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Kortfattat 
 
Atmosfärens syrehalt har ansetts som avgörande för att stora livsformer 
skulle börja utvecklas på jorden, delvis eftersom syre möjliggör hög 
energiomsättning i celler men också för att syre krävs för att producera vissa 
ämnen som djur behöver, som proteinet kollagen. Men, i själva verket, har vi 
inte lyckats reda ut detaljerna kring utvecklingen av tidigt, stort liv och miljö, 
eller ifall den kambriska explosionen framförallt var en biologisk eller 
kemiskt händelse. I den här avhandlingen diskuterar jag hur utvecklingen av 
komplex flercellighet kan vara kopplad till förändringar i havens kemi både i 
proterozoikum (2.5-0.5 miljarder år sedan) och tidiga paleozoikum (~0.5 
miljarder år sedan). Även om fossil från moderna djur dyker upp runt 
ediacaran och kambrium, så finns det långt äldre fossil som kan påvisa 
flercellighet. Dessa fossil ger, om inte annat, anledning att leta vidare efter 
andra spår av pre-kambrisk flercellighet och kanske kan vi utöka våra 
sökmetoder till att också tolka ansamlingar, eller isotopsammansättningar, av 
spårmetaller. 
 
Den kambriska explosinen av djurliv (med startskott för 543 miljoner år 
sedan) är ett etablerat begrepp, men den senaste årens forskning har satt 
fokus på att hela perioden från ediacaran till devon var en dynamisk tid med 
skiftande havskemi, nya djurarter och experimentella ekologiska nätverk. I 
den här avhandlingen presenteras några resultat som belyser just denna 
övergångstid. Geokemin i Chengjiang beskriver hur havets kemi skiftar från 
syrefritt till sulfatfritt till syrerikt, och hur djur utan skal och ben kunde bli 
bevarade genom att flera unika förhållanden sammanföll. En annan studie 
visar hur molybden använts för att påvisa att atmosfärens syrehalt under den 
här perioden var högst hälften så hög som dagens nivå. Vi hävdar att 
stigningen som skedde i devon, kanske tack vare växternas intåg på land, och 
att stigningen kan speglas i att fiskar först då hade råd att jaga och växa sig 
stora. Slutligen visar jag också på hur det första stora massutdöendet kan vara 
kopplat till syrefria hav, snarare än kyla och för mycket syre. Ett komplext 
samspel mellan flera kemiska ämnen, utöver syre, tektonisk aktivitet och 
biologi ser ut att höra samman med den dramatiska uvecklingen för stora 
livsformer på jorden. 
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Abstract 
 
Oxygen has been assumed to be a vital trigger for the evolution of 
multicellular life forms on Earth, partly based on its power to promote 
substantial energy flux in cell respiration and partly as biosynthesis of 
compounds like collagen require oxygen. However, the co-evolution of large 
life and the Earth’s chemical environment is not well understood at present, 
and there is particular disagreement in the field about whether the Cambrian 
explosion of animal life forms was a chemical or biological event. Here, I 
discuss the evolution of multicellularity, divided in simple or complex forms, 
in light of the evolution of ocean water column chemistry in both the 
Proterozoic and the early Paleozoic. Even if the appearance of animals is 
confined to the Ediacaran, other fossil evidence of complex multicellularity 
can be argued to occur in the Paleo-, Meso- and Neoproterozic. These finds 
are, if anything, reason enough to keep searching for early experiments in 
complex multicellularity. In this search, we may have to expand our toolbox 
by looking at e.g. trace element aggregations and the isotopic composition of 
key elements. 
 
Research over the last couple of years have accentuated that much of the 
interval between the Ediacaran and the Devonian was dramatic with 
transitional ocean chemistry at the same time that large forms of animal life 
experienced dynamic radiation and ecological expansion. Results presented 
here describe some aspects of this time, including geochemistry from 
Chengjiang and a mechanism for preserving non-mineralized Cambrian 
animals that was partly dependent on specific ocean chemistry. Also, 
geochemical proxies using iron and molybdenum are used to infer a 
Paleozoic atmosphere with less than 50% of present levels of oxygen. The 
possibility that the subsequent rise is due to terrestrial plants and linked to 
the appearance of large predatory fish is discussed. Finally, the first mass 
extinction in the end-Ordovician is linked to low oxygen concentrations in 
the water column. It appears that more than oxygen was critical to allow the 
radiation of large life forms on Earth, but that chemistry and tectonic activity 
were intimately intertwined to biology, in a dance of permitting and being 
determined by certain aspects of ecology. 
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0BIntroduction 
 
Since Darwin’s concern over the sudden appearance of animal groups in the 
Cambrian, considerable effort has been devoted to understand this seemingly 
explosive radiation of animal life, and to decipher the more cryptic 
Precambrian geological record. Here, I will present some of this work, 
starting with what defines animals and multicellular life, as well as when we 
can and cannot find their remains in rocks, together with the current 
understanding of how Earth’s surface chemistry changed over these critical 
eons. During this PhD project I aimed to understand more about the link 
between the evolution of complex multicellularity and free oxygen in the 
atmosphere so, along this introductory journey, I refer to results from these 
studies as Appendix. My contribution to the work is listed in Appendix I. 
 

1 1BWhat is multicellular life 
 
We, and other forms of life in the animal (or metazoan) kingdom, have a 
specific place in the tree of life (Figure 1). Animals are built of eukaryotic 
cells, i.e. cells with a nucleus, and are defined by a stage in their embryonic 
development where cells undergo a process from single to multiple cell 
layers, the gastrulation. Animals sometimes manage their extracellular matrix 
to produce skeletal biominerals, like silica spicules of sponges or the calcium 
carbonate shells of oysters. 
 
However, an organism can be multicellular without being an animal, like 
fungi and algae. One way of looking at multicellular life forms is to divide 
them into simple versus complex forms. In simple multicellular organisms, 
the newly divided cells are incorporated in a reproducible morphology thanks 
to adhesive molecules, but the transport of signals or resource molecules 
between these cells is still limited1. This means that most cells must be in 
proximity to the environment, so that the cells individually can sustain 
themselves with resources2. The filaments of cyanobacterial constitute chains 
of hundreds of bacterial cells, and can be seen as a simple form of 
multicellularity. 
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Figure 1. A simplified phylogeny based on morphology and genetic analyses1,3-7. 
Groups with multicellular life forms are marked in bold and for simple multicellular 
forms with a star. The paths of complex multicellularity in the tree of life are circled 
in white to more intense color. Multicellularity has evolved several times in the tree 
of life. 
 
 
In contrast, complex multicellular organisms manage communication and 
adhesion between the cells in amore versatile way, which is possible only in 
eukaryotes. Eukaryotic cells have the ability to store signal molecules in small 
vacuoles, endosomes, and to transport them between the cells at rates that 
are faster than it would be by internal diffusion alone8. This means that the 
cell scaffolding and the membrane properties, allow organisms to develop in 
ways that are not possible for prokaryotic organisms1.  
 
This cell to cell signaling and transport are key characters behind complex 
multicellular organisms, next to cell differentiation and programmed cell 
death. However, the communication and efficient flux of oxygen, nutrients 
and signal molecules has permitted the formation of three-dimensional 
shapes of the organisms, where some cells are distant from the external 
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resources. In one sense, the ability to by-pass diffusion is a simple definition 
of complex multicellularity2. 
 

2 2BThe drive towards multicellularity 
 
It is not clear how or why the ability to circumvent diffusion, or other 
benefits with cell differentiation and programmed cell death, evolved with 
complex organisms. The simple fact of growing large has shown to favor, 
and, in fact, still promote, the evolution of multicellularity9-13. This is 
observed in experimental, morphological and paleontological evidence. One 
could say that, as soon as someone started to eat someone else, the 
unicellular prey would benefit from becoming larger, in either growth rate or 
physiology14-16. An organism would also benefit from cell differentiation, say 
if cells could divide the labor9,16 and take care of different, i.e. anaerobic and 
aerobic, metabolic processes17. 
 
If we look at an example from the world of colonial green algae, all cells are 
derived from one single cell, through a few cell divisions, and at some point 
the cells are specialized in either reproductive or somatic functions. Michod 
(2007)18 has identified the expression of a gene, regA, which, after an 
environmental trigger, can turn off the reproductive division of a cell so that 
this cell instead assists the colony to survive by other means. Since the 
expression of the regA gene results in something that is beneficial for the 
community, rather than for the cell itself, it is called an altruistic gene. The 
driver for this altruistic gene to be advantageous for the colony could be that 
the cells flagellar locomotion mixes the surrounding media and increase 
nutrient access18,19, or that an increase of somatic cells creates buoyancy for a 
larger and heavier colony that otherwise risks to sink20. Alternatively, the 
reason could lie in the cost of reproduction, which becomes higher as the 
green alga colony grows, and that a trade-off mechanism between altruism 
and reproduction pushes the transition from a unicellular to a multicellular 
form of life18. 
 
Perhaps opposite to what we assume, the transit to multicellularity is not rare, 
as it appears to have taken place more than 20 times from unicellular 
ancestors10,11,17,21-25. It still occurs26, and Grosberg and Strathmann (2007)5 in 
fact argue that this transition is relatively simple, at least on a cellular level 
and when driven by a selection for fitness. However, the transition that led to 
the evolution of animals only happened once, and this event is poorly 
understood13, and so are the general obstacles for developing multicellular 
complexity5. 
  
One way of thinking about the development of large organisms is in terms of 
oxygen. Oxygen is a potent fuel for both prokaryotic and eukaryotic 
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organisms. If oxygen availability is limited by diffusion and ambient pO2
27, 

one can imagine that by increasing ambient pO2, simple organisms would be 
allowed to grow larger while maintaining their internal oxygen gradient1. This 
would be an oxygen-induced transition from unicellular to multicellular life 
forms. However, it can be said that any organisms today with tissues thicker 
than a few millimeters must still have additional ways of transporting oxygen 
and other gases in and out of the body. The most efficient gas exchange is 
noted in the respiratory and circulatory systems of animals and plants. This 
success is somewhat reflected in that there are 500 times more species of 
bilaterian animals than there are species of sponges and cnidarians1. In any 
case, to understand if, how and when an increase of oxygen has influenced 
the evolution of complex multicellular life, we must start by looking at the 
fossil record of large life. 
 

3 3BObservable signs of early multicellularity 
 
The sudden appearance of animal fossils in the geological record has become 
known as Darwin’s dilemma28,29. Darwin (1859)30 wrote “To the question of 
why we do not find rich fossiliferous deposits belonging to these assumed 
earliest periods […], I can give no satisfactory answer”. Today, we know 
more about the Precambrian history of life but we lack consensus, on the 
meaning of many important aspects of this record, leaving other challenges. 
On one hand, molecular clocks, which use calibrated substitution rates to 
back track the divergence of organisms, tell us that multicellular organisms 
evolved long before the Cambrian. Estimates suggest that the last common 
ancestors to all living animals had evolved by 800 Ma31 or, by using more 
extreme extrapolations, that eukaryotes diverged from prokaryotes as early as 
3 Ga32. On the other hand, there is an existing Precambrian fossil record, of 
both chemical and physical fossils of eukaryotic multicellularity, which is 
under constant debate. Even if eukaryotic fossils in a conservative view can 
be argued to be convincing first after 850 Ma33, older fossils may provide 
vital clues to the evolution of Precambrian large life forms. 
 
To have a closer look, let us make an overview of the more or less visible 
evidence of evolutionary steps that led up to the Cambrian radiation of 
modern animals. This overview is deliberately not discussing evidence, or 
accompanying disputes, of the earliest cyanobacterial life, such as chemical 
evidence at 3.7 Ga34, possible microfossils at ~3.5 Ga35-37 or stromatolites at 
3.4 Ga38. Neither is the timeline here depicting the small, fascinating steps in 
bacterial cell differentiation, such as the development of impermeable 
vacuoles (heterocysts) that regulate the oxygen-sensitive nitrogen fixation, at 
2 Ga39. The reason is, as mentioned above, that the somewhat limited 
resource supply within and between non-eukaryotic cells reduces their 
potential to form complex and three-dimensional multicellularity (see also 
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Shapiro 1988)40. Therefore, and because this is a test of a hypothetical link 
between large life and free oxygen, I let the bacteria rest for now. 
 

3.1 19BIn the Paleo- and Mesoproterozoic 
 
We start with chemical fossils thought to represent eukaryotic organisms, the 
biomarkers (for the timing of eons, see Figure 2). Eukaryotic cells, as 
opposed to prokaryotic cells, utilize sterols in their cell walls41, and during 
diagenesis sterols are degraded to steranes which can be found in ancient 
organic carbon. This means, that the earliest steranes provide a chemical 
fossil of the earliest eukaryote, and clues to the prehistory of multicellularity. 
In 1999, the oldest steranes were claimed to have been found in sediments 
from the 2.7 Ga Pilbara craton in Australia42. However, a decade later this 
was reassessed as steranes introduced some time later than 2.2 Ga43. This 
leaves us with the earliest steranes coming from shales in the 2.1 Ga 
Francevillian basin in Gabon44. Also here, the exact age at which these 
steranes entered fluid inclusions in the sediments can be debated. However, 
that oil in the fluid inclusion is distinct from the later forming solid bitumen, 
which has a Paleoproterozoic signal, does among other arguments support 
their approximate dating (Figure 2). 
 
 

 
 
Figure 2. Indications of eukaryotic multicellularity in Earth’s history. SSF = Small 
Shelly Fossils. For sources see text below. 
 

3.1.1 24BThe Gabon fossils 
 
It is in the same, 2.1 Ga Francevillian, basin where we found pyritized 
macrofossils that we have interpreted to be of possible eukaryotic origin 
(Appendix II). These colonial organisms indicate cell to cell signaling and 
coordinated response that is similar to what is observed in multicellular 
organisms45. Several lines of evidence, summarized below, have been used to 
arrive at this interpretation. 
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Their mode of preservation as finely dispersed pyrite indicates that the 
organisms had a coherent tissue, in part, constituted of a slimy matrix. 
Furthermore, the elaborate folds in the fossil reveal that the tissue was 
flexible. With the help of sulfur isotopes, we showed that occasional, central 
and dense pyrite nodules stem from secondary pyrite growth during later 
diagenesis. This feature could therefore be differentiated as not having been 
part of the original shape of the organism. Furthermore, the distinct 
structure, with internal channels devoid of pyrite, radiating towards the edges 
of the fossil is a pattern we claim requires coordinated growth behavior. 
 
Additionally, the geochemical proxy of highly reactive iron46-49 indicates 
redox conditions in the water column at the time of deposition. This method 
showed that the surrounding shallow-marine setting was oxic. The picture of 
an oxic environment remains also when including the estimated amount of 
pyrite that now is preserved in the fossils. When calculating the ratio of 
highly reactive iron over total iron, pyrite otherwise adds to the ‘anoxic 
account’ in the proxy. An oxic environment cannot confirm the presence of 
eukaryotic multicellularity, but it is consistent with such a claim. 
 
After the publication of these results and interpretations, the main critique 
that has reached us, repeated in two mainly similar and unpublished 
comments to the journal, was that the fossils represent pieces of microbial 
mats. However, the tissue of the fossils is consistently thinner at the edges 
than in the more central parts, and the radiating fabric is connected with the 
morphology, which disproves that these ‘cookies’ were ripped pieces of a 
mat. After being part of interpreting these fossils, I see a larger problem to 
ignore these fossils, as representing organisms with aspects of multicellular 
organization, than giving them the benefit of the doubt. Also, in the Socoba 
quarry in Gabon, other curious structures were found on the same bedding 
planes as the fossils with colonial growth. These structures have yet to be 
described. 
 

3.1.2 25BSubsequent candidates for multicellularity 
 
Some hundred million years after the Gabon biota something else shows up 
in 2.0-1.85 Ga old sandstones from Australia. Here, a fossilized relief of 
ridges, 2 cm long and up to 2 mm wide, is interpreted to represent trace 
fossils from a worm-shaped, mucus-producing, motile organism50-52. Such an 
organism would, most probably, have had a multicellular or multinucleate 
organization. Until now, we have no macrofossils of its body, and the rock 
type leaves little promise of any preserved biochemical remains. However, 
almost contemporaneously, as well as in younger rocks, yet another cryptic 
fossil appears on the scene in China, India and Canada. It is the ribbon-like, 
centimeter-long, often coiled up, and sometimes even septated or annulated, 
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Grypania spiralis53-58. The size and septated structure makes it a likely 
eukaryotic organism59, even if its nature is still unclear. 
 
This is also around the time from when of microscopic eukaryotic organisms 
are found, from 1.8 Ga and onwards59,60. These fossils are interpreted as 
protists and constitute either single or multiple cells (e.g. Excavates, 
Archaeplastida and Chromalveolata, Rhizaria and Amoebozoa in Figure 1). 
Multicellular protists may include forms of organization intermediate 
between simple multicellularity and the complex multicellularity of plants, 
fungi and animals. Then, at 1.65 Ga, fossils in Indian phosphorites are 
interpreted as filamentous cyanobacteria or algae (Bengtson et al 2009). 
Complex multicellularity may thereafter be represented in the microfossils 
resembling filamentous red algae, called Bangiomorpha, from 1.2 Ga in 
Canada61. 
 

3.2 20BIn the Neoproterozoic 
 
The fossil record becomes richer, and perhaps a little less controversial, when 
we move into the Neoproterozoic. A recent re-analysis of skeletal 
microfossils from Canada, have extended their age from to ~800 Ma (from 
previously ~600 Ma) and changed their composition from siliceous to 
phosphatic62-64. Advanced protists also show up at 750 Ma, in the Chuar 
group, Grand Canyon65. These vase-shaped microfossils resemble protists 
that today are calcified which, together with skeletal algae from California, 
could reveal that skeletal biomineralization was in place at this point64-66. 
Protective mineralization may also indicate that the mechanism of protection 
against predators5, and selective pressure in its favor, were in place this early. 
This is the selective pressure, which is strongly linked to the diversification in 
the Cambrian explosion15. 
 
From this time on, accounts of fossils representing complex multicellularity 
increase and may even strengthen each other. For example, a chemical 
signature thought to originate from sponges is described from ~635 Ma67 
and sponge body-fossils of similar age have subsequently been presented 
from Australian and Namibian rocks68-70. However, any of these remains 
could be debated, such as the sponge biomarker possibly being associated 
with microbial sponge symbionts71 (and Lewis Ward, personal 
communication). The first widely accepted sponge fossil are spicules found 
in rocks from ~545 Ma in Australia72. Then we are already within the range 
of the puzzling Ediacaran assemblages. 
 
The Ediacaran biota is found from ~580 Ma, in England, Australia, Canada, 
Namibia and Russia. These diverse and sometimes large organisms have been 
described as animals, giant protists and fungi, among other suggestions 
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Fedonkin73. But whatever these sometimes fractal, deep-living organisms 
were, or were not, their size and organization makes most of them complex 
multicellular organisms. These assemblages furthermore show us motility, 
through trace fossils74,75 and possible animals, such as the mollusk-like 
Kimberella76-78 and the placozoan-like Dickinsonia79. Thanks to these remains of 
putative animals with bilateral symmetry, metazoan diversification is thought 
to start its bloom around this time period23,24,80. 
 
Then, just prior to the Cambrian, embryos demonstrate detailed, even if non-
metazoan, cell division81 and the first occurrences of small skeletal fossils 
assemblages appear, before new forms of these radiate dramatically some 
~10 Ma into the Phanerozoic82-84. The appearance of a trace fossil, T. pedum, 
able to make both vertical and horizontal burrows, define the beginning of 
the eon of visible life 85,86. This somewhat modest trace fossil is the official 
starting signal of the ‘Cambrian explosion’, but in fact represent more of a 
suture between the earliest appearance of animals, and predation87, and when 
something, or several factors, drive animals to diverge and become positively 
visible in the rocks. 
 
In conclusion, there have been substantial discoveries, and efforts to 
interpret these finds, in the last decades. Few fossils or interpretations 
mentioned above are undisputed, and they by themselves do not reveal a 
Precambrian evolution of multicellularity. Nevertheless, together they paint a 
faint picture of a sequence of events that seem to fit into each other. A 
diversification of eukaryotes in the Paleoproterozoic, with perhaps repeated 
trials of multicellularity, is followed by the appearance of algae, 
biomineralization, holozoan organisms, and animals.  
 
For animals, the fossil search over the last 50 years has not yielded much to 
change the idea of animals appearing soon prior to the Cambrian88, even 
though the molecular clock estimates that animals diverged at ~800 Ma31. 
Newly presented fossils of animal affinities have yet to convince the field to 
be either older than Ediacaran or even representing animals67,71,81,89, and the 
interpolation of the molecular clock is increasingly uncertain in the 
Precambrian due to fewer calibration points, like the sponge biomarker. 
However, the Precambrian may host many other trials of multicellularity, 
than animals, such as protists, algae, Horodyskia sp., Grypania spiralis, trace 
fossils and Gabon colonies. 
 
Now, what if this part of the sketch is right, even if out-of focus, that an 
evolution of complex organisms indeed was going on in the Precambrian 
eons of invisible life? Then, not only would Darwin’s dilemma still be valid, 
new dilemmas would also be piling up. One of the conundrums is why it 
took 1.5 billion years for complex macroscopic life to fully evolve? Not even 
the possible skeletal biomineralization observed at 750 Ma64,65 left much trace 
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before 543 Ma - why? Did evolution not occur continuously, but instead in 
short flashes? Or did evolution occur in very restricted environments, so that 
few clues can be expected to have survived diagenesis, tectonism and 
erosion? Or don’t we know what to look for? Let us start there – where can 
we look for additional fossils? If this evolution took place in the Proterozoic, 
there should be more fossils of complex multicellularity for us to find in the 
rock record, perhaps yet un-described groups next to known lineages in the 
middle of Figure 1. But how do we go about finding them? 
 

4 4BHidden signs of multicellularity? 
 
Ideally, we should be able to identify a signal that is specific for multicellular 
organisms and recognizable after billions of years of diagenetic or tectonic 
mangling. It could be a biomolecule, like the steranes that indicate the 
previous presence of a eukaryotic cell membrane41, or proteins, like collagen 
or cadherins, that are essential cell glue and signal compounds, within 
animals90, vertebrates91 and sponges (collagen only)92. The genetic domains 
that involve these proteins have been observed in chanoflagellates93, and is 
assumed to stem from the protists, i.e. unicellular eukaryotes13. The biosignal 
for complex life could also be a chemical element, its increased presence or 
changed isotopic ratio. While early evolution of multicellularity is pursued 
with genetic approaches, we can follow a somewhat different route, along the 
slime. 
 
Slime is a mucus of extracellular polymeric substances (EPS), and it is 
everywhere in the biosphere. On one hand, biofilms can turn consortia of 
different microbes94 into something that resembles a sessile, multicellular 
organism40. Here, the microbes benefit from the stability and protection of 
the mucus95. On the other hand, animals produce mucus for their mobility, 
through or over surfaces96,97, or for their protection against pathogens98. Such 
mucus may possibly leave traces of the progress of animals. 
 
It has been demonstrated that EPS can absorb high concentrations of 
cations99 as a result of abundant acidic groups in the matrix100. This trait is 
frequently used in waste water treatment, were for example cadmium101 and 
copper102 can be tied to, and removed with, the biofilms. The sulfate-
reducing bacteria Desulfobacteriaceae, have been shown to concentrate Zn by a 
million times within the biofilm, compared to the surrounding 
groundwater103, leading to the precipitation of sphalerite (ZnS). A joint 
venture based on mucus, between nematodes and bacteria, has also been 
noted in the lab. Bacteria were soon established in the slimy trails of 
nematodes, and the nematodes then re-visited their own tracks to harvest 
nutrients released from the agar, possibly as a result of enzymes from both 
organisms104. That both unicellular and multicellular organisms utilize mucus 
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is a challenge if we only want to track the multicellular forms. However, the 
mutual use of slime could also provide us with two ways of tracking the 
slime. Either the concentration of an element or the isotopic signal from a 
specific microorganism associated with the mucus could be preserved in 
rocks and reveal the presence of slime. I have tested the former idea. 
 

4.1 21BA hunt for cations 
 
In an attempt to detect elevated ratios of cations within, and outside, 
previously slimy structures, thin sections of Mesoproterozoic and 
Neoproterozoic stromatolites as well as the Cambrian fossils Diplocraterion 
and Skolithos were prepared. The elemental compositions of these samples 
were mapped with an electron microprobe at the Geological Survey of 
Denmark and Greenland (GEUS) in Copenhagen. The results did not 
conclusively show whether accumulations of cations were associated with the 
previously mucus-rich structures. For example, Skolithos is a trace fossil 
forming a vertical pipe and the concentration of iron (Fe) and zinc (Zn) was 
occasionally denser in the lining of the pipes of the fossil. However, this was 
not a consistent pattern between the pipes. Nor did the biofilms in 
stromatolites show a clear pattern of elevated ratios of cations, even though 
the sample from Visingsö (700 Ma)105 instead demonstrated some peculiar 
cell-like structures (Figure 3). (The latter structures were subsequently 
investigated with high resolution X-ray, by drilling out micro-cores, but the 
contrast between the spheres and surrounding matrix was too low to 
distinguish further structures.) 
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Figure 3. An electron backscatter image of the Neoproterozoic Visingsö stromatolite 
(700 Ma), showing pyrite grains (white) within filamentous structures. In the lower 
right quadrant of the picture, spherical structures with fairly even diameter, of 
~10μm, are observed. Sample Ss 20 from NRM. 
 
 
To proceed with the hunt for cations, I mapped the elements in the same 
samples and expanded the search with samples from the Gabon fossils, using 
X-ray fluorescence with high spatial resolution at the micro-XAS beamline at 
Paul Sherrer Institute, Switzerland. No clear-cut answer appeared this time 
either. However, two distinct patterns seemed to emerge.  
 
First, arsenic (As) and nickel (Ni) were both, but independent of each other, 
associated with structures rich in calcium (Ca). In particular, one of the 
Gabon fossils, the upper side (the orientation of the fossil would need 
confirmation by microscopy) was draped in a mineral rich in Ca and As 
(Figure 4). Arsenic has been observed to co-precipitate with calcite106, and Ni 
is linked to the nitrogen uptake among cyanobacteria. Mechanisms involving 
any of such mechanism could shed further light on what the Gabon fossils 
were. 
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Figure 4. A cross section of outer edge of the ’skirt’ of a Gabon fossil, with lining and 
draping rich in Ca, As and Ni. Co and other cations (not picted here) are most 
enriched in the pyrite-rich parts of the fossil. X and Y axes show position (mm) and 
legend to the right show intensity (counts/s). Sample Ss 21 from NRM. 
 
 
Secondly, the most obvious and common accumulations of e.g. Zn, Cu, Co 
and Pb were associated with enrichments of iron and sulfur, presumably, 
pyrite (Figure 5). It is known that trace elements can be strongly adsorbed 
onto pyrite (FeS2) 107-109 or adsorbed and coprecipitated with mackinawite 
(FeS)110,111 during early diagenesis. Incorporation of some trace elements have 
been described112, and recently quantified in mats113, hydrothermal systems114, 
as well as experimentally during different temperatures and pressures115. With 
this as a background, I imagine that a closer understanding of these pyrite-
associated trace element enrichments could become useful in tracking 
paleomucus. It could be ratios, or isotopic compositions, of some of the 
trace elements that differ when the pyrite has precipitated at hydrothermal 
vents, at varied depths in the sediment, or in a mucus matrix loaded with 
acidic groups. 
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Figure 5. Probable pyrite enrichments in the Visingsö stromatolite (Ss 19 NRM) seen 
as intense red in upper picture, are associated with elevated concentrations of 
cations, here Pb. Legend to left shows counts/sec. 
 

5 5BFollowing the Cambrian explosion 
 
We leave the cryptic and invisible fossils of multicellular organisms for a 
while, and, instead, look into the chemical environment after animals radiated 
dramatically on Earth. This tour of the Paleozoic ocean chemistry starts in 
the Cambrian, move towards the first extinction of animals in the Ordovician 
and then to the age of fishes and establishment of terrestrial plants in the 
Silurian and Devonian. 
 
Despite the Cambrian explosion being visible, in part, thanks to an increasing 
utilization of biominerals, the radiation of eumetazoans, and sponges, in the 
Cambrian was rapid and real116. First, trace fossils reveal increased complexity 
among its diggers117,118. Then, ~25 Ma into the Cambrian, body fossils from 
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most crown groups appear in the record87,119. Much of this wealth in 
knowledge about the fossils and the radiation of early Cambrian bilaterian 
animals is known thanks to a specific kind of Cambrian fossil sites, where 
foremost non-mineralized animals are exceptionally well preserved119-122. The 
mechanism for preservation, in these deposits, has remained unclear for over 
a century. Now, with two drill cores and a test of a hypothesis, we have 
further clues to the mechanism at play to preserve the non-mineralized 
animals and to ocean chemistry at the time. 
 

5.1 22BPreservation of non-mineralized Cambrian 
animals 

 
Two facts make Cambrian Burgess Shale type (BST) fossil deposits with 
exceptional preservation of labile tissues remarkable. Firstly, a majority of 
marine animal biomass in general is non-mineralized, and its low 
preservational potential creates a geological bias towards the mineralized 
animals. This results in a risk that we loose vital evidence of the evolution of 
animals. However, the BST deposits, located at a dramatic point in the 
evolution of bilateral animals, provide us with a window into the radiation of 
also non-mineralized animals. In BST deposits 85% of the species are non-
mineralized123, which is a higher percentage than later in the Phanerozoic. 
Secondly, today, fine and soft morphologic details are gone within days124. 
Burying animals into anoxic sediments will not guarantee preservational 
either125. Why then, were these soft organisms preserved particularly in the 
Cambrian? A few ideas have been around126-128, but none had been tested. 
 
In the summers of 2009 and 2011, we at NordCEE, Robert Gaines from 
Pomona College and a team led by Xianguang Hou at Yunnan University, 
drilled at the Chengjiang BST deposit in China. This is known as the oldest, 
yet described, BST deposit, and the two cores provided unweathered, sea 
floor sediments, that proved excellent for analyses of its both geochemical 
and sedimentological properties.  
 
First, the cores, together with data from other BST deposits and expertise in 
ichnofabrics and sedimentology, from in particular Robert Gaines, led to 
deflating the idea that BST fossils in Burgess Shale and Chengjiang are 
preserved as a result of bioturbation in the Cambrian being fairly shallow129,130 
(Appendix III). It is clear that BST preservation preferentially occur in non-
bioturbated sediments131-133, partly as a result of anoxia keeping the 
bioturbators on a distance. It is also clear that the depth range of 
bioturbation, and mixing of sediments, increases over the Mid- and Late 
Cambrian130,134,135. However, even with a worst-case scenario, of oxic 
conditions and deep bioturbation, it would not have eliminated BST deposits 
like Chengjiang and Burgess Shale. This was neat to know, but in one sense 
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gave us yet another factor, apart from burial in anoxic sediments, that is 
insufficient to explain the BST preservation mechanism. 
 
The BST fossils are preserved as carbonaceous compression136, which means 
that original, organic carbon is still there. This also means that something 
prevented this carbon from being consumed. The decade-long investigation 
to clarify this shared chemical characteristic of BST preservation paved the 
way for us to test what might have hampered the microbial degradation of 
carbon. 
 
At high sedimentation rates, it has been observed that the microbial pathway 
by methanogenesis re-mineralize carbon less efficiently than what sulfate 
reduction does137. That the decay of organic tissues is retarded in the absence 
of sulfate reduction is also be suggested in taphonomic studies of decay in a 
natural marine setting, which is sulfate-rich, versus a freshwater setting, 
which has low sulfate concentrations, systems125,138,139, and in the laboratory 
(Appendix IV).  
 
The reason methanogenesis could be a less efficient way of decomposing 
organic carbon, is because methanogenic organisms relies on other microbes 
to first ferment and hydrolyze the organic compound140-142. These two 
processes can, at least initially, be hampered by a build-up of metabolic 
byproducts, such as hydrogen143 and dissolved organic matter144,145. This delay 
in decay efficiency, during methanogenesis, makes sulfate starvation a prime 
suspect linked to BST preservation. With the Chengjiang cores, collected 
material from six other primary sites of BST preservation, and the idea of 
restricted microbial decay128, a test could be made (Appendix V). 
 
Mineral composition and the isotopic composition of pyrite sulfur were 
compared between the rapidly deposited, and fossiliferous, eventbeds and the 
slowly depositing background beds in the Chengjiang cores (Figure 6). A 
distinct pattern emerged, where the fossiliferous eventbeds were consistently 
homogenous in fine clay particles smaller than 20 μm, had increased contents 
of calcium carbonate towards the top surface of the eventbeds, and had an 
isotopic composition in the pyrite sulfur that was enriched compared to 
pyrite in the background sediments. Enriched pyrite sulfur was also noted in 
the six other BST deposits. 
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Figure 6. A cutting of the Haikou core, from 2009, shows eventbeds (light grey) and 
intervals of background sedimentation (dark grey). 
 
 
Based on this data, we describe a mechanism for BST preservation that 
involves three main factors. 1) The fine-grain clay acted to entomb and fixate 
the animals in a matrix. The fine-grained sediment also reduced diffusion, of 
both influx of oxidants and outflux of metabolic byproducts. The latter 
affected the initial fermentation and hydrolysis. 2) The authigenic carbonate 
cement (via carbon isotopes inferred to have been of seawater origin) filled 
up the upper pore spaces and created a capping that further prevented influx 
of oxidants from the overlying water column. 3) The sulfur pyrite 
enrichments (δ34S) of all BST deposits, seen at Chengjiang as a ~16‰ 
enrichments in eventbeds compared to immediately adjacent background 
sedimentation, reflects concentrations of sulfate below 0.2 mM in the 
eventbeds (modern marine concentration is 28 mM).  
 
There was limited sulfate reduction around the fossils, seen through some 
pyritization of labile tissues, such as limbs146. However, the three factors have 
succeeded in delaying the microbial degradation for long enough so that the 
fine detail of the organisms became imprinted in the sediment matrix, still 
coated in a film of their own carbon. 
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5.2 23BThe Ocean Chemistry 
 
The mechanisms we describe for BST preservation would not be possible 
without certain chemical properties of the global ocean147. First, sulfur 
scarcity restricting microbial degradation of carbon requires an ocean with 
much less sulfate than in the modern ocean. With 28 mM sulfate in the 
ocean, as today, even the porewater in a recently deposited eventbed contain 
enough sulfur to fuel sulfate reduction and precipitation of up to 0.3 wt% 
pyrite (at water contents of 70%). However, in an ocean with much less 
sulfate it may be possible to deplete sulfur so that microbial activity or the 
microbial expression of isotopic fractionation is affected under certain 
conditions.  
 
A Paleozoic ocean with low concentrations of sulfate has previously been 
inferred from fluid inclusions in halite148,149, from seemingly easily depleted 
pools of surface sulfur150 and in modeling151. These studies suggest sulfate 
concentrations that range between 3 mM151 and 10 mM148. A global ocean 
with low concentrations of sulfur strengthens the plausibility for how we 
describe the BST mechanism to occur in offshore settings152, even though 
the concentrations probably need to be even lower than 3 mM153. The 
oceanic sulfur concentration has risen since the Cambrian, maybe as a result 
of bioturbation154. This increasing concentration of sulfate could be one 
reason why we after 400 Ma mainly find soft tissue preserved in fresh water 
systems129,155. 
 
Another factor that seemed to have been unique for the Cambrian ocean, 
and possibly a necessity for the carbonate component in BST preservation, is 
the globally alkaline ocean156. The idea is that flooding of extensive areas of 
stripped and exposed crystalline basement prior to, and during, the Cambrian 
led to substantial erosion. This then led to a high influx of bicarbonate, 
among other elements, to the ocean and hence extreme ocean alkalinity. The 
resulting peneplane can be observed as a global hiatus, called the Great 
Unconformity. Other evidence is extensive glauconite formation in shallow 
settings, carbonate precipitation at mid-depths156 and unprecedented 
strontium and neodymium isotope excursion in the Cambrian157. 
 
These are two examples of how the Cambrian ocean chemistry was unique. 
We will look into a few more indications of how the ocean chemistry was 
dynamic during, in fact, a great part of the early Paleozoic. In some sense, 
Paleozoic ocean chemistry can be described as a distinct, transitional, stage 
between the Precambrian and the more familiar Phanerozoic conditions. 
That we even can begin to describe this ocean chemistry in detail, is much 
thanks to developments in low-temperature geochemistry over the last 
decades, which now permit us to detect some of this drama. 
 



 28

5.2.1 26BAn oxygen minimum zonation in the Cambrian 
 
The prelude to Cambrian ocean chemistry involves extensive euxinic 
conditions after the great oxidation event (GOE)158-160, and a possibly 
ferruginous deep ocean161. When approaching the Late Neoproterozoic, 
instead ferruginous conditions appear to have been dominant162, possibly 
with sulfidic conditions at mid-depths161,163,164. Then, in the Ediacaran, some 
deep-ocean oxygenation is observed 165,166. 
 
The Ediacaran oxygenation continued into the Phanerozoic, but its dynamic 
is not well understood. Geochemical analyses are gathering up to show 
occurrences of widespread anoxia also in the early Paleozoic, both 
euxinic151,167-169 and occasionally ferruginous162,170. However, Paleozoic 
sediments to a large extent represent shallow depositional settings171, which 
means that we could still miss out on evidence for the paleodepositional 
setting in the Paleozoic deep. 
 
The Chengjiang cores have given us further clues of how Cambrian ocean 
chemistry evolved, somewhere on the continental slope below storm wave 
base at ~520 Ma, plus minus a few million years. The geochemistry has here 
provided us with details of the transition from anoxic to oxic conditions, 
which follow a shallowing event. What is extra neat is that a condition that 
resembles a modern oxygen minimum zone (OMZ) is visible in the water 
column. This zonation is active exactly when, and where, the BST fossils are 
preserved, after the passing of euxinic conditions and before the shallowing 
permits oxic conditions to reach the sediment (Figure 7). 
 
 

 
 
Figure 7. Selected geochemical indicators from the Chengjiang core, drilled in 2010, 
showing FeHR/FeT, FePY/FeHR, δ34SPy, Mo and δ15N. A shift from anoxic to oxic 
conditions is observed, together with an excursion in the nitrogen isotopes arguably 
indicating an OMZ zonation in the passing water column. 
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The history starts with deep and, at least weakly, euxinic conditions, when 
background sedimentation is slow and fossiliferous eventbeds don’t reach 
our site. Then, sea-level gradually falls and the fossiliferous, unbioturbated, 
homogenous fine-clay eventbeds come in, presumably after storms. Here, 
geochemical proxies using highly reactive iron, and molybdenum 
concentrations, are equivocal so that neither anoxic, nor sulfidic, conditions 
can be ascertained. However, the isotopic composition of total nitrogen 
demonstrates an excursion that might reveal how the extent of microbial 
denitrification is increasing.  
 
Denitrification, as opposed to nitrogen fixation, is an important process in 
modern oxygen minimum zones (OMZ), and nitrogen reducing bacteria 
prefer the light isotopes of nitrogen172. A sulfide-free OMZ-zonation, 
intersecting the sediment water interface, would also fit with the oxidant 
restriction we consider part of the BST mechanism. After this interval of 
BST preservation and nitrogen isotope excursion, and after further 
shallowing, we see the iron proxies indicating more and more oxic conditions 
(Figure 8). Oxic conditions can also be noted by the increasing extent of 
bioturbation in the core. This bioturbation started to mix the gradually 
thinner eventbeds with background sediments, presumably disrupting both 
pristine geochemical signals and preservation of non-mineralized fossils. 
 
 

 
Figure 8. A model of the paleodepositional setting at Chengjiang, with oxic, nitrous 
and euxinic conditions with depth. BST preservation occurred in the OMZ-
zonation, where chemistry and sedimentology promoted the mechanism. 
 
 
Over the whole interval, the sulfur isotope signal in pyrite also reflects a low, 
deplete-able, pool of oceanic sulfur. Thus, the water column over Chengjiang 
demonstrates first sulfidic, then ferruginous and finally oxic conditions. Or, 
put simply, the Chengjiang cores have provides us with yet another window 
into the transient Cambrian ocean chemistry. 
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5.2.2 27BStepwise increase of Paleozoic oxygen 
 
While the geochemical proxy using iron speciation gives a local paleoredox 
picture, molybdenum (Mo) has the potential to, in a best case scenario, reveal 
global redox conditions. This is linked to the observation that Mo behaves 
conservatively when oxygen is present in the ocean. Today, Mo 
concentrations in the ocean have accumulated to ~20 times the 
concentration in rivers173 and reside for ~800 kyrs160,174. This creates a well 
mixed oceanic Mo pool, also in terms of a homogenous isotopic 
composition175. However, in the presence of sulfide, Mo is efficiently 
removed from its water phase and buried into the sediment. Through this 
mechanism, simplified, Mo contents and isotopic composition can both 
reflect the extent of sulfidic conditions in the ocean. 
 
In a study of Mo concentrations in a handful of Paleozoic samples 
representing a euxinic setting, I and Tais Dahl were surprised to see 
concentrations of Mo below ~10 ppm. In a fully oxygenated Cambrian 
ocean, we expected to note higher concentrations of Mo in the euxinic 
sediments. Therefore, we extended the study to 64 of our own samples, 
compiled with Mo concentrations and isotope results from ~120 previously 
published samples. The data set spans from the Neoproterozoic to the 
Devonian and show a stepwise pattern that we infer to reflect a prolonged 
oxygenation of the Paleozoic ocean (Appendix VI). 
 
In fact, before this stepwise increase, a brief peak in the isotopic composition 
of Mo (δ98Mo) is noted immediately after the Cambrian boundary176. The 
positive values suggest that there was, for a short time, a rise of oxygen in the 
ocean, and presumably in the atmosphere. A similar pulse-like peak in δ98Mo 
have also been observed just before the Cambrian boundary in Oman177, and 
these pulses certainly requires further investigation. 
 
Then, during the early Paleozoic, we observe low Mo concentrations and low 
δ98Mo that we infer to reflect widespread occurrences of euxinic water 
conditions. This is only possible if the atmospheric contained less oxygen 
than today, and we model that they between 15 and 50 % of present 
atmospheric levels (PAL). This data, from hard rocks, and indirect estimation 
fits with recent modeling that, in contrast to models based on sedimentation 
rates178, is feedback-based by coupling carbon, oxygen, phosphorous and 
sulfur179. If it is correct that fee oxygen was low in the Paleozoic, it 
recognizes that the radiation of bilaterian animals occurred in an 
environment that contained significantly less oxygen than today. It might 
have affected where their inhabitable niches were situated, and perhaps also 
how they adapted their physiology or behavior. 
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A rise in oxygen is, with this dataset, inferred to occur first in the Devonian. 
This rise may be linked to the innovation of resistant plant tissue, like lignin, 
that promoted an increased efficiency of carbon burial. We also attribute this 
rise to be reflected as a general increase in body size180,181 and in the increase 
of high-energy predators182. The idea is based on that different modes of life 
require different amounts of energy, such as floating requiring very little 
energy183. The novelty of large predatory fish first in the Devonian is thought 
to be related to sufficient oxygen to fuel rapid bursts of hunting. When a 
chemical lid of low oxygen was lifted, an evolutionary rush of large marine 
hunters was made possible. 
 
Both slowly increasing atmospheric oxygen and the idea of predatory fishes 
were opposed of in a comment by Nick Butterfield184, and we subsequently 
replied (Appendix VII). In short, Butterfield said there is charcoal from 
wildfires in the Silurian requiring at least 62% PAL185, while we claim those 
charcoals are the result of smoldering combustion and that the fire window, 
in terms of necessary ambient oxygen, is not well established186. We also say 
that the increase in oxygen, inferred from Mo evidence, in fact might start 
already in the Silurian. Butterfield also opposes the idea that fish need more 
oxygen than other animals, such as arthropods and mollusks, as fish are as 
intolerant to hypoxia as other species187. Here, we make a point of it being 
the energetic lifestyle of Devonian fish that requires more oxygen than slow 
lifestyles. We furthermore extended our database, modeling and oxygen-and-
fish-burst idea in an invited comment (Appendix VIII), where we mention 
how large animals in the early Paleozoic, like Anomalocaris and Orthoceratids, 
might have been slowly moving. 
 
However, another angle of the study is more curious, and in conflict with 
both Butterfield’s comment and our reply. Does the rise in atmospheric 
oxygen occur before the fossil record presents convincing evidence of 
resistant plant tissues? It certainly appears that the colonization of land, by 
mosses and plants, was in a dynamic phase between the Ordovician and 
Devonian188,189. However, even if fossils of increasingly complex plants occur 
in the mid-Devonian190, the remains before that are few and small. It is not 
even clear that lignin was a part of the water conducting structures, the 
tracheids, in the Rhynie chert fossils from the lower Devonian191. 
Furthermore, if the rise is already in the Silurian, there we have even less 
traces of resistant tissue. The increase in body volume starts in the Silurian 
180,181, which in our reasoning might reflect an increase of free oxygen here. It 
is also in the Silurian where the stomata index demonstrates a reduction of 
pCO2

192, which also may reflect increasing oxygen. If not lignin, what then 
acted as a potent carbon storage at this time? 
 
Other decay resistant compounds like sporopollenin and cutin are visible in 
the rock record before and during the Silurian189,190, but not in vast amounts. 
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Could they still have affected the burial of carbon, even though we can not 
see much of the refractory carbonaceous tissues? Or was it the weathering 
effect of mosses that caused marine algal blooms and carbon burial on the 
shelf193? No doubt, this interval needs further studies, and then, preferably, of 
high spatial resolution. 
 

5.2.3 28BLow oxygen linked to the first mass extinction 
 
Now we take a huge leap of a 100 myr, when one or several factors led to the 
first major mass death of animals. In the late Ordovician, nearly 85% of all 
species and 26% of all animal families went extinct194,195. This first mass 
extinction, out of five in the Phanerozoic, have until now primarily been 
attributed a global cooling and oxygenation of the water column196-201. 
Considering that the globe, in an extreme greenhouse state, might have been 
hot even before the extinction, a cooling of about 5°C202 does not necessarily 
seem lethal. Neither does oxygenation of the water column appear life 
threatening, as oxygen is a requirement for most animals and complex food 
chains203. 
 
Therefore, I, David Harper, David Bond and Tais Dahl first set out to get 
geochemical clues to this event (Appendix IX). The local paleoredox proxies 
in sediment that represent the early part of the extinction do, indeed, appear 
to show oxic conditions. However, the isotopic signal in pyritic sulfur 
demonstrates an excursion towards heavier values of up to 60‰ in the early 
phase of the extinction. The isotopic composition of sulfur is a regional 
signal, but the enriched sulfur could be detected in our three sites as well as 
in three sites in China204,205. This means that the pattern is represented in 
three different ocean basins, and can therefore be argued to be widespread. 
 
The excursion is difficult to explain without invoking extensive surface sulfur 
removal, most likely through pyrite burial in euxinic conditions. Our 
proposed mechanism for the short and intensive euxinia, involves the same 
glaciation on Gondwanaland as previous hypothesis have used to infer 
cooling as kill mechanism. However, we think that it was primarily the 
eustatic sea level fall, associated with the glaciation, that led to less carbon 
buried on the shelf, increased recycling of phosphorous, extensive algal 
blooms and the depletion of oxygen in the water column. 
 
The eustatic sea-level fall and subsequent depletion in oxygen affected the 
biota in two ways. Anoxia developed at depth in the ocean, where deep-water 
brachiopod faunas are observed to become extinct 206,207. A steep oxygen 
gradient would also develop in the water column, possibly exposing nektonic 
species, like graptolites, to a higher predation pressure208,209. Based on this 
data, and the ecological patterns during the extinction, we suggest that anoxia 
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was a key kill mechanisms during this event, possibly in combination with the 
narrowing of shelf niches210. 
 
A nutrient driven oxygen crisis, like the one we propose for the end-
Ordovician extinction, would certainly benefit from previously low 
concentrations of dissolved oxygen in the global ocean. Hence, in yet another 
example, we can see a dramatic implication of how the slow oxygenation in 
the Paleozoic ocean affected marine animal life (Figure 9). 
 
 
 
 

 
 
 
 
Figure 9. Schematic overview of Paleozoic events and results. Dashed boxes reflect 
the atmospheric concentration of oxygen, inferred from the Mo record. Colors 
below the oxygen curve represent the ocean chemistry. Sulfate concentrations in the 
Paleozoic could roughly follow the same slope as the oxygen curve based on 
modeling from Bergman et al., 2004. 
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6 6Concluding remarks: The co-evolution of 
free oxygen and multicellularity 

 
The previous discussion aimed at emphasizing a few aspects of the 
evolutionary history of large life and chemistry. The result is not a single 
answer, or truth, as to whether oxygen was the major trigger for large life on 
Earth. Instead, new questions are generated. 
 

6.1 In the Paleoproterozoic  
 
If we start at the dawn of an oxic atmosphere in the Paleoproterozoic, the 
great oxidation event (GOE) is set at 2.45 Ga. This oxygenation is inferred 
from the disappearance of mass-independent sulfur fractionation in the 
atmosphere211,212 and the appearance of redox sensitive minerals, like 
uraninite, pyrite and siderite, in detrital deposits after ~2.3 Gasee 213. If the 
peculiar and large fossils from Gabon and Australia50-52,214, mentioned in 
section 3.1, indeed represent early experiments in complex multicellularity, 
they might encourage the idea that these first steps were permitted by a rise 
in atmospheric oxygen. The fossils furthermore evoke that multicellularity 
could evolve in conditions with very low levels of atmospheric oxygen. 
However, to acknowledge these fossils also results in new challenges. 
 
Oxygenation in shallow marine settings has been inferred from sediments 
that are older than the GOE, at 2.5 Ga215 and at 2.7 Ga216-218. Would this 
mean that we could expect to find other large, complex forms of life in 
shallow settings from this time? Or did it take an interval as long as the 
Phanerozoic (~600 Ma) for eukaryotic cells to evolve the physiochemical 
tools that allowed them to cooperate in larger groups? If the latter is true, it 
may trivialize oxygen as a trigger for multicellularity. However, the love-hate 
relationship between oxygen and evolution of large life is certainly complex. 
For example, on one hand the oxygen allows a multiplied energy yield, 
compared to anaerobic metabolisms, but at the same time its free radicals are 
damaging in a way that may induce mutations. Mutations induced from 
reactive oxygen species have been observed in protists, plants and animals219-

221, and an increase of ambient oxygen could favor cell differentiation222, but 
when and how could oxygen induced mutations be successful? Questions like 
these make this interval in Earth history interesting to explore further in 
terms of its chemistry, its fossil record, and the genetic potential that may 
have been present. 
 
The enigmas do not stop there. Not long after the deposition of the 
sediments where the Gabon fossils are preserved, it seems oxygen levels were 
lowered again. This is seen through signs of dissolved iron in shallow settings 



 35

at ~2.0 Ga223,224, simultaneous return of banded iron formations213, and in 
chromium isotopes225. Rapid crustal growth is one suggestion as to why free 
oxygen was reduced for an interval226 but, after a return to somewhat higher 
pO2 again at ~1.8 Ga213, one could wonder why did it take another billion 
years before oxygen was allowed to accumulate in the atmosphere and 
oxygenate the ocean in the Ediacaran165,166? Furthermore, could experiments 
in complex multicellularity have been affected by the yo-yo behavior of 
atmospheric oxygen? We know that the innovation of multicellularity has 
been tested several times, so was there then a chemical obstacle such as too 
low oxygen, related to extensive euxinia and trace metal scarcity158,227, or 
perhaps a lack of selective pressure24 that kept complex multicellularity back? 
The list of questions can be made long. 
 

6.2 In the Ediacaran-Ordovician 
 
Moving abruptly to the radiation of bilaterian animals, some of the results 
that have emerged during this PhD period suggest that concentrations of 
atmospheric oxygen were significantly lower than modern levels in a 
transitional period stretching from the Ediacaran to the Ordovician. This can 
be seen in the Mo record, at Chengjiang and also in the Hirnantian data sets. 
Could this give us a hunch that the dramatic events of Paleozoic animal life 
and death occurred when ambient oxygen were just ‘enough’? 
 
We need to back up one step again, to see an earlier link between the rise in 
oxygen and the evolution of animals. A major change in ocean redox 
conditions occurred before the Cambrian. After mainly euxinic and then 
ferruginous ocean conditions162, a subsequent oxygenation, also of deeper 
settings, took place in the Ediacaran at ~580 Ma160,165,166. Oxygen 
concentrations may still have been fairly low, and the flat thin Ediacaran 
fossil Dickinsonia has been used to infer that the shallow setting contained no 
more than 10% PAL of oxygen228. 
 
Even if the Ediacaran ocean oxygen concentrations were low, it has been 
proposed as the chemical trigger that permitted an evolutionary burst for 
Eumetazoa228-235, eventually leading to the Cambrian radiation of bilateral 
animals. One should remember that some animals can cope with primarily 
anaerobic respiration236 but the synthesis of collagen and cholesterol appears 
to require oxygen. And even if a fumarate-based anaerobic respiration yields 
four times more energy than glycolytic anaerobic respiration237, complex food 
chains require increasingly large organisms and, hence, oxygen238. Andy 
Knoll1 writes ‘The beautiful blooms of complex multicellularity had long 
stems’, and perhaps the Ediacaran oxygen increase indeed was the beginning 
of the bloom. 
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Let us then think about the lag between the radiation of Ediacaran biota and 
the Cambrian radiation of animals. Could this have been the time interval it 
took to develop the efficient respiratory system of animals, or was there 
simply not enough oxygen in the atmosphere to sustain complex food 
chains? Or what if ambient oxygen were ‘enough’, and the ability to 
biomineralize was in place since considerable earlier65,239,240, could then the lag 
have been dictated by poisonous chemistry, as mentioned before158,227, 
insufficient selective pressure24, or a the absence of a fauna that could induce 
dynamic, biological environments241. In short, can we know if the radiation of 
animals was an ecological or chemical event? 
 
During this interval the supercontinent Rodinia was breaking up. An increase 
in protist diversity, and turnover, is noted at the Ediacaran/Cambrian 
boundary, which is then believed to be important for the ecological patterns 
that emerged242. We don’t know if these burst were linked to an excess of 
nutrients from the spreading centers, but what we do know is that the break-
up resulted in the highest sea levels of the Phanerozoic243. The flooding of of 
basement is linked to weathering and re-working or silicate rocks which led 
to increased ocean alkalinity, possibly allowing the Cambrian organisms to 
biomineralize cheaply156. Could then the high sea level and alkaline Cambrian 
ocean have other effects that favored a radiation of animals? When eustatic 
sea level is high and shelf area large, carbon is efficiently buried away on the 
shelf244,245. Also, reactive iron in sediments is observed to be important for 
the sequestering of carbon into the sediments246. During this interval we have 
both high sea levels and possibly remaining ferruginous conditions in the 
ocean. Could it be so that bicarbonate in the alkaline ocean feed blooms of 
primary producers, leading to extensive carbon burial and a push of 
accumulation of oxygen in the atmosphere? Would this be linked to the pulse 
of oxygen observed right at the Cambrian boundary that is reflected in the 
molybdenum isotope peak176,177? 
 
Another scenario to exemplify how tightly chemistry and biology may be 
connected would be when the global sea level falls. If the tectonically driven 
high sea-level was vital for the Cambrian radiation, life would face 
subsequent challenges when sea levels fell again, after the Early Ordovician. 
When shelf area for carbon burial shrinks, the recycling of phosphorous may 
become more efficient and, during a short time span, boost primary 
production and affect oxygen availability in the water column245,247,248. Could 
the sea level fall also reduce inhabitable areas and increase the selective 
pressure, and would both of these factors be linked to increased competition 
and the radiation of animals? In the early Ordovician a shift in the carbonate 
factory is observed, where carbonate deposits thereafter are richer in 
skeletonized remains, possibly as a result of changes in available oxygen, 
carbonate and biological solutions249,250. Not long after, in the mid-
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Ordovician, a second radiation occurs called the Great Ordovician 
Biodiversification Event (GOBE)251,252. 
 
Let me sum up these, both established and speculative, thoughts in a 
simplified line of events from the Ediacaran to Ordovician. Essential 
innovations to allow complex multicellularity and biomineralization were in 
place at the time of the Ediacaran rise in oxygen. This rise permitted 
eumetazoan life forms to radiate, interact and adapt to the new challenges in 
an oxidative environment, but not to grow large238 or build complex food 
chains. Not until Rodinia breaks up are chemical factors, like oxygen, 
bicarbonate and iron, in place to boost diversity. The radiation now could be 
fuelled by enhanced input of nutrients, maybe reflected through protists253, or 
alkalinity156 that led to an arms race of biomineralized protection15,87. During 
the Cambrian, extensive euxinia and carbon burial are engaged in a joint, but 
stepwise, increase of atmospheric oxygen254. Not until the mid-Ordovician, 
when sea level falls, do we see a reduction of the Cambrian smörgåsbord of 
nutrients and oxic shelf area. Here, we note significant animal radiation as 
well as a shift in the carbonate factory. Soon after, in the late Ordovician, or 
at least in the Silurian, plants colonize land, and, through this, take over the 
main regulators for significantly affecting atmospheric oxygen. Both their 
weathering effect and decay-resistant tissues may influence carbon burial and 
atmospheric oxygen.  
 
This would mean that the evolution of animals on Earth required oxygen and 
time, but also key innovations to be in place before tectonic and chemical 
conditions pulled one or possibly several triggers, leading to selective 
pressure in terms of predation and fights for niches. This emphasizes that the 
evolution of life and environment are intertwined. Chemistry and tectonic 
events seem to be more than simple scenery for the biological evolution. 
Finally, looking back at the GOE, perhaps some aspects in the genetic, 
tectonic and chemical history was out of synch, so that there was no 
innovative radiation that left us massive or visible remains of complex 
multicellular life. 
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8BErrata 
 
Appendix III: Emma U Hammarlund is also affiliated with the Department 
of Geological Sciences, Stockholm University, S-106 91 Stockholm. 
 
Appendix V: Affiliation ‘d’ should be Department of Geological Sciences, 
Stockholm University, S-106 91 Stockholm. 
 
 

 


