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Abstract 
The history of life on Earth is preserved 
in the rock record. As we search for 
evidence of life on other planets, it is 
likely to be preserved in the rocks. As 
such, it is critical that we understand 
how to accurately interpret the rock 
record. Here we describe fossils from 
Yukon, Canada that represent the 
earliest evolution of animals 540 mya. 
The goals of this project are to 
investigate potential drivers for this 
sudden explosion of diversity including 
ecological and environmental changes. 
To do this, we characterize the fossils 
from two rock units that encompass this 
increase in diversity and use stable 
oxygen isotopes as a proxy for 
paleotemperature. The increase in 
diversity of fossil organisms is closely 
tied to the appearance of reef forming 
metazoans, suggesting that reefs 
provided new habitat space for 
organisms to diversify. Oxygen isotope 
data have not been obtained yet but will 
provide new insight into temperature 
during this significant period in animal 
evolution. Additionally, this data will 
contribute to our knowledge of the 
formation of phosphatic crusts and their 
potential for recording 
paleotemperature. Beyond Earth, 
phosphatic crusts have been identified 
on Mars and may provide clues to the 
history of the red planet.  

Introduction 
Earth is currently the only planet known 
to host life. Despite this apparent rarity, 
the conditions to support life have 
existed on Earth for at least 4 billion 
years of its 4.6 billion years of existence 

(Schopf 2006). The fossil record 
provides the history and evolution of life 
on our planet. It is likely that any 
evidence we find of life on another 
planet will be fossil evidence (McMahon 
et al. 2018). As such, it is important for 
us to develop our understanding of 
geological record so that we can 
properly interpret the record of life and 
the environment on Earth, and also 
apply what we know to the search for 
life on other worlds. 
Much of the history of life on Earth is 
occupied by single celled organisms 
(Knoll and Nowak 2017). Complex 
multicellular life, and animals in 
particular, only arose approximately 540 
million years ago (Zhuravlev and Wood 
2018). The question remains why did it 
take so long for complex life to evolve? 
Multiple drivers for this evolutionary 
event, termed the “Cambrian Explosion” 
have been suggested including 
biological mechanisms such as the 
development of HOX genes and Gene 
Regulatory Networks (Peterson, 
McPeek, and Evans 2005; Zhu et al. 
2017), ecological processes such as 
predation and the evolution of 
biomineralization (Vermeij 1989; Erwin 
and Tweedt 2012; Kouchinsky et al. 
2012), and environmental factors such 
as temperature changes, nutrient 
availability, and dissolved oxygen levels 
(Sperling et al. 2015; Zhang and Cui 
2016; Wood, Ivantsov, and Zhuravlev 
2017; Dahl et al. 2019). 
Temperature is one of the mechanisms 
that is not well constrained for this time 
period (Song et al. 2019; Scotese et al. 
2021). We know that seawater 
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temperature is a significant control on 
the distribution of modern marine 
animals, so it could have impact on the 
distribution and evolution of early 
animals (Stuart-Smith, Edgar, and Bates 
2017; Oppenheim et al. 2019). Some 
current estimates for Cambrian 
seawater temperatures push 50˚C, 
which would prove deadly to many 
modern sea creatures (Vinagre et al. 
2019). A better understanding of 
temperatures during this time is critical 
to our understand of early animal 
evolution. 
Here we will use stable oxygen isotopes 
as a proxy for paleotemperature.  

Geological Setting 
The rocks used in this study come from 
the Wernecke Mountains in Yukon, 
Canada. The stratigraphy here 
preserves a record of the breakup of the 
supercontinent Rodinia and the 
formation of a passive continental 
margin on the paleogeographically 
northern coast of Laurentia. This 
succession, known as the Windemere 

Supergroup preserves rocks from the 
Tonian period (~1000 Ma) to the 
Cambrian period (~540 Ma) (Moynihan 
et al. 2019). Our field sites are located 
approximately 185 km northeast of 
Mayo on geologic features known as the 
Ogilvie Arch and Misty Creek 
Embayment (Scott et al. 2022). The 
Ogilvie Arch was a topographic high 
during the Cambrian that resulted in 
shallow water deposits. Here we 
collected material from the Ingta 
Formation. The Misty Creek Embayment 
was a topographic low that resulted in 
deeper water deposits in a relatively 
nearshore environment. Here we 
collected material from the Sekwi 
Formation. 
Ingta Formation 
The Ingta Formation is a mixed clastic 
and carbonate unit approximately 250 m 
thick (Aitken 1989). The unit is mostly 
made up of green to brown siltstone. 
The uppermost part of the section 
contains peloidal and micritic beds and 
carbonate nodules. These carbonate 
features are topped by a phosphatic 
crust, which also contains phosphatic 
small shelly fossils (Pyle et al. 2006). 
These fossils place the Ingta formation 
as earliest Cambrian in age (Conway 
Morris and Fritz 1980; Nowlan, 
Narbonne, and Fritz 1985). The Ingta 
Formation also contains many trace 
fossils that corroborate this age 
(MacNoughton and narbonne 1999). 
The Ingta formation unconformably 
overlies the dolomitic Risky Formation 
and is overlain by the quartzitic 
Backbone Ranges Formation (Aitken 
1989). 
Sekwi Formation 
The Sekwi Formation is a predominantly 
carbonate unit that ranges from 500 m 
to over 1000 m thick (Handfield 1968). 
The unit consists of gray bedded 

Figure 1: Map of Yukon, Canada showing 
location of field site 
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limestone, orange weathering 
dolostone, and gray silty limestone (Fritz 
1976). The rocks were deposited in a 
deep-water carbonate ramp 
environment (Dilliard et al. 2010). The 
Sekwi formation contains abundant 
fossil material including trilobites, 
archaeocyaths, brachiopods, 
chancelloriids, and abundant small 
shelly fossils first described here (Fritz 
1972; Stelck and Hedinger 1975; 
Randell et al. 2005).Trilobite 
biostratigraphy places the Sekwi 
Formation in the Bonnia-Olenellus zone, 
which correlates to Cambrian Stage 4 
(514-509 Ma) (Fritz 1972). The Sekwi 
formation conformably overlies the shale 
of the Vampire Formation and is 
unconformably overlain by the shales of 
the Hess River Formation (Fritz et al. 
1991). 

Methods 
Sample Collection 
Samples were collected from phosphatic 
layers of the Ingta Formation during the 
2022 field season. Phosphatic material 
from the Sekwi Formation was collected 
during the 2023 field season. 
Microprobe polished thin sections were 
made for material containing small 
shelly fossils and phosphatic crusts. 
Fossil Extraction 
Material containing small shelly fossils 
was dissolved in buffered 10% acetic 
acid following modified methods of 
Jeppsson, Anehus, and Fredholm 
(1999). The rocks were placed in 2 
gallon or 5 gallon bcukets and 
submerged in 10% acetic acid buffered 
by spent acetic acid – leftover from 
previous macerations. The time to 
dissolve the rocks varied by the lithology 
and the size of the sample from 2 to 6 
months. The material remaining after the 
dissolution was sorted using sieve size 
fractions of >710 µm, 710-355 µm, 355-

210 µm, 210-149 µm, and <149 µm. The 
sieved material was viewed under a light 
microscope, and fossil material was 
picked out and sorted by morphology. 
The fossils were mounted on stubs with 
carbon tape and imaged using a Hitachi 
TM3000 tabletop Scanning Electron 
Microscope (SEM). 
Oxygen Isotope Analysis 
In order to measure the oxygen isotopes 
of the phosphatic materials, the 
phosphate must be isolated form the 
other materials in the sample. To do this, 
I used a method modified from O’Neil et 
al. (1994) where the phosphate is 
chemically isolated as silver phosphate. 
The samples are crushed into a powder 
and dissolved using nitric acid. Then 
potassium fluoride is added to the 
solution to pull out calcium and other 
cations. Silver amine is added to the 
remaining solution to precipitate silver 
phosphate. The crystals can then be 
rinsed and removed for isotope analysis 
on the isotope ratio mass spectrometer. 
Samples were sent to the Center for 
Stable Isotopes at the University of New 
Mexico for analysis. 

Results 
Petrographic Analysis 
The rocks that contain the phosphatic 
microfossils and crusts are calcitic 
grainstones (figure 2). The dominant 
grains are rounded quartz grains, 
carbonate peloids, calcitic fossils, and 
phosphatic fossils and grains. Most 
grains are less than 100 µm in diameter. 
Fossil grains can be over 1 mm in 
length. Phosphatized fossils are often 
internal molds. In some cases the 
calcitic shell is still visible around the 
mold in thin section. Phosphatic molds 
may contain quartz grains. Phosphatic 
crusts appear laminated and contain 
abundant quartz grains. Fossil shells are 
visible in the phosphatic crust in low 



Vayda 4 

abundance. Layers without fossil 
material consist of mostly quartz grains, 
with few carbonate grains.  
Extracted Fossils 
 Ingta Formation The most 
common fossil from this unit is the 
conical form Anabarites trisulcatus 
(figure 3). These fossils are preserved 
as both internal molds and phosphatized 
shells. The molds are typically black in 
color. Shells can range in color from 
black to blue to white. The external 
texture of the shell is often smooth or 
with very fine annulations. Other fossils 
found in this unit include annulated 
tubular forms (e.g. Hyolithellus sp.), 
protoconodonts, embryos, and the 
unique form Zhenjiangorhabdion sp. 

While the protoconodonts are inferred to 
be at least partially original phosphatic 
material (Szaniawski 1982), many of 
these fossils are likely secondarily 
phosphatized.  

Sekwi Formation The fossils from the 
Sekwi formation are much more diverse 
and contain many forms attributable to 
recognizable crown groups (figure 4). 
These fossils include reef building 
organisms such as archaeocyathids and 
chanceloriids. Other fossils include 
hyoliths, trilobites, brachiopods, and 
monoplacophorans, as well as other 
plates belonging to unknown 
metazoans. Brachiopods are known to 
produce phosphatic shells, but all other 
material is likely secondarily 
phosphatized.  
Oxygen Isotopes  
Samples were sent for analysis, but I 
have not yet received the results. I sent 
preliminary samples including the 
phosphatic crust, an embryo, an internal 
mold of Anabarites, and an original shell 
of Anabarites from the Ingta Formation, 
and a brachiopod from the Sekwi 
Formation. I will update this report when 
I have those results. 

Discussion 
Phosphatic Preservation  
Phosphorus is the limiting macronutrient 
for life on geologic timescales. As such, 
the preservation of fossil material in 
phosphate, which requires abundant 
phosphorus, is a rare taphonomic 
process (Schiffbauer et al. 2014). During 
the Cambrian, for reasons that are still 
not fully understood, phosphatization 
was much more common (Porter 2004). 
Preservation by phosphate is known to 
be able to preserve subcellular detail 

Figure 2: Petrographic micrograph of sample 
from the Ingta Formation showing calcite 
matrix (white) with abundant quartz sand 
grains (also white) and phosphatic crust 
(black). Note the lack of fossil material above 
the phosphatic crust and the abundant fossils, 
often phosphatized, below the crust 

1 mm 
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(Xiao, Zhang, and Knoll 1998). Because 
of this exceptional preservation, the 
“phosphatization window” during the 
Cambrian allows for the detailed study 
of the first major radiation of animal life. 
The phosphatized fossils from northwest 
Canada include shells inferred to be 
originally phosphatic, phosphatized 
internal molds, and phosphatic casts of 
organic or biomineralized structures. 
Soft tissue fossils that are preserved, 
must be phosphatized before they 
succumb to decay, whereas phosphatic 
internal molds could potentially form at 
any point after burial (Briggs 2003). 
While these fossils are all preserved in 
phosphate, the processes that led to 
that preservation may vary.  
Petrographic Analysis  
Thin section analysis reveals that some 
fossils are preserved as internal molds 
while others are preserved as casts of 
the original shell. Further, shells may be 
only partially replaced or partially infilled 
with phosphate. This preservation can 
result in what appear as fragmented 
fossils when extracted through acid 
macerations. Often these broken bits 

are taken to represent material that has 
been transported before burial, or 
reworked (Creveling et al. 2014). Care 
must be taken when assessing the 
taphonomic history of these fossils. 
The phosphatized fossils are directly 
associated with, and sometimes fully 
contained within, the phosphatic crust. 
The timing of phosphate formation is 
critical to interpreting the geochemical 
data. The direct association might 
suggest that phosphatic molds found in 
the phosphatic crust formed at the same 
time that the crust was deposited. It is 
difficult to assign taxonomic 
identification to many of the fossils in 
thin section because there is not enough 
detail in a single cross section. 
Therefore, inferences about taphonomic 
history can only be applied to different 
preservational modes and not to distinct 
taxa. While most taxa can be assumed 
to be preserved through only one 
taphonomic mode (i.e. original 
phosphatic shell, cast, or mold) there 
are some taxa that exhibit multiple 
taphonomic modes (e.g. Anabarites is 
preserved as both cast and mold). 

Figure 3: Small shelly fossils from the Ingta Formation. A-D Anabarites trisulcatus, E-G Hyolithellus sp. 
note the wrinkled texture indicating a soft tube that was secondarily mineralized, H-J embryos, K 
Carinachites sp., L Protohertzina sp., M-N Zhenjiangorhabdion sp. 
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Oxygen Isotopes  
The stable isotopes of oxygen (16O, 17O 
and 18O) will fractionate between 
seawater and oxygen-bearing mineral 
phases based on temperature (Sharp 
2017). Commonly, the ratio of the two 
most abundant isotopes – 16O and 18O – 
are used. The ratio of the two isotopes is 
defined using delta notation which is 
generated from the following formula: 

𝛿!"𝑂 = $

!"#

!"$ #$%&'(

!"#

!"$ #)$*+$,+
− 1' × 1000         (1) 

At colder temperatures, the heavier 
isotope is favored in the mineral matrix 
resulting in a higher d18O ratio. At 
warmer temperatures, more of the 
lighter isotope is incorporated into the 
mineral phase, resulting in a lower d18O 
ratio. Both carbonate (containing CO32-) 
and phosphate (containing PO43-) 
bearing minerals are used as a 
paleotemperature proxy with oxygen 
isotopes. Carbonate minerals (e.g. 

calcite) are some of the most common 
minerals precipitating in the ocean and 
used by animals to make their shells. 
This makes them incredibly useful as a 
recorder of paleotemperature 
throughout earth history. Unfortunately 
carbonate minerals are quite susceptible 
to dissolution and diagenetic alteration 
meaning that older carbonate rocks may 
not be a reliable recorder of 
paleotemperature. Phosphatic minerals 
(e.g. apatite) can also record 
paleotemperature and are much more 
resilient to chemical alteration (Yang et 
al. 2021). Much of our record of 
temperature through the Paleozoic is 
based on phosphatic fossils, while more 
recent temperature estimates are 
obtained through a combination of 
phosphatic and calcitic fossils (Song et 
al. 2019). An equation has been 
empirically determined from data from 
modern phosphatic organisms including 
brachiopods and sharks to calculate 

Figure 4: Small shelly fossils from the Sekwi Formation. A archaeocyathid, B chancelloriid, C unidentified 
tubular fossil, D-E brachiopods, F hyolith, G-I mollusks, J-K trilobites, L Protohertzina 
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seawater temperature from oxygen 
isotope values (Lécuyer et al. 2013): 
𝑇(˚𝐶) = 117.4(±9.5) − 4.50(±0.43) ×
(𝛿!"𝑂&-.#&-$)( − 𝛿!"𝑂#($/$)(,)            (2) 
In the early Cambrian, when animals 
were first starting to diversify, there were 
not as many organism producing shells 
as in the modern oceans. As such, this 
makes it challenging to utilize Cambrian 
biominerals as paleothermometers. The 
limited temperature reconstruction we 
have for the Cambrian is based on 
phosphatic brachiopod shells 
(Grossman 2012). Only one previous 
study has investigated the isotopic 
composition of Cambrian small shelly 
fossils (Chen et al. 2007). Their findings 
support moderate temperatures for the 
early Cambrian. Importantly the fossils 
they examined are interpreted to be 
secondarily phosphatized, so further 
investigation is necessary to verify these 
results (Chen et al. 2016). My work will 
reveal whether there are differences in 
the record of originally phosphatic shells 
and those that are secondarily replaced. 
Additionally, it will demonstrate the 
effectiveness of abiogenic phosphatic 
crusts as a paleotemperature proxy. 
Previously, Archean (~3500-3200 Mya) 
phosphatic crusts have been shown to 
record temperatures of 26˚C to 35˚C for 
the ocean at the time, however more 
work is needed to demonstrate the 
reliability of abiogenic phosphate (Blake, 
Chang, and lepland 2010). 
Applications to Extraterrestrial Systems 
There are three fundamental questions 
that underly all NASA Astrobiology 
research: 1. How did life begin and 
evolve on Earth? 2. Does life exist 
elsewhere in the universe? and 3. How 
do we search for life elsewhere in the 
universe? This research addresses both 
the first and the third question most 
directly. 

The fossils from the Ingta Formation 
represent some of the earliest 
recognizable animals. They show that 
the tubular form was a very common 
early solution for metazoan life, which 
has been demonstrated in Ediacaran 
forms as well (Surprenant and Droser 
2024). Additionally, most of these 
organisms were likely sedentary living 
on the seafloor. The fossils of the Sekwi 
Formation record and explosion of 
diversity and the expansion of 
recognizable crown groups. This 
increase in diversity is associated with 
the development of the first metazoan 
reefs built by archaeocyathids. This 
relationship could represent the 
expansion of ecospace provided by 
reefs. Reefs are known as hotspots of 
biodiversity in modern times (Reaka-
Kudla 1997). These fossils suggest 
reefs have provided expanded habitat 
for animals for over 500 million years. 
The study of phosphorite deposits on 
Earth also has implications for the 
search for life on other planets. 
Phosphorus is a key nutrient for all life 
on Earth, so it has been suggested that 
finding phosphorus on other planets is 
the first step to identifying 
extraterrestrial life (Weckworth and 
Shidlowski 1995; Mojzsis and Arrhenius 
1998). Thanks to multiple rover 
missions, we know that phosphatic 
minerals are present on Mars (Maciá, 
Hernández, and Oró 1997). Through 
weathering processes, these minerals 
can dissolve, producing aqueous 
phosphate (Adcock and Hausrath 2015). 
This dissolved phosphate would be 
available for organisms to use and could 
result in the precipitation of phosphatic 
crusts. The Curiosity rover has identified 
phosphorus on Mars (Maurice et al. 
2016) and has detected phosphorus rich 
nodules which may be relics of a 
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previously phosphatic phase (Lanza et 
al., 2021). These materials would be 
excellent candidates for oxygen isotopic 
analysis to reconstruct past climates on 
Mars. Additionally, the Perseverance 
rover has increased elemental analytical 
abilities with the SuperCam and PIXL 
tools (Anderson et al., 2022). SuperCam 
allows for the remote analysis of mineral 
samples by firing a laser to vaporize the 
sample and measuring the spectra 
emitted. PIXL uses x-ray fluorescence to 
identify the chemical composition of 
materials and is also capable of taking 
high resolution microscopic images. 
Together these tools could allow for the 
identification and targeting of phosphatic 
samples. Currently the limitations of the 
rovers sent to Mars do not allow for 
equipping a mass spectrometer that 
could measure the stable isotopes of 
samples. The Perseverance rover is 
caching samples to be sent back to 
Earth during a future mission. Until that 
time, we must learn as much as we can 
about similar samples on Earth so that 
we can accurately interpret the history of 
Mars and identify any signs of ancient 
life. 

Conclusions 
The fossil record of the early Cambrian 
preserves the evolution and radiation of 
complex multicellular life. The drivers for 
this sudden appearance of nearly all 
animal phyla are not well understood. 
Here we investigate the phosphatic 
small shelly fossil record of Yukon, 
Canada to provide insight into 
suggested mechanisms. The fossil 
record suggests that the arrival of reef 
forming archaeocyathids played a key 
role in providing new habitat, facilitating 
the diversification of many animal 
lineages. Phosphatic fossils also provide 
a potential record of paleotemperature 
through stable oxygen isotopes. 

Associated phosphatic crusts may also 
provide a record of temperature 
conditions at the time of deposition. 
Phosphorus is a critical nutrient for all 
life on Earth, and phosphatic deposits 
on other planets are an important target 
in the search for life on other planets. 
The lessons we learn from studying the 
fossil record on Earth will help us in our 
search for extraterrestrial life. 

Acknowledgments 
All fossil material comes from land of the 
First Nation of Na-cho Nyäk Dun and 
has been collected with their 
permission. I thank my advisor, Shuhai 
Xiao, for guidance at every step of this 
project. I thank Justin Strauss, Scott 
Evans, and Reina Harding for 
assistance with collecting fossil material 
in the field. This research is funded by 
grants from the National Science 
Foundation, the Paleontological Society, 
Virginia Tech Department of 
Geosciences, and the Virginia Space 
Grant Consortium. 

References 
Adcock, C. T., and E. M. Hausrath. 2015. 'Weathering 

profiles in phosphorus rich rocks at Gusev Crater, 
Mars, suggest dissolution of phosphate mienrals 
into potentially habitable near neutral waters', 
Astrobiology, 15. 

Aitken, J. D. 1989. 'Uppermost Proterozoic Formations in 
Central Mackenzie Mountains, Northwest 
Territories', Geological Survey of Canada, Bulletin 
368: 1-26. 

Blake, R. E., S. J. Chang, and A. lepland. 2010. 'Phosphate 
oxygen isotopic evidence for a temperate and 
biologically active Archaean ocean', Nature, 464: 
1029-32. 

Briggs, Derek E.G. 2003. 'The role of decay and 
mineralization in the preservation of soft-bodied 
fossils', Annual Review of Earth and Planetary 
Sciences, 31: 275-301 (doi: 
10.1146/annurev.earth.31.100901.44746). 

Chen, Y., X. Chu, X. Zhang, and M. Zhai. 2016. 'Secondary 
phosphatization of the earliest Cambrian small 
shelly fossil Anabarites from southern Shaanxi', 
Journal of Earth Science, 27: 196-203. 

Chen, Y., S. Jiang, H. Ling, J. Yang, and D. Wan. 2007. 
'Isotopic compositions of small shelly fossil 
Anabarites from Lower Cambrian in Yangtze 
Platform of South China: Implications for 



Vayda 9 

Palaeocean Temperature', Progress in Natural 
Science, 17: 1185-91. 

Conway Morris, S., and W. H. Fritz. 1980. 'Shelly 
microfossils near the Precambrian-Cambrian 
boundary, Mackenzie Mountains, northwestern 
Canada', Nature, 286: 381-84. 

Creveling, Jessica R., David T. Johnston, Simon W. Poulton, 
Benjamin Kotrc, Christian März, Daniel P. Schrag, 
and Andrew H. Knoll. 2014. 'Phosphorus sources 
for phosphatic Cambrian carbonates', Geological 
Society of America Bulletin, 126: 145-63. 

Dahl, T. W., J. N. Connely, D. Li, A. Kouchinsky, Benjamin C. 
Gill, S. Porter, A. Maloof, and M. Bizzarro. 2019. 
'Atmosphere-ocean oxygen and productivity 
dynamics during early animal radiations', 
Proceedings of the National Academy of Science, 
116: 19352-61. 

Dilliard, Kelly A., Michael C. Pope, Mario Coniglio, Stephen 
T. Hasiotis, and Bruce S. Lieberman. 2010. 'Active 
synsedimentary tectonism on a mized 
carbonate-siliciclastic continental margin: third-
order sequence stratigraphy of a ramp to basin 
transition. lower Sekwi Formation, Selwyn Basin, 
Northwest Territories, Canada', Sedimentology, 
57: 513-42. 

Erwin, D. H., and S. Tweedt. 2012. 'Ecological drivers of the 
Ediacaran-Cambrian diversification of Metazoa', 
Evolution and Ecology, 26: 417-33. 

Fritz, W. H. 1972. 'Lower Cambrian Trilobites from the 
Sekwi Formation Type Section, Mackenzie 
Mountains, Northwestern Canada', Geological 
Survey of Canada, Bulletin 212: 90. 

———. 1976. 'Lower Cambrian Stratigraphy Mackenzie 
Mountains, Northwestern Canada', Geological 
Survey of Canada, Open File 333: 1-20. 

Fritz, W. H., M. P. Cecile, B. S. Norford, D. Morrow, and H. H. 
J. Geldsetzer. 1991. 'Cambrian to Middle 
Devonian Assemblages', Geological Survey of 
Canada, Geolgy of Canada: 151-218. 

Grossman, E. L. 2012. oxygen Isotope Stratigrpahy 
(Elsevier). 

Handfield, R. C. 1968. 'Sekwi Formation, A New Lower 
Cambrian Formation in the SOuthern Mackenzie 
Mountains, District of Mackenzie (95L, 105I, 
105P)', Geological Survey of Canada, Paper 68-
47: 1-23. 

Jeppsson, L., R. Anehus, and D. Fredholm. 1999. 'The 
optimal acetate buiered acetic acid technique 
for extracting phosphatic fossils', Journal of 
Paleontology, 73: 964-72. 

Knoll, A.H., and Martin A. Nowak. 2017. 'The timetable of 
evolution', Science Advnaces, 3: e1603076. 

Kouchinsky, A., S. Bengtson, B. Runnegar, C. Skovsted, M. 
Steiner, and M. Vendrasco. 2012. 'Chronology of 
early Cambrian biomineralization', Geology 
Magazine, 149: 221-51. 

Lécuyer, C., R. Amiot, A. Touzeau, and J. Trotter. 2013. 
'Calibration of the phosphate d18O thermometer 
with carbonate-water oxygen isotope 
fractionation equations', Chemical Geology, 347: 
217-26. 

Maciá, E., M. V. Hernández, and J. Oró. 1997. 'Primary 
sources of phosphorus and phosphates in 
chemical evolution', Origins of life and evolution 
of the biosphere, 27: 459-80. 

MacNoughton, R. B., and G. M. narbonne. 1999. 'Evolution 
and Ecology of Neoproterozoic-Lower Cambrian 
Trace Fossils, NW Canada', Palaios, 14: 97-115. 

Maurice, S., S. M. Clegg, R. C. Wiens, O. Gasnault, W. 
Rapin, O. Forni, A. Cousin, V. Sautter, N. 
Mangold, L. Le Deit, M. Nachon, R. B. Anderson, 
N. L. Lanza, C. Fabre, V. Payre, J. Lasue, P. Y. 
Meslin, R. J. Leveille, B. L. Barraclough, P. Beck, S. 
C. Bender, G. Berger, J. C. Bridges, N. T. Bridges, 
G. Dromart, M. D. Dyar, R. Francis, J. Frydervang, 
B. Gondet, B. L. Ehlmann, K. E. Herkenhoi, J. R. 
Johnson, Y. Langevin, M. B. Madsen, N. 
Melikechi, J. L. Lacour, S. Le Mouelic, E. Lewin, H. 
E. Newsom, A. M. Ollila, P. Pinet, S. Schroder, J. 
B. Sirven, R. L. Tokar, M. J. Toplis, C. d’Uston, D. T. 
Vaniman, and A. R. Vasavada. 2016. 'ChemCam 
activities and discoveries during nminal mission 
of the Mars Science laboratory in Gale crater, 
Mars', Journal of Analytical Atomic Spectrometry, 
31: 863-89. 

McMahon, S., T. Bosak, J. P. Grotzinger, R. E. Milliken, R. E. 
Summons, M. Daye, S. A. Newman, A. Fraeman, 
K. H. Williford, and D. E. G Briggs. 2018. 'A Field 
Guide to FInding Fossils on Mars', Journal of 
Geophysical Research: Planets, 123: 1012-40. 

Mojzsis, S. J., and G. Arrhenius. 1998. 'Phosphates and 
carbon on Mars: exobilogical implications and 
sample return considerations', Journal of 
Geophysical Research, 103: 28495-511. 

Moynihan, David P., Justin V. Strauss, Lyle L. Nelson, and 
Colin D. Padget. 2019. 'Upper Windermere 
Supergroup and the transition from rifting to 
continent margin sedimentation, Nadaleen River 
area, northern Canadian Cordillera', Geological 
Society of America Bulletin, 131: 1673–701. 

Nowlan, G. S., G. M. Narbonne, and W. H. Fritz. 1985. 
'Small shelly fossils and trace fossils near the 
Precambrian-Cambrian boundary in the Yukon 
Territory, Canada', Lethaia, 18: 233-56. 

O’Neil, J. R., L. J. Roe, E. Reinhard, and R. E. Blake. 1994. 'A 
rapid and precise method of oxygen isotope 
analysis of biogenic phosphate', Israel Journal of 
Earth Sciences, 43: 203-12. 

Oppenheim, N. G., R. A. Wahle, D. C. Brady, A. G. Goode, 
and A. J. Pershing. 2019. 'The cresting wave: 
larval settlement and ocean temperatures 
predict change in the America lobster harvest', 
Ecological Applications, 29: e02006. 

Peterson, K. J., Mark A. McPeek, and D. V. D. Evans. 2005. 
'Tempo and mode of early animal evolution: 
Inferences from rocks, Hox, and molecular 
clocks', Paleobiology, 31: 36-55. 

Porter, Susannah M. 2004. 'Closing the phosphatization 
window: Testing for the influence of taphonomic 
megabias on the pattern of small shelly fossil 
decline', Palaios, 19: 178–83. 

Pyle, Leanne J., Guy M. Narbonne, Godfrey S. Nowlan, 
Shuhai Xiao, and Noel P. James. 2006. 'Early 



Vayda 10 

Cambrian metazoan eggs, embryos, and 
phosphatic microfossils from northwestern 
Canada', Journal of Paleontology, 80: 811-25. 

Randell, Robert D., Bruce S. Lieberman, Stephen T. 
Hasiotis, and Michael C. Pope. 2005. 'New 
Chancelloriids from the Early Cambrian Sekwi 
Formation with a Comment on Chancelloriid 
Aiinities', Journal of Paleontology, 79: 987-96. 

Reaka-Kudla, M. L. 1997. 'The Global Biodiversity of Coral 
Reefs: A Comparison with Rain Forests.' in M. L. 
Reaka-Kudla, D. E. Wilson and E. O. Wilson 
(eds.), Biodiversity II: Understanding and 
Protecting Our Natural Resources (Joseph 
Henry/National Academy Press: Washington, D. 
C.). 

Schiibauer, James D., Adam F. Wallace, Jesse Broce, and 
Shuhai Xiao. 2014. 'Exceptional fossil 
conservation through phosphatization.' in Marc 
Laflamme, James D. Schiibauer and Simon A. F. 
Darroch (eds.), Reading and Writing of the Fossil 
Record: Preservational Pathways to Exceptional 
Fossilization (The Paleontological Society Papers, 
Volume 20). 

Schopf, J. W. 2006. 'The first billion years: When did life 
emerge?', Elements, 2: 229–33. 

Scotese, C. R., H. Song, B. J. W. Mills, and D. G. van der 
Meer. 2021. 'Phanerozoic paleotemperatures: the 
Earth’s changing climate during the last 540 
million years', Earth Science Reviews, 215: 1-47. 

Scott, R. W., E. C. Turner, R. B. MacNoughton, and K. M. 
Fallas. 2022. 'Biostratigraphic evidence for 
incremental tectonic development of early 
Cambrian deep-water environments in the Misty 
Creek embayment (Selwyn basin, Northwest 
Territories, Canada)', Canadian Journal of Earth 
Science, 59: 216-31. 

Sharp, Z. 2017. Principles of stable isotope geochemistry. 
Song, H., P. B. Wignall, H. Song, X. Dai, and D. Chu. 2019. 

'Seawater temperature and dissolved oxygen 
over the past 500 million years', Journal of Earth 
Science, 30: 236-43. 

Sperling, E. A., C. J. Wolock, A. S. Morgan, B. C. Gill, M. 
Kunzmann, G. P. Halverson, F. A. Macdonald, A. 
H. Knoll, and D. T. Johnston. 2015. 'Statistical 
analysis of iron geochemical data suggests 
limited late Proterozoic oxygenation', Nature, 
523: 451-54. 

Stelck, C. R., and A. S. Hedinger. 1975. 'Archaeocyathids 
and the Lower Cambrian Continental Shelf of the 

Canadian Cordillera', Canadian Journal of Earth 
Science, 12: 2014-20. 

Stuart-Smith, R. D., G. J. Edgar, and A. E. Bates. 2017. 
'Thermal limits to the geographic distributions of 
shallow water marine species', Nature Ecology & 
Evolution, 1: 1846-52. 

Surprenant, R. L., and M. L. Droser. 2024. 'New insight into 
the global record of the Ediacaran tubular 
morphotype: a common solution to early 
multicellularity', Royal Society Open Science, 11: 
1-10. 

Szaniawski, H. 1982. 'Chaetognath grasping spines 
recognized among Cambrian protoconodonts', 
Journal of Paleontology, 56: 806-10. 

Vermeij, G. J. 1989. 'The origin of skeletons', Palaios, 4: 585-
89. 

Vinagre, C., M. Dias, R. Cereja, F. Abreu-Afonso, A. A. V. 
Flores, and V. Mendonca. 2019. 'Upper thermal 
limits and warming safety margins of coastal 
marine species - Indicator baseline for future 
reference', Ecological Indicators, 102: 644-49. 

Weckworth, G., and M. Shidlowski. 1995. 'Phosphorus as a 
potential guide in the search for extinct life on 
Mars', Advances in Space Research, 15: 185-91. 

Wood, Rachel, Andrey Yu Ivantsov, and Andrey Yu 
Zhuravlev. 2017. 'First macrobiota 
biomineralization was environmentally triggered', 
Proceedings of the Royal Society B (Biological 
Sciences), 284: 20170059. 

Xiao, S., Y. Zhang, and A.H. Knoll. 1998. 'Three-dimensional 
preservation of algae and animal embryos in a 
Neoproterozoic phosphorite', Nature, 391: 553-
58. 

Yang, H., J. Xiao, Y. Xia, Z. Xie, Q. Tan, J. Xu, S. He, S. Wu, X. 
Liu, and X. Gong. 2021. 'Phosphorite generative 
processes around the Precambrian-Cambrian 
boundary in South China', Geoscience Frontiers, 
12. 

Zhang, X., and L. Cui. 2016. 'oxygen requirements for the 
Cambrian Explosion', Journal of Earth Science, 
27. 

Zhu, M, A Yu Zhuravlev, R A Wood, F Zhao, and S S Sukhov. 
2017. 'A deep root for the Cambrian Explosion: 
Implications of new bio- and chemostratigraphy 
from the Siberian Platform', Geology, 45: 459-62. 

Zhuravlev, A., Yu., and Rachel A. Wood. 2018. 'The two 
phases of the Cambrian Explosion', Scientific 
Reports, 8: 16656. 

 


