015). It is made up of many 

minerals and gets its darkened color from the 
accumulation of organic matter from the O horizon 
(Weil, 2016). This layer is commonly known as topsoil.  
 The E horizon is distinguished from the A 
horizon by the lack of minerals including silicate clays, 
metal oxides, and carbonates (Weil, 2016). Since these 
minerals are in low abundance the color of this layer is 
lighter than its above counterparts.  
 The B horizon is the following layer that 
receives deposits of the minerals missing in the E 
horizon, as well as decayed organic matter, carbonates, 
and clays (Weil, 2016). The higher abundance of iron 
and aluminum causes this layer to have a red color 
(Weil, 2016).  
 The C horizon is a layer of low weathering 
processes and is comprised of partially weathered 
material (Weil, 2016). The upper parts of the C horizon 
can be transformed into the B horizon in the presence of 
strong weathering (Weil, 2016). This layer acts as a 
transition between soils and bedrock.  
 The R horizon is the layer of bedrock and acts 
as a foundational part for the soils above. It is generally 
not affected by weathered materials and therefore 
supports the layers above (Schoonover, 2015). There are 
many classifications of soils that will not be covered as 
they differ by the environment and grain size. The 
various layers can be seen in Figure 1 below.  
 

 
Figure 1: The various horizons of soils. (Sourced from: Weil, 2016) 

 
 
3. Soil Formation  
 
The formation of soils is a complex process and features 
many different components. A brief discussion on how 
the Earth made its first soils will be discussed, followed 
by the processes today.  
 



Mul: formation of soils   129 

3.1 Historical Overview of Formation of 
Soils 
 
The primordial Earth (the Earth in its first one 
billion years) was composed of land with strong 
wind erosion and no vegetation (Ponomarenko, 
2015). The topography of the land was flat 
meaning water sources often flooded in certain 
areas. These flooded areas consisted of higher 
amounts of organic matter and due to 
settling/degradation could be known as the first 
types of soils (Ponomarenko, 2015).  
 The conditions of the Precambrian did not 
allow for much life to exist on Earth. The majority 
of the biosphere at this time was mostly composed 
of prokaryotic organisms (Ponomarenko, 2015). 
The organic matter at this time was deposited with 
weathered products but did not exist as a uniform 
biological body. Although with the appearance of 
Eukaryotes onto the landmasses changes to the 
environments were introduced (Ponomarenko, 
2015). The arthropods in the Cambrian emerged 
onto the landmasses and consumed organic matter 
including the deposited materials (Ponomarenko, 
2015). All these organisms began to transform 
organic matter and materials mixing it with 
weathered products. This formed the first pre-soil 
within the presence of air supplies (Ponomarenko, 
2015). As ecosystems of water reservoirs began to 
stabilize. The emergence of vascular plants began. 
By the Early Paleozoic, soil fauna increased, and 
the formation of soil began to enhance. By the 
Devonian, the soils became like that of modern 
soils (Ponomarenko, 2015).  
 
3.2 Factors that Influence Soil Formation 
  
Five environmental factors influence soil 
formation. These include Parent material, Climate, 
Biota, Topography, and Time (Schoonover, 2015).  
 Parent materials are the organic and 
inorganic weathered materials from which soil is 
created. The nature of the parent material 
influences soil characteristics like acidity and 
texture (Weil, 2016). (For instance, the presence of 
limestone in the parent material causes the 
development of the acidity of soils to be slowed in 
humid environments.) While other factors like soil 
drainage and water availability are also affected. 
Parent material can originate from the location 
where weathering has occurred or be transported 
via winds, streams, or glaciation to other locations 
(Weil, 2016). Residual parent material develops in 
areas of stable landscapes and consists of intense 

weathering of the underlying rock (Weil, 2016). 
Typically, wetland environments contain accumulated 
settling organic matter over a long period and because 
of this contain higher amounts of residual parent 
materials. The various minerals that these parent 
materials provide allow for changes in soil properties 
which is why changes in the soil are seen in locations of 
different surrounding rocks and materials.  
 Climate has the largest influence on soil 
formation. This includes temperature and precipitation. 
Parental materials provide soils with many of their 
properties although climate develops these 
characteristics over a longer period of time. 
Precipitation plays a large role in chemical weathering, 
and its development on soils occurs deeper in the ground 
(Weil, 2016). Precipitation can allow for the 
transportation of soluble and particulate materials to the 
lower layers. This helps stimulate further weathering 
(Weil, 2016). In dry environments, this transportation 
does not occur and accumulates in the higher layers 
(Weil, 2016). Hence, leading to cracked soils with clays. 
In the presence of warm temperatures and water, soil 
performance is maximized in weathering, leaching, and 
plant growth. While cooler arid environments have low-
performing soils.  
 Organisms and plants affect soil development 
through their interactions with soils. Plants such as trees 
contribute to soils with an accumulation of organic 
matter like leaves (Weil, 2016). Plants can also 
accelerate the release of nutrients into soils by 
weathering and can stabilize the acidity of these soils by 
uptake of acidic nutrients (Weil, 2016). The plants can 
then contribute back nutrients through organic matter 
performing a nutrient cycle. They can also uptake excess 
water and distribute it through the creation of pores. 
This process by plants can also be done deeper in the 
ground in denser soil profiles. Fungi and microbes can 
change the rate of nutrient cycling and mineral 
stabilization to correspond to this cycle (Weil, 2016). 
Invertebrates like earthworms ingest organic residues 
enhancing the nutrient availability to plants while also 
aerating the soil around them (Weil, 2016). Ants and 
termites can transport soils from different horizons and 
provide aeration through burrowing (Weil, 2016). These 
animals provide soil mixing which helps with stabilizing 
soil erosion and increase water movement through the 
soils (Weil, 2016). In dry, arid environments soil 
formation can take place due to organisms (Lopez, 
2020). Weathering by outcrop fragmentation by 
physical, thermal stresses and salts allows for cracks to 
be produced in the rocks (Lopez, 2020). Hence, 
allowing for the introduction of colonies of organisms 
in these environments. These plants and organisms 
allow for further developments when water and 
nutrients are available (Lopez, 2020). An example of 
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organisms like these are cacti, in deserts, which 
work with microbial communities to optimize 
resources from rocks (Lopez, 2020). Thus, 
organisms and plants help in creating well-
performing soils and its formation.   

 
Figure 2: The effect of vegetation on soil formation and 
structure. (Sourced from. Weil, 2016) 

 Topography such as the way the land is 
formed, elevation, and slope can influence soil 
formation. Steeper slopes provide greater runoff 
water which in turn reduces water absorption of 
soils (Weil, 2016). This reduces the number of 
plants that are usually seen on steeper slopes and 
thus their contribution to soil development is 
reduced. In landscape depressions, that collect 
runoff water, aeration cannot occur and therefore 
leads to a lower decomposition of organic materials 
and slower soil development (Weil, 2016). This 
leads to loses of certain nutrients, plant life, and 
weathering. For example, wetland environments 
only allow for some plant life to occur, usually long 
grasses where very little nutrient uptake is needed.   
Some other aspects that topography contributes to 
include salt buildup in arid environments, the 
absorbance of solar energy depending on slope 
direction, and interactions with parental materials 
(Weil, 2016).  
 Lastly, time is the last contributing factor 
to how soils form. When considering time, it is 
relative to how the soil profile (the different 
horizons) is developed over a certain period (Weil, 
2016). Soils in climates that have warm conditions 
and high precipitation, weathering effects, and the 
distribution of the soil profile will develop quicker 
on flat areas, than on steep slopes (Weil, 2016). In 
combination with all the above influences, how 

long a soil develops from exposed rock or glaciation 
effects are some extra factors to consider.  
 
 
3.3 Soil Formation Processes 
 
Four main processes create how soils are formed: 
Transformations, Translocations, Additions, and Losses 
(Weil, 2016).  
 Transformations occur when soil particulates 
are chemically, or physically modified and other 
particulates are formed from these (Weil, 2016). An 
example of this is weathering of minerals and 
alternation into silicate clays (Weil, 2016). These can 
also be decomposed and recombined into new mineral 
products. Another type of transformation involves the 
decomposition of litter, roots, leaves into soil organic 
matter. Typically, transformations take a starting 
material and change the shape, size, or arrangement into 
that of new material.   
 Translocations involve the movement of 
inorganic or organic materials through soil horizons 
(Weil, 2016). An example of this is water movement 
downwards in soils through gravity effects or upwards 
through capillary effects. Translocations can also 
include materials such as fine clay particles, or dissolved 
salts/organic materials that are transported through the 
horizons. This can be done through organismic transport 
or a solution with water.  
 Additions are the input of materials into soils 
from an outside source (Weil, 2016). An example of this 
would be animal waste or organic material falling from 
trees. It can also include transported materials and or 
materials added by humans (i.e., manures and 
fertilizers).  
 Losses involve materials that are lost within 
soils (Weil, 2016). Many factors cause losses in soils. 
Evaporation, plant use, leaching and drainage, salts, or 
organic acids from parent materials cause the loss of 
water in soils (Weil, 2016). Fires and biochemical 
reactions cause the loss of nitrogen and sulfur gases 
(Weil, 2016). Erosion removes humus, clay, and silt 
leaving the surface less rich in organic matter and 
moisture (Weil, 2016). Animal grazing removes organic 
matter and nutrient elements from soils. All these factors 
and more produce negative losses on soils.  
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Figure 3: Schematic containing the soil transformation 
processes. (Sourced from Weil, 2016) 

 
4. Soil Conservation and Human Effects 
 
Soil conservation has become a large challenge 
within the last century. As farmers want to produce 
more products, the use of chemicals and certain 
techniques has affected soil quality. This has led to 
the destruction of ecosystems and living 
organisms. Finding ways to recover soils and 
reduce wastes in soils is a key to preserving soils in 
the future. 
 
4.1 Soil Erosion 
 
The reduction of soils to perform functions and 
provide for the surrounding ecosystem services is a 
huge threat. Land degradation can reduce 
agricultural yields, destroy the vegetation of 
ecosystems, and affect the soil as a resource. Over 
half of the Earth's soils have been degraded to some 
degree in the last 100 years (Weil, 2016). Soil 
erosion is a factor that plays in this degradation. 
Erosion is the conversion of soils into sediments 
(Weil, 2016). Naturally, soils on Earth erode from 
wind and water over a long period and form bodies 
like deserts, and canyons. These soils no longer 
appear as soil but rather as sedimentary rocks 
(Lopez, 2020). Water erosion affects humid areas 
by the creation of gullies produced by violent 
storms (Weil, 2016). While wind erosion is 

primarily in drier areas where low moisture soils can be 
easily transported. Aside from these factors, human 
effects on erosion have led to the largest increase in 
erosion.  
 Humans have accelerated the erosion of soils by 
twice that of geological erosion (Weil, 2016). This has 
occurred through overgrazing livestock, cutting forests, 
plowing landscapes, or removal of land for construction. 
This accelerated erosion has degraded soils to almost 
zero effectiveness. Some of examples of this include 
forested areas which have been affected by erosion due 
to tree harvesting practices and forest road production 
(Weil, 2016). Construction sites with unplanned land 
clearing and soil coverage have high rates of soil 
erosion. Through the implementation of proper planning 
in forest and construction projects, measures can be 
made to lower erosion rates to that of undisturbed soil 
body (Weil, 2016). Methods like conservation tillage 
systems have also been implemented by some farmers 
to maintain healthy soils (Weil, 2016). This method has 
reduced soil erosion and surface runoff of water. Other 
techniques such as vegetation barriers are put in place to 
prevent the escape of run-off water by trapping water 
near these barriers (Weil, 2016). This allows for topsoils 
to accumulate and have been shown as a cheaper 
alternative to conservation tillage.  Erosion prevention 
systems must be implemented to protect from further 
degradation of landmasses. Especially in large projects 
spending the extra money on proper planning can prove 
vital for the environment.  

 
Figure 4: Erosion effects on soil productivity. These figure 
showcases three types of soil environments with differing depth and 
permability (Sourced from Weil, 2016) 

 
4.2 Other Effects on Soils 
   
 Artificial chemicals have been used in various 
industries as fuels, pesticides, lubricants, and many 
others (Weil, 2016). They have many benefits to society 
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but can be harmful to the environment if released. 
Chemicals that enter soils may kill living 
organisms, disturbing the soil balance. While 
transportation of chemicals through soils can also 
occur. Transporting into the air, water and 
vegetation systems, where living organisms such as 
ourselves can come in contact with them (Weil, 
2016). These chemicals can enter the soils through 
processes such as wastes in litters, leaks in oil rigs, 
and or sprays to control pests (Weil, 2016).  For 
instance, chemicals like pesticides can help farmers 
control the quality of fruits and vegetables by 
controlling insects and the spread of illnesses 
(Weil, 2016). This control allows for greater 
production of higher quality products to the 
consumer. The problem with certain pesticides is 
the destruction they can cause on soils, water, and 
living organisms. The movement of these 
chemicals within soils and water is extremely 
difficult to control. Therefore, it has become a 
challenge in producing low toxicity pesticides and 
or finding alternatives to the use of pesticides.  
 Landfills and radioactive wastes are other 
contributors to damaging soils and environments. 
Today certain requirements need to be met to open 
a landfill location. This includes a natural 
attenuation that removes wastes and protects them 
from leaching into the surrounding environments 
(Weil, 2016). Soils allow for natural filtering, 
absorption, and degradation of wastes in a 
controlled manner. Thus, allowing for the covering 
of landfills and the introduction of vegetation into 
the reconstruction of a natural environment. Proper 
management and planning of modern landfill sites 
will allow the prevention of erosion and exposure 
of wastes (Weil, 2016). While improper planning 
can lead to full erosion and unstable landmasses. 
Radioactive isotopes can be found in small 
amounts in the soils below us. Although the 
introduction of large amounts has not played a huge 
role in damaging soils (Weil, 2016). It has allowed 
for mutations in the surrounding environment to 
occur and high radioactive effects in water and soil 
sources. These radioactive effects ultimately 
damage surrounding lifeforms. When dealing with 
radioactive waste, scientists choose soils and sites 
where control of preventing nuclides from entering 
the surrounding ecosystem is possible (Weil, 
2016). Other radioactive effects have come from 
radon gas. Radon gas is released when uranium 
decays and absorbs in groundwater in soils (Weil, 
2016).  Through decay, this gas can be transported 
through soils and affect human populations. It 
causes lung cancer in humans and severe illness. 

Although not damaging to surrounding soils, it 
showcases the importance of nuclear waste control.  

 
Figure 5: Transportation effects through soils (Sourced from Weil, 
2016) 

 
5.  Concluding remarks 
 
The complex system of soils involves many different 
variables. Built up of 4 main components air, minerals, 
water, and organic matter. This medium for life provides 
organisms and plants with nutrients and water storage. 
It allows for humans to farm and create delicious food 
products while also protecting us from radioactive 
gases. Soils are unique depending on the environment 
that someone lives in. Warmer, wetter climates tend to 
have soils that allow for high plant growth, while cooler 
arid climates do not. The formation of soils involves 
many influences and processes that work together to 
develop into the soils we need. Although, soils are easily 
affected by chemicals and overuse, leading to erosion, 
toxicity, and ineffectiveness. Learning and 
implementing conservation techniques can help protect 
useful soils around the world. Through understanding 
how soils form and the importance on society. The 
average person can do their part in helping when 
possible.  It can be as small as picking up some litter off 
the ground to be managed properly or planning out safe 
use of chemicals when planning an industrial sized 
project. In the end it might seem like there is infinite soil 
on Earth, but useful and effective soil is limited. As long 
as we protect the soils around us, it will provide and 
protect us back. 
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1. Introduction 
 
Throughout Earth’s history, species go extinct all 
the time, but the question regarding when a mass 
extinction event is occurring and what exactly a 
mass extinction event entails comes during these 
discussions. For clarification, a mass extinction 
event is characterized through the predominant 
and rapid decrease of biodiversity on Earth. These 
types of events have a loss of three quarters of all 
species in existence throughout earth over a short 
geologic period of time. Since there is a large 
amount of time during the evolution of life on the 
planet, “short” is considered as anything less than 
2.8 million years ("What is a 'mass extinction' and 
are we in one now?", 2021). There are five extinc-
tion events that are definitively classified as mass 
extinctions. The first mass extinction occurred at 
the end of the Ordovician period about 443 mil-
lion years ago with over 85% of all species being 
extinct. The second mass extinction occurred dur-
ing the Late Devonian period around 374 million 
years ago. It affected around 75% of all species 
where most species were invertebrates in the trop-
ical sea. The third and "the greatest mass extinc-
tion in Earth's history" (Britannica, 2021) oc-
curred at the end of the Permian period about 250 
million years ago. During this event, about 95% of 

all species got wiped out. Around 50 million years af-
ter that another extinction event occurred during the 
Triassic period where approximately 80% of species 
went extinct. The last of the 5 major extinction events 
is one of the most well known ones which happened 
during the Cretaceous period (65 million years ago) 
when an estimated 76% of all species became extinct. 
There is a lot of debate regarding the sixth mass extinc-
tion called the Holocene event which is going on right 
now. If we were to consider the same parameters of a 
“mass extinction” of the five major ones, the world lost 
60% of all vertebrate individuals since 1970 ("What is 
a 'mass extinction' and are we in one now?", 2021). 
Considering the anthropogenic reasons for climate 
change, the Holocene mass extinction event could be 
very well under way. Of all the mass extinctions that 
have occurred, the greatest mass extinction is the Per-
mian extinction which we will talk about in more de-
tail. 
 
 
2. The Permian-Triassic Extinction 
 
The Permian Triassic extinction is the greatest mass 
extinction the world has ever known. It is debated that 
this major extinction event occurred over the course of 
15 million years towards the end of the Permian period 
which was from 299 to 252 million years ago. Others 
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Abstract 
 
The Permian-Triassic extinction is the most massive extinction event in history. It occurred during the late Per-
mian and early Triassic, about 299 million years ago to 250 million years ago. A large amount of species became 
extinct, including both aquatic and terrestrial plants and animals, however, marine species were definitely one of 
the most affected groups. There is still a significant amount of evidence pointing to a series of events taking place, 
although the initial catalyst is still debated. Some of these theories include an asteroid impact, volcanic eruptions, 
climate change, ocean anoxia, ocean euxinia, and hydrogen sulfide emissions. What appears to be the most likely 
scenario, would be that a culmination of events took place, progressively worsening the living conditions of or-
ganisms on Earth in such a rapid succession, halting the ability for the organisms to adapt fast enough, thus causing 
a mass extinction event.  
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claim that the extinction event occurred more rap-
idly throughout 200 thousand years where the ma-
jority of the species loss were from a 20-thousand-
year span ("Permian extinction | Overview & 
Facts", 2021). Throughout the 5 major mass ex-
tinctions in Earth’s history, the Permian extinction 
is considered as the greatest mass extinction ever 
since there were about 95% of species wiped out. 
There are many theories to date that talk about 
what caused the greatest mass extinction in 
Earth’s history. Hypotheses of temperature crises 
in shallow waters are based on studies of oxygen 
isotopes and ratios of calcium to magnesium in 
permian fossil shells. It suggests that the ocean 
water temperatures reached a high of around 25 - 
28 °C where it may have been too warm for most 
marine invertebrates. Those species specialized in 
warmer temperatures would have ended up sur-
viving. Another theory talks about the alteration 
of the carbon cycle which is involved with a cause 
and effect relationship of widespread oceanic an-
oxia. It is then associated with the prolonged erup-
tion of the siberian traps which then lead to im-
mense global warming and climate change ("Per-
mian extinction | Overview & Facts", 2021). 
Other theories include Hydrogen sulfide emis-
sions, Methane hydrate gasification, formation of 
pangea and asteroid impact which may have 
caused this mass extinction 
  
 
3.  Extinction Patterns 
 
About 95% of all marine species and about 70% 
of terrestrial species became extinct during the 
mass extinction event.The marine invertebrates 
that showed the greatest loss were organisms with 
calcium carbonate skeletons which were the trilo-
bites, rugose, corals, blastoids and crinoids. Some 
of the marine invertebrates that managed to sur-
vive included Ceratitida, articulate brachiopods, 
and crinoids. These species survived due to elabo-
rate mechanisms of gas exchange and were able to 
control circulation and light calcification 
(Misachi, et al. 2021). Alongside the marine spe-
cies, aquatic species such as acanthodians and 
placoderms both groups of jawed fishes were also 
eliminated. Some notable terrestrial groups were 
pelycosaurs (fin-back reptiles), moschops (mas-
sive mammal-like reptiles) and numerous families 
of insects became extinct. The Permian period had 
a great diversity of insects but the extinction event 
caused 9 out of 10 to become extinct (Misachi,  et 

al. 2021). Plants were also tremendously affected with 
an extinction rate of 90%. A number of groups such as 
sharks, bony fishes, brachiopods, bryozoans, ammo-
noids, therapsids, reptiles and amphibians experienced 
significant declines by the end of the event ("Permian 
extinction | Overview & Facts", 2021). Researchers 
found that after the event it took about 5 million years 
for animals at the top of the food chain to emerge but 
took about 50 million years for the overall ecosystem 
to recover (Joel,  2021). This is due to ongoing harsh 
environments with climate and global warming preva-
lent for that period of time. As the environment started 
to improve complex ecosystems started to emerge. In 
the sea, ancestral lobsters and crabs as well as marine 
reptiles came out and started the basis of a modern 
style ecosystem ("Life After Death: 'Great Dying' Re-
covery Took 10 Million Years", 2021).  

 
Figure 1: Marine diversity from the Precambrian to 
the Neogene times. The data is fully composed only of 
families of marine life that have reliable fossil records. 
All the dips within this chart show the many mass ex-
tinction events, the largest dip occurring during the 
Permian-Triassic mass extinction event (Encyclopædia 
Britannica, 2021). 
 
 
4.  Theories 
 
When discussing the results of a mass extinction event, 
it is important to attempt to understand the possible 
catalysts for these events. There is great difficulty in 
precisely determining the definite cause of the P-T ex-
tinction event because it occurred over 250 million 
years ago, and a large amount of the evidence pointing 
to the catalysts has been either destroyed or buried far 
too deep within Earth's surface under many layers of 
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rock. It is also unlikely for scientists to find any 
evidence on the ocean floor due to seafloor 
spreading as a result of plate tectonics, which 
causes the ocean floor surface to be completely re-
cycled around every 200 million years. Even 
when considering all of the aforementioned obsta-
cles, scientists have overcome them by gathering 
evidence for several mechanisms and causes of 
the P-T extinction event, however these theories 
must adhere to some particular rules, such as the 
disproportionately increased extinction of organ-
isms with calcium carbonate skeletons, the 4-6 
million year lull before recovery began, and the 
aftermath of the recovery when there was the min-
imal extent of biological mineralization decide the 
increased deposits of inorganic carbonates. The 
following catalysts are discussed in no particular 
order. During the end of the Permian, there were 
two large flood basalt events, the Emeishan Traps, 
which was the smaller one of the two, occurring in 
China, and the Siberian Traps, which resulted in 
one of the biggest volcanic eruptions around the 
same time the extinction event took place, cover-
ing over 2,000,000 square kilometres of earth with 
lava (Reichow, et al). The Emeishan and the Sibe-
rian trap eruptions could have resulted in the 
emission of acid aerosols into the atmosphere as 
well as large clouds of dust, both of these could 
have caused the blocking of sunlight resulting in a 
disruption of photosynthesis, as well as acid rain, 
which could have severely impacted organisms 
with calcium carbonate skeletons and shells, as 
well as plants; the eruptions could also have 
caused global warming due to the emission of car-
bon dioxide (Farley & Mukhopadhyay, 2001). An 
asteroid impact may have been the initial catalyst 
for all other events, there is evidence that suggests 
that an asteroid impact may have been the cause 
of the basalt floods erupting (Farley & Mukho-
padhyay, 2001). The abruptness of the extinction 
event could also be explained through this, due to 
the fact that there was no time for any species to 
rapidly adapt to conditions on Earth, and instead 
they simply died off due to the suddenness of the 
event (Farley & Mukhopadhyay, 2001). Several 
possible impact sites have been determined for the 
asteroid, such as the Bedout structure in Australia 
that is approximately 250 kilometres, or even the 
480 kilometre impact site called the Wilkes Land 
crater in Antarctica (Sanders & Reichow, 2009). 
There is a large amount of evidence pointing to a 
widespread ocean anoxia and euxinia event during 
the Late Permian that may have played a large 
role in the extinction event, this may have been 
triggered by the Siberian traps (Lee, et al. 2005). 

This is due to the greenhouse effect that is theorized to 
have happened after the basalt flood eruptions, which 
in turn lead to the decrease of oxygen solubility in wa-
ter, resulting in the immediate decrease of oxygen in 
the water (Wignall & Twitchett, 2002). Due to the 
global warming and the acceleration of the water cycle, 
the continent’s and land masses become weathered, re-
sulting in the erosion of these land masses causing an 
increase of phosphate to seep into the water, resulting 
in an increase in primary productivity on the ocean sur-
face, which in turn causes an increase of organic matter 
within the ocean, that eventually sinks down to the bot-
tom of the ocean and further decreasing oxygen levels 
due to respiration; all of this together, set in place, 
causes a feedback loop that further establishes the deep 
ocean anoxia (Wignall & Twitchett, 2002). This event 
causes hydrogen sulfide emissions, because anoxic 
events allow sulphate-reducing bacteria to thrive and in 
turn increases the hydrogen sulfide emissions, once 
this feedback loop is also established, it results in hy-
drogen sulphide releasing into the atmosphere causing 
a weakening of the ozone layer, allowing for more ul-
tra violet rays to penetrate through the ozone and into 
the earth, causing the plants to become weaker and 
slowly die off, forming a gap within the oxygen cycle 
allowing more methane to form within the atmosphere 
that could disproportionately impact calcium carbonate 
shelled animals (Claypool, et al. 1980). 
 

 
Figure 2:Shown in the figure above are the relation-
ships found between the geosphere disturbances and 
the Permian-Triassic mass extinction (Science China 
Press, 2021). 
 
4.1. Supported Theories 
 
After these theories have been discussed and estab-
lished, it can be determined that a pattern definitely 
does exist within them. They all appear to have some 
things in common, as well as some factors that may in 
fact correspond and relate with one another. For in-
stance, the sequence of events that is supported is that 
the asteroid could cause the basalt floods to erupt, 
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which in turn lead to the mass ocean anoxia and 
euxinia, which therefore resulted in the hydrogen 
sulfide emissions. It makes the most sense that 
there was not simply one event that led to the 
greatest mass extinction event on the planet, and 
instead that there were several events in a particu-
lar sequence that caused the extinction of so many 
organisms.  
 
 
4.  Concluding Remarks 
 
The greatest mass extinction in Earth’s history is 
the event during the Permian Triassic period about 
250 million years ago where about 95% of species 
became extinct. Marine life, terrestrial life and in-
sects all nearly became fully extinct. There are a 
number of theories with evidence and research 
provided that suggest the causes of this mass ex-
tinction. An asteroid impact similar to the theory 
relating to the mass extinction event during the 
cretaceous period may be the cause of the greatest 
mass extinction. Another hypothesis relates to Si-
berian trap volcanism that caused carbon dioxide 
levels to increase tremendously which in turn 
caused extensive global warming and climate 
change. It then caused ocean temperatures to in-
crease causing most of the marine life to go ex-
tinct. Other theories such as oceanic anoxia, hy-
drogen sulfide emissions, and methane hydrate 
gasification could also be likely causes of the ex-
tinction event during the Permian Triassic period. 
It could also very well be a combination of 2 or 3 
theories that may have caused this major catastro-
phe nearly ending all life on Earth. 
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Editors' note: Great work explaining the causes of 
the Permian-Triassic Extinction Event. The infor-
mation in your paper is well explained and nicely 
connected.  



1. Introduction to the Late Triassic 
 
The Mesozoic era is largely characterised as the era 
of the dinosaurs. Many are aware of the Jurassic and 
Cretaceous as being prominent time periods, as 
indicated by pop-culture. However, the period prior 
to the Jurassic, the Triassic, is not as recognised. It is 
within this period, and the mass extinctions that 
ended it, that some of the most important earth 
systems and ecological changes occur.  

After recovering from what is widely 
considered the most devastating loss of life in earth’s 
history, the Permian-Triassic extinction event, the 
Triassic saw the rise of many groups of animals, 
including archosaurs like the crurotarsans and 
dinosauromorphs (Benton et al., 2014). By the Late 
Triassic, they began to outcompete the previously 
dominant group, the therapsids, likely due to 
locomotive advantages (Bonaparte, 1982, p. 362).  

The atmosphere of the Late Triassic was 
harsh, with around six times the modern carbon 
dioxide concentration in the atmosphere, making the 
Earth much hotter (Brusatte, 2018, p. 50, 71). The 
continents at the time formed Pangea, with a 
worldwide ocean called Panthalassa. This earth was 
barren of ice at the poles and the landscape was 
divided by extreme climatic environments ranging 
from humid regions to deserts. Alongside severe 
weather phenomena like seasonal mega-monsoons 

and extreme dry seasons made Triassic Earth a 
brutal period (Brusatte, 2018, p. 49-52). 

 
 
2. The End-Triassic Extinction Event: Causes 
and Evidence 
 
As one of the big five mass extinctions, the End-
Triassic event was devastating with 76% of species 
(Tanner et al., 2004, p. 103) and around 24% of 
families (Hallam, 2002, p. 153) going extinct by the 
Triassic-Jurassic boundary.  

It should be noted however, that unlike the 
other 4 mass extinctions with rather definitive causes 
that occurred over a relatively short geological time 
period, usually over the period boundary, there is 
evidence that the End-Triassic Extinction happened 
over the entirety of the Late Triassic in stages by 
factors that are still being investigated (Hallam, 
2002, p. 147; Rigo et al., 2020; Tanner et al., 2004p. 
103). One likely cause is volcanism at the Central 
Atlantic Magmatic Province (CAMP, Figure 1), a 
stretch of land near the equator, and the location of a 
rift that would split Pangea into the old and new 
worlds that we are familiar with today (Brusatte, 
2018, p. 85-87; Tanner et al., 2004, p. 103). 
Evidence of CAMP volcanism during the Late 
Triassic is documented in the strata by basalt rock 
formed from the released magma (Blackburn et al., 
2013, p. 941). Most researchers come to an 
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Abstract 
 
The Late Triassic Extinction is a culmination of several distinct events that caused significant biotic turnover events over 
the Late Triassic, specifically in the Carnian, Norian, and Rhaetian stages. Theories about the various causes range from 
bolide impact to volcanic activity at the Central Atlantic Magmatic Province. Other causes such as ocean acidification, 
climate change, and methane releases stem from the two main events. Much of the work done in this area uses analysis of 
carbon isotopes to discover carbon anomalies that can be traced to significant events in the carbon cycle, such as massive 
emissions of greenhouse gas. Organisms that were affected by the extinction events largely followed a trend of weakening 
state or heavy loss within the Norian or Norian-Rhaetian extinction, and a final blow in the End-Triassic. Marine animals 
suffered greater losses than terrestrial ones for reasons that are still being explored. Significant species that were affected 
include crurotarsans, temnospondyls, conodonts, ammonoids, and bivalves. The aftermath of the extinction would mark the 
separation of the continents into Laurasia and Gondwana, as well as ushering in the age of the dinosaur due to significant 
die-offs from their competition. 
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agreement that the event as a whole was caused in 
three distinct pulses, a bolide impact in the Middle-
Norian, ocean anoxia in the Norian/Rhaetian 
boundary (NRB), and global carbon perturbations 
caused by CAMP activity in both the NRB and the 
Triassic-Jurassic boundary (TJB) (Rigo et al., 2020; 
Tanner et al., 2004; Onoue et al., 2016). These 
events would trigger other environmental 
disturbances like CO2 and SO2 induced warming 
and cooling, ocean acidification, ocean anoxia, 
methane releases, and aridification (Tanner et al., 
2004, p. 115-117; Blackburn et al., 2013, p. 941; 
Onoue et al., 2016). 

Scientists use δ13C (Delta 13 Carbon) as a 
measure for determining carbon excursions, which 
are shifts in the natural carbon deposition rates 
characterised by ratios of carbon 13 and carbon 12 
(Rigo et al., 2020; Ward et al., 2004). Positive 
excursions of carbon mark higher than normal 
amounts of C12, which indicate biotic productivity 
and subsequent extinction and burial (Ward et al., 
2004). Negative excursions indicate non-biogenic 
carbon releases, as seen by Rigo et al. (2020). They 
used stratigraphic samples from Australia, North 
American, Europe, and New Zealand to find δ13C 
levels in Norian-Rhaetian rock and found negative 
carbon excursions that are consistent with extreme 
amounts of greenhouse-gas emissions, likely from 
CAMP volcanism and outgassing. Onoue et al. 
(2016) found correlation with anomalies in oxygen 
isotopes during the period, marine biota extinction 
and the Manicouagan impact that all date around the 
same time frame (214-215 mya) (Onoue et al., 
2016). Finally, extreme CAMP volcanism was found 
to be synchronous in time with die-offs found right 
before the Triassic-Jurassic boundary using zircon 
U-Pb dating in CAMP basalt rock, marking the final 
pulse (Blackburn et al., 2013, p. 941). 

As separate events, these extinctions would 
not have been strong enough to produce the 
widespread catastrophe seen in the fossil record, but 
combined, their forces culminated in a mass 
extinction level event (Tanner et al., 2004, p. 129) 

 
 

3.  Affected Organisms 
 
3.1.  Terrestrial  
 

Extinctions of terrestrial tetrapods has been 
a controversial topic among researchers due to poor 
stratigraphic records (Hallam, 2002, p. 152; Rigo et 
al., 2020). There are those who advocate for  

 

 

Figure 1. Location of the CAMP in Triassic Pangea. 
Numbers indicate study sites by Blackburn et al. 
(2013). From “Zircon U-Pb Geochronology Links 
the End-Triassic Extinction with the Central Atlantic 
Magmatic Province” by T. J Blackburn, P. E. Olsen, 
S. A. Bowring, N. M. McLean, D. V. Kent, J. Puffer, 
G. McHone, E. T. Rasbury, M. Et-Touham, 2013, 
Science 340, 
(https://doi.org/10.1126/science.1234204), 
Copyright 2013 by the American Association for the 
Advancement of Science 
 
 
significant die-offs and those who believe that the 
extinction event was not as severe for terrestrial  
vertebrates (Tanner et al., 2004, p. 112-113). It is 
likely that tetrapods experienced a slow and gradual 
decrease throughout the Late Triassic, and not the 
quick and sudden extinctions that many previously 
believed (Hallam, 2002, p. 153; Tanner et al., 2004, 
p. 112-113). This gradual decline in diversity is well 
documented at the NRB for many groups (Rigo et 
al., 2020). 

Reptiles like the rhynchosaurs were hit 
particularly hard in the End-Triassic, with 10 out of 
22 families going extinct by the end of the Rhaetian 
(Hallam, 2002, p. 153). Crurotarsans were among the 
only terrestrial groups that suffered high extinction 
rates at the TJB, leaving the crocodylomorphs as the 
only surviving lineage (Benton et al., 2014). Other 
terrestrial groups have simply been in decline through 
the Late Triassic (Lucas & Tanner, 2015, p. 338). 

Amphibians such as the temnospondyls 
suffered greatly through the Norian and many groups 
went extinct by the NRB. Only one family went 
extinct at the TJB (Rigo et al., 2020).  
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The once dominant synapsids of the Early 
Triassic such as the dicynodonts and traversodontid 
cynodonts went extinct by the NRB, but the 
mammaliaform therapsids survived over the TJB 
(Lucas & Tanner, 2015, p. 339; Rigo et al., 2020). 

Many of the Late Triassic tetrapods either 
went extinct or were severely weakened prior to the 
TJB, with the End-Triassic event dealing a final blow 
to diversity that would allow the dinosaurs to take 
over for the rest of the Mesozoic (Brusatte, 2018, p. 
97-98). 

Arthropods and plants did not suffer 
substantial losses through the Late Triassic. At most, 
a single group of seed ferns, the peltasperms, 
disappeared at the TJB  (Lucas & Tanner, 2015, p. 
334). This lack of extinction in these terrestrial groups 
brings up the question of why they were able to 
survive so well while tetrapods saw higher turnover 
rates. More research in this area is needed.   
 
 
3.2.  Marine  
 
By far the greatest losses of the Late Triassic 
extinction events happened in the oceans against the 
ammonoids, bivalves, and conodonts. As to why the 
marine systems were more heavily affected than 
terrestrial ones, current suggestions indicate that more 
events happened in ocean systems that would not be 
present in terrestrial systems. These would include 
eutrophication through increased weathering, ocean 
acidification by sulphate aerosols, and stagnation of 
circulation to name a few . Acidification would also 
cause trophic cascades by eliminating the more 
vulnerable autotrophs, leading to a more substantial 
extinction in ocean systems (Rigo et al., 2020).   

Ammonoid extinctions occurred in two 
phases. First at the NRB with heavy losses and 
gradually decreasing diversity through the Rhaetian, 
with a final incident at the TJB where few groups 
survived (Rigo et al., 2020; Tanner et al., 2004, p. 
109).  

Bivalves were hit hard at the NRB with a 
large drop in diversity and some complete 
extinctions. One group of bivalves, Monotis, had such 
a thorough disappearance over the NRB that it is used 
to mark the end of the Norian (Ward et al., 2004, p. 
589). Bivalves continued to decrease in diversity and 
size through the Rhaetian until another hit at the TJB 
(Rigo et al., 2020).  

Perhaps the most significant extinction 
occurred among the conodonts. Conodonts had 
already been declining heavily in the Carnian, so very 
few groups survived past the NRB. This eventually  

Figure 2. Timeline of the Triassic with annotations 
of significant evolutionary and ecological events. 
Red highlights indicate the significant extinction 
events; A) Triassic-Jurassic, B) Norian-Rhaetian, C) 
Mid-Late Norian. Abbreviations:Ind=Induan; 
Ole=Olenekian; Anis=Anisian; Lad=Ladinian; 
Crn=Carnian; Nor=Norian; Rha=Rhaetian; 
Het=Hettangian; Sin=Sinemurian; 
Plb=Pliensbachian; Toa=Toarcian. From 
“Macroevolutionary patterns in the evolutionary 
radiation of archosaurs (Tetrapoda: Diapsida),” by 
S. L. Brusatte, M. J. Benton, G. T. Lloyd, M. Ruta, 
and S. C. Wang, 2010, Earth and Environmental 
Science Transactions of the Royal Society of 
Edinburgh, 101(3-4), 
(https://doi.org/10.1017/S1755691011020056), 
Copyright 2010 by Stephen L Brusatte. 
 
led to their complete extinction by the End-Triassic 
(Rigo et al., 2020).  

Throughout the Triassic, the ichthyosaurs 
saw great diversification, filling many niches in their  
ecosystems (Dick & Maxwell, 2015). However, by 
the TJB, almost all the ichthyosaur clades went 
extinct except for the dolphin like group Parvipelvia, 
which then went to diversify in the Jurassic, albeit 
with a tight genetic bottleneck due to low diversity 
(Dick & Maxwell, 2015). 

A 

B 

C 
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4. Aftermath of the Extinction 
 
 
4.1. Dinosaur Radiation 
 
The End-Triassic extinction unequivocally gave way 
for the diversification and dominance of the 
dinosaurs. However, the evidence is not so clear when 
it comes to why the dinosaurs were able to survive the 
extinctions so well and outcompete every other 
group. This is an especially problematic question 
when considering that the crurotarsans and other 
dinosauromorphs were doing as well, if not better 
than the dinosaurs throughout the Triassic (Brusatte, 
2018, p. 97-98; Benton et al., 2014). It could be 
something about their morphology or behavior that 
was driving their success. After all, they had already 
been reaching substantial sizes and had high diversity 
in the Late Triassic as seen in Herrerasaurus and 
evidence of primitive ornithischian footprints 
respectively (Brusatte, 2018, p. 96).  

The most convincing morphological 
arguments for the dominance of the dinosaurs include 
a fast growth rate, efficient respiration, endothermy, 
and upright posture (Benton et al., 2014). All of these 
factors would have given the dinosaurs an advantage 
in survival and reproduction in the post extinction 
landscapes. Humorously, Stephen Brussate in “The 
Rise and Fall of the Dinosaurs,’ proposes that it is a 
possibility that the dinosaurs survived and conquered 
out of sheer luck, and that the title of most dominant 
Mesozoic reptile could have gone to the crurotarsans 
(p. 99). Whatever the reason, the ecological 
significance of the extinctions is massive, due in no 
small part to the rise of the dinosaurs.  
 
 
4.2. Earth System Changes 
 
Going into the Jurassic period, Pangea was split into 
two continents due to the CAMP volcanism. In the 
North end existed Asia, Europe, and North America, 
which would come to be named Laurasia. In the South 
there was Antarctica, Africa, Australia, India, 
Madagascar, and South America, which would be 
called Gondwana (Brusatte, 2018, p. 143). At this 
stage of the split, the continents were not completely 
separated as they are now, and land bridges could 
exist during low sea level periods (Brusatte, 2018, p. 
143). 
 
 
 

 
5. Conclusion 
 
While not the most catastrophic mass extinction in 
earth’s history, the Late Triassic extinction events 
documented a period where earth was relentlessly 
bombarded with ecological stressors. What the event 
lacked in magnitude was made up for in sheer 
duration and variation of causes, whose culminated 
effects were greater than the sum of its parts. Its 
ecological significance is nothing to undermine 
either, bringing upon one of the most dominant rules 
of a single animal group. However, some of the 
causes and ecological impacts are still rather 
ambiguous. More work is needed to enlighten this 
event, from more definitive causes, better 
stratigraphic data, and clearer evidence of the biotic 
toll. 
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1. Introduction 
 
Humans continue to have a significant impact on 
the Earth. In the last century, global CO2 levels 
have been drastically increasing. The invention of 
plastic, technology, and pollutants have been 
creating waste and geological strata that can be 
seen in the future. Despite this significant change, 
we are still officially in the Meghalayan Age of the 
Holocene Epoch. A new geological time period has 
been proposed based on the alterations humans 
have done to the Earth called the Anthropocene. In 
order to be accepted as a formal geological time, it 
must be: a) scientifically justified, meaning the 
strata that is forming now must be significantly 
large, clear and distinctive b) a useful term for the 
scientific community (Anthropocene Working 
Group, 2020). This paper will present both 
scientific evidence and philosophical arguments 
that show human impacts on Earth altering the 
geological stratigraphic record proving the 
Anthropcpcene's importance. 

 
2. Background 
 
2.1 What is the Anthropocene 
 
The term anthropocene was coined by Paul Crutzen 
and Eugene Stoermer in 2000 (Malhi, 2017). It 
represents the current geological time interval since 
many earth processes have been heavily altered by 

humans (Zalasiewicz et al., 2017a). Many disciplines 
have adopted the term with a range of different 
meanings. For example, in politics, the anthropocene is 
used informally to represent the change humans have 
made on the Earth (Malhi, 2017). In geology, 
Anthropocene is examined as a geological time unit 
(chronostratigraphy) and a potential addition to the 
geological time scale (Anthropocene Working Group, 
2020). The impact of human activity can be seen in the 
geological stratigraphic record for years in the future. 
This suggests that a new epoch has begun (Lewis & 
Maslin, 2015). 

Global-scale changes must be recorded in the 
geological stratigraphic material like rocks, glaciers or 
sediments. Typically, geologists use temporary distant 
changes like the appearance of new species along with 
other coincidental changes in multiple stratas to 
determine the Earth's major changes. The requirements 
for formalizing the Anthropocene have to include a 
clear, datable marker showing a global change that can 
be seen in the strata record with auxiliary stratotypes 
that shows a long-term change in the Earth (Lewis & 
Maslin, 2015). Geochronological units (Eon, Era, 
Period, Epoch, Age) are the units of geologic time that 
have parallels in chronostratigraphic units. 
Chronostratigraphic units (eonothems, eras, systems, 
series, stages) represent the rock formed during those 
time units (Zalasiewicz et al., 2011). In order to 
formalize the Anthropocene as a formal geologic unit, it 
requires a location for a global marker in stratigraphic 
material, which is also known as a Global Stratotype 
Section and Point (GSSP), this is also known as the 
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'golden spikes' (Lewis & Maslin, 2015). The 
'golden spike' marks the boundaries between the 
geochronologic and chronostratigraphic units 
(Zalasiewicz et al., 2011). After a survey of the 
stratigraphic evidence, a date can be determined, 
known as the Global Standard Stratigraphic Age 
(GSSA) (Lewis & Maslin, 2015).   

The definition of the Anthropocene will 
have consequences beyond geology; it will 
determine the human-environment relationship 
(Maslin & Lewis, 2015). The determination of the 
start date can lead to misunderstanding and 
controversy. Some scholars have pointed out that 
defining an earlier start date might normalize 
climate change, while agreeing on a later start date 
may be used to assign blame for historical carbon 
emissions (Lewis & Maslin, 2015). 
 
 
2.1 Some proposed start dates 
 
The Anthropocene's proposed start dates range 
from before the end of the last glaciation to the 
1960s (Lewis & Maslin, 2015). The first major 
impact that early humans had was the use of fire 
from the Pleistocene epoch, but these were local 
impacts meaning they do not provide a global 
GSSP (Lewis & Maslin, 2015). 

The current interglacial period was similar 
to the previous interglacial periods until around 
8000 years ago, when most humans became 
agriculturalists (Certini & Scalenghe, 2011). 
Compared with previous interglacial periods, the 
atmospheric CO2 levels should have continued to 
decline after 8000 years ago and eventually reaches 
240ppm, which is when glaciation should have 
begun (Lewis & Maslin, 2015). Due to agriculture, 
a large amount of high carbon storage vegetation 
was converted into crops and grazing lands. The 
old farming methods of slash and burn increased 
the CO2 atmospheric concentrations and delayed 
the glaciation event. Farming replaced all-natural 
vegetation, which increased species extinction 
rates and changed the biogeochemical cycles 
(Certini & Scalenghe, 2011). Because Agriculture 
had multiple origins with varying time periods, and 
pollen fossils from domesticated plants only 
occurred locally; the pollen fossils cannot be a 
GSSP marker (Lewis & Maslin, 2015).  

In 1492, the colonization of Europeans on 
the Caribbean and the Americas caused the 
Colombian Exchange. It was the largest human 
population replacement in the past 13,000 years. It 
was also the first global trade network that 
connected Europe, China, Africa, and the 

Americas. This resulted in the globalization of food and 
the cross-continental movement of species, crops, 
domestic animals, and species' accidental transfers 
(Lewis & Maslin, 2015). There was also a decrease in 
human population from 61 million people in the 
Americas in 1492 to 6 million people by 1650 due to 
diseases, war, enslavement and famine. This caused the 
near cessation of farming and fire use, which resulted in 
forest regeneration which can be seen in ice core records 
with a decline in atmospheric CO2 levels by 7-10ppm 
(Nevle & Bird, 2008). The primary stratigraphic 
markers will be the low point of CO2 in ice cores. While 
the potential auxiliary stratotypes would be fossil pollen 
of maize in 1600, tephra from Huaynaputina eruption, 
forest pollen in lacustrine sediments, charcoal reduction, 
decrease in CH4. The collision of the transcontinental 
biota exchange's stratigraphic evidence is comparable to 
use as a boundary marker for the transition of a new 
epoch (Lewis & Maslin, 2015). 

The Industrial Revolution has often been 
suggested as the start of the Anthropocene due to the 
extensive use of fossil fuels and the rapid developments. 
The date could range from anywhere between 1760 (the 
start of a local event) and 1880 (the spread to northwest 
Europe). A primary stratigraphic marker could be fly 
ash from coal-burning, while some potential auxiliary 
stratotypes could be N14 and N15 ratio and diatom 
composition in lake sediments (Lewis & Maslin, 2015).  

The Great Acceleration (from the 1950s 
onwards) has also been suggested as the Anthropocene's 
start date. It is marked by the rapid expansion of the 
human population, large changes in the biogeochemical 
cycles, and the development of novel materials. Nuclear 
bomb tests have been proposed as a global strata marker 
(Lewis & Maslin, 2015; Zalasiewicz et al., 2017b). The 
first detonation occurred in 1945, from the late 1950s to 
the early 1960s, there was a peak in testing, following a 
decrease due to the Partial Test Ban Treaty in 1963 
(Lewis & Maslin, 2015). Nuclear testing can be seen as 
a clear peak in radioactivity in lake sediments, ice cores, 
corals, tree rings and speleothems. The clearest signal 
can be seen from atmospheric C14 from either direct air 
measurements, tree rings and polar ice strata 
(Zalasiewicz et al., 2017b). Other novel chemicals like 
halogenated gases can also be seen in ice cores during 
this time period (Lewis & Maslin, 2015).  

There is no formal agreement so far of when the 
Anthropocene began (Lewis & Maslin, 2015). The 
proposal for the formalization is still being developed 
by the AWG (the Anthropocene Working Group), 
which is a component of the Subcommission on 
Quaternary Stratigraphy (SQS) that is part of the 
International Commission on Stratigraphy (ICS) 
(Anthropocene Working Group, 2020). However, the 
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proposal is going to be developed based on the 
following points: 
i) The Anthropocene is being considered as 
series/epoch level. 
ii) It would be defined by the unit of the Geological 
Time Scale, using a Global boundary Stratotype 
Section and Point (GSSP), as known as the 'golden 
spike'. 
iii) The beginning of the Anthropocene will be 
placed in the mid of the 20th century, coinciding 
with a various series of geological proxy signals 
that are preserved in recent stratigraphy from the 
"Great Acceleration" of population growth, 
industrialization and globalization. 

iv) The primary marker will be chosen as the most 
dramatic change that is globally synchronous. One of 
the markers that are under consideration is the artificial 
radionuclides from the nuclear bomb test from the 
beginning of the 1950s (Anthropocene Working Group, 
2020). 
 
 
3. Scientific Evidence 
 
The evidence from a rock record is divided into different 
criteria, including their fossil content (biostratigraphy), 
patterns due to sea level change (sequence stratigraphy), 
chemical properties (chemostratigraphy), and physical 

 
Figure 1: These are all stratigraphic evidence of the Anthropocene. A-D: Arrows indicate the transition of 
lake sediments from inorganic proglacial sediments to highly organic non glacial sapropel. E-F: The arrows 
shows where molten plastic has been fused with coral fragments and basalt clasts. F: also shows a section of 
an orange rope. G-J: Beach facies off the coast of northern Spain, the sediments are composed of carbonate 
cement and trash that was dumped at sea between 1902-1995. I&J: show rounded bricks with well-preserved 
inscriptions. K: A more recent bricks and mortar. L: Plastic sheet sandwiched between the upper beach rock. 
From “Making the case for a formal Anthropocene epoch: An analysis of ongoing critiques,” by Zalasiewicz 
et al., 2017, Newsletters on Stratigraphy, 50, 212.  
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character (lithostratigraphy). These signals are 
used to date rock successions and refine geological 
time scales (Zalasiewicz et al., 2011). 
 
 
3.1 Biostratigraphy 
 
Biostratigraphic signals include the transfer of 
species globally, which will have a permanent 
geological effect (Lewis & Maslin, 2015; 
Zalasiewicz et al., 2011; Zalasiewicz et al., 2017a). 
Significant chronostratigraphic boundaries would 
include distinct flora and fauna turnovers with 
extinction and evolutionary events, as well as 
migration events. Right now, we are going through 
accelerated biological change driven by human 
activities (Zalasiewicz et al., 2011). 

Humans have fast-tracked the evolutionary 
events, for example, agricultural crops have been 
modified from wild crops. This can be seen in 
stratigraphic records of pollen from natural 
vegetation replaced by pollens of crop plants like 
rice, wheat, and maize (Lewis & Maslin, 2015; 
Zalasiewicz et al., 2011). Top predators are 
reduced due to hunting, resulting in the decrease of 
organisms like insects lower down in the trophic 
level. There are also clear migration events 
showing taxon move polewards to stay within their 
temperature tolerance as temperature increases. 
The warming due to human activity is likely to 
exceed the Quaternary limits. Urban barriers and 
migration could cause habitat fragmentation, 
which will increase the extinction rate in the future 
(Lewis & Maslin, 2015; Zalasiewicz et al., 2011; 
Zalasiewicz et al., 2017a). Deforestation has also 
contributed to the rapid extinction rates and 
biodiversity loss in the area (Zalasiewicz et al., 
2011). Human impacts have increased the 
extinction rate 100-1000 times higher than 
background rates, which can constitute the 
beginning of the Earth's 6th mass extinction (Lewis 
& Maslin, 2015). 

The dispersion of species has also been 
greatly affected by humans. The rate and extent of 
dispersion have been drastically increased by 
humans transporting one species from one 
continent to another (Lewis & Maslin, 2015; 
Zalasiewicz et al., 2011; Zalasiewicz et al., 2017a). 
Major migrations of species have only occurred 
due to environmental change between glacial and 
interglacial transitions (Zalasiewicz et al., 2011). 
On land, organisms have been transported all over 
the world, including crops, domesticated animals, 
as well as pathogens. This kind of global biota 
homogenization has not been seen since Pangaea 

separated 200 million years ago (Lewis & Maslin, 
2015). In marine systems, boats have transferred 
organisms through bodies of water that are 
disconnected. This phenomenon probably has no 
geological analogue (Lewis & Maslin, 2015). This 
results in a large amount of invasive species, which 
caused immense environmental damage in their 
surrounding areas, including driving other species out of 
the area or towards extinction (Zalasiewicz et al., 2011). 

 
 

3.2 Chemostratigraphy 
 
Chemostratigraphic signals include the effects of CO2 
emission, ocean acidification, new organic compounds, 
as well as man-made radionuclides (Zalasiewicz et al., 
2011; Zalasiewicz et al., 2017b). The most widely used 
chemostratigraphic marker are carbon isotopes: the ratio 
of C13 to C12 within sediments, which reflects the 
productivity in oceans and carbon burial, and is also 
associated with biotic change (Zalasiewicz et al., 2011). 
Chemical signals like the carbon cycle perturbation are 
now more significant than any other in the Quaternary 
(Zalasiewicz et al., 2017b). The CO2 concentration has 
been oscillating between 180ppm in glacial periods and 
260-280ppm in interglacial periods (Zalasiewicz et al., 
2011). The early Holocene has seen a rise from 260 to 
280ppm, following a rapid increase starting from the 
industrial revolution to 390 ppm in 2010 (Zalasiewicz et 
al., 2011), and now 415ppm in 2021 (NOAA, 2021).  

Human-induced changes like atmospheric 
compositions can be seen in glaciers and inorganic and 
carbonate sediment components (see figure 1 A-D) 
(Lewis & Maslin, 2015; Zalasiewicz et al., 2017b). 
There is also a twofold increase in nitrogen at oceans 
and Earth's surface due to the Haber Bosch process and 
the production and usage of nitrogen fertilizers (Lewis 
& Maslin, 2015; Zalasiewicz et al., 2011). Lead, 
petroleum products, mercury, spills and residual 
combustion increase the amount of reactive iron 
particulate from fly ash, which can be seen in diverse 
sedimentary successions worldwide (Zalasiewicz et al., 
2011; Zalasiewicz et al., 2017b). 

The introduction of novel compounds, 
including pesticides, flame retardants etc. and 
radionuclides from nuclear explosions can be seen 
worldwide in the post-1945 strata (Zalasiewicz et al., 
2011). Organic pollutants can be seen in characteristic 
spectroscopic signatures within sediments (see figure 1 
A-D) (Zalasiewicz et al., 2011; Zalasiewicz et al., 
2017b). Although these chemical stratigraphic signal 
changes will be the clearest in the strata, they will have 
different offsets in time and scale from the original 
perturbation (Zalasiewicz et al., 2011).  
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3.3 Lithostratigraphy 
 
The lithostratigraphic signal includes both direct 
components like man-made deposits and urban 
construction, and indirect components like 
sediment flux change (Zalasiewicz et al., 2011). 
Some indications of the Anthropocene include a 
huge increase in erosion and transportation of 
sediments due to urbanization and agriculture 
(Anthropocene Working Group, 2020; Lewis & 
Maslin, 2015; Zalasiewicz et al., 2011). 
Bioturbation, boreholes, wells, mine shafts and 
tunnels all modify the existing rock, which all 
associate with the significant anthropogenic 
moderation of the strata. The British geological 
survey's database contains nearly a million records 
of these structures in the UK alone (Zalasiewicz et 
al., 2011). These large-scale lithostratigraphic 
changes are already seen on geological maps 
(Zalasiewicz et al., 2017b). These changes reflect 
the spread of human civilization and activities 
across the Earth. The effect of anthropogenic 
terrestrial sedimentary change has been estimated 
to be magnitudes greater than the natural 
sedimentary change (Zalasiewicz et al., 2011).  

Novel materials like plastic, metal and 
geomaterials like concrete can now be seen in both 
terrestrial and marine sediments (see figure 1 E-L) 
(Zalasiewicz et al., 2017b). These are primarily 
made of modified geological materials like sand, 
gravel, coal, limestone etc., combined with novel 
materials like plastic, metal, glass etc. (Zalasiewicz 
et al., 2011). The increase of new materials, 
including plastic, concrete, fly ash, leads to the 
production of technofossils (Anthropocene 
Working Group, 2020). Technofossils are 
composed of our built environment, which is sort 
of like a trace fossil in the making. These produce 
a significant 'event layer' with long-term 
preservation potential (Zalasiewicz et al., 2011).   
 
 
4.  Philosophical arguments 
 
The term Anthropocene has become widely 
popular in the scientific community to refer to the 
current time period in which human impact affects 
the future of the Earth System (Anthropocene 
Working Group, 2020). The anthropocene 
(lowercase) has been used for various contexts, 
while the uppercase Anthropocene is a strict 
geological term (Zalasiewicz et al., 2017b). Some 
scientists believe that the Anthropocene should not 

be formalized since humans are not geologically 
relevant. They also argue that with the Anthropocene, a 
paradigm shift from environmental science to Earth 
System sciences must happen (Hamilton, 2015). 
Historically it will take a long time for one group of 
people to change the way they think about the world 
(Maslin & Lewis, 2015). Others say that the 
anthropogenic signature is what sets apart the Holocene 
Epoch from previous interglacials, which is already 
defined, and that "the human card can not be played 
twice" in the geological record (Hamilton, 2015). 
Contrary, humans have been in both the Holocene and 
the Late Pleistocene. Even then, the impacts of humans 
are not seen in the official definition of the Holocene. It 
only shows the climatic change from the previous ice 
age. The Holocene showed a relatively stable climate for 
most of its duration and followed the earth system's 
fundamental parameters (Zalasiewicz et al., 2017b).  
 
 
4.1 Political statement  
 
Whether the Anthropocene is a political statement has 
been debated the most (Malhi, 2017; Zalasiewicz et al., 
2017b). Some argue that the drive to formalize the 
Anthropocene may be due to politics instead of 
scientific reasoning (Hamilton, 2015). Some say that the 
formalization of the Anthropocene is because the ICS is 
being asked to make a political statement to raise 
awareness of the human impacts on the planet (Malhi, 
2017). Others argue that the Anthropocene is a 
phenomenon of pop culture and not geology (Autin & 
Holbrook, 2012; Zalasiewicz et al., 2017b). The 
anthropocene (lowercase) can be used in other 
disciplines as an informal term, but the Anthropocene 
Epoch is solely based on stratigraphic evidence 
(Zalasiewicz et al., 2012; Zalasiewicz et al., 2017b). The 
misconception with the Anthropocene on whether it is 
stratigraphy/scientifically based or politically driven is 
due to the misinterpretation of which term is being used 
by various disciplinaries. Therefore, it is important to 
specify which term is being used and what the term 
means in a geological context (Zalasiewicz et al., 2012). 
It is understandable why the Anthropocene can be seen 
as politically driven due to the various phenomena in the 
Anthropocene that are socially important. However, this 
does not mean these phenomena cannot be analyzed 
impartially and scientifically in the formal stratigraphic 
framework (Zalasiewicz et al., 2017b). 
 
 
4.2 The Anthropocene is a historical event 
 
Some scientists have expressed that the Anthropocene is 
not a unit of Earth history but a part of human history; 
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therefore, the term should be used as the term 
'Renaissance' (Finney & Edwards, 2016). The 
Renaissance is a series of changes in human history 
and culture over Europe; it is completely separate 
from the Earth System or has any stratigraphic 
signatures. The Anthropocene is solely based on 
Earth System changes with an array of stratigraphic 
signs. The changes are made by humans, but if 
other species or other natural processes produced 
the same changes, the geological justification 
would remain the same (Zalasiewicz et al., 2017b). 
 
 
4.3 Cultural blame 
 
They continue to argue that the Anthropocene, just 
like the Renaissance, they argue that it is wrong to 
determine a single start time since it is a cultural 
movement (Finney & Edwards, 2016; Zalasiewicz 
et al., 2017b). On the contrary, most GSSPs were 
chosen at a stratigraphically important point that 
shows the origin of the specific phenomenon; these 
are not tied to a single time or place. For example, 
the beginning of the Cambrian was chosen where a 
type of burrow (Treptichnus pedum) first appeared 
in Newfoundland in a rock section. T.pedum 
represented one component of the evolving 
burrowing organisms that lived in the Ediacaran 
and early Cambrian; this suggested the earliest 
immigration to that location on the seafloor. 
Although this inference was made too soon 
because they found T.pedum in lower strata later 
on, but the GSSP still remains (Zalasiewicz et al., 
2017b). The Anthropocene has a large array of 
widespread strata signatures, and this would likely 
allow for a sufficient correlation and definition of 
the chronostratigraphic boundary (Zalasiewicz et 
al., 2012; Zalasiewicz et al., 2017b). Although the 
Anthropocene is not based on cultural or political 
evidence, there is a paradigm shift in both politics 
and social sciences.  
 
 
5.  Paradigm Shifts 
 
 
5.1 Scientific paradigm shift 
 
In 2001, the Amsterdam Declaration stated that 
"[t]he Earth system behaves as a single, self-
regulating system composed of physical, chemical, 
biological and human components," this statement 
was signed by four different research programs 
stating that the paradigm shift of Earth System 
science has already occurred (Maslin & Lewis, 

2015). Scientific evidence shows the Earth System has 
been altered by humans, stating that human impact is 
relevant to the Earth systems (Maslin & Lewis, 2015). 
For example, perturbation such as the nitrogen cycle, 
which is more abrupt than the carbon cycle, can be seen 
in lake sedimentary records (Zalasiewicz et al., 2017b). 
While the basic understanding of Anthropocene was 
already accepted just a few years after the term had been 
proposed (Maslin & Lewis, 2015). Therefore it 
contradicted some of the arguments made against the 
Anthropocene about how it will take a long time for a 
paradigm shift to occur. 
 
 
5.2 Philosophical paradigm shift 
 
The shift in the scientific paradigm gives us not just 
different but a better understanding of the world. By 
adopting the Anthropocene, it will reverse 500 years of 
discoveries that continually moved humans away from 
importance; the discovery that the sun is the center of 
our solar system downgrading the Earth, the discovery 
of other Earth-like planets outside our solar system, and 
Darwin's discovery of evolution that humans are not 
special and are just a twig on the tree of life (Maslin & 
Lewis, 2015). Defining the Anthropocene would be a 
major shift in the way we see the world. It would reverse 
the insignificance of humans since humans are not just 
observers of the Earth; we have shaped and are shaping 
the future of this planet where life is known to exist. The 
Anthropocene epoch's start time also does not define the 
beginning of historical periods, economic or political 
changes, nor does it contribute to the understanding of 
philosophy, history, and political science (Maslin & 
Lewis, 2015; Zalasiewicz et al., 2017b). The 
Anthropocene should also be used as a separate term in 
other disciplines since it is important to recognize 
Earth's human influence. But the Anthropocene 
finalized formal definition would only be based on the 
stratigraphy evidence and would be able to defend any 
accusations of political bias using scientific evidence 
(Maslin & Lewis, 2015; Malhi, 2017). 

 
 

5.  Concluding remarks 
 
Recent scientific literature and media have described the 
period where humans have impacted the Earth as the 
Anthropocene. From this, it clearly outlines the 
paradigm shift from the Holocene to the Anthropocene 
when referring to the time we live in now within both 
the scientific community and other disciplines. The 
formalization of the Anthropocene is essential to 
solidify the impact we have done on the Earth. Even 
though most disciplines have used the informal non-



Li: Scientific and Philosophical arguments in favour of the "Anthropocene"             151 

geological term does not imply that the 
Anthropocene is not geologically significant. 
There is clear stratigraphic evidence, including 
biostratigraphic, chemostratigraphic, and 
lithostratigraphic signals, that shows the impact 
humans have had over the past 8000 years. The 
changes we are making now will continue to affect 
the Earth for millennia or longer. These changes 
are permanently affecting the Earth's lithosphere 
and leaving traces of our activities in the sediments. 
These geological signals demonstrate the 
beginning of the Anthropocene and show the 
importance of formalizing it as an Epoch. The 
Anthropocene should be accepted as a formal 
geological time since it archives both the criteria of 
being scientifically justified and useful as a term 
for the scientific community. 
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1. Introduction 
 
In our contemporary world, scientists are releasing 
news about our environment every day. As humanity 
has been fully submerged into industrialization and 
consumer culture, these reports have had alarming 
warnings and calls to action about the things that have 
affected our world, more specifically, the detrimental 
effects that humans have had on the Earth. Though 
still being debated, we have entered a new phase in 
time that is often regarded as the Anthropocene. 
Humans are the main components that rule the world 
and have the most power on how landscapes change. 
One of the most devastating products of the 
Anthropocene that has had disastrous effects on 
present day Earth and the Earth in the future is plastic 
waste. 
 
 
2. Plastic in the Environment 
 
Plastic is something that nearly every person has 
become familiar with. They are found in our clothes, 
our food containers, our tools, and even in our 
computers. Despite its widespread use, many don’t 
know how it’s made or even what it is made of. 

 Plastic is a synthetic material that is 
composed of macromolecules strung together with 
micromolecules (Brydson, 1999). It is often made 
with crude oil and natural gas derived from the Earth. 
It is preferred by manufacturers for its durability, 
malleability, and inexpensiveness, though these traits 
are only regarded positively from an economic and 
consumer standpoint. Ecologically, this is a recipe for 
environmental disaster. 

Plastic has only been produced and 
distributed for the past 70 years, but it has already 
proved to be something that will stick around. 
Scientists have estimated that a plastic bottle will take 
about 450 years to break down completely (WWF 
Australia, 2018) with time variations depending on 
where the plastics reside. The time scale can move 
from hundreds of years to thousands, as little sunlight 
and low temperatures can hinder degradation 
(Zalasiewicz, 2016). There is even evidence to 
suggest the plastic remains after the original product 
has broken down, in something called microplastics. 
Microplastics are small filaments less than 5mm that 
remain in the ecosystem and can slip through water 
filtering systems, making them more dangerous and 
difficult to contain (Ballent, 2016).  
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2.1. Geology 
 
Plastic has infiltrated many parts of the ecosystem due 
to its small size and ability to travel easily. Soil and 
rocks are no exception. They’ve been found on some 
of the highest mountains we have. In a 2020 study, 
researchers found microplastics as high as 8,440 
metres on Mt. Everest, likely from polyfibres from 
climbers’ clothing (Napper, 2020). This shows the 
extent of how far plastics have travelled on land, 
spreading through some of the most completely 
isolated points on the planet. 
 Microplastics are hard, oftentimes 
impossible, to view with the naked eye, so 
technologies have been created to view them in 
different environments. In terrestrial ecosystems, 
sediments and plastics can be separated by a sieve or 
in a centrifuge (Zalasiewicz, 2016). 
 

 Figure 1. Global Distribution of plastic waste in the 
world’s oceans. 

 
In the USA, only 25% of plastics are 

recycled, meaning they are discarded and thrown into 
various dumps. Landfills, where many of these 
plastics end up,  are one of the damaging components 
that directly stop the degradation of plastics. Landfills 
are often large vats of garbage that, when filled, are 
sealed off to other elements of the Earth and stop the 
natural decomposition process. This causes plastics to 
survive longer than the hundreds of years they would 
if it were to occur naturally. In fact, some geologists 
have recently taken to using plastics as stratigraphic 
markers due to their ability to survive through the 
years. They are mainly used when looking at recently 
changed land or as a relative comparison for other 
indicators (Zalasiewicz, 2016). 

Another problem with landfills is the run-off 
that they produce within. As garbage compiles, a 
substance called leachate is created and can end up 
running into groundwater and soil beneath the 
landfill. Leachate can contain various components of 
the objects it has percolated through, but it often 
contains microplastics. These microplastics embed 
themselves deep into the Earth and into the water 
system, where they will be further spread. 
 
 
2.2. Hydrology 
 
Plastics are especially prominent in aquatic 
environments. Most of discarded plastic ends up in 
the oceans rather than landfills, posing a more 
significant threat as it is open to a greater ecosystem  
 
 

(Zalasiewicz, 2016). 
 
 
and is not sealed off. In fact, it is more easily moved 
around, spreading debris and microplastics in its 
wake, endangering animals, plants, and ecosystem 
health. 
 In the Pacific Ocean, there is a gyre that has 
picked up garbage, mainly consisting of plastics, as 
they usually have a low density and are easily 
transportable, and it has created a small, island-like 
garbage pile. The Great Pacific Garbage Patch, or the 
GPGP, has been accumulating for decades and is 
growing exponentially. As of now, it spans over 
600,000 square miles and is only getting bigger (The 
Ocean Cleanup, 2020). 
 However, it is not only on the surface. 
Plastics have been found over 5,500 metres deep in 
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the Kuril-Kamchatka Trench, a northwest trench in 
the Pacific Ocean. These filaments were found to be 
dense fibres such as polyester and acrylic that sink in 
water. Microplastics are found in almost every other 
waterway in the world, no matter how isolated. In 
fact, the lowest distribution was found in the Indian 
Ocean, though it was still a soaring 4000 fibres/metre2 
(Zalasiewicz, 2016). 
 Due to plastic’s wide distribution and the 
ease that it spreads, it has contaminated most, if not 
all, drinking water. More research must be done on 
how this affects humans, but we can already see many 
negative effects on the ingestion of plastic materials, 
discussed more in the next section. We must realize 
water, one of life’s necessities, must be cared for and 
kept as pure as possible, instead of contaminated with 
synthetic materials that take millenia to degrade, if at 
all. 
 

 
Figure 2. Microplastic concentration at the Great 
Pacific Garbage Patch from the 1960s to 2015. The 
data shows exponential growth in both the Pacific 
Gyre itself and the water surrounding it (The Ocean 
Cleanup, 2020). 
 
 
2.3. Biology 
 
Probably the most disastrous, plastics have an effect 
on biodiversity and overall biological health. Since 
plastic is virtually in every corner of the Earth, it is no 
doubt interacting with the flora and fauna. There is 
limited research done on the effects of the various 
chemicals and synthetic materials being ingested over 
time due to the short period that plastics have been 

used so widespreadly. However, there are various and 
immediate concerns. 
 One of the most well known and well 
documented is the effects of plastics in wildlife 
communities. Animals such as birds, mussels, 
whales, etc. have been known to eat plastic while 
under the impression it was nutritious food. Birds 
have been found stuffed to death with rigid, hard 
scraps of plastic garbage in their abdomens (Petitt, 
1981). Their deaths can be caused due to bowel 
obstructions, lower feeling of hunger, starvation, 
lethargy, and possible chemical toxicity (Zalasiewicz, 
2016). It is also known to negatively impact 
reproduction, development, and hatching survival in 
amphibians, insects, and crustaceans (Oehlmann, 
2009). 
 Wildlife entanglement has also had drastic 
impacts on many animals in every ecosystem, but 
disproportionately on marine life. A majority of 
ocean organisms have had an experience involving 
plastic and will occasionally become tangled in the 
waste (Gall, 2015). In a 1997 study, 340 species that 
interacted with plastic waste in their environment 
were studied and 267 became entangled (Laist, 1997). 
In both land and water, species can face decreased 
circulation, mutilation, inability to feed, and a higher 
chance of being killed by predators (Laist, 1997). 
 Although the effects of plastic consumption 
in humans has yet to be thoroughly looked at, we will 
soon find out. Bioaccumulation is when prey 
organisms ingest a material and when they are eaten, 
the chemicals pass on to the predator and so on until 
it reaches the top of the food chain, which is us! Prey 
organisms such as fish, birds, oysters, etc. are all 
ingesting micro- and oftentime macroplastics, 
meaning they transfer to us whether we know it or 
not. It has already been seen in marine animals, where 
plastic pollution is at its worst, that plastics can cause 
cancers, decreased reproduction, as well as many 
negative impacts on the nervous, immune, and 
endocrine systems (Sigler, 2014). 
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Figure 3. A Laysan Albatross found dead with its 
stomach contents full of plastic (Smithsonian). 
 
 
3.  Solutions 
 
Plastic use and debris has been widely discussed 
among environmental panels and organizations such 
as the International Convention for the Prevention of 
Pollution From Ships, the Parties to the Convention 
on Biological Diversity, and the EU Marine 
Framework Directive (Gall, 2015) but there are 
limitations due to the problem’s infancy and a lack of 
research.  
 
 
 
3.1.  Current solutions 
 
As plastics have risen to infamy in conservationist 
circles, many solutions have been created and put in 
place. 
 There is, of course, recycling that has helped 
stop plastics from being ushered into landfills and 
various other disposal areas, but it is not where it 
should be. The EPA reported 3 million tonnes of 
plastic recycled in 2018, a miniscule 9% of the total 
plastic used. However, it is always better than 
nothing, and has helped create new, sustainable 
objects (EPA, 2018). With a higher push for recycling 
by governments, recycling could be very impactful. 
 Data collection of plastic has also proved 
beneficial. One study from 2009 used tweaked manta 
trawl boats to scrape the top layer of plastics off with 
mesh nets (Ryan, 2009). These could prove useful for 
floating macroplastics, especially if mesh sizes were 
made smaller to collect as much rubbish as possible. 

The real issue lies in microplastics and their 
evasiveness. Due to their size, microplastics are 

harder to filter out and are more easily spread than 
macroplastics. However, there have been efforts 
made to defeat this disadvantage. Ceramic filters have 
been crafted so expertly that they can filter out 
anything contaminating water bigger than .5 microns. 
These filters are best used on an individual scale, 
filtering tap water rather than ocean water (Obmann, 
2017). Scientists are currently working on a solution 
for large-scale filtering of microplastics. 

Figure 4. An example of the manta trawl used to 
collect plastic samples in water (Ryan, 2009).  
 
3.2.  Future solutions 
 
There are new creations being made every day all 
over the world that aim to take plastic out of Earth’s 
ecosystems. For example, a student living in Chicago 
developed an underwater drone that moves around 
freely to collect waste on the bottoms of water bodies. 
It has a battery that can last up to two weeks and emits 
a strong sound to repel fish and other living creatures 
from entering. The design is still being revised, but 
could be very important in aiding in the cleanup of the 
GPGP (Boyle, 2012). 
 Scientists also believe thermal degradation 
could be possible to help eliminate plastic waste in the 
ocean. An organization called the Clean Oceans 
Project has developed technology that focuses on 
areas of the ocean with dense plastic concentration 
and collects it. This invention can pick up the smaller 
macroplastics that can often get left behind and make 
up the majority of ocean pollution. Not only is this 
removed, but they have found a way to turn various 
forms of plastic into oil through thermal degradation. 
This eliminates the use of a landfill and allows for a 
more beneficial use (The Clean Oceans Project, 
2011). 
 Scientists also believe that microbial 
evolution can help streamline plastic degradation 
naturally. There have been studies and speculations 
that give microbes credit to semi-degrading plastic, 
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leaving behind microplastics (Kale, 2015). However, 
there are theories that many researchers have 
expressed that state microbes may begin to advance 
to degrading all of it as they come into contact more 
with plastic (Zalasiewicz, 2016). Since plastic is a 
new material that has only just come into the 
ecosystems in the past decades, it is remarked that, 
given the time, nature will find a way to work things 
out, so to speak. 
 
 
4.  Concluding remarks 
 
Plastic consumption has been rampant for very little 
time, but is virtually everywhere contemporarily. It 
affects our soils, the water we drink, animals in all 
biospheres, and even us as humans. There is much 
unknown on the long-term about the synthetically 
made material’s effects, but we can see it is not 
beneficial. We must stop the widespread 
consumption, increase recycling, and develop new 
ways to help the flora and fauna that is so detrimental 
to our and our Earth’s survival. Our Earth is our most 
precious resource, and we must treat it as such, 
starting with one of our most evident problems: 
plastic. 
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Editors' note: This article provides a great detailed 
explanation about the problems of plastic waste and 
its effect in the environment. It also presents some 
ideas on how the plastic problem could have been 
addressed.  We hope to see more studies in the 
future on solutions to remove/disintegrate 
microplastic from the ocean.   
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Abstract 
 
The documentary, Anthropocene: The Human Epoch was viewed and then examined within the context of the legitimacy 
of the Anthropocene as a new epoch designated within the geologic timescale. This paper is structured to follow and 
discuss the topics surrounding human evidence for the onset of the anthropocene as they were presented within the 
documentary. These topics were then analyzed through the content that was represented in relation to the overlying 
argument in which they were further explored while citing external topics relevant to the discussion. The order of 
appearance of the topics covered in both the documentary and the paper are as follows: Extraction which examines the 
harmful effects of the removal of the Earth’s resources, modifying the Earth’s surface to meet human needs through 
Terraforming, the creation of Technofossils, altering the Earth’s crust through Anthroturbation,  humans pushing the 
Boundary Limits for the Earth, the resultant effects of Climate Change, and the possibility of the Earth undergoing the 
sixth great Extinction event. This paper then concludes in support of the evidence put forth by the documentary and in 
favour that there is sufficient evidence for the conclusion of the Holocene and the addition of the Anthropocene, an 
epoch defined solely through human activity, to the geologic timescale (GTS).  
 
 
1. Introduction 
 
Anthropocene: The Human Epoch is a documentary 
film created by Jennifer Baichwal, Nicholas de Pencier 
and Edward Burtynsky, released September 2018. The 
film follows the research of the Anthropocene Working 
Group through shots of hauntingly beautiful locations 
across the world, arguing that the Holocene Epoch has 
given way to the Anthropocene Epoch in the mid-
twentieth century (“ANTHROPOCENE”, 2018). The 
argument that the earth has entered a new epoch is not 
new, it has been debated for some time, but a formal 
criteria set by the international commission on 
stratigraphy (ICS) must be met to define a geological 
time unit (Lewis & Maslin, 2015). This is difficult for 
the Anthropocene because typically fossils, sedimentary 
rock layers and geochemical evidence are used to define 
epoch limits, however human activity does not always 
behave like a stratigraphic layer. Human activity has 
altered the Earth in ways that do not follow the typical 
criteria, such as creating structures that cut through 

multiple rock layers (Stone, 2014). Currently, there is no 
formal agreement for when the Anthropocene began or 
whether it has begun at all, although evidence strongly 
proves that human activity is now the dominant cause of 
most contemporary environmental changes (Lewis & 
Maslin, 2015). This paper will cover the topics 
presented in the documentary in order of appearance, 
analyzing the film’s argument and its supporting points 
to ultimately conclude whether or not the evidence 
provided is sufficient in defining a new epoch, the 
Anthropocene.  
 
 
2. Extraction 
 
Extraction is the process in which natural resources such 
as elements and minerals are removed from the Earth 
through human activity. The documentary utilizes this 
destructive process at the outset of the film, following 
the opening act as it is primarily through the extraction 
of materials that leads to, influences, or otherwise 
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instigates the following processes later discussed in the 
movie. The film transports the viewers to several 
locations around the world in which the process of 
extraction is investigated through interviews with those 
conducting the presented extraction practices as well as 
the negative impacts it has on the environment and 
related societies. 

This section of the documentary first discusses 
the expansive mining and metallurgical complex found 
in Norilsk, Siberia, Russia which contains the largest 
coloured-metal mine and heavy metals smelting 
complex in the world. Due to the extensive extraction 
and smelting of nickel-palladium it has become one of 
the most polluted cities on Earth with an estimated 
annual emission of 1.10 Mt of sulfur dioxide (Bauduin 
et al., 2014). Sulfur dioxide emissions is one of the main 
proponents in the atmospheric production of acid rain 
which can devastate ecosystems, damage waterways, 
and lead to respiratory problems within humans (EPA, 
2019). As illustrated in Figure 1, this city alone accounts 
for approximately greater than one percent of the annual 
global sulfur dioxide emissions as global emissions 
were estimated to be around 103 Mt in 2010 (Kilmont 
et al., 2013). Due to the excess waste produced in the 
harmful smelting process following the extraction of 
nickel sulfide ore, in large quantities a ratio of up to one 
metric ton (t) of nickel produces us to four tons of sulfur 
dioxide as waste material (The World Bank Group, 
1999, p. 345). 

 

 
Figure 1: A comparison of global sulfur dioxide 
emissions from the study of Kilmont et al. with several 
previous inventories. Primary focus of this figure is the 
“This Study” (Black line) estimated data as it is the 
most recent. All data excludes open burning. (Kilmont 
et al., 2013) 
 

 

 
Figure 2: Marble quarry in Carrara, Italy (left) eating 
into the mountain range (right). (Micheli, 2018) 
 

The second location regarding extraction 
discussed in the documentary is the large marble 
quarries found in Carrara, Italy. The process of large 
scale extraction of the marble, as depicted in Figure 2, 
directly results in the destruction of the surrounding 
mountain range as these quarries slowly erode entire 
mountains. The process of extracting marble itself is 
also severely problematic as waste runoff of marble 
slurry, or marmettola, a common by-product of the 
extraction process is toxic to the surrounding biological 
and hydrological systems (Piccini et al., 2019). 
 The third and final location highlighting the 
impact of the human induced material extraction is 
lithium extraction from large brine pools in the Atacama 
Desert in Chile. Lithium extraction is particularly 
harmful due to the need for allocation of large volumes 
of water in order to maintain the pools. These water 
intensive practices severely limit the availability of 
water in the surrounding regions, coupled with the 
raising demand of lithium for use in batteries, water 
availability and its impact on the surrounding 
communities are expected to worsen (Liu & Agusdinata, 
2020).  
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Figure 3: Global resource extractions (DE) by four 
categories (biomass, fossil fuels, metal ores and non-
metallic minerals), 2010-2050 for Existing Trends 
(Bringezu et al., 2017).  

 
In line with the main theme of this section, 

global annual resource extraction is discussed. 
However, as this film was released in 2018 after four 
years of production, the statistics provided have then 
since updated. The narrator, Alicia Vikander, mentions 
in the documentary that between 60-100 billion tons of 
material is extracted from the Earth every year by 
humans (Baichwal et al., 2018, 00:12:12), yet the global 
trends from 2015 onwards presented in Figure 3, this 
number has been much closer to the upper estimate and 
is predicted to surpass 100 billion tons by the end of 
2022 (Bringezu et al., 2017). Moving beyond the 
documentary, the Great Acceleration is a popular 
candidate for marking the beginning of the 
Anthropocene, due to the exponential increase in global 
annual resource extraction rates. Since the 1950s, which 
similarly coincides with the start of the Great 
Acceleration of humanity, global annual resource 
extraction by human means has increased by 420% 
between 1950 and 2005 and will continue to increase 
into the foreseeable future (Krausmann et al., 2009). 
 
 
 
 
 

3. Terraforming 
 
Terraforming, the process or act of altering the surface 
of the Earth for the sake of human needs is discussed in 
this documentary in support for defining a geological 
epoch characterized by human activity. The process of 
terraformation has been a part of human survival since 
the inception of civilization, through the transformation 
of land in arable fields for agriculture as well as small 
scale logging operations for construction materials. 
However, as societies evolved and expanded, so did 
human needs. Rapid and substantial increases in 
population and technology since 1950 has drastically 
transformed the scale of human needs and ways in 
which modern terraformation is conducted. Through the 
increasingly larger and more complex technologies that 
have been developed, this process has led to the 
irrevocable altering of nearly the entire surface of the 
Earth. The documentary highlights important and 
destructive aspects of modern terraforming practices 
and technologies through both altering the Earth’s 
systems as well as the impact on humans in several 
locations around the globe. 
 The Hambach surface mine in Niederzier and 
Elsdorf, North Rhine-Westphalia, Germany, one of the 
largest open-pit coal mines in Europe is the first location 
discussed by the film. Open-pit mining is one of the 
most directly destructive and irreversible forms of large 
scale mining to the surrounding environment. The 
removal of the surface layers exposes underlying 
stratigraphy containing toxic elements which are then 
able to enter the water hydrological cycle and into the 
surrounding environment as illustrated in Figure 4 
which presents the movements of pollutants through the 
orange arrows (Monjezi, M., et al. 2008). 
 

 
Figure 4: Pollutant transfer, meteoric precipitation 
can transfer pollutants found in open-pit mines into 
waterways and reservoirs (Charbonnier., P 2001). 
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The modernization and rapid increases in size of mining 
equipment, particularly the open-wheel bucket 
excavators and haul trucks depicted in Figure 5 and 
showcased in the film further exacerbates the 
troublesome issues stemming from open-pit mining. 
The use of larger mining equipment has direct influence 
on several aspects of surface mining; larger vehicles 
influence mine geometry and directly increases the size 
of mines and the rate at which mining can take place. 
Larger equipment also results in a higher stripping ratio 
or the amount of waste required to be removed from a 
mined ore (Bozorgebrahimi, A., 2006). Though a sense 
of the massive scale of the gaping wound on the Earth 
that is the Hambach surface mine this open-pit mine can 
hardly hold a candle to similar mines outside of Europe 
which dwarf it in comparison.  
 

 
Figure 5: Bagger 288 Bucket-Wheel Excavator in 
action at Hambach open-pit mine (thyssenkrupp, no 
date). 
 

The impact of human terraformation in British 
Columbia, Canada by means of logging and 
deforestation is then discussed. Earth’s old-growth 
forests play crucial roles in offsetting global carbon 
emissions and house the vast majority of terrestrial 
biodiversity. It is estimated that more than 75% of the 
available ice-free land on the surface of the Earth has 
undergone some form of direct or indirect human impact 
and can no longer be considered wild. As of 1995, 
approximately 43% of the Earth’s surface has 
experienced human-induced degradation with that 
percentage undoubtedly increasing over the past 26 
years (Hooke & Martin-Duque., 2012).  

 
Figure 6: Changes in land use through time with 
extrapolations to 2050 (Hooke & Martin-Duque., 
2012). 
 
 Lastly, the documentary highlights the rapidly 
increasing population growth in Lagos, Nigeria which 
saw a population boom from ~200 000 to ~20 000 000 
in the span of two generations. As the global population 
continues to rise, roughly 2.5 billion people are expected 
to inhabit urban centres by 2050. Increasing the need for 
terraformation to meet the needs of expanding urbanized 
areas while also increasing the demand for the materials 
to sustain said population (United Nation., 2018). 
Rapidly increasing population rates pose significant 
challenges to a planet that has already become stretched 
thin as resource depletion and the need to accommodate 
billions more represented through the exponential 
upward trend of population which coincides with a 
decreasing trend of forests in Figure 6. As urbanized 
areas expand to accommodate the increased population, 
the stress of resource depletion will become an even 
more pressing issue as Earth’s finite resources and 
landscapes are not able to replenish at sustainable rates.  
 
 
4. Technofossils 
 
According to the documentary, technofossils are 
“human created objects such as plastic, concrete and 
aluminum, that persist in the biosphere and eventually 
end up in the rock layers of the Earth'' (Baichwal et al., 
2018, 0:42:40). They mark technostratigraphy, a new 
kind of stratigraphy that characterises the deposits of the 
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Anthropocene.  Technofossils, similar to regular fossils, 
require burial for long-term preservation, which could 
occur in landfills (Zalasiewicz, Williams, et al., 2014). 
The film showcases the abundance of waste that has the 
potential to become technofossils through visuals of the 
Dandora Landfill site in Kenya. The Dandora Landfill 
site was opened in 1975 and was announced it had 
reached its capacity by 2001 however it still continues 
to operate with individuals scavenging for plastics to 
sell even in the extremely unsafe conditions, as can be 
seen in Figure 6 (Barczak, 2015). Although there have 
been attempts to regulate the landfill and reduce its 
pollutants, they have not been successful. In fact, more 
waste is added to the landfill, increasing the amount 
permanently burned and buried, continuing to 
contribute to the collection of technofossils as well as 
increasing the amount of toxic substances leaching into 
the atmosphere and hydrosphere (Barczak, 2015). Just 
as fossils are used as geological time markers, so too can 
technofossils be used for geological dating through 
correlations in technostratigraphy (Zalasiewicz, 
Williams, et al., 2014).  From the Industrial Revolution 
and globalization of goods has increased the distribution 
of  technofossils  geographically, they are no longer 
limited to certain societies, this can mark the change 
from one generation to the next  (Zalasiewicz, Williams, 
et al., 2014). To truly understand the scale of 
technofossils, the differences between the technosphere 
and biosphere can be analyzed. Biological systems 
recycle virtually all their component matter compared to 
the technosphere’s recycling rates of ~50% for 
aluminium, <20% for plastics, and <10% for concrete 
(Zalasiewicz, Williams, et al., 2014).  

The range of technofossils is already 
immeasurably greater than the range of trace fossils 
produced by any other species and the pace of 
technofossil evolution is strongly correlated with 
population growth, both of which are projected to 
increase (Zalasiewicz, Williams, et al., 2014).  The 
technosphere and technostratigraphy are mediated 
through human agency, as long as societies continue to 
develop and expand, so will the technosphere. 
Technofossils and technostratigraphy are strong 
indicators that humans are changing the Earth to the 
point of leaving permanent evidence in the stratigraphic 
record.  

 
Figure 6: Dandora Landfill, Kenya, 2016. Individuals 
collecting plastics to sell to recyclers. (Burtynsky, 
2016) 
 
5. Anthroturbation 
 
Anthroturbation, also referred to as human bioturbation, 
is the process of changing the Earth’s crust through 
mining and drilling (Zalasiewicz, Waters, et al., 2014).  
The film explores this through footage of the Gotthard 
base tunnel in Switzerland, the longest and deepest 
railway tunnel in the world at 57 km and its 
unconventional opening ceremony that took place in 
2016 (Zalasiewicz, Waters, et al., 2014). The film 
included clips from the opening ceremony in which a 
performer sings while swinging bells to what appears to 
be another actor dressed as a ram as well as a large group 
of dancers performing in their undergarments. It is 
unclear why the film decided to include this but it may 
have been to showcase how societies now view massive 
changes to the Earth’s lithosphere as a grand 
achievement with few truly understanding the scale at 
which anthroturbation changes the Earth and the 
possible repercussions that follow. Anthroturbation has 
both direct and indirect effects that are important though 
often overlooked because it follows an out of sight, out 
of mind mentality. Human bioturbations can range up to 
several kilometers in depth compared to animal 
burrowers that can only reach a maximum of a few 
metres in depth (Zalasiewicz, Waters, et al., 2014).  
Anthroturbation transforms the earth geologically, 
removing solid matter, and fluids. Indirect effects 
include releasing carbon from rock into the atmosphere 
(Zalasiewicz, Waters, et al., 2014).  The scale of these 
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changes are exclusive to humans, the deepest burrowers 
(mud shrimp), only reach a depth of 2.5 m and plant 
roots can penetrate up to 68 m in depth. However, unlike 
human activity, plant roots are able to infiltrate between 
sediment grains, limiting the amount of sediment 
displacement and disruption to the rock fabric 
(Zalasiewicz, Waters, et al., 2014). Deep 
anthroturbation is especially concerning. Deep 
anthroturbation includes deep mining for coal and other 
minerals as well as deep boreholes which are beyond the 
reach of weathering and erosion marking them as 
permanent on geological timescales. Millions of oil 
boreholes on Earth today are hundreds to thousands of 
meters deep and span fifty million kilometers altogether, 
which is approximately the distance from Earth to Mars 
(Stone, 2014). The only way for these structures to be 
removed would be if the crust were eroded after tectonic 
uplift. But even this would take millions to tens of 
millions of years to break the surface and structures on 
stable or descending crust may remain preserved below 
the surface permanently (Zalasiewicz, Waters, et al., 

2014). Anthroturbation has arguably the highest long-
term preservation potential of any human activity, 
leaving imprints on Earth’s geological record and thus 
supporting the Anthropocene. 
 
 
6. Boundary Limits 
 
Through scenic shots of the phosphate mines in Florida 
and the oil refineries in Houston, Texas the film 
discusses how humans have surpassed the boundaries 
for nitrogen, phosphate and potash from the use of 
fertilizer. The levels of nitrogen and phosphorus in soil 
have doubled in the last century resulting in the largest 
impact on the nitrogen cycle in 2.5 billion years 
(Baichwal et al., 2018, 0:50:20). To understand 
boundary limits, the planetary boundaries (PB) 
framework must be introduced and understood, which is 
represented through Figure 7. The PB framework 
defines safe operating spaces for humanity through four 
possible zones; below the boundary is safe, zone of 

Figure 7: Planetary boundary status as of 2015, defines safe operating spaces for humanity through four 
possible zones, high risk is represented in red, increasing risk in yellow, safe in green and grey represents 
uncertainties. (Steffen et al., 2015) 
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uncertainty is increasing risk, beyond the zone of 
uncertainty is high risk and boundaries that are not yet 
quantified. In Figure 7, high risk is represented in red, 
increasing risk in yellow, safe in green and grey 
represents uncertainties. The framework is based on the 
precautionary principle which suggests human societies 
should not drive the Earth system away from Holocene-
like conditions since it is likely that Earth will be much 
less hospitable to human societies (Steffen et al., 2015). 
This section of the film focuses on the planetary 
boundary biogeochemical flows, as seen in Figure 7, 
both phosphorus and nitrogen are beyond the zone of 
uncertainty.  

Based on this framework it is likely that going 
beyond the zone of uncertainty threatens the resilience 
of the Earth system (Steffen et al., 2015). The boundary 
for phosphorus was based on attempting to prevent a 
large-scale ocean anoxic event, but as of 2015, an 
additional regional-level boundary, to prevent 
widespread eutrophication of freshwater systems has 
been added (Steffen et al., 2015). The flow of 
phosphorus and nitrogen into aquatic ecosystems is 
leading to eutrophication, altering both nitrogen and 
phosphorus cycles. The state of the Earth system and its 
response to change is greatly influenced by its 
ecosystems and biota, both of which are affected by 
biogeochemical flows (Steffen et al., 2015). 
 
 
7. Climate Change 
 
Atmospheric carbon dioxide levels are higher now 
compared to any other time in the past 66 million years. 
This results in unstable global temperatures, extreme 
weather events, and sea level rise and ocean 
acidification (Baichwal et al., 2018, 0:57:25). The film 
explores these events through several different locations 
throughout the world; the Gudong Seawall in China, 
Venice, Italy and the Great Barrier Reef in Australia. 
The film interviews workers of the Gudong seawall who 
have been constantly maintaining and adding to the wall 
for the past 20 years and they believe this will continue 
with no identifiable deadline. The seawall covers 60% 
of the total length of mainland China’s coastline which 
has caused a dramatic decline in biodiversity (Ma et al., 
2014). Seawalls were traditionally used for coastal 
defenses but are now increasingly being used to enclose 
coastal wetlands for economic purposes. The film  

 
Figure 8: Past and projected area of enclosed wetland 
area in mainland China from 1951-2020 (Ma et al., 
2014)  
 
presents this through the Shengli Oil Field seawall 
which is used to protect oil production against the rising 
sea levels. This has led to coastal wetlands being 
converted from pollutant sinks to sources. It has become 
a feedback system in which increased enclosed wetland 
area leads to an increase in factories, croplands and 
other businesses that release pollutants and contribute to 
climate change and higher sea levels which creates the 
demand for more enclosed areas (Ma et al., 2014). As 
seen in Figure 8, the seawall has been expanding and 
will continue to expand into the future, leading to a 
decline in biodiversity and making people more 
vulnerable to extreme weather events by removing 
coastal saltmarsh wetlands (Ma et al., 2014). 

Next, the film presents clips of Venice, Italy 
which is covered in water. Although nothing is said 
during this segment, it is clear that Venice is facing an 
issue with rising sea levels. In the twentieth century, 
global mean sea level rose 11-16 cm, driven by climate 
change (Kulp & Strauss, 2019). As emissions increase, 
it is projected that global sea levels will continue to rise, 
under high emission scenarios they could rise 1-2 m by 
2100 (Kulp & Strauss, 2019). This will greatly impact 
certain areas more than others, such as Venice, since 
higher and more frequent coastal flooding is directly 
related to sea-level rise (Kulp & Strauss, 2019). Based 
on the projected sea level in 2100, Earth.org has created 
a model to estimate that 76% of Venice’s population 
would be displaced as seen in Figure 9 (Mulhern, 2020). 

The last location in the climate change section 
of the film was the Great Barrier Reef in Australia with 
coral reefs that have existed for 450 million years 
(Baichwal et al., 2018, 01:05:54). According to the film, 
coral reefs are home to more than 25 % of all marine life 
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and due to ocean warming and acidification they may be 
eliminated before the end of the 21st century (Baichwal 
et al., 2018, 01:06:08).  
Coral reefs are extremely vulnerable as heat stress and 
coral bleaching, both of which are a result of climate 
change, increases. A study in 2019, found that since 
2010 over half of reef systems in Western Australia have 
been severely impacted with mean coral cover currently 
at the lowest in record with full recovery unlikely if 
climate change continues to intensify  (Gilmour et al., 
2019).   

Climate change is also a planetary boundary, as 
can be seen in Figure 7. Unlike biogeochemical flows 
which was previously discussed in the boundary limits 
section, climate change is one of two boundaries that are 
connected to all of the other planetary boundaries, 
operating at the level of the whole Earth system (Steffen 
et al., 2015). Large changes in the climate are able to 
push the Earth system out of the Holocene state on its 
own, which is why climate change is recognized as a 
core planetary boundary. In Earth’s history, transitions 
between time periods have often been marked by 
substantial shifts in climate (Steffen et al., 2015). This 
indicates that climate change should not be ignored and 
it in fact provides evidence towards defining geological 
time periods.  

 
 

 
Figure 9: Projected population displacement of Venice 
in 2100 based on two sea level projects, light blue is 
mild , 2m rise and dark blue is extreme, 4m rise 
(Mulhern, 2020). 
 
 
 
 

8. Extinction 
 
The last topic covered by the documentary is extinction, 
due to human impact the Earth is currently in the middle 
of its 6th mass extinction. The film showcases a variety 
of species in a zoo that are critically endangered, 
endangered, and extinct in the wild or functionally 
extinct.  Habitat loss, poaching, pollution, climate 
change and over-hunting are all effects created through 
anthropogenic activity causing the current mass 
extinction to occur 10,000 times higher than natural 
rates according to the film (Baichwal et al., 2018, 
01:12:36). Although mass extinctions have occurred 
throughout geological time, they were due to the 
consequence of evolution unlike the current event which 
is the result of the environment changing so quickly that 
many organisms are unable to evolve in response to it 
(Ceballos & Ehrlich, 2018). Past extinctions were 
also not as sudden nor universal as the current 
extinction. Humans are the drivers for this extinction but 
they are also dependent on the ecosystem services 
biodiversity provides, so as biodiversity decreases the 
effects will be felt throughout the world.   
 
 
9. Conclusions 
 
The documentary Anthropocene: The Human Epoch 
and its seven topics, individually examined in this paper 
and utilized by the film as a basis for the argument in 
favour of the addition of the Anthropocene as a new, 
distinct epoch within the Geologic Time Scale. As 
defined through the impacts of human activity, provide 
ample reasoning to justify the institutionalization of the 
Anthropocene Epoch. Analyzed within the context of 
the documentary and this paper, it has become 
undoubtedly clear that the Holocene, the epoch 
following the last glacial period which gave way to a 
burgeoning human species and a largely natural Earth 
has long since ended and now resides well into the past 
as the breadth and effect of human impact has 
irrevocably altered the planet. Therefore, it is with the 
best interest of the future of the Earth and of the human 
race in mind that the formal approval of the 
Anthropocene be conducted as soon as possible so that 
greater public efforts and global policies to combat the 
damages inflicted upon the Earth might be enacted to 



Hu & Dalueg: "Anthropocene" movie     
 

167 

prevent it from becoming inhospitable for humans. 
Though current state of the Earth has been presented 
bleakly through the documentary and in this paper, it is 
not without hope that something can be done in order to 
steer the systems, that developed through the tenacity 
and ingenuity in which humanity has been able to thrive, 
back to create a safe place for all life on Earth into the 
future. As mentioned at the end of the film, the 
recognition and reimagination of the human dominance 
signal is the first step on the road towards creating that 
reality. 
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Editors' note: Great research. This paper examined the 
legitimacy of the Anthropocene as a new epoch 
designated within the geologic timescale. This paper 
was structured to follow and discuss the topics 
surrounding human evidence for the onset of the 
Anthropocene as they are presented within the 
documentary "Anthropocene: The Human Epoch". 



 
1. Introduction 
 
Understanding geological processes (such as plate 
tectonics, volcanism, and fossilization) has enabled 
geologists to piece together Earth’s rich history. Each 
era, epoch, and period has dramatically shaped our 
planet, forming the Earth we are familiar with today. 
Additionally, a better understanding of geologic 
processes and time scales may enhance our personal 
perspectives and enable us to determine better 
solutions to modern environmental problems. These 
ideas are suggested by Dr. Marcia Bjornerud in her 
new book Timefulness: How Thinking like a 
Geologist can Help Save the World, where she makes 
the case for geology to move from being a niche 
science to a core component of a modern citizen’s 
education.  

Dr. Bjornerud is a Professor of Geoscience at 
Lawrence University of Wisconsin, a Fellow of the 
Geological Society of America, and a recipient of the 
Shea Award by the National Association of 
Geoscience Teachers. She has taught geology for 
over two decades and has performed research in 
Svalbard (Norway) and Ellesmere Island (Canada).  

 
 

She has graciously offered to share her thoughts and 
insights on her new book.  
 
2. Thoughts on Timefulness 
 
The story of Earth can be seen in rocks as a “vivid 
record of vanished landscapes.” (Bjornerud, p.24)  
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Abstract 
 
Timefulness: How Thinking like a Geologist can Help Save the World by Dr. Marcia Bjornerud presents Earth’s 
rich natural history and makes a case for the importance of geology today. From mapping the deep sea, to 
tracking changes in the upper atmosphere, Dr. Bjornerud explains some of the tools geoscientists use to 
understand geologic processes. Instilled in the viewer is not only a sense of the immense scales of geologic 
processes, but also how vulnerable Earth’s systems are to rapid change—a warning about climate change. She 
closes the book by sharing how having a greater appreciation for geology and geologic time can help humanity 
steward a more sustainable world, saying “Our blindness to the presence of the past in fact imperils our future.” 
(Bjornerud, p.164, 2018). In our interview with Dr. Bjornerud, she explains some of the inspiration behind her 
book title Timefulness and why she believes it is both difficult but necessary to become more time literate. Dr. 
Bjornerud then teaches us some of the major geologic changes that have been impacted by human activity and 
how dangerous our practices are. Ultimately, she shares her optimism about the future, and why she believes we 
can overcome our challenges.  
 

 
Figure 1: A picture of the book’s cover showing 
various rock strata, symbolizing physical time.  
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By understanding the language of rocks, layers, eras, 
and eons, Dr. Bjornerud believes we can become 
more time aware and ultimately act with greater 
wisdom (Figure 1). She navigates the reader through 
Earth’s history by presenting various geologic 
processes that shape our world and the tools used to 
uncover them. From the Great Oxidation Event and 
ice ages, to radiometric dating and atmospheric 
composition, Dr. Bjornerud puts her readers into the 
mind of a geologist. The revelation at the end of the 
book is that Earth literacy and time awareness can 
play an important role in how we make long-term 
decisions regarding environmental issues.  
 One of Dr. Bjornerud’s most compelling 
arguments is that we must think more globally about 
both our environmental problems and act more 
collaboratively: “citizens of a planet whose tectonic, 
hydrologic, atmospheric habits ignore national 
boundaries,” (Bjornerud, p.19, 2018). Thinking about 
the Earth not as a set of independent countries but 
rather a series of interwoven systems “can provide a 
politically neutral narrative which all nations may 
agree to take counsel” (Bjornerud, p.19, 2018). At 
present, hardly any decisions and planning is made 
outside of “timescales longer than election cycles of 
a few fiscal years” (Bjornerud, p.169, 2018). Wise 
stewardship requires foresight and vision, both of 
which Dr. Bjornerud argues can be developed by a 
“reframe of the way we think about ourselves in time” 
(Bjornerud, p.169, 2018). It is hard to deny the logic 
of such an argument.  

In preparation for our interview, we were 
particularly drawn to two ideas from her book: the 
classification of the Anthropocene and the concept of 
“timefulness”. The designation of the Anthropocene 
is a hotly debated topic; however, recent papers have 
suggested that geochemical markers left by pollutants 
can provide a clear distinction between the Holocene 
and Anthropocene (Dong et al., 2021). It has also 
been suggested that most people struggle with 
conceptualizing large scales, especially deep time,  
because of a lack of familiarity (Resnick et al., 2016). 
We were curious about Dr. Bjornerud’s thoughts on 
the Anthropocene and whether she thinks we can truly 
change our perception of time and become more 
“timeful”. 

 
 
 
 
 
 
 
 
 

3. Interview 
 
We began by asking Dr. Bjornerud about when her 
interests in geology emerged. She recounted that, as a 
child, she was not encouraged to become a scientist; 
however, she was interested in ideas related to 
geology (without knowing what it was) at that age. 
She recounted watching a movie: “I do have a vivid 
memory of watching a film on Surtsey, which is an 
island that was born off the coast of Iceland, a 
volcanic island that came emerging out of the sea. 
This made a big impression on me and I included it in 
the book because I remember vividly going oh my 
goodness, a new land was created.”  

Her love of geology then went dormant until 
taking an introductory geoscience course in 
university. She immediately became fascinated by the 
explanatory power that geology can offer: “There's a 
backstory here that is what’s so attractive to me about 
geosciences. It just makes the world make sense and 
I can't understand why more people aren't interested 
in it.” Twenty years and two books later, her passion 
for the field remains unchanged. 
 
The rest of the interview has been edited for clarity. 
 
The title of the book is “Timefulness”. Can you 
expand on the meaning of this word and why you 
created it? 
 
It's a combination of two things, the first being 
mindfulness. It seems like a good thing for ordinary 
people to be more present in the here and now.  
However, this mindset may not be such a good thing 
for society at large.  

The other idea is timelessness, which is 
something we often think we want. We would like 
things to remain unchanging and outside time but, of 
course, nothing is outside time. Everything is 
changing.  

And so “Timefulness” was a kind of a 
counterpoint to both of these [ideas]. I wanted to 
create tension in the reader's mind due to the 
juxtaposition between the ideas. It is this sense that 
we, as earthlings, exist in geologic time. We are a part 
of an Earth with a long past and, hopefully, a long 
future. It is this awareness that we are embedded in 
time that is so important to me. 
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Studies have suggested that humans have a 
difficult time understanding things that are 
outside of our own experience, which may explain 
why we are worse at perceiving time than physical 
scale. Being a geologist, do you think looking at 
spatial representations of time everyday has 
helped with your understanding and appreciation 
of time? 
 
Absolutely, that's central to geologic thinking. I’ve 
come to realize that one of the key challenges in 
teaching the field is helping students develop an 
almost spatial sense of time. 

I don't know that any of us can honestly say 
we understand what a billion years is [like]. But, 
when you've observed and learned geologic 
processes, you get some internal feeling of how long 
it takes for different things to play out. Then, you 
begin to get a glimpse of what can happen in a 1000 
years, a million years, or even a billion years and 
you've developed some sense of what I call temporal 
proportion. We can't see time, but you can develop a 
sense and instinct for. 

One useful contrast that I do mention in the 
book is between two Greek words for time: one is 
kronos, that's the familiar one as it just means raw 
time… years, billions of years. The other is kairos, 
which means time within a narrative. I think Kairos 
is what fires a geologist's imagination. We're not just 
talking about what occured 1.5 billion years ago or 
1.4 billion years ago; there's a story arc to time. You 
start to develop an investment or relationship with the 
deep past through the Kairos, the time within the 
stories of the Earth and the biosphere.  
 
You mention in your book that you think western 
religious stories harm our perception of time and 
our appreciation for the Earth. Do you think that 
leaving our planet, in the form of colonizing Mars, 
is a continuation of these mythological stories? 
 
I think there is a deep human need to have a 
framework for understanding our place in the cosmos 
and that's where religion emanates from. In some 
cases, this need can turn pathological. 

In the last 20 years there's certainly been a 
resurgence in Young Earth Creationism. I am pretty 
intolerant of those ideas because I think, first of all, 

it's a dumbing down of the rich history of Earth. When 
studying geology, you come away with the sense of 
overwhelming complexity because of the duration of 
it all. The seven day creation story is like a children's 
version of these events and it's not very helpful in a 
practical sense either.  

My philosophy is: if you want to hold that 
medieval worldview, that is fine so long as you live 
within the constraints of your worldview. That would 
mean there would be no petroleum and no minerals, 
because all of these things have been found thanks to 
geological dating. 

In terms of apocalyptic thinking, there is this 
irony that if you think the world is going to end —and 
everyone is going to be lifted up to some other 
realm— there is no incentive to conserve or protect 
the environment. For Young Earth Creationists, 
wanting this really short time span both 
retrospectively and prospectively are both dangerous 
for different reasons. 

Also, I hadn't made that connection before 
about terraforming Mars. It is almost like a 
sublimated version of all of the religious ideas. It’s 
like there'll be some glorious time when we can leave 
this earthly realm and set up a completely new Eden-
like civilization. It's a technophile's dream and they 
probably wouldn't link it with any of these older 
religious traditions, but I think that insight is really 
interesting. 
 
Has becoming more aware of time impacted the 
way you see the world and society at large. Does it 
impact the way you view your family? 
 
As a geologist, this is the way I think all the time. 
Having coined the word “timeful” has made me more 
aware of  what I mean by it, forcing me to 
communicate it more clearly. I think it is a useful way 
of explaining geology and it is frustrating when I 
can’t get others to easily share this lens. Either people 
think it's about dinosaurs, or maybe it's about finding 
minerals or oil. I say it's a way of seeing in four 
dimensions.  

The sense of time is the one thing that grows 
more acute with age. You might lose your sense of 
smell, your hearing, and your sight; however, you 
start understanding time better. I, for example, have 
very elderly parents who are very frail. I see parallels 
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with the way we as a society view the Earth and the 
way we, as children and adolescents, view our 
parents. We think nothing we do could possibly hurt 
them when we're 13 years old. It's only later that we 
realize they were trying their hardest and they are frail 
too.  I think that there's psychological parallels in the 
development of human civilization and the 
development of individual people. 

What you take for granted and what you 
begin to value should change over time. If they don't, 
there's something you're not paying attention to or 
you aren’t thinking about things very deeply.  I do 
think in Western culture we are at a pre-adolescent or 
even the toddler stage of Freud's ideas; we think the 
world revolves around us and we don't have the 
interest in seeing other perspectives. We are very 
narcissistic as a society to our own detriment. 

Geologic stories don't have human 
protagonists for most of the four and a half billion 
years. We have to figure out ways to make those 
stories engaging and meaningful to people who don't 
generally think anything but humans matter. 
 
Why was it important to have a large portion of 
your book dedicated to the Anthropocene, even 
though it is such a small part of geologic time? 
 
Because that's what people care about. I love talking 
about deeper geologic topics but, ultimately, what 
matters to most people is now. However, I was very 
deliberate in the book, I did not want it to be a polemic 
that would never be picked up by someone who, for 
example, was a climate skeptic. I wanted to make it a 
friendly opening to people who are honestly 
interested in understanding Earth and its deep history. 
I’ve had criticisms from both sides, some saying 
there's too much about the Anthropocene and others 
saying there's too much about other components of 
geology. What I wanted to do is establish trust in the 
reader early on and also to reveal how we know all 
this stuff about the years past. They’ve heard about 
dinosaurs. They’ve heard about the Cambrian 
explosion, but they don't have a framework for 
understanding the whole story. They need the 
methods we [geologists] use to extract information 
from the rock record, so I wanted to provide enough 
of that so that a reader with minimal background 
could come in and pick up the book.  

By the time they finish the book, they should 
understand that there's logic to what the geologists are 
saying here. They should also begin to understand 
how the earth has worked over long time scales. Then 
in the end, when we bring it back to the present day, 
it adds a layer of honesty to what I am saying about 
the state of everything. Basically, this is how today 
compares with what we know about the past. 
 
You mentioned previously that there has been 
discussion around not only the term Anthropocene 
but also when it began. It has been suggested that 
there are clear biogeochemical markers for the 
Anthropocene (Dong et al., 2021). With all the 
excavation and deposition, land changes and 
geological processes we disrupt, would it not be 
very clear to an alien geologist millions of years 
from now which layer we belong to and where the 
Anthropocene started? What kind of layer would 
they see? 
 
I think there will be all kinds of clues running from 
stable isotopes, such as a huge delta C13 negative 
excursion. We actually can see that we have already 
diluted the atmosphere with light carbon. 
Photosynthetically fixed carbon has more relative C12 
than C13 in it. There will be evidence we have shifted 
the whole composition of the atmosphere and the 
oceans by that amount. There also probably will be a 
spike in temperature so the delta values would be 
lower than the Holocene average. Stable isotopes of 
oxygen can be used as Paleo thermometers too so I 
think both the delta C13 and delta O18 ratios will shift to 
lower values.  

I mentioned in the book (Bjornerud, p.129, 
2018) that we are moving more sediment than all the 
rivers of the world combined. As a result, we will 
probably see evidence of the very accelerated erosion, 
along with a spike in the accumulation of sediments 
on continental shelves. We will also see a lot of black 
shells from ocean anoxia, which was seen in the 
Permian extinction event, where we had widespread 
dead zones in the oceans. We'll probably see traces of 
the strange new compounds that humans have 
created, though I don't know what might happen to 
them [plastics and hydrocarbon compounds] over 
geologic time. I also think we will probably see lots 
of trace metals that normally aren't in very high 
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abundances due to mining activities. One other thing 
that comes to mind is that there will be random rock 
from different places and times jumbled together all 
around the world. I think these are all strong 
arguments for the Anthropocene.  
 
Many climate skeptics have falsely tried to use the 
Milankovitch cycle to explain recent trends. How 
do you think both the planet and its climate would 
be if we were not subjected to Milankovitch cycles 
throughout geologic time? 
 
These cycles continue throughout time. We only 
became vulnerable to them in the last 3 million years 
or so from Pleistocene time onward because the Earth 
cooled steadily through the Cenozoic. There seems to 
be periods of time when the Earth is more vulnerable 
to them. Right now, unfortunately, our carbon 
emissions are on track to fend off the next ice age. 

Clearly the Pleistocene would have been 
completely different, it was a time of instability. 
Many people make the argument that severe 
Milankovitch fluctuations did not allow for early 
humans to do much but respond to them. It was only 
when the Holocene started and things got more stable 
that we were able to settle down in fixed communities 
to start farming. In a way, we haven't been subjected 
to those Milankovitch fluctuations so much during 
most of modern history, which is part of the concerns 
surrounding climate change. We don't realize how 
sensitive we are to climate. We like to think it doesn't 
affect us, but major hurricanes or drought periods 
really wreck the economy. These are small 
fluctuations compared with what has happened in the 
geologic past. 

I know from my work in Italy on Cretaceous 
and tertiary age limestone, that you can see 
Milankovitch-like simplicity in these warm carbonate 
rocks. It probably has to do with wind patterns. 
There's thin dust layers that are interbedded in the 
limestones that, when people analyze [them], they 
think they're seeing Milankovitch forcings. 

I don't know why if it's happening all the time 
in the background we don't see that signal very much 
except at a few specific times. 
 
 

Learning about geologic time has definitely 
humbled our understanding of the world. Do you 
think humility and respect for the land (common 
in many indigenous cultures) is something we need 
today in a world where anthropocentrism and 
belief in technofixes run rampant? 
 
Yes. I think there are many differences between 
indigenous cultures. However; many seem to share 
common perspectives about the relationship between 
people and nature that is different from our modern 
perspective. Today we live a pretty comfortable life, 
but we've also lost sight of the fact that nature really 
is in charge. Somewhere along the line, the very 
things that have enabled us to live these comfortable 
lives also became like pathologies. 

We need to find some kind of new balance. 
We can’t go back. We are too numerous right now at 
seven plus billion people to go back in time to a past 
with a much lower footprint on the Earth. The tragedy 
to me of the Enlightenment is the intellect that got us 
here was not accompanied by wisdom. There's a real 
difference between cleverness and wisdom and we're 
way too clever for our own good. 

I don't know how to fix that but I feel like 
we're at an inflection point. Many of these 
conversations have made it into the public sphere, to 
the point where things are maybe starting to change.  
 
 
4.  Concluding remarks 
 
In both our interview and Timefulness, Dr. Bjornerud 
makes a convincing case that understanding geology 
can not only enhance our appreciation of time, but 
also meaningfully change our perspectives on our 
environment. Humans have undeniably changed our 
planet, leading many to call our current epoch the 
Anthropocene. We —as a species— can be 
narcissistic, often to our own detriment, and have 
harbored dangerous pathologies that are deeply 
entrenched in society. One of these pathologies is 
time-denial, where an ignorance of geologic time 
scales and a disinterest in long term thinking has 
driven us to make reckless decisions about our planet. 
“Timefulness” may be the antidote. We should not 
only become more time literate, but also think more 
broadly and responsibly about our environment. If we 
can start interesting people in Earth’s vast history and 
the many stories associated with it, then we can help 
foster a more sustainable society. As a species, we 
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need not only find a “new balance” with our world, 
but also accompany new knowledge with wisdom. 

“I have to think that there's something about 
geosciences that brings people together in a very 
fundamental way. It gives me optimism. If we could 
share these stories with more people, maybe it would 
change everybody's perspective. If we could start 
seeing each other as earthlings rather than tribes of 
different kinds, maybe the earth would be a better and 
more peaceful place.” (Bjornerud, 2021 Lecture) 
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Editors' note: You did an excellent job condensing a 
one-hour interview, while allowing Dr. Bjornerud's 
voice to come forward. We also like that you frame 
the interview with your thoughts into a larger picture.  
It will be fascinating to see if other Earth scientists 
will pick up the idea of "timefulness". 
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1 Introduction

The disappearance of the Ediacaran biota has been
subject to scientific debate since their discovery in
1946 by geologist Reginald Sprigg. Ediacaran biota
consists of soft bodied organisms that lived during
the Ediacaran Period (635 million to 541 million
years ago). They represent an important segment
of evolutionary biology due to their complex devel-
opment. They predate the explosion of life near
the beginning of the Cambrian Period, and some
scientists claim they Ediacaran biota were the first
metazoans which required atmospheric oxygen to
develop. These soft-bodied organisms are the pre-
cursors to the to more developed organisms with
skeletons, seen in the Cambrian Period. Three al-
ternative hypotheses have been put forward to ex-
plain their enigmatic disappearance: mass extinction
of Ediacaran forms, biotic replacement with early
Cambrian organisms eliminating Ediacaran forms,
and finally the Cheshire Cat model, with the Edi-
acaran biota disappearing from the fossil record due
to taphonomic processes.[1]

2 Ediacaran Biota

Ediacaran biota is characterized by a close relation
to Ediacaran rocks. Since their discovery scientists
have long debated the origins and characterization
of these biota. Algae, lichens, giant protozoans, or
possibly a Kingdome unknown to current living or-
ganisms have all been considered when categoriz-
ing Ediacaran biota. Ediacaran fossils are unique,
with different morphology, and an incomplete fos-
sil record. Furthermore, the morphology is unlike
anything that has been discovered prior to the Edi-
acaran Period. The discontinuity between the Cam-
brian fossil record and the Ediacaran fossil record
makes an intriguing argument for their disappear-

ance. The fossil record is largely inconsistent, with
the majority of fossils having a mode of preservation
similar to that of molds or casts. Thus, it is diffi-
cult to infer the overall shape and body characteris-
tic that can define these organisms. The absence of
forms with distinctive morphologic connections with
that of forms from the Cambrian make it even harder
to distinguish their linage in the fossil record. The
absence of morphologies linking Ediacaran biota to
modern taxa has made it difficult to predict an evo-
lutionary path. Therefore, scientists have theorized
that these peculiar organisms may have not contin-
ued into the future and vanished around the Cam-
brian. That being said, the driver for their extinction
is subject to debate.

3 Temporal and Spatial Record

Ediacaran biota has been found in forty different lo-
cations worldwide. Localities of dense fossils have
been found in four places: New Foundland, Flinder
Ranges of South America, White Sea Region of Rus-
sia and Namibia. [2] The fossil record has been fur-
ther divided into three temporal assemblages: the
Avalon ranging from 579-560 million years. The
fossils are primary located in Newfoundland and the
Mackenzie Mountains in Canada. The white sea as-
semblages ranging from 560-550 million years are
located around the world, namely they can be found
in Urals of Russia Mackenzie Mountains in Canada
and Olenek Uplift in Siberia. While the most recent
assemblage, the Nama assemblage, can be found
in the Mojave Desert in the United States, and the
Khatyspyt Formation in Siberia. The Nama assem-
blages are distributed world-wide despite their lack
of morphological diversity.
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Figure 1. (A) Dickinsonia costata with precon-
traction outline. (B) Funisia dorothea preserved as
body casts and external molds where casts have been
lost. (C) Two specimens of Parvancorina minchami.
(D) Kimberella quadrata. (E) Multilayered sand-
stone case of Bradgatia sp. (F) Sandstone cast of
scratch traces, Kimberichnus teruzzii, produced by
K. quadrata. (G) Spriggina floundersi. (H) Inter-
nal cast of three walls of Pteridinium simplex. (I)
Helminthoidichnites isp., groove and levee traces
preserved on a bed base. [2]

4 Taphonomic Processes of Ediacaran Fossils

The mode of preservation of these soft bodied or-
ganisms have puzzled researchers, due to their un-
usual fossilization. Ediacaran biota have been well
preserved in ‘normal’ marine sediments, which is
typically inappropriate for soft-tissue preservation in
the Phanerozoic. [3] Forming a good reconstruc-
tion of the chemical, biological and sedimentary pro-
cesses that dominated around the time when Edi-
acaran biota was alive would provide scientists a
more holistic view of how these fossils were able to
be preserved. Furthermore, we can infer taphonomic
discrepancies by examining the mode of preserva-
tion, which could provide insight into the disappear-
ance of the Ediacaran biota. A paper published in
1991 by Burton, recreated Ediacaran biota preser-
vation by using jellyfish as a proxy for soft-bodied
Ediacaran biota. He found it difficult to replicate fos-
silization, even under ideal conditions. Furthermore,

even if the jellyfish were stranded on the beach, they
were still unable to produce the molds and casts,
similar to that of Ediacaran fossils. This implies that
the either Ediacaran biota were built differently, with
tough outer layers, compared to contemporary soft
bodied organisms or microbial activity was a cata-
lyst for preservation [4]. Gehling describes what he
calls a “death mask” to explain sedimentary struc-
tures and patterns in Protozoic siliciclastic sedimen-
tary rocks. These microbial death masks would in-
hibit surface erosion of the Ediacaran biota, thus pre-
serving them. A recent publication by Braiser ar-
gues that the Ediacaran fossils were well preserved
due to the lack of vertical bioturbation. Vertical sed-
iments mixing would inhibit the preservation of soft
bodied organisms, thus rapid cementation and sedi-
ment lithification can occur uninterrupted, allowing
for the preservation of soft-bodied organisms.

Figure 2. Three of the many interesting Ediacaran
fossil animals. From the left are Tribrachidium, Cy-
clomedusa, and Dickinsonia. [5]

5 Mass Extinction Model

The prototypical notion for a mass extinction event,
at least in popular culture, is seen as destructive
forces over a small temporal period. Typically, vol-
canic activity, and meteorites are the conner-stone of
what people consider to be a mass extinction event.
However, dynamic marine redox conditions, rapid
plate movements and unique large perturbation to
global biochemical cycle also can impact the like-
lihood of an organism’s survival. [1] Geologist have
yet to discover a large extinction event during the
end of the Ediacaran period that meets the criteria
for a mass extinction. It is noteworthy that there is
a lack of general consensus among scientists as to
what qualifies as a mass extinctive event. Gener-
ally, the debate is centered around the rates of bi-
otic extinction, some scientists argue that timescales
of more than a million years should be treated as a
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evolutionary change rather than one brought upon by
a particular event. For the purposes of this essay,
we will use the criteria proposed by Laflamme; “ (1)
Mass extinction events are associated with relatively
short-lived episodes of ecological and environmental
stress. . . (2) Mass extinction events drastically affect
the structure and composition of communities. . . (3)
Mass extinction events are a global and facies inde-
pendent phenomenon. . . ” One can use the criteria as
a basis to evaluate palaeoecological, biogeochemical
and sedimentary evidence to resolve a mass extinc-
tion event near the Ediacaran-Cambrian boundary.
By locating such an event we can form a hypothe-
sis for the disappearance of the biota.

Traditional mass extinction models are charac-
terized by rapid ecological turnover and elevated
extinction rates of organisms due to environmen-
tal stresses. A particular model proposed by An-
thor, takes into account the immediately preced-
ing of Cambrian life, which must have evolved
and rapidly adapted to the changing environmental
stresses brough upon by the mass extinction event.
[1] This particular model has indicated a global
and near synchronous, within one million years, de-
crease in higher-order Ediacaran biota with the mass
extinction event. The early Cambrian metazoans
would have been “opportunistic or disaster taxa” [1]
which would have been replaced by more special-
ized and competitive Cambrian taxa. Furthermore,
a mass extinction event must be evident temporally
and spatially, with the latter including world-wide
evidence of environmental stresses. Researchers
would be looking for indicators such as, biogeo-
chemical cycles, ocean chemistry, meteorite impact,
and other short term environmental stresses.

The largest known perturbation to biogeochem-
ical cycles is related to the Shuram carbon isotope
excursion. The Shuram carbon isotope excursion
relates to a 17 percent drop from enriched carbon-
ate caron isotopes to depleted values of -12 percent.
[D. Rooney, 2020] This change in the carbon cycle
may have been a driving mechanism for possible ex-
tinction of the Ediacaran biota and the innovation of
Cambrian lifeforms.

A research team at the Arizona State University
have proposed that oceanic anoxia may have play a
significant role in the reduction the Ediacaran biota.

The team measured Uranium isotope compositions
in sedimentary carbonates from the Dengying For-
mation in South China. The team took a novel ap-
proach by combining uranium isotope data and pale-
ontological data from the surround rocks. They sug-
gest that the resulting expansion of oceanic anoxia
and temporal spatial redox heterogeneity, indepen-
dent of other environmental and ecological factors
would have contributed to the decline of Ediacaran
biota. Furthermore, the team suggests that the in-
crease in oceanic anoxia may have benefitted the
mobility of Cambrian forms.

Geologists have found evidence of variations
in the climate and ecology near the Ediacaran-
Cambrian boundary, via geochemical studies. How-
ever, the temporal resolution of these finding is not
substantial to hypothesize an extinction event. The
siliciclastic dominated post-Shuram deposits indi-
cating the depleted valued of the Carbon isotope
have only been identified in one location world-
wide, southwestern Laurentia [1] Based on the afore-
mentioned criteria that we established, evidence of
the depleted carbon isotope should be present in
other localities world-wide, indicating a global syn-
chronous event.

Variations to the chemical composition of the en-
vironment are not foreign to the Ediacaran biota. Pa-
leontologists have noted a minimum of three other
times in the Ediacaran period where negative car-
bon 13 isotope excursion have failed to influence the
distribution and diversity of Ediacaran biota. Fur-
thermore, the lack of morphological changes to Edi-
acaran biota during the excursions indicates that Edi-
acaran biota would have persisted large fluctuations
in global ocean chemistry.

Thus, there is no direct geochemical evidence
that would suggest a mass extinction event occurred
near the Ediacaran-Cambrian boundary, that sup-
ports relatively short timescale perturbation in the
environment. It is still unclear if there are other
unknow environmental changes undetectable to pa-
leontologists as of yet. Further research is needed
in order to form a sustainable paleo-reconstruction
of the Ediacaran-Cambrian environment. We can-
not simply remove the basis of this argument given,
more research must be conducted to find if other
environmental drivers, in conjunction with the car-
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bon excursions and changes to ocean chemistry may
have caused the disappearance of Ediacaran biota.

6 Biotic Replacement Model

If we assume that the disappearance of Ediacaran
biota occurred over long-time scalest then this
would be in disagreement with the mass extinction
model. The biotic replacement model proposed by
Laflamme includs two major parts “ (1) the ad-
vent of predation – a direct biological interaction
(2) replacement through complex interactions aris-
ing from ecosystem engineering – an indirect bio-
logical interaction.” [1] The two theories are not mu-
tually exclusive and therefore the coexists and influ-
ence each other. The former requires interaction be-
tween Cambrian fauna and Ediacaran biota, where
the competitive edge would be in favour of Cam-
brian forms. Hagadorn and Waggoner inferred pre-
dation via trace fossils. It is important to note that
there isn’t direct evidence of Ediacaran and Cam-
brian predation interactions. Changes to the os-
motrophic feeding becomes evident when metazoan
expansion into the pelagic and sub-surface.

Ecosystem engineering may have preferentially
aided in the competition for resources between Edi-
acaran and Cambrian fauna. New clades such as bi-
laterians would have an upper hand in the ecolog-
ical adaptations necessary for survival by securing
substrate and nutrients. “directly or indirectly mod-
ulate the availability of resources to other species,
by causing physical state changes in biotic or abiotic
materials. In so doing they modify, maintain and cre-
ate habitats” The majority of Ediacaran clades would
have competed for osmotrophic resources, that lead
to the decline in microbially-dominated sedimen-
tary facies. Paleontologists theorize that Ediacaran
biota were immobile and were specialized in micro-
bially reinforced substrates. The biological ecosys-
tem was altered largely due to the expansion of verti-
cal bioturbation, increased structural growth patterns
of carbonate reefs, and the onset of filter-feeding.[1]

Metazoans that implement filter feeding would
have changed ocean chemistry, where oxygen lev-
els and nutrient distribution would have been altered.
Similar to contemporary sponges, the reliance on
dissolved organic carbon would have been a vital

aspect of Ediacaran biota such as the sponges and
Rangeomorpha [ Sperling ]

The general consensus is that Ediacaran biota
lacked a mouth, tentacles, or pores, they lacked any
ability to consume large particular matter as a food
source. In conjunction with the loss of dissolved or-
ganic carbonate matter as their primary food source
their chances for survival decrease exponentially.
Furthermore, the correlation between the decrease
in Ediacaran biota and the increase in filter-feeding
dominated ecosystems may have been a result of
the ecological transition which ultimately was the
demise of the Ediacaran biota. If Ediacaran biota
were able to adapt to, similar to that of their Cam-
brian counterparts they may have stood the test of
time.

7 Cheshire Cat

The disappearance of the Ediacaran biota is not well
constrained within geochronological data implying
that across six paleocontinents there is an incon-
sistent fossil record. Due to their soft-body, geol-
ogists hypothesize the degree to which the organ-
isms can fossilize. The fossilization of an organism
is based upon characteristics such as good environ-
mental conditions for burial. Thus, if an organism
is unable to fossilize properly, this would imply that
there is something inherently wrong with environ-
mental conditions. However, the appearance of Edi-
acaran taxa before the Cambrian explosion indicates
that there must have been a change to the burial pro-
cess.

Throughout Earth’s history it has been subject to
notable transition, defined by variance in the climate
and ecological systems. The Ediacaran-Cambrian
ecological transition is one of the primary exam-
ples inferred from stratigraphic and palaeoecologi-
cal evidence. The change is marked by a predomi-
nantly osmotrophic ecosystems to more modern ma-
rine ecosystems, with the inclusion of filter feeding.

A hypothesis proposed by Gehling which sug-
gests that the preservation of Ediacaran was lim-
ited to the interactions between Ediacaran organ-
isms and microbial mats, which were removed by
more recently evolved organisms. With the onset
of the Cambrian changes in the microbiome would
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affect the degree to which Ediacaran biota could
fossilize. Therefore, the right environmental condi-
tions for preservation were preferentially absent in
the Cambrian. This model in particular does not re-
quire the extinction of the Ediacaran biota but rather
the removal of environmental conditions to which
Ediacaran biota can be well preserved. In contrast
this model is difficult to remove due to the fact that
the argument is based upon the lack of evidence, and
therefore cannot be ruled out.

Studies of the microbiome of the Ediacaran pe-
riod suggest that there isn’t a distinctive change
in their distribution near the Ediacaran-Cambrian
boundary and rather suggest a gradual change over
time. Marine substrates have been influenced by di-
versification during the Cambrian and Proterozoic
style of microbiome persisting into Cambrian. This
implies that the burial process during the boundary
was similar, suggesting that the lack soft-bodied or-
ganisms due to the change in burial process is not a
strong argument.

8 Conclusion

The enigmatic disappearance of Ediacaran biota is
a mystery to paleontologists and further research is
needed in order to form a substantial theory for their
disappearance. The most likely case for the dis-
appearance, is attributed to the biotic replacement
model, where the ecological environment dispropor-
tionality affected the Ediacaran biota. The lack of
diversity in predatory and feeding habits, in conjunc-
tion with microbiome and ocean chemistry changes
is most likely the cause for the disappearance of Edi-
acaran biota. Further research into the Ediacaran-
Cambrian boundary is needed in other to form a
compelling hypothesis. The low temporal resolu-
tion, and the lack of Ediacaran fossils also hinders
the process of postulating a substantial hypothesis.

iPad
184



References

[1] e. a. Marc Laflamme, “The end of the edi-
acara biota: Extinction, biotic replacement, or
cheshire cat?,” Gondwana Research (GR), ,
2013.

[2] M. L. Droser and e. a. James G. Gehling, “The
advent of animals: The view from the Edi-
acaran,” in PNAS, (Department of Earth Sci-
ences, University of California), 2015.

[3] D. E. Briggs, “The Role of Decay and Mineral-
ization in the Preservation of Soft-Bodied Fos-
sils,” in Annual Review of Earth and Planetary
Sciences , (Department of Geology and Geo-
physics, Yale University, New Haven, Connecti-
cut), 2003.

[4] J. G. Gehling, “Microbial Mats in Terminal Pro-
terozoic Siliciclastics: Ediacaran Death Masks,”
in Society for Sedimentary Geology, 2017.

[5] B. M. Waggoner, “The Ediacaran Period,” in In-
ternational Commission on Stratigraphy’s Inter-
national Stratigraphic, 2009.

iPad
Editors’ note: You provided an excellent overview of the various hypotheses for the disappearance of the Ediacaran biota. We appreciated the clear explanations and well-chosen figure. We are intrigued to learn more about the Shuram Carbon Isotope Excursion and how it might be casually linked to an extinction event.

iPad
185



My journey into teaching Earth science students 
how to write started nearly 15 years ago when I 
attempted to convey the necessity of content, 
clarity at the sentence level, coherence of 
paragraphs, and craft of grammar and spelling 
(Bank, 2006). Like many instructors I have since 
asked students to write a significant assignment, 
which may even include a peer-review component, 
but then all those bright thoughts will get buried on 
some computer harddrive and forgotten. A first 
attempt at collating student papers into a journal I 
tried a few years ago, but that course got cancelled. 
This year the pandemic forced me to rethink 
assessment in a course that in other years included 
hands-on fossil labs. The time seemed right to 
reinvigorate the idea of a course journal (and 
institute it within a course that is unlikely to be 
cancelled soon). 
 This volume is the execution of that idea. 
Writing and reviewing each other's work allowed 
the students to show they achieved four of the six 
learning outcomes of the course, and this 
assignment carried a significant weight of about 
one third of the final grade. It was therefore 
essential that students were given sufficient 
guidelines to show mastery. 
 The papers in this journal volume are 
based on a scaffolded assignment, broken into 
several logical steps (with underlined documents 
collated on the following pages): 
(1) Students were provided a sample paper (MS-
Word format, pg. 182-185) that served both to 
explain the assignment and to be used as template 
for a unified journal look.  
(2) An online sign-up sheet allowed students to 
select from a list of topics, and also propose one 
they would like to write about. Students were 
encouraged to work in pairs, but several chose to 
write on their own. 
(3) The annotated bibliography (pg. 186) was the 
first required submission, listing information and 
summaries for three key sources, and stressing 
academic integrity. 

(4) Soon after students met with a member of the 
teaching team (aka the co-editors of the journal) to 
discuss their topics. 
(5) Students submitted a draft which was reviewed by a 
member of the teaching team and one or two students. 
Students completed a review sheet (pg. 187) which was 
anonymized and returned to the authors. 
(6) Submission of the revised paper included a summary 
sheet (pg. 188) to ensure authors had thoughtfully 
addressed comments raised by the reviewers. 
Submission included an automatic plagiarism check via 
Turnitin (Quercus for Students, 2018). Students could 
see the similarity report and address issues. 
(7) The final papers were assessed based on a grading 
rubric (pg. 189) that had been shared with students at the 
start of term. 
 Academic integrity is integral to scholarly 
work, and the authors had to acknowledge that they 
would adhere to such standards by initializing a 
statement on the annotated bibliography, and then again 
on the final summary sheet. While the teaching team did 
not find instances of blatant plagiarism it is obvious that 
several papers could use better in-text citations. I see 
this as an incentive to provide better instruction on how 
to cite properly. This could be done by (i) showing 
excellent and adequate examples, (ii) providing a short 
paragraph and allowing students to paraphrase and cite 
that, and (iii) having them edit a draft paragraph. 
 As a final note I want thank all students and my 
co-editors (aka, the TAs) for their hard work.  
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1. Introduction 
 
Fossils are some of the most fascinating objects we 
have held or admired as kids, from tiny animal 
shells we found on a walk to majestic dinosaur 
skeletons we saw in museums. However, 
palaeontology is so much more. Rocks and the 
fossils they include can tell us about environments 
in the distant past, and how the Earth system has 
changed and is still changing. 
 
 
2. Content of your paper 
 
As a student in ESS261 you are confronted with 
many new ideas. Your task is to pick one topic that 
you would like to learn more about, and write a 
paper. As part of your assignment you will be 
involved in the scientific peer-review process, 
which ensures only high-quality thoughts and data 
are published. You will be reviewing each others' 
papers, and use the feedback you receive to 
improve your arguments. The final papers will be 
published as a course journal, which will thus 
mimic an academic publication. 
 Your topic may be linked to any of these 
overarching themes: 
(a) a fossil lagerstaette: these sites with exceptional 
preservation provide a snapshot into an ecosystem 
and environment of the geologic past; examples are 

Solnhofen (eg, Archaeopterix) in Germany, the Burgess 
Shale in Canada, Santana in Brazil,... 
(b) new findings about a fossil group: Palaeontology is 
a very active field of research as evidenced by a string 
of findings being published.  
(c) changes in a biogeochemical cycle: Earth is a 
dynamic system, and the cycling of elements has 
changed over its long history. 
(d) the Anthropocene: an ongoing discussion among 
geoscientists is how to define the base of the 
Anthropocence. Clearly, society has become aware of 
the changes humans are imposing on the Earth system, 
but how can we include a new geologic time period into 
the agreed-upon chronostratigraphic chart? 
(e) "Timefulness": Prof. Marcia Bjornerud, the author of 
this book (Bjornerud, 2018), has agreed to visit our class 
this term. It would be amazing if some of you had read 
her book and could interview her about it, write a short 
review, or think deeper about some aspect of her book. 
 I ask you to structure your paper into a few 
numbered main sections. 
 
The aim of the introduction is to make the reader 
interested in reading your paper. You may tell why you 
chose this particular topic, or provide a context for why 
this topic fascinates you. The introduction does not need 
to be long, yet may be very imaginative. 
 
You will name the next sections according to your topic. 
For example, if you choose a lagerstaette you may talk 
about the geographic and geologic setting, details about 
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the site, the fossil community, and key research 
findings. You should aim for three distinct 
sections. 
 
A conclusions section rounds off your paper; often 
authors try to link back to the introduction. You 
may also offer an opinion; for example how do you 
perceive the future of this lagerstaette? 
 
Your paper includes other (unnumbered) sections. 
The abstract forms the beginning of your paper. It 
is hard to write, because you have to be concise and 
still provide the key information. Leave this to the 
end, and read Landes’ article (Landes, 1951). 
Remember that more people will read your abstract 
than any other part of your paper. You should also 
include an acknowledgement at the end of your 
paper to thank people who have helped you 
(including reviewers). 
 
 
3.  Layout and editorial comments 
 
Word-processing programs like LaTeX provide 
professional-looking typeset to scientific 
documents. However, most undergraduate students 
do not have experience with this program, so I have 
written this sample MS-Word document called 
“paper_sample.doc”. Please copy it into your own 
directory, and paste your own text into its sections. 
Do not change the layout including margins, font 
and sizes of the paper; otherwise the combination 
of all papers together will not look like a 
professional journal. 
 
 
3.1.  Text layout 
 
 Leave two blank lines before a section 
heading, and one line after. The text is 11 pt Times 
New Roman, section titles are 12 pt and bold faced, 
while subsection titles are 12 pt. I suggest you 
number your sections. 
 While the first paragraph of a section is not 
indented, subsequent paragraphs should be 
indented 0.2 inches. The two columns are justified 
to add to the professional look. 
 To simplify your work I have created this 
template. It may be easier to work with your own 
textfile, and when you are ready to cut and paste 
your content into this document here (use “edit -> 
paste special -> unformatted text” to maintain the 
format of this template). 
 

  

 
Figure 1: Charly in Idar-Oberstein, the town where he 
grew up. The 14th century “Church in the Rocks” was 
built around a natural spring and is tied to a legend of 
two brothers who loved the same lady and one killing 
the other. Four decades ago the city undertook a major 
construction to secure the crumbling basalt of Permian 
age surrounding the church (and that concrete is now 
crumbling). 
 
 
3.2.  Figures and tables 
 
Each figure must have a stand-alone caption (printed in 
italics) and include the reference they were copied from 
(unless it is a figure you created 
yourself). We suggest you be careful about the figure 
resolution: too low and your figure will look grainy, to 
large and your document becomes so big that you no 
longer can send it by email. 
 It will be easy to include a one-column figure 
into your paper (for example figure 1, note that it looks 
best if the figure occupies the very top or bottom of a 
column). However, if you want to show a figure that 
crosses the whole width of the page, you need to follow 
these steps: 
(1) insert a textbox, drag across the whole page, 
(2) tell word to wrap the text around it (click on the text 
box, then on Format -> format text box, choose Layout 
-> Square), 
(3) insert the caption of the figure, 
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(4) insert the figure itself, and 
(5) make sure the figure is either at the top, or at the 
bottom of the page, and get rid of the line around 
the textbox.  
 Sometimes information can be adequately 
shared as tables. We urge you to use the same 
guidelines (stand-alone caption, referenced in text) 
as for figures. Table 1 shows an example of a table. 
Two quick conclusions from that table: (1) 
Germany and Canada use about the same amount 
of electricity, although Canada has not even half 
the population of Germany. (2) China has the 
highest consumption, and also the greatest reliance 
on fossil fuels. 
 
 
3.3.  Writing 
 
This is a major assignment, and one designed to 
help you become better writers. Even experienced 
writers struggle with the task of conferring 
information from their mind to a page with an 
audience in mind. 
 When writing your paper you should have 
a fellow ESS261 student in mind. This student has 
a basic background in geology, she/he knows 
something about fossils and Earth history, and in 
general is curious about the world we live in. You 
should aim to write 5 to 6 pages of text (about 3,000 
words). However, aiming for high quality of 
writing does not depend on you filling space, but 
on captivating the reader with an enticing narrative. 
Several books and articles offer valuable tips on 
technical writing, for example Northey and Knight 
(2006) or the column “Writer’s Block” (e.g., 
Mahrer, 2005). 
 

 
 
3.4.  References 
 
You should avoid using direct quotations unless this 
really adds to your argument. Putting ideas into your 
own words demonstrates to us that you have understood 
your readings. Help with paraphrasing can be found on 
the U of T writing website www.writing.utoronto.ca 
where you can also find information about  the writing 
centres. Your teaching team can also assist you. 
 Please use scientific references, including 
books, journals (see the UofT library website) and 
government websites (USGS, GSC). Written guides to 
fieldtrips (e.g., those offered at annual meetings of 
geologic societies) can be a useful source if you need 
information about a location. Some magazines 
(National Geographic) or respectable newspapers (New 
York Times, The Guardian, The Globe and Mail) can 
also lead to you trustworthy information. Please be 
aware that websites like Wikipedia, though helpful in 
the early stages of your literature search, are 
unacceptable as text sources. You can search for articles 
on the U of T library website, for example via the 
“search" link on their homepage 
(https://onesearch.library.utoronto.ca/), and we 
encourage you to connect with a librarian. 
 Use APA style for references (see 
https://www.utsc.utoronto.ca/twc/using-and-citing-
sources). Remember that even when you paraphrase you 
must still cite the original source both in the text and in 
the end references. 
 
 
3.5.  Academic integrity 
 
Plagiarism is a very serious offence. If caught it will 
place a mark on your academic record. In my experience 
students do not necessarily plan to commit an offence, 
but poor time-management, poor note-taking skills, and 

 
 
Table 1: Electricity consumption and production for selected countries 
 
Country population electricity consumption  electricity production from 
  [in thousand] [in billion kWh]   fossil fuel  hydro nuclear  other 
------------------------------------------------------------------------------------------------------------------------------ 
Canada       33,212      540    28%  58%   13%      1% 
China  1,330,045   2,859    80%  19%     1%      0% 
Germany      82,370      545    62%    4%   30%      4% 
Iceland            304          8      0%  83%     0%    17% 
USA     303,825            3,816    72%    6%   21%      2% 
------------------------------------------------------------------------------------------------------------------------------ 
source: Central Intelligence Agency, 2008 
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sloppy reading got them trapped. Please review the 
section on the course syllabus, read "How not to 
plagiarize" on the UofT writing website 
(www.writing.utoronto.ca), and promise yourself 
to never ever copy-and-paste from a source, even if 
it is just for a collection of background material. 
 You will have to confirm your 
commitment to academic integrity when 
submitting the annotated bibliography, and 
confirm that you adhered to the Code of Behaviour 
on Academic Matters (University of Toronto 
Governing Council, 2019). 
 
 
3.6.  Team work 
 
For this assignment you will be working with a 
partner. We expect that you share the work equally 
and have frequent meetings to discuss your ideas. 
Students often complain about team members not 
pulling their weight or taking over the project. 
Neither are helpful traits, but two reasons why 
teams often fail. Team skills are important to 
survive in today’s workforce, because the work 
simply cannot be done by individuals alone. During 
this assignment you will be asked to evaluate your 
own and your partners strengths and contributions. 
Submitting one piece of work together does not 
mean that you necessarily will earn the same grade.  
 
 
4.  Concluding remarks 
 
Writing will be an important aspect of your work 
after graduation. We hope that you are excited 
about writing about a “magical place”, and that you 
put your best effort into the demanding process of 
getting your work to a pleasing product. At the end 
of the course your papers will be published on our 
department website, and we want you to be proud 
of your work! 
 
 
Acknowledgements. I appreciate the input by the WIT 
coordinator Professor Andrea Williams and former Lead 
Writing TA Lisa Tutty. Allison Enright and Katrina van 
Drongelen, two other Lead Writing helped me compose 
a previous version of this paper. 
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ESS261 journal assignment - annotated bibliography          
 
Please save this file as "studentname_bib.docx" (where studentname is the name of the student 
submitting this form on behalf of the team) and submit online. 
 
 
student name(s): 
1)    __ 
2 (if applicable): __ 
 
 
Our topic is:  __ 
 
 
We plan to use the following references:  
For each source, note the complete citation, preferably in APA format and with doi (digital 
object identifier) or weblink if available. State if it is a journal article, book chapter, news item, 
institutional website, etc. Provide a brief summary of the source that shows how it relates to 
your topic. 
 
1) __ 
type of source: __ 
summary: __ 
 
2) __ 
type of source: __ 
summary: __ 
 
3) __ 
type of source: __ 
summary: __ 
 
The minimum number for this form is 3 references, you may add more later. 
 
 
Academic integrity 
We agree with our initials that we will adhere to UofT's Code of Behaviour on Academic 
Matters*, and in particular we will take all necessary steps to avoid plagiarism. 
your initials:  __ __ 

                                                        
* https://governingcouncil.utoronto.ca/secretariat/policies/code-behaviour-academic-matters-july-1-2019 
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ESS261 journal assignment - review sheet 
 
Please save this file as "YourName_review.docx" and submit online. Do not just answer "yes" or 
"no", but provide helpful suggestions. You can emphasize your point with specific examples from 
the paper. If you want to add comments to the manuscript you may, but this is optional. 
 Remember that the peer review process is strictly confidential, that means you are not 
allowed to communicate with the author(s) or discuss information or your views to anyone but 
the journal editors (ie, the instructor or the TAs). 
 
 
your name: xx 
number and title of paper you are reviewing: xx 
 
1.  Can the title be improved? 
xx 
 
 
2.  Do you see any issues with the text, including grammar/spelling, key question missing, 
content not logically ordered, unclear referencing? 
xx 
 
 
3.  Does the paper use sufficient references (do you find that certain sections lack sources, or 
would you have questions that are not being addressed)? 
xx 
 
 
4.  Are figures (or tables) easy to read, and do they link to the text and clarify ideas? 
xx 
 
 
5.  What is one constructive comment you think would help improve this paper? 
xx 
 
 
6.  What do you see as a strength of this paper?  
xx 
 
 
7.  In your opinion, to meet the criteria outlined in the rubric the author(s) have (select one) 
    a.  done an excellent job, not much more work is needed. 
    b.  to think about a few points, but the paper is already quite good. 
    c.  to consider several flaws, significant work is needed to make this paper good. 
    d.  a lot of work ahead to enhance their paper and make it conform to the requirements. 
 
Thank you for providing a thoughtful peer review. 
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ESS261 term assignment - summary sheet 
Please complete all prompts (marked as xx below) and submit it as the last part of one document which contains     
your edited paper and this sheet. If you are working as a team, only one member needs to submit the complete 
document which includes their personal summary sheet, the other student(s) only need to submit individually a copy 
of this summary sheet (entries can be similar between team members). 
 
 
Info 
your name and student number:   xx 
name(s) of team members if applicable:  xx or n/a 
(if someone else is submitting the assignment please underline their name) 
 
 
Questions 
How we/I addressed the comments raised during peer review:  
xx 
 
You may note here if you found any comments confusing or unhelpful: 
xx or n/a 
 
What we/I like about our/my final product: 
xx 
 
Something we/I would have liked to improve (if we had more time or started again): 
xx 
 
If you worked as a team, please briefly reflect individually on these 3 question:  
What worked well? What will you change in the future when working in a team? Would you say 
that each team member contributed equally to the final product?  
xx 
 
 
Academic integrity statement 
By submitting this summary sheet and the final version of the assignment, we/I -- the student(s) 
listed above -- affirm that we fairly collaborated on this assignment. We/I also assure that 
our/my work adheres to the Code of Behaviour on Academic Matters*. In particular, we/I took all 
necessary steps to avoid plagiarism by properly citing all sources. 
your initials: xx 
 
 
Additional questions (your answers to these will not be part of your grade) 
1. What is your main take-away from this assignment?  xx 
2. How difficult was it, and would you suggest any changes for a future version? xx 

                                                        
* https://governingcouncil.utoronto.ca/secretariat/policies/code-behaviour-academic-matters-july-1-2019 
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bibliography (7 pts) 
 1 pt for AI statement 
 2 pts for each of the three sources (1 pt for completeness and type, 1 pt for useful summary) 
 
outline (1 pt) 
 submitted on time and author(s) attended consultation 
 
draft (2 pt) 
 submitted on time 
 shows reasonable effort 
 
peer review (done individually, 10 pts) 
 1 pt submitted on time 
 2 pts answers each question 
 3 pts provides helpful comments 
 2 pt mentions a constructive suggestion for improvement 
 2 pt highlights a valid strength 
 
final submission (40 pts) 

component fails expectations approaches 
expectations 

meets expectations exceeds expectations 

content  
(20 pts) 

Seriously lacking. A 
lot of incorrect 
and/or incomplete 
information. 
 
Pts: 0-5 

Some incorrect 
information or some 
incomplete information 
 
 
Pts: 6-10 

Good. Correct, 
relevant, and 
complete information 
(see note 1) and 
useful figures 
Pts: 11-15 

Outstanding. Correct and 
complete information 
including evidence of original 
thought (see note 2). 
Excellent figures. 
Pts: 16-20 

coherence  
(6 pts) 
 

Little to no 
organization. Many 
errors in spelling 
and /or grammar. 
Unclear logic. Poor 
paraphrasing of 
sources.  
Pts: 0 

Poor organization and 
hard to follow. Several 
errors in spelling and/ 
or grammar. Mostly 
understandable, some 
issues paraphrasing. 
 
Pts: 1-2 

Well written, clear 
sentences. Good 
organization and 
minor issues (eg, 
repetitions).  
 
 
Pts: 3-4 

Exceptionally well written, 
with well paraphrased 
information. No mistakes in 
spelling or grammar.  The 
language is appropriate for 
the intended audience (class 
peers) 
Pts: 5-6 

references  
(6 pts) 

No evidence of the 
usage of 
appropriate 
scientific sources.  
 
 
 
Pts: 0 

Some evidence of using 
appropriate scientific 
sources. Relied heavily 
on non-peer-reviewed 
or secondary sources. 
Did not follow 
APAsystem. 
Pts: 1-2 

Good evidence of 
using and citing 
appropriate scientific 
sources (see note 3). 
Followed APA system. 
 
 
Pts: 3-4 

Outstanding evidence of 
using appropriate scientific 
sources. 
 
 
 
 
Pts: 5-6 

layout 
(3 pts) 

no clear layout 
 
 
Pts: 0 

uses own layout 
 
 
Pts: 1 

follows sample, in- 
cludes figures/tables 
well (see note 4) 
Pts: 2 

follows sample closely, with 
excellent placement of 
figures and page breaks 
Pts: 3 

administrative  
(5 pts) 

No evidence for 
improvement from 
draft, 
summary sheet 
missing. 
Pts: 0 

Some improvement, 
and/or late submission 
of revised version,  
summary sheet sloppy. 
Pts:1-2 

submission on time, 
summary sheet 
addresses most 
comments, clearly 
improved version 
Pts: 3-4 

thoroughly revised 
assignment submitted on 
time, summary sheet 
addresses reviewers' 
comments 
Pts: 5 

notes:  
(1) as guideline for length you may aim for around 6 pages (or about 3,000 words) 
(2) original thought would go beyond a summary of the literature, for example by including an own, carefully thought out and 
argued perspective, or a new question for research 
(3) appropriate sources should clearly provide the information used in the paper. I am hesitant to provide an actual number 
since that depends on the topic, though I suggest you aim for 4 to 6 excellent sources, and those should not just be secondary. 
(4) figures or tables can greatly enhance your message, but should be selected very carefully 
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