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Abstract 
Earth is the only place in the universe 
currently known to sustain life. The long 
history of evolution from single celled 
organisms to the diversity we observe today 
is preserved in the geological record of our 
planet. Therefore, it is critical that we can 
accurately interpret that record to understand 
the history of life. Here we investigate 
phosphatic fossils from the early Cambrian 
(~540-510 Ma) of Yukon, Canada to evaluate 
how the fossils were preserved and their 
geochemical make up. The mineral chemistry 
of these fossils has the potential to record 
environmental parameters at the time the 
organisms were buried and preserved. We 
also discuss the diagenetic processes that 
may have later affected these records. We 
collected data on concentrations of major 
elements (e.g. Al, Si, P) first row transition 
elements (e.g. Sc, Ti, V), high field strength 
elements (e.g. Zr, Nb), rare earth elements 
(e.g. La, Ce, Nd), and U-Pb ratios for 
geochronology. Results of this work indicate 
that local diagenetic factors play a key role in 
the signal that is preserved for many 
geochemical proxies even on the scale of 
different spots on the same thin section. This 
variation was a stronger control than the type 
of material (e.g. fossil or cement) within the 
rock. This also suggests that these rocks have 
been geochemically “reset” later after burial. 
The most striking evidence of this later 
alteration is a consistent U-Pb date of 
~438±7.3 Ma, which is nearly 100 million 
years younger than the age of the fossils in 
the rock. Despite this alteration, some signals 
may be representative of the original 
seawater conditions. Together, this data 
suggests that the record preserved in ancient 

phosphatic fossils is complex and records the 
history of not only the depositional 
conditions but also later diagenetic events. 
This work has useful applications in the study 
of phosphorites not only on Earth, but also in 
the search for extraterrestrial life such as the 
investigation of phosphatic deposits on Mars. 

Introduction 
The history of life on Earth spans nearly the 
entire 4.6 billion years since the planet 
formed (Schopf, 2006). We know so much 
about this history through what is preserved 
in the fossil record. The way that fossils are 
preserved plays a crucial role in what 
information is retained (Allison and Briggs, 
1991). Our ability to accurately reconstruct 
the history of life on Earth is dependent on 
effectively extracting that information from 
the fossil record. Therefore, we must 
understand the processes that lead to 
fossilization in order to enhance our 
knowledge of how life started and evolved on 
Earth.  
There are many different ways that fossils 
can be preserved, and each imparts its own 
biases on what biological or environmental 
information is preserved (Allison and Briggs, 
1991). One of the most enigmatic yet 
significant taphonomic pathways is 
phosphatization. Phosphorus is the limiting 
macronutrient in the oceans on geologic 
timescales (Schiffbauer et al., 2014), so it is 
perplexing how there could be times in 
Earth’s past that phosphorus was so abundant 
as to form meter thick crusts. The source of 
this phosphorus and its subsequent burial 
would have had significant impact on 
biological fluxes at the time (Cook and 
Shergold, 1984). Further, the phosphatization 
process has the capability of preserving sub-
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cellular detail, such as the oldest known fossil 
embryos (Xiao et al., 1998). In addition, 
calcium-phosphate minerals are generally 
robust and thought to be resistant to 
diagenetic alteration, making them a useful 
reservoir for geochemical clues to past 
environments (e.g. Suarez et al., 2010; 
Goldhammer et al., 2011). The combination 
of these characteristics makes 
phosphatization an important pathway for 
fossil preservation and a useful tool for 
reconstructing the past. There are also 
organisms, such as vertebrates, that use 
calcium-phosphate to build their skeleton, 
which means that some phosphatized fossils 
may be the original biomineralized material 
while others have been secondarily replaced. 
Distinguishing these two types can provide 
useful phylogenetic information for how 
organisms were building their skeletons and 
may have implications for what conditions 
are recorded in the geochemical data within 
these fossils. 
One period in Earth history where we find an 
abundance of phosphatized fossils is the early 
Cambrian (~540-510 Ma) (Porter, 2004). 
This interval, sometimes referred to as the 
“phosphatization window” coincides with the 
rapid emergence and diversification of 
animal life (Zhuravlev and Wood, 2018). 
Fossils from this period provide insights into 
the origins of the diversity of animals we 
observe on Earth today. Many of these fossils 
do not closely resemble any extant 
organisms, so their phylogenetic placement 
remains a mystery. Characteristics such as 
what material they use to build their shell 
could help with placing them on the tree of 
life. 

Geological Setting 
The rocks and fossils used in this study were 
collected in the Wernecke Mountains in 
Yukon Canada (Fig. 1) during summer field 
seasons in 2022 and 2023. The stratigraphy 
in northwestern Canada consists of rocks 
from the Tonian period (~1000 Ma) to the 

Ordovician (~480 Ma) (Moynihan et al., 
2019). This succession preserves the history 
of the breakup of the supercontinent Rodinia 
and the formation of a passive continental 
margin on the paleogeographically northern 
coast of Laurentia. During this time, 
northwestern Canada was a shallow ocean 
basin, which provides us with a near 
continuous and fossil rich record of this 
critical time interval (Scott et al., 2022). Our 
field sites are located approximately 185 km 
northeast of Mayo. We collected rocks and 
fossils from two early Cambrian units: the 
Ingta and Sekwi formations. 
Ingta Formation 
The Ingta Formation is approximately 250 m 
thick and consists of a mix of clastic and 
carbonate units (Aitken, 1989). Most of the 
unit is made up of green and brown siltstone 
which is capped by peloidal and micritic 
beds. At the very top of the unit is a 
phosphatic crust which contains phosphatic 
small shelly fossils (Pyle et al., 2006). These 
fossils indicate the Ingta Formation is earliest 
Cambrian in age (Conway Morris and Fritz, 
1985; Nowlan, Narbonne, and Fritz, 1985). 

Figure 1: Map of Yukon, Canada showing 
location of field site. 
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The Ingta Formation also contains 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 ranges in thickness 
from 500 m to over 1000 m (Handfield, 
1968). The unit is made up of gray bedded 
limestone, orange weathering dolostone, and 
gray silty limestone (Fritz, 1976). The Sekwi 
Formation contains abundant fossil material 
including archaeocyaths, brachiopods, 
chanceloriids, trilobites, and abundant small 
shelly fossils (Fritz, 1972; Stelck and 
Hedinger, 1975; Randell et al., 2005). Based 
on the trilobite biostratigraphy, the Sekwi 
Formation is in the Bonnia-Olenellus zone, 
which corresponds to Cambrian Stage 4 
(514-509 Ma) (Fritz, 1972). The Sekwi 
Formation conformably overlies the shaley 
Vampire Formation and is unconformably 
overlain by the shaley Hess River Formation 
(Fritz et al., 1991). 

Methods 
Sample Collection 
Phosphatic material from the Ingta and Sekwi 
formations was collected over summer field 
seasons in 2022 and 2023. Carbonate rocks 
bearing phosphatic grains and visible 
phosphatic fossils were targeted for 
collection. Samples were brought back to 
Virginia Tech and prepared for thin 
sectioning. Microprobe polished thin sections 
were produced by an external lab. 
Elemental Maps 
We produced elemental maps of target areas 
of thin sections using the JEOL JXA-
iHP200F Electron Probe Micro Analyzer 
(EPMA) in the Electron Microprobe Lab at 
Virginia Tech. We used a voltage of 15 keV 
and a nominal beam current of 10 nA. The 
EDS analysis used a JEOL JED-2300 30-mm 
dry SDD-EDS detector. The maps were 

sampled at a resolution of 512 x 384 pixels, a 
dwell time of 0.2 ms, and 7-10 frames. 
Elemental maps were used to identify 
specific materials to target for elemental 
analysis. 
Elemental Analysis 
Elemental concentration data was collected 
in the Laboratory for Isotopes and Metals in 
the Environment (LIME) at the Penn State 
University. Concentration data was collected 
for Mg, Al, Si, P, S, Sc, Ti, V, Mn, Fe, As, 
Sr, Y, Zr, Nb, La, Ce, Pr, Nd, Sm, Eu, Gd, 
Tb, Dy, Ho, Er, Tm, Yb, Lu, Pb, Th, and U. 
We used the iCAP-RQ ICP-MS and the New 
Wave 193 nm excimer laser ablation system 
(NWR193) with a 50 µm spot size for 
analysis. In total 295 spots were analyzed 
across 3 thin sections. U/Pb data was 
analyzed using IsoplotR. Elemental data was 
analyzed in R and the REE data was 
normalized to Post Archean Australian Shale 
(PAAS). Elemental analysis has only been 
conducted on Ingta Formation thin sections at 
this time. 

Results 
Petrographic Analysis 
Ingta Formation 
The phosphatic grains, cements, and fossils 
are found in carbonate grainstones. In 
addition to the phosphatic material, the rocks 
also contain rounded quartz grains, carbonate 
peloids, and calcitic fossils (Fig. 2). Most of 
the grains are less than 100 µm in diameter 
except for some fossil grains. Most fossils are 
simple, conical tubes and can be over 1 mm 
in length. Phosphatic fossils appear black or 
dark brown in color. Many of the 
phosphatized fossils are preserved as 
phosphatic internal molds, with some 
retaining a calcitic shell. More rarely, the 
shell is preserved in phosphate as either 
original material or a cast of an originally 
calcitic shell. Fossil abundance varies by 
layer with some portions containing no 
fossils and only quartz grains in a carbonate 
cement. The phosphatic cements appear 
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black or gray in color (Fig. 2). Often, they 
occur in planar sheets with parallel 
laminations. Phosphatized fossils are 
sometime found within the phosphatic 
cements, and they appear similar in color. 
There are also regions of coarse dolomite and 
pyrite. 
Sekwi Formation 
The Sekwi Formation rocks consist of 
carbonate grainstones and wackestones (Fig. 
3). Grains include fossils both phosphatized 
and calcareous, carbonate peloids, and 
carbonate and phosphatic rip-ups. 
Identifiable fossils include archaeocyaths and 
brachiopods. Phosphatized archaeocyaths are 
internal molds (Fig. 3) whereas brachiopods 
are originally phosphatic. Phosphatic 
material is generally gray to black in color. 
There are no laminated phosphatic cements 

like those observed in the Ingta Formation. 
The Sekwi Formation thin sections contain 
abundant, thin, vertical fractures that have 
been infilled with calcite cement (Fig. 3). 
U/Pb age dates 
When all 295 samples are considered 
together, the U/Pb data give a concordia age 
of 438.8±7.3 Ma (Fig. 4). All samples exhibit 
some degree of lead loss. However, the data 
are strongly colinear suggesting a single age 
for all the samples. When only fossil spots 
(n=84) are analyzed, the U/Pb data give a 
concordia age of 463.3±7.5 Ma, similar to the 
overall data. 
REE concentrations 
The concentrations measured in samples 
range from 0.3 to 30 PAAS normalized 
values (Fig. 5). Most of the data show a 
“dome” or “hat” shape that is common for 
phosphatic material of this age. This shape is 
characterized by a relative enrichment of 
middle rare earth elements. Much of the data 
is characterized by a positive cerium 
anomaly, positive, a europium anomaly, and 
a positive yttrium anomaly. Measurements 
from the same general location on a thin 
section tend to be more similar in their pattern 
and overall concentrations (Fig. 5A). 

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 

1 mm 

Figure 3: Petrographic micrograph of sample 
from the Sekwi Formation showing calcite matrix 
(gray) with phosphatic grains (black), cements 
(black), and phosphatized archaeocyath 
(indicated by green arrow). Sub-vertical white 
lines are fractures infilled with calcite. 
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Samples do not appear to cluster based on 
material type (e.g. fossil or cement) (Fig. 5B). 
Samples with higher aluminum concentration 
tend to have higher concentrations of rare 
earth elements, but this does not appear to 
affect the overall shape of the curve (Fig. 5C).  

Discussion 
Thin Sections 
Petrographic analysis allows for the 
identification of textures and minerals that 
provide a history of how the rock formed and 
was altered over time. The formational 
processes are critical to the preservation of 
the fossils and the accompanying 
geochemical signals. Later alteration can 
impact the biological information preserved 
in the rock and the environmental conditions 
recorded in the geochemistry. 
The phosphatic material found in both units 
have likely been transported at least a short 
distance due to the fragmentary nature of 
many fossils and the concentration of 
material. It is unclear whether the 
phosphatization happened before or after 
transport. The presence of carbonate fossil 
material (especially large fragments of 

archaeocyaths in the Sekwi Formation) are 
perhaps suggestive that the phosphatization 
happened after transport as not all material 
was altered the same.  
Laminated phosphatic cements in the Ingta 
Formation thin sections are suggestive of 
microbial fabrics (Fig. 2) and may indicate 
the role that microbes play in the 
phosphatization process. This mechanism 
would indicate that the phosphatization 
happened relatively early after burial. The 
Sekwi Formation samples did not have any 
laminated fabrics, which may be suggestive 
of a different phosphatization mechanism. 
Additionally, the Sekwi Formation contains 
more rounded phosphatic clasts that could 
possibly represent material that was 
phosphatized before transport (Fig. 3), 
suggesting the possibility of different or 
multiple phosphatization mechanisms in this 
basin during this time interval (Creveling et 
al., 2014). 
The dark color of the phosphatic material in 
both the Ingta and Sekwi formations is 
perhaps an indicator of greater thermal 
alteration, similar to that seen in conodonts 
(Epstein, Epstein, and Harris, 1977). The 
presence of dolomite and pyrite in the Ingta 
samples and the abundant fractures in the 
Sekwi samples are also likely evidence of 
later diagenetic fluids moving through the 
rock (Zhang et al., 2014). This potential for 
alteration has implications for the 
geochemical signal preserved in the rocks. 
U/Pb Analysis 
The U/Pb dates obtained from the material 
are robust and concordant. The age of ~438 
Ma is nearly 100 million years younger than 
the inferred age of the fossils based on the 
known occurrence of the Anabarites 
trisulcatus biozone in radiometrically dated 
rocks at other localities around the globe 
(Peng, Babcock, and Ahlberg, 2020). This 
date is relatively consistent between fossil 
and non-fossil material, suggesting that the 
entire system was affected by some process 
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Figure 4: Concordia plot for U/Pb ages for all 
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later after burial. Other ancient phosphatic 
deposits have been documented to have U/Pb 
dates younger than the inferred age based on 
other techniques, however previous 
discrepancies have been no greater than ~30 
Ma (e.g. Aubineau et al., 2024). While 
calcium phosphate is highly insoluble and 
generally considered resilient to geochemical 
alteration, the large divergence between the 
actual age and the recorded age in these 
samples is suggestive of some event that 
“reset” the geochemical clock. The paleo-
northern (now western) margin of Laurentia 
was still experiencing rifting until the 
Silurian (Pyle and Barnes, 2001), which 
would correspond with the ~438 Ma age 
recorded in the phosphatic materials. The end 
of rifting, and related thermal activity, could 
have allowed the geochemistry to stabilize, 
thus closing the U/Pb system. While these 
results demonstrate that the geochemistry of 
the samples has been altered since their 
deposition, each elemental system behaves 
independently and may record a signal of 
different events. 
REE Analysis 
The samples from the Ingta Formation 
overall show very similar trends in rare earth 
element (REE) concentrations across 
multiple samples and all materials. The 
distinctive dome shaped enrichment of 
middle REEs is common in early Paleozoic 
phosphorites, both abiogenic materials and 
biomineralized fossil (Lecuyer et al., 1998; 
Shields and Stille, 2001). When the data is 
sorted by material type (e.g. fossil or cement) 
there is no clear distinguishing between the 
groups, perhaps suggesting that they were 
formed through the same process, or later 
altered and homogenized. The greatest tool 
for grouping the samples is based on which 
map area the sample came from. Samples 
from one map are more similar to each other 
regardless of material than they are to 
samples from another map of the same 
material (Fig. 5A). Further, when comparing 

maps, samples from different maps on the 
same thin section show just as much 
variability as samples on different thin 
sections. This suggests that the heterogeneity 
that does exist in the samples is incredibly 
locally variable at the millimeter scale.  
Particular trends in REE curves have been 
used as proxies for particular geochemical 
changes in the environment. The first of these 
proxies is the cerium anomaly. Cerium is 

Figure 5: Rare Earth Element concentration plots 
for all data. 5A, data colored by mapping area. 
5B, data colored by material type where crust_h 
is a horizontal transect through a laminated 
cement and crust_v is a vertical transect across a 
laminated cement. 5C, data colored by aluminum 
concentration. 

A 

B 
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unique among the rare earth elements for 
being redox sensitive (Tostevin et al., 2016). 
In oxic conditions, it bonds with oxygen to 
form a solid, thus pulling cerium out of the 
water column. As such, well oxygenated 
water, such as the modern ocean, is 
characterized by a negative cerium anomaly 
(having less cerium than expected based on 
lanthanum and praseodymium 
concentrations). Most of the samples from 
this study show a slightly positive cerium 
anomaly, suggesting anoxic conditions. 
Depending on when the phosphatic materials 
formed, this could indicate an anoxic water 
column, anoxic pore waters, or anoxic 
diagenetic fluids moving through the rock at 
a later time. Considering the abundance of 
fossils in these units, it is unlikely that the 
water column was largely anoxic, so the 
phosphatic material must not have formed in 
equilibrium with seawater. This is important 
to recognize if these phosphatic materials 
were to be used for other geochemical 
proxies such as oxygen isotopes, which are 
used as a proxy for water temperature. These 
samples would record the conditions in the 
sediment sometime after burial, which may 
vary from the overlying seawater. The 
samples also show a small positive europium 
anomaly. Europium is slightly enriched in 
modern seawater, although greater 
concentration can occur due to the 
preferential incorporation of europium by 
clay minerals or due to alteration from 
hydrothermal fluids (Tostevin et al., 2016). 
Aluminum concentration can serve as an 
estimation of clay content in a sample. There 
is no apparent strong correlation between 
aluminum content and the magnitude of the 
europium anomaly in these samples, 
suggesting that clay mineral enrichment is 
not a major cause of the observed anomaly. 
There is a possibility that this signal is the 
result of later alteration by diagenetic fluids 
that moved through the rock, possibly 
associated with rifting processes throughout 

the early Paleozoic in the region, however, 
the magnitude of the europium anomaly is 
rather small and can be fully explained by 
recording a seawater like signal. Many 
samples also exhibit a small positive yttrium 
anomaly. A positive yttrium anomaly is also 
recognized as a signal for seawater (Tostevin 
et al., 2016). A higher value generally 
corresponds to the open ocean, while a 
smaller positive value is attributed to more 
restricted settings. This, in conjunction with 
the positive europium anomaly might suggest 
that the signal recorded in these rocks is not 
too far removed from seawater. Porewater 
that has been depleted in oxygen due to 
microbial metabolisms but otherwise is in 
connection with seawater may be expected to 
give a signal similar to that observed in these 
rocks.  
The greatest test for these results will be the 
examination of the Sekwi Formation material 
which includes phosphatic brachiopods that 
we know were formed in the water column. 
Direct comparison between original 
biomineral in brachiopods and known 
secondary phosphate in archaeocyaths will 
help determine the role of diagenetic 
alteration on the signal that we get from these 
rocks. Further, we know that there is a time 
gap between the fossils of the Ingta formation 
and the Sekwi Formation, so a comparison 
between the units will give clues to the timing 
of any alteration that occurred in these rocks. 
Applications to Extraterrestrial Systems 
Phosphorus is a critical nutrient for all life on 
Earth. As such, it has been suggested that 
finding phosphorus on other planets is a key 
first step in finding evidence of life on other 
worlds (Weckworth and Shidlowski, 1995; 
Mojzsis and Arrhenius, 1998). The results 
from multiple successful rover missions to 
Mars include the identification of phosphatic 
minerals on Mars’ surface (Maciá et al., 
1997; Maurice et al., 2016). These phosphatic 
phases would not only provide a source of 
phosphorus for life on Mars, but also serve as 
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an archive of geochemical conditions in the 
history of the red planet. By better 
constraining the processes that impact the 
record of phosphatic minerals on Earth, we 
will be better equipped to accurately interpret 
the material that we recover from Mars.  

Conclusion 
Phosphatic minerals are critical to the 
existence of life on Earth and the record of 
their history. By studying phosphatized 
fossils, we can learn about the biology of 
ancient organisms and also gain insights into 
the environments they lived in. Interpreting 
the record preserved in phosphatic deposits is 
dependent on our comprehensive 
understanding of the processes that control 
the preservation of phosphatized fossils. Here 
we demonstrate that phosphatic fossils from 
the early Cambrian of Yukon, Canada 
preserve a mix of original depositional 
signals that have been affected by later 
alteration. Together, this data preserves the 
history of not only the fossils, but also the 
conditions in which they were preserved, and 
the later tectonic history of the region. 
Phosphatic minerals have already been 
identified on Mars and will likely prove 
useful in reconstructing the history of the 
planet and provide the greatest potential for 
discovering life beyond Earth. 
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