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Scientific Abstract  

 Shale samples from two fossiliferous localities in the Russian Federation, including the 

Fortunian Stage (Cambrian Period) Chuskuna Formation in the Olenek Uplift south of the Lena 

Delta in arctic Siberia, and the Ediacaran Period Zimnie Gory and Erga in the White Sea region of 

Fennoscandia have been acquired. The Chuskuna Formation, which is 20 million years older than 

the Burgess Shale, contains a remarkable Lagerstätten (deposit that exhibits extraordinary fossils 

with exceptional preservation) of organic tissues representing as many as 10 separate animal phyla, 

while the Zimnie Gory and Erga formations contain exceptionally preserved impressions of 

Ediacaran biota of the globally distributed White Sea assemblage. The hypothesis is that anoxia in 

the sediments/water column led to the exceptional preservation of the fossils in both the Ediacaran 

and Fortunian examples from the Russian Federation. To understand the redox conditions that 

allowed for exceptional preservation of fossils, sample powders were prepared for acidification to 

determine the % carbonate and for leaching to determine iron abundance of carbonate, oxide, 

magnetite, and silicate fractions, respectively.  Yields of sulfur in the form of Ag2S from CRS 

(chrome reducible sulfur) extraction provided the iron abundance of the sulfide fraction of 

samples. Thallium isotope measurements were collected to serve as an additional redox proxy. 

These data serve as a proxy for local redox conditions (oxic, suboxic, anoxic, or euxinic) of the 

sediments and water column at the time of shale accumulation and early diagenesis. Iron speciation 

reveals low levels of iron in the measured phases. The measured iron in the silicate phases is high, 

however it is not enough to account for all of the iron in the sediments, suggesting that majority of 

the iron is detrital. Observations of glauconite in thin sections of the shales support anoxic or 

dysoxic conditions in sedimentary pore waters. However, there is no discernible metal enrichment 

that would be expected with anoxic/euxinic conditions. This is inconsistent with the expectation 

that the sediments would likely need to be anoxic to preserve the fossil remains and impressions 

but may be the result of: 1) ferruginous rather than sulfidic conditions; or, 2) the long-term 

depletion of metals from the oceanic inventory.  

 

Plain Text Summary 

 While the preservation of animal shells and bones is relatively common, organic remains 

of animal soft parts preserved in ancient sedimentary rocks are rare. Soft tissue preservation 

provides unique windows into past environments and ecology, especially in the Ediacaran and 

Cambrian periods when animals first evolved This study aimed to understand the environmental 

conditions in which soft tissues associated with the mysterious Ediacaran biota and the oldest 

known Cambrian Burgess Shale-type biota of the Russian Federation, were preserved. In 

particular, we evaluated the iron concentration in carbonates, oxides, sulfides, and silicate minerals 

in shale samples to reconstruct the oxidation state of fine-grained sediments in which these fossils 

were preserved.  Based on iron abundance data, the depositional conditions in both examples were 

lacking in oxygen, which were supported by thin section observations, total element abundances, 

and thallium isotope signatures for the Cambrian example. In summary, the geochemical measures 

support the view that a lack of oxygen promoted the preservation of organic tissues, and that many 

of the early animals may have been tolerant of low oxygen conditions. 
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Introduction  

Characterization of the depositional environment of shale samples from two fossiliferous 

localities in the Russian Federation (Fig. 1). The two localities are the Fortunian Stage (Cambrian 

Period) Chuskuna Formation (Grazhdankin et al., 2020) in the Olenek Uplift south of the Lena 

Delta from arctic Siberia, and the Ediacaran Period Zimnie Gory and Erga formations (Martin et 

al., 2000) in the White Sea region of Fennoscandia. These shale horizons contain exceptionally 

well-preserved organic walled tissues related to as many as 10 different animal phyla (Fig. 2a), as 

well as imprints of soft-bodied Ediacaran biotas (Fig. 2b) in unconsolidated shaley lithofacies, 

respectively.   

 

 

 

 

 

Figure 1: White Sea (Left) and Olenek Uplift (Right) (Google Earth Pro) 

Figure 2a: Cuticular aggregation and similar 
ornamentation from earlier findings. Cuticular 
aggregation with distinctive microstructure.           

Provided by Olga Dantes 

Figure 2b: Rangea., PIN 3993-7021; collected in sandstone-filled 
overflow channels of the distributary-mouth bar setting, Erga Fm. 
(Modified from Grazhdankin, 2004) 
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 The fauna of the Ediacaran Period is 

divided into three different groups called 

assemblages, which reflect systematic biological 

turnover or environmental, taphonomic or 

biogeographic biases. The three assemblages are 

the Avalon (570-560 Ma), the White Sea (560-550 

Ma), and the Nama assemblages (550-541 Ma) 

(Fig. 3; Droser et al., 2017). The Zimnie Gory and 

Erga formations serve as key localities for the 

fauna of the White Sea assemblage. The 

exceptional preservation of the soft-bodies 

Ediacaran biotas as carbonaceous compression 

(Bobrovsky et al., 2018) in the shaley lithofacies is 

made even more extraordinary by the rather 

unconsolidated nature of the formation. The shale 

of the Zimnie Gory and Erga formations has most 

impressions preserved in fine to medium-grained 

sandstones, so this mudstone is mostly remarkable 

for being 550 million years old and hardly 

consolidated.  

The organic tissues of the Chuskuna 

Formation provide the oldest fossil evidence for 

fauna commonly associated with the world-famous 

Burgess Shale. The Chuskuna Formation is 

constrained by the 529.7 Ma age of an underlying 

volcanic ash in the Mattaia Formation (Fig. 4; 

Grazhdankin et al., 2020), which constrains the 

biota to be 10 million years older than the 

fossiliferous Chengjiang Formation (Hou et al., 

1991), and over 20 Ma older than the Burgess Shale 

(Walcott, 1912; Butterfield, 2003). This discovery 

implies that the Cambrian explosion happened much 

faster than previously thought. 

The added complication of diagenesis and 

other post depositional processes is something to 

consider when attempting to characterize the 

depositional environment. As is the nature of shale, 

it is porous, but highly impermeable, meaning that 

hydrothermal alteration after deposition would not 

have a major impact. While hydrothermal alteration 

causing fractures or brecciation in shale is certainly 

possible, it is unlikely to have occurred in these 

formations as those features are not seen. For the 

samples in this paper, the rock units display no 

evidence metamorphic alteration. In fact, the shale 

Figure 3: Illustration of the three Ediacaran assemblages. 

(Modified from Droser et al., 2017). 

Figure 4: Geologic time scale relating the Zimnie Gory 

and Chuskuna Formations. (Modified from Martin et al., 
2000) 



   4 

 

of the Zimnie Gory and Erga formations are so poorly consolidated it is astounding that that the 

rocks are 550 million years old, and still contain such exceptional fossils. Many redox-sensitive 

elements are tightly bound to reduced phases, such as organic matter and sulfides in the rock, 

making them more difficult to alter than elements that are contained in other phases, like a 

carbonate crystal lattice. Under reducing conditions redox-sensitive metals are highly insoluble 

and would remain in solid phases, resulting there being little impact by burial diagenesis.  

 

Hypothesis  

The exceptional preservation of the body and 

trace fossils in the Chuskuna, Zimnie Gory, and Erga 

formations is yet to be fully understood. The mode of 

fossil preservation suggests that there was either little 

free oxygen in the water column, or that there was a rapid 

depositional event, resulting in the burial of the 

organisms. Both of these conditions are likely for the 

Chuskuna since many of the fossil fragments appear to 

be transported rather than in situ. If the organisms lived 

in oxic environments, this transportation could have 

moved them to a anoxic environment. The Zimnie Gory 

and Erga organisms may have lived beneath algal mats, 

indicating a lack of oxygen, but otherwise are not likely 

to have been transported very far between time of death 

and time of burial. The hypothesis is that anoxia in the 

sediments/water column led to the exceptional 

preservation of the fossils in both the Ediacaran and 

Fortunian examples from the Russian Federation. The 

null hypothesis is that there is no anoxia in the 

sediments/water column, so the exceptional preservation 

was due to other processes.  

 

Geology    

The White Sea Region  

The Zimnie Gory Formation (Ediacaran Period) is 

located in the White Sea region on the northwest coast of 

Russian Fennoscandia. It is approximately 60 meters 

thick, comprises poorly consolidated laminated shale, 

interstratified sandstone, and alternating shale, siltstone, 

and sandstone (Fig. 5). The studied interval represents 10 

meters of laminated shale, which is in the contact 

Figure 5: (Right) Stratigraphic and key of the White Sea 

region. 

Courtesy of Dimitry Grazhdankin 
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between the top of the Zimnie Gory Formation and base of the Erga Formation. The depositional 

environment is interpreted to be estuarine, with signs of a gradual progradation, from a submarine 

valley to a prodelta setting (Grazhdankin, 2003). The age of the Zimnie Gory is constrained by 

zircons within a volcanic ash layer, beneath the fossiliferous beds, to 555.3 Ma (Martin et al., 

2000), which provides an important temporal constraint for the White Sea biota. The Erga 

formation lies directly above the Zimnie Gory Formation. It is approximately 150 meters thick. 

The lowest 50 meters are comprised of laminated shale and interstratified sandstone and shale. The 

upper 100 meters is characterized by alternating shale, 

siltstone, and sandstone. The depositional environment of 

the Erga Formation is interpreted to be a marine prodelta 

lithofacies, which implies a transgressive sequence 

(Grazhdankin, 2003). A total of 26 samples were collected 

from the Zimnie Gory and Erga formations. The interval 

where they were collected is the white layer on the 

stratigraphic column, at the boundary between the Zimnie 

Gory and Erga formations (Fig. 5). 

  The Chuskuna Formation 

 The Chuskuna Formation (Fortunian Stage of the 

Cambrian Period) is located in the Olenek Uplift south of 

the Lena Delta, in arctic Siberia. The Chuskuna Formation 

is approximately 26 meters thick and is composed of a 

depositional parasequence bounded by flooding surfaces. 

The base of the formation is a transgressive sequence of 

intensely bioturbated sandstone followed by interstratified 

limestone, shale, and conglomerate.  The transgressive 

deposit underlies laminated shale, with fine-grained 

sandstone. The sandstone coarsens upward into medium 

and coarse grained lithologies, some of which is intensely 

bioturbated in the upper layers (Fig. 6). The depositional 

sequence is capped by coarse-grained channelized 

sandstone, which is interpreted as a prodelta deposit 

(Grazhdankin et al., 2020). The prodelta interpretation for 

these formations could provide a mechanism for the burial 

of organic fragments. Prodelta deposits form at the mouth 

of deltas, where the sediments pile up, forming steep 

underwater slopes, and eventually spill over forming 

turbidities. As these underwater landslides occur, 

organisms living on the slopes get caught in the flow. This 

characteristic deposit, termed a Bouma sequence, is seen 

in the upper part of the Chuskuna Formation. Eight 

samples from the Chuskuna Formation were collected 

from the shale layer in the middle of the formation (Fig. 

6).     

 

Figure 6: (Left) Stratigraphic Column of the Olenek Uplift. 

The red box indicates the sampling area. 

(Modified from Grazhdankin et al., 2020) 
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Methods  

Sample Preparation The initial sample preparation was done in order to perform each of 

the analyses (Fig 7). This preparation required the use of an MK Diamond Products Inc. rock saw 

to cut the samples down to a smaller size, to assist with the rest of the preparation procedures. It 

was important that throughout the preparation, the samples did not come in contact with any metal, 

as that would contaminate the data extracted from the iron speciation. A LaboPol-21 

grinder/polisher with silicon carbide grinding pads was used to grind and polish the surfaces of the 

rocks that came into contact with the blade of the rock saw. This was performed in order to avoid 

iron contamination from the saw blade. The samples were then crushed into pea-sized pieces using 

a rock hammer, which was covered in plastic wrap in order to prevent the sample from coming 

into contact with metal. The crushed samples were then turned into a very fine powder (200 mesh) 

using a SPEX SamplePrep 8000M Mixer/Mill. In between samples, a cycle of the ball mill was 

run with annealed sand to prevent cross contamination of the samples. The sand was annealed by 

placing it a furnace at 500°C for two hours to remove organics to prevent the organic content in 

the sand from getting incorporated into the sample. The agate housing of the ball mill was cleaned 

in between each sample with ethanol and 1 M HCl as an additional measure to prevent cross 

contamination. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

With the powdered sample, chrome reducible sulfur (CRS) extractions were performed to 

obtain sulfur content, which is later used in iron speciation calculation. The powdered sample was 

also acidified and dissolved in order to obtain % carbonate and whole rock major, minor, trace, 

and rare earth element abundance data, respectively. Iron speciation was performed to quantify the 

redox conditions. Thallium isotopes were measured as another redox proxy.   

 

Figure 7: Flow diagram of the procedures completed and the type of result for each type of analysis. 
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CRS Extraction Chrome reducible sulfur (CRS) analysis was performed following a 

standard operating procedure written by Alan J. Kaufman, based on Canfield et al. (1986). This 

was accomplished using an aliquot of powdered sample to obtain sulfur content (which was later 

used in iron speciation calculations). The glassware used in this procedure was first cleaned in a 

10% HCl bath and then rinsed with tap water and subsequently - 18 MΩ Milli-Q water. 

Approximately 100 mg of the powdered sample was weighed into labeled boiling flask inlets. Each 

boiling flask was attached with lower adaptors in heating mantles beneath the condensers. Blue 

rubber septa were placed into the arm of each flask, being screwed in to form a seal using black 

injection screws. Labeled glass tubing was placed into each of the six glass inlet ports on the lower 

adapters. A small volume of high vacuum grease was applied to the ground glass end of the upper 

adapter joints and attached to the top of the condenser. The water trap was filled with Milli-Q 

water to one cm below the ground glass interior. A small volume of high vacuum grease was 

applied to the ground glass and fit to on the upper adapter of the water trap. The water trap was 

attached to the upper adapter and then the blue Keck clips were attached to hold the taper fittings 

together. A small amount of high vacuum grease was applied to the glass joints of the tube adaptors 

and then those were attached to the upper adaptors. Labeled test tubes were placed into a test tube 

rack and filled with 25 mL of silver nitrate solution. The test tubes were then attached above the 

condensers using wooden clothes pins. Pasteur pipettes were attached to the rubber housing on the 

six tube adaptors. A short Pasteur pipette was attached to an N2 hose and inserted into a beaker 

with 150 mL of 5 M HCl and covered with Parafilm. The chilled water re-circulator attached to 

the condensers was turned on. The N2 tank was allowed to flow into the apparatus at a rate of one 

to two bubbles per second in the water trap. The system was checked for leaks before proceeding 

with the extraction. The nitrogen valve was opened to the CRS hood. A 20 mL Luer-Lok syringe 

was inserted into the CRS extraction port to draw up 20 mL of the solution. The solution was 

slowly injected through the blue rubber septa into the boiling flask and repeated for the remaining 

five flasks. The same syringe and needle were used to draw 20 mL aliquots of the degassed 5 M 

HCl and injected into each of the boiling flasks. The heating mantles beneath the boiling flasks 

were turned on to 120 V. The heating mantles were turned off after three hours. The labeled tubes 

were transferred to the test tube rack in the CRS fume hood, and then the water traps were 

disassembled, along with the upper and lower adapters. The CRS solution and sediment from the 

boiling flasks were properly disposed of. The disassembled parts of the apparatus and the boiling 

flasks were properly cleaned before the next set of samples. This process was repeated for all of 

the samples. The Ag2S sample in AgNO3 solution was separated and transferred to labelled two 

mL centrifuge tubes using disposable pipettes. The samples were then centrifuged in the Farquhar 

laboratory (CHEM 0230) at 10,000 rotations per minute, for three minutes in the micro-centrifuge. 

The supernatant was then pipetted into a waste beaker. The centrifuge tubes were placed on a hot 

plate at 70oC for two hours to dry. The dried sample was then weighed to quantify the abundance 

of Ag2S and to calculate the sulfur content of the extracted sample. The sulfur content was later 

used as part of the iron speciation calculations.  

Shale Acidification In order to determine the % carbonate, a standard operating procedure 

developed by Geoff Gilleaudeau was followed. This was performed by weighing between one and 

two grams of each powdered sample which was placed into separate 50 mL centrifuge tubes. The 

samples were then dosed with separate rounds of 3M HCl and hot 6M HCl to remove the carbonate 

fraction. This carbonate fraction might include relatively insoluble iron-bearing carbonates such 

as siderite and ankerite (or ferroan dolomite). In between the addition of each acid, the samples 

were centrifuged at 5,000 rotations per minute for 10 minutes and decanted into a labelled waste 
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container before the next aliquot of acid was added. After the 6 M HCl was decanted, 20 ml of 18 

MΩ Milli-Q water was added to the samples to neutralize the remaining solution. The samples 

with Milli-Q water were then centrifuged at 5,000 rotations per minute for 10 minutes and 

decanted. The samples were rinsed with Milli-Q water twice to ensure the samples were thoroughly 

neutralized. The samples were placed, uncapped, in a drying oven at 80°C overnight. The weight 

difference between the initial powdered samples and the acidified residues allowed for the 

quantification of % carbonate in each sample.  

Shale Dissolution Total shale dissolution treatments were conducted following a standard 

operating procedure developed by Geoff Gilleaudeau. This was performed with an aliquot of 

powdered samples in order to obtain whole rock major, minor, trace, and rare earth element 

abundance data. The first step of shale digestion was to remove any organic material in the sample. 

This was done by placing approximately 120 mg of each sample into ceramic crucibles which were 

set in a muffle furnace at 550°C for six hours. The ashed samples were then placed into separate 

Teflon beakers. Five mL of concentrated trace-metal grade (TMG) HNO3 and one mL of 

concentrated TMG HF was added to each beaker and left, capped, on a 180°C hotplate overnight. 

The beakers, still on the hotplate, were then uncapped to allow the solution to partially dry down. 

Once the solution was partially dried down the beakers were removed from the hotplate and 

allowed to cool completely. Once the beakers were cooled, two mL of concentrated TMG HCl 

were added to each beaker. They were capped and left on a 180°C hotplate overnight, followed by 

partially drying down the solution. The final solution of five mL of 6M TMG HCl and two drops 

of concentrated TMH HF were added to the beakers. The beakers were then capped and left on a 

hotplate set to 180°C overnight. Once the beakers cooled, 100 μL of the samples were added to 

separate 15 mL centrifuge tubes with 9.9 mL of two % TMG HNO3. The solutions were sent off 

to Arizona State University for analyses to obtain major, minor, trace, and rare earth element 

abundance data using an ICP-MS. This was to better understand seawater redox, productivity, and 

salinity. The Relative Standard Deviation (RSD) of repeated measurements of an in-house standard 

check for each element is reported as analytical uncertainty in percent for each element (Appendix 

1).  

Iron Speciation Iron speciation was implemented by following a standard operating 

procedure developed by Geoff Gilleaudeau, to quantify the redox conditions. This was achieved 

through a series of three different leach solutions. The first leach solution was a sodium acetate   

(1 M sodium acetate [C2H3NaO2] solution buffered with acetic acid [CH3COOH] to pH 4.5), which 

extracted any iron associated with carbonate phases (siderite or ferroan dolomite). The second 

leach solution was sodium dithionite, (50 gL-1 sodium dithionite [Na2S2O4] solution buffered with 

0.35 M acetic acid [CH3COOH] and 0.2M sodium citrate [Na3C6H5O7•H2O] to pH 4.8), which 

extracted any iron associated with oxides (goethite or hematite). The third and final leach was 

ammonium oxalate, 0.2 M ammonium oxalate [C2H8N2O4•H2O], 0.17 M oxalic acid 

[H2C2O4•2H2O] solution buffered with ammonium hydroxide [NH4OH] to pH 3.2), which 

extracted any iron associated with magnetite. Approximately 200 mg of powdered sample and 10 

mL of the sodium acetate solution were put into sperate 15 mL centrifuge tubes. They were placed 

on a rotating rack for 48 hours. The tubes were then centrifuged at 5,000 rotations per minute for 

five minutes. The solution was then decanted into new 15 mL centrifuge tubes and set aside for 

later analysis. Ten mL of the sodium dithionite solution were then added to the centrifuge tubes 

containing the leached samples from the previous step. These samples were placed on a rotating 

rack for two hours. They were then centrifuged and decanted into new centrifuge tubes. Ten mL 
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of ammonium oxalate were added to the centrifuge tubes containing the leached sample from the 

previous step. These samples were placed on a rotation rack for six hours. They were then 

centrifuged, and the solution decanted into new centrifuge tubes. The leached powder from the 

White Sea was properly disposed of, while the leached powder from the Chuskuna Formation was 

used for one additional leach. The additional leaching procedure was performed by following a 

standard operating procedure outlined in Schobben et al., 2020. Each of the eight samples from 

the Chuskuna Formation were dosed with one mL of boiling concentrated HCl. They were allowed 

to react for one minute before being centrifuged and decanted into new 10 mL centrifuge tubes. 

The leached powder from the Chuskuna Formation was properly disposed of. In new 10 mL 

centrifuge tubes 100 μL of the leach solutions were added to 8.8 mL of 2% HNO3. One mL of 100 

ppb Sc was added to the centrifuge tubes as a spike for the analysis. The solutions were analyzed 

with the assistance of Tim Mock at the Carnegie Institution for Science on an iCap ICP-MS. Six 

standards with the same Sc spike and 0, 1, 10, 50, 200, 500 ppb Fe were used to calibrate the 

instrument for analysis. 

 Thallium Isotope Analysis Further analysis of the samples was completed by sending 

approximately one gram of the powdered sample from the Chuskuna Formation to the Woods Hole 

Oceanographic Institution for a thallium isotope analysis. This procedure was performed by 

Yunchao Shu under the guidance of Chadlin Ostrander. The shales were leached overnight in 2 M 

nitric acid. This is shown to liberate thallium from pyrite, which is the predominant thallium host 

in shales formed under anoxic conditions. It is this pyrite-bound thallium that is shown to closely 

track the seawater Tl isotope composition today. In oxidizing conditions thallium reacts with 

manganese, which removes the heavier-mass thallium isotope from seawater, driving the globally 

homogeneous seawater thallium isotope composition to a lighter value. This isotopic ratio is 

preserved in organic-rich marine sediments today, which are deposited under anoxic conditions 

(Ostrander et al., 2020). 

 

Results 

Whole rock data from the shale dissolution procedure is shown in a table containing the 

Chuskuna Formation and the formations of the White Sea region  (Appendix 1) . Standard 

deviations for each element are shown on the bottom row as calculated from standards. Those 

deviations represent the precision of the measurement for each element. Concentrations from this 

table were used to calculate the ratios plotted in the figure below (Fig. 8). This figure shows 

elemental ratios (found in Appendix 2), plotted versus the height of the samples within the 

formations. The dotted line is the composition for the upper continental crust (Rudnick and Gao, 

2003). The metals are plotted against aluminum in order to understand the enrichments that occur 

in the water column over the presumed average continental flux to the oceans. The % carbonate 

and % sulfur from the acidification and CRS procedure are reported in a separate table below 

(Appendix 3).  

Iron speciation data are shown below in two types of plots (Fig 9). The two upper plots 

show data from the Zimnie Gory and Era formations (Fig. 9a). The two lower plots show data from 

the Chuskuna Formation (Fig. 9b)(Appendix 4). Two different ratios are plotted for each locality. 

For each location, the plots on the left show the ratio between the highly reactive iron (FeHR) and 

the total iron (FeT). The FeHR ratio in the Chuskuna formation includes the measured poorly 

reactive silicate phase (FePRS). The boundary between oxic and anoxic is a ratio of 0.38 (Bennett 
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and Canfield, 2020). The plots on the right of each formation show the ratio between the iron in 

pyrite (Fepy) and the highly reactive iron. The boundary between ferruginous and euxinic is 0.80 

(Bennett and Canfield, 2020). Highly reactive iron was determined by the sum of the iron in the 

carbonates, oxides, and magnetite, (as well as silicate for the Chuskuna Formation) as measured 

by the iron speciation analysis. The total iron was determined as part of the shale dissolution. The 

iron in pyrite was calculated stoichiometrically using the total iron and the % sulfur from the CRS 

analysis. The iron in the silicate phase was calculated for the Zimnie Gory and Erga formations, 

but for the Chuskuna Formation, the highly reactive fraction (extractable with boiling, 

concentrated HCl) was determined through an additional extraction step (Appendix 4).  

 

 

 

Figure 8: Elemental data from whole rock analysis plotted vs. Al. The dashed line represents the composition of the upper 
continental crust from Rudnick and Gao, 2003. 
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Discussion  

 The excellent preservation of the fossils in both the White Sea and Olenek Uplift could be 

explained by the sedimentology of the regions. For both of the regions, the lithofacies were 

deposited in prodelta environments. At a location such as this, a storm event has the potential to 

rapidly bury the organisms in the water column. This would create a barrier between the oxygen 

in the water column and the now buried organisms, serving as a possible explanation for the 

exceptional preservation of the fossils. Possible evidence for a storm event could be seen in thin 

section images of the Chuskuna Formation (Fig. 10), as there are broken fossil fragments, 

indicating rapid sediment transport.  

Figure 9a: Zimnie Gory and Erga formations Fe Speciation Data 

Figure 9b: Chuskuna Formation Fe Speciation Data 
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 The strontium/barium ratios of the rocks of the Chuskuna Formation indicate marine 

conditions (Fig 8). This is consistent with the geology of the locality, as the depositional 

environment is interpreted as prodelta. The strontium/barium ratios of the rocks of the Zimnie 

Gory and Erga formations indicate brackish conditions. A modern analog for this would be the 

Chesapeake Bay, where fresh water interacts with saltwater.  

Most metals are soluble in their reduced form, so they would remain in the water column 

in anoxic or euxinic conditions. The presence of any oxygen would allow for the metals to react, 

to form oxides, and be sequestered into sediment. In anoxic conditions the metals would have no 

oxygen to react with, but they can get concentrated with sulfide minerals and hence be trapped in 

the sediments. The lack of metal enrichments relative to the upper continental crust would be 

consistent with oxic conditions in the depositional environment, such that the metal inventory 

would not grow in the ocean (Fig. 8). However, this seems inconsistent with the exceptional fossil 

preservations, the thallium isotope data, and the abundance of glauconite in thin sections. Oxic 

environments support life that is able to decompose organisms, so recently deceased organisms 

are less likely to remain in the sediment long enough to be fossilized.  

 One possibility for the lack of metal enrichment is long term euxinia in the late Ediacaran 

and early Fortunian. Uranium isotope and metal studies of this time interval indicate that euxinic 

conditions persisted for tens of millions of years, resulting in the depletion of the metal inventory 

(Cherry et al., 2022). Metals behave in a similar manner in anoxic and euxinic conditions, as the 

presence of oxygen is very low in both cases. Long term euxinia could cause the metal inventory 

of the oceans to be depleted. This means that at the time of formation for the Zimnie Gory, Erga, 

and Chuskuna formations, if there were anoxic conditions, the prolonged euxinia prior would leave 

low concentration of metal in the ocean to get trapped in the sediments.  

 The predominant host for thallium in shales formed under anoxic condition is pyrite. Pyrite 

bound thallium has been shown to closely track the thallium isotope composition today (Ostrander 

et al., 2020). The shale from the Chuskuna Formation has values that overlap with the upper 

continental crust (about -2 +/- 0.3 epsilon units) (Appendix 5). This data alone indicates a limited 

seafloor manganese burial, 

resulting in anoxic conditions. This 

is further supported by the low 

manganese abundance that was 

measured by the shale dissolution. 

This would indicate that there was 

a broadly anoxic (or euxinic) 

global ocean with a largely 

unfractionated seawater thallium 

isotope composition. However, 

with only a limited section to work 

from it can be difficult to determine 

if thallium represents a globally 

homogenous open ocean. It is 

possible that the thallium isotope 

data reflect an isolated basin, with 

its own near-crustal seawater 

isotope composition.  

Figure 10: Thin section from the Chuskuna Formation (plane polarized light). 

Glauconite is the green mineral, seen primarily on the left side of the image. 
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When looking at the iron speciation data, strong oxic signals are seen in the FeHR/FeT ratios. 

The ~15-20% carbonate in the samples (which is a high percentage for shale) was not reflected in 

the iron speciation data, as the iron in the carbonate phase was low. While contradicting at first, 

this could be explained by the abundance of glauconite that can be seen in thin section images. 

The iron silicate fraction (FePRS) is usually calculated as the subtraction of the rest of the iron 

phases from the total, however it was measured for the Chuskuna Formations due to the visible 

large amount of glauconite in the sample. (Fig. 10). The measured FePRS was ~0.5-0.6 wt.%, while 

that is is a large amount of glauconite, it is not enough to account for the total iron in the sample  

(~6-7 wt.%) (Appendix 4). It seems that the majority of the iron is in detrital and non-authigenic 

phases, meaning that an anoxic signal is potentially being masked by very high sedimentation 

rates. Looking closer at the exceptionally high zircon and titanium concentrations (minerals 

concentrated in coarser-grained detrital sediment), support that there could have been high 

sedimentation rates (Appendix 1). This interpretation explains the elevated Fe/Al, allows for the 

thallium isotope to be interpreted as signals of anoxia, and leaves the potential for the low metal 

abundances to be caused by extended euxinia.  

 

Conclusions 

The hypothesis of anoxia in the sediments is not supported by the lack of discernible metal 

enrichment that would be expected with anoxic/euxinic conditions. However, this is inconsistent 

with the expectation that the sediments would likely need to be anoxic to preserve the fossil 

remains and impressions but may be the result of ferruginous rather than sulfidic conditions and 

the long-term depletion of metals from the oceanic inventory. The strontium/barium ratios of the 

rocks in the formations indicate marine and brackish conditions, which is consistent with the 

geological interpretation. Thallium isotope measurements point towards a broadly global anoxic 

ocean. Iron speciation reveals low iron abundance in the measured phases, however high iron 

abundance measured from the shale dissolution procedure indicates that  there could have been 

high sedimentation rates.  
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Appendix 

 
Appendix 1: Chuskuna Formation and White Sea region whole rock major, minor, trace, and REE abundance (in ppm). RSD for 
each element reported in the bottom row. 
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Appendix 1 (continued): Chuskuna Formation and White Sea region whole rock major, minor, trace, and REE abundance (in 
ppm). RSD for each element reported in the bottom row. 



   18 

 

 
Appendix 1 (continued): Chuskuna Formation and White Sea region whole rock major, minor, trace, and REE abundance (in 
ppm). RSD for each element reported in the bottom row. 
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Appendix 1 (continued): Chuskuna Formation and White Sea region whole rock major, minor, trace, and REE abundance (in 

ppm). RSD for each element reported in the bottom row. 
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Appendix 1 (continued): Chuskuna Formation and White Sea region whole rock major, minor, trace, and REE abundance (in 
ppm). RSD for each element reported in the bottom row. 
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Appendix 2: Elemental ratios plotted in figure 8. Data from appendix 1 used to 
calculate ratios. Fe and Al used values in wt.% to reduce number of zeros in final 

ratios. 

Appendix 3: % carbonate of each 
sample from shale acidification 
procedure. % sulfur of each sample 

from CRS analysis. 
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Appendix 4: Results from iron speciation procedure. Fe carb, ox, mag, and PRS used to calculate Fe HR, which is used to 

calculate the FeHR/T and Fepy/HR ratios. Columns in green (FeHR/T, Fepy/HR) are plotted in figures 9a and 9b.  

Appendix 5: Thallium isotope data reported as ε205TlA, 

with two standard deviations (2SD). 2SD was calculated 
as reproducibility of the standard. Tl concentration is 
reported as TlA. The subscript “A” attached to the isotopic 
compositions and concentration data stands for 

“authigenic” (pyrite-bound Tl). fA is the fraction of 
authigenic Tl. 

 


