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compositions of carbonate and pyrite, respectively, which arguably resulted from the distillation
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Chapter 1: Introduction

1.1: Ediacaran Biota

Earth’s first experiment in multicellularity resulted in the rise of macroscopic, motile, and
biomineralizing life during the Ediacaran Period (635.2-538.8 Ma) (Narbonne et al., 2012; Xiao
et al., 2016; Linnemann et al., 2019). In the fossil record, they can be found preserved primarily
as soft-bodied impressions in fine-grained siliciclastic rocks (Narbonne, 2005). Due to their
unusual preservation and bizarre morphologies, it is still not known what the metabolic
requirements of these organisms were. Their large surface area suggested that diffusion was
important for their metabolic intake (Narbonne, 2005), which led to interpretations of feeding
strategies that included osmotrophy or chemosymbiosis with sulfur-oxidizing bacteria
(Laflamme et al., 2009; Kaufman, 2019; Mcllroy et al., 2021).

As puzzling as their lifestyle is, their disappearance is even more mysterious. The
ecosystems of the Ediacaran and Cambrian periods are very different, so something must have
occurred during that transition to completely reshape the environment (Fig. 1.1). There are two
current hypotheses; a “biotic replacement” model and a “mass extinction” model (Laflamme et
al., 2013). The biotic replacement model would likely have drawn out over a longer period, but
two possible causes are the advent of predation and ecosystem engineering, where in either
scenario the Ediacaran biota were outcompeted by new organisms for availability of suitable
substrates (Seilacher et al., 2005). The mass extinction model suggests that the organisms were
completely wiped out at the end of the Ediacaran, allowing new life to develop new niches and
fill empty ones left behind. Support for a mass extinction lies in the geochemical record of the

Ediacaran, as the fall of the Ediacaran biota appears to be associated with a strong negative

1



carbon isotope anomaly (Darroch et al., 2018; Kaufman, 2019). However, the cause of this

geochemical perturbation remains a mystery as well.

ACE?

m
Ediacaran —— Cambrian

Figure 1.1. Illustration of Ediacaran-style mat grounds vs. Cambrian-style burrowing. Illustration modified from
Peter Trusler.

1.2: Carbon Isotope Excursions

The emergence of multicellularity occurred amid profound tectonic reorganization. The
Pan-African orogeny coinciding with the evolution of the Ediacaran biota and the subsequent
Cambrian Explosion (Squire et al., 2006) could mean a potential connection to the environment

and chemical changes in the world ocean. Extreme oscillations in the carbon isotope record
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during this time (Fig. 1.2) suggest that their origin occurred in the midst of dramatic
environmental changes. Among these excursions (reported as §'°C = ("*C/"?Csample/*C/"*Cyta -
1)*1000, where the standard is V-PDB and expressed in units of permil (%o)) two of the most
studied are the Shuram and BAsal Cambrian carbon isotope Excursion (BACE), which
temporally bracket the Ediacaran biota and preserve the lowest carbonate carbon isotope values
in the Ediacaran and basal Cambrian periods (Burns and Matter, 1993; Zhu et al., 2006). During
and immediately following the Shuram, complex macroscopic organisms of the Ediacaran biota
evolved, whereas following the BACE, these enigmatic organisms disappeared. It is still
unknown what caused either of these events to occur, but the Shuram appears to be associated
with the buildup of oxidants and ventilation of the oceans based on a global stepwise change in
the uranium isotope composition of seawater proxies (Zhang et al., 2018). As these events
preserve very similar carbon isotope records, it is possible that the BACE was caused by the
same oxidation processes, which may have led to the demise of the Ediacaran biota if these
organisms thrived in anoxic seawater (Cherry et al., 2022). Negative excursions in the carbon
isotope record can be caused by several different factors. One factor that could have implications
for the evolution of life is variations in atmospheric and oceanic redox conditions. An increase in
molecular oxygen or of oxidants, like sulfate and nitrate, could have driven the remineralization
of a ?C-rich dissolved organic carbon (DOC) pool to form '>C-rich dissolved inorganic carbon

(DIC) that is preserved in marine carbonates. (Rothman et al., 2003).
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1.3: Redox Hypothesis

Understanding the redox conditions of the BACE may provide insight into the kill
mechanism for the Ediacaran biota. As the Shuram has been linked to an increase in oceanic
oxygen, it is possible that a similar excursion, like the BACE, may also be linked to seawater
ventilation (Zhang et al., 2018). Previous studies have shown that the Ediacaran biota may have
survived under low oxygen conditions (Cherry et al., 2022), so the prediction that a rise in
oxygen could have been the driver for the extinction. To this end, uranium isotopes and cerium
anomalies on BACE sections across Siberia serve as a test of global and local redox conditions,
as their fractionation mechanisms are redox dependent. Periods expanded of anoxia/euxinia
cause negative uranium isotopes via the reduction of U*® to U**, which preferential incorporates
238U, leaving the resulting seawater with a progressively lighter isotopic composition (Lau et al.,
2017). Therefore, I hypothesize that BACE carbonates from two sections in Siberia will reflect

an increase in uranium isotope compositions as a result of increased oxygen.

1.4: Weathering Hypothesis

While redox conditions may point towards a driver for extinction, enhanced terrestrial
weathering rates may provide a source of the oxidants (and the nutrients that would stimulate
oxygenic photosynthesis) that caused the ventilation of seawater and resulting carbon isotope
excursion. Physical and chemical erosion of these uplifted terrains during the Pan-African
orogeny delivered thick blankets of sediments, nutrients, oxidants, acid buffer capacity (i.e.,
alkalinity), and salts to the oceans. The delivery of nutrients and oxidants through continental
weathering could drive enhanced primary productivity in the oceans that could drive the
expansion of marine euxinia along productive coastlines due to organic carbon respiration, as

well as long-term buildup of oxygen globally through enhanced organic carbon burial. Lithium
5



isotopes have the potential to track weathering intensity based on the production of clay minerals
on land and in the ocean that fractionate lithium isotopes that are incorporated into marine
carbonates. It is plausible that increased congruent weathering on land and rapid formation of
clays in the ocean (I.e., reverse weathering) would drive the lithium isotopic composition of
marine carbonates to lower values, as has been recently noted for the Shuram Excursion (Gan et
al., 2024). Therefore, I hypothesize that lithium isotope values from BACE carbonates will

similarly reflect trends toward crustal values associated with intense continental weathering.

1.5: The BACE

1.5.1: Global Record

Worldwide, the BACE is expressed by a negative stratigraphic shift in the carbonate
carbon isotope (8'*Ccarb) compositions of marine carbonates to a nadir of -6%o or lower (Fig. 1.3).
In many successions across Asia and the Middle East, which were equatorial at the time of
deposition (Scotese, 2016), the BACE carbonates are interbedded with thick marine evaporites.
The biogeochemical event has been broadly recognized in carbonates of Northwest Territories of
Canada (Narbonne et al., 1994; Kaufman et al., 1997), the western United States (Corsetti and
Kaufman, 1994; Smith et al., 2016), Mexico (Sour-Tovar et al., 2007; Loyd et al., 2012; Hodgin
et al. 2021), Morocco (Maloof et al., 2005; Maloof et al., 2010b) Oman (Amthor et al., 2003;
Bowring et al., 2007), Iran (Kimura et al., 1997), China (Li and Xiao, 2004; Ishikawa et al.,
2008; Li et al., 2009; 2013; Jiang et al., 2012; Steiner et al., 2020), Mongolia (Smith et al., 2015;
Bold et al., 2016; Topper et al., 2022), India (Kaufman et al., 2006) and Siberia (Knoll et al.,
1995a, b; Kaufman et al., 1996; Bartley et al., 1998; Kouchinsky et al., 2007; Pelechaty et al.,

1996). Ichnofossils (i.e., Trepichtnus pedum) preserved in siliciclastic sedimentary rocks that



mark the Ediacaran-Cambrian boundary are incompletely recorded in the locations in which the
BACE is preserved in carbonates, although the last occurrence of worm-like cloudinids with
their funnel-in-funnel carbonate shells appear to precede the BACE in most localities (contra
Zhu et al., 2017 and Topper et al., 2022), and 7. pedum is generally found in siliciclastics above
the carbon cycle anomaly. Radiometric age constraints for the BACE in Mexico, from U-Pb
detrital zircon analyses (providing a maximum potential age) suggest that the event is younger
than 539.40+0.23 Ma (Hodgin et al., 2021). This is critical as current constraints on the
Ediacaran-Cambrian boundary indicate an age of ca. 538.8 Ma (Linnemann et al., 2019). In
Oman, a negative carbon excursion above the Last Appearance Datum (LAD) of cloudinids is
constrained by a volcanic U-Pb zircon lower age of 541.0+0.13 Ma (Bowring et al., 2007). In
South China, a volcanic ash above the BACE yielded an age of 535.2+1.7 Ma (Zhu et al., 2009).
Lacking dateable lithologies in Siberia BACE successions, the age of the event across the vast
craton relies either on detrital zircon U-Pb studies or available biostratigraphic and

chemostratigraphic data.
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1.5.2: Siberian Record

In northern Siberia, several localities preserve the BACE (Fig. 1.4). The negative
excursion has been recognized in the lower and middle members of the Platonovskaya Formation
in the Turukhansk region of western Siberia (Bartley et al., 1998), which contain evaporite casts
and molds, as well as collapse breccias. The BACE is preserved there with the lowest point at
-10%o (Bartley et al., 1998; Marusin et al., 2019). Roughly 250 km to the north is another BACE
section along the Sukharikha River. The Sukharika Formation contains several notable
oscillations within the carbon isotope record that have been used at the archetype for the
Fortunian Stage, with the lower BACE interval recording the nadir values of -8%o0 (Kouchinsky
et al., 2007; Maloof et al., 2010a; Marusin et al., 2023). Further to the east in the Anabar Uplift
region, along the Kotuy and Kotuikan rivers is another BACE section first recognized by Knoll
et al. (1995b) and Kaufman et al. (1996). The units sampled in these studies include the Staraya
Rechka and Manykai formations, with the BACE preserved in the former, which is ~40 m thick
in the region. The Staraya Rechka Formation is the focus of the current study, based on outcrops
65km to the south that preserve ~130 m of mixed carbonates and evaporites. The thickness
difference has been attributed to gradual reduction of evaporite beds (Khomentovsky, 1990)
moving from south to north, and possible due to greater erosion of the upper Staraya Rechka

lithologies in the north (Marusin et al., 2022).



B - Igarka Uplift |:
Sukharikha River
IANT o1
6nl e
| &
. O
o 511.| :
2, . 1000 kim
2 E
2 :
A - Turukhansk Uplift |+
Sukhaya Tunguska River ol : £
| nl - 1000 km N
| .
1l m e
:| kap D - Anabar Uplift
* = 305 Kotuikan River
g 2| 5 Ky :
£ ' 1E 5% ¥ " seer|  E-Olenek Uplif
Els s EE . ¥ ool - Olenek Uplift
|8 i g é s C - Anabar Uplift ElE .,J' Olenek River
2 | = : Kotuy River £ 5°C (%
=} * E| = ! urb( 0)
g : | EEEE A | e
= of -. B Q1= ‘; o,
I | [EE LI e —
© .
u AN L | [S]2 = & 2 |
g o’ | o | < o N I Ng
i i N D —~ % y =
8 .~ o. n =5 n Lo | =
= °:; | 2o gl 10-5 0 510 £ Y
= o o S = D
3| | Lo . | 2 s 8C_, (%) .
105 0 510 | _:llp 2§ .
13, ] s w 13
& C.. (%0) g * e | g E '. .
=l < 0-5 0510 |2 2
= % . 13, < B‘
z v 55C_ (%) £|8 !
3 £ & q
= N BACE o
105 0 510 || som ooy ST E
6C_ (%o) [Dolomitic Limestone to Calcarcous Dolomitc| L1

-10-5 0 5 10

Figure 1.4. Regional correlation for the Ediacaran-Cambrian transition across the Northern Siberian Platform. (A) Turukhansk Uplift, Sukhaya Tunguska River
(Bartley et al., 1998; Marusin et al., 2019); (B) Igarka Uplift, Sukharikha River (Kouchinsky et al., 2007; Marusin et al., 2023); (C) Anabar Uplift, Kotuy river
(this study); (D) Anabar Uplift, Kotuikan River (Knoll et al., 1995b; Kaufman et al., 1996); (E) Olenek Uplift, Olenek River (Knoll et al., 1995a; Pelechaty et al.,
1996). S.R. = Staraya Rechka Formation; Mv = Medvezhya Formation; K.D. = Kyndyn Dolostone; Kes. = Kessyua Group; Er. = Erkeket Formation; p€ =

Precambrian; € = Cambrian.

10



Moving 750 km to the west, the onset of the BACE is likely preserved in the upper part
of the evaporitic Turkut Formation in the Olenek Uplift along the Olenek and Khorbusuonka
rivers of arctic Siberia (Knoll et al., 1995a; Pelechaty et al., 1996). This chemostratigraphic
event, however, is variably truncated by a regional unconformity of potential glacial origin (i.e.,
Baykonurian; Chumakov, 2009). A U-Pb zircon date of 543.9+0.24 Ma from a volcanic breccia
at the base of the Syhargalakh Formation (overlying the Turkut; see Grazhdankin et al., 2020)
was for some time the best radiometric estimate for the Ediacaran-Cambrian boundary (Bowring
et al., 1993), but the current constraint from Namibia (Linneman et al., 2019) is some 5 million
years younger (although no BACE event is recorded in the Namibian succession). To date,
cloudinids have not been discovered in Turkut carbonates (which do preserve evidence for
evaporite-related collapse breccias), but 7. pedum, as well as Rusophycus (an arthropod resting
trace), are noted in a transgressive shale above a thick volcaniclactic diamictite of the uppermost
Syhargalakh Formation (Grazhdankin et al., 2020). Higher in the Mattaia Formation the body
fossil of the sabelliditid Paleolina evenkiana has been reported (Sokolov, 1995), and the same
fossils are known from the middle Platonovskaya Formation. (Bartley et al., 1998; Marusin et al.,
2019).

It is notable that across Siberia and the Middle East, the BACE is preserved and appears
to be related to sea-level regression, evaporites preserved in these sections indicate that there
were high rates of evaporation, which could have been further enhanced by sea-level regression.
Sea level fall, basinal restriction, and an increase in seawater salinity may thus have been an
additional factor in the extinction of the Ediacaran biota. The high surface area of these
organisms suggests that diffusion was an important part of their lifestyles (Dufour and Mcllroy,

2016). If the sea level were to drop, an increase in salinity could have been detrimental to their
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survival. The salty water would draw the fresh water out of their bodies through osmosis,

dehydrating and killing them.

1.5.3: Age Constraints

Chemostratigraphic correlations alone are insufficient to identify the BACE, as there are
multiple negative carbon isotope excursions throughout the terminal Ediacaran and basal
Cambrian intervals. Biostratigraphic information may help pinpoint the BACE, but the
incomplete rock record of the Ediacaran-Cambrian boundary across the globe (i.e., the Great
Unconformity; Peters et al., 2012; Shahkarami et al., 2020) complicates efforts to use trace and
body fossils as stratigraphic markers. Constraining the age of the BACE through U-Pb zircon
analyses from volcaniclastic rocks in arctic Siberia (Olenek Uplift) above the anomaly yielded an
age of 543.9+0.24 Ma (Bowring et al., 1993), but a recent reinvestigation of detrital zircons from
the Syhargalakh Formation suggest that the carbon isotope event is older than 537.20+0.50 Ma
(D.V. Grazhdankin, pers. comm. 2023). In Mexico, the BACE has been dated to be older than
539.40+0.23 Ma (Hodgin et al., 2021). In Oman, the BACE has been constrained to be younger
than 541.0+0.13 Ma (Bowring et al., 2007), while in South China the event is older than
535.2+1.7 Ma (Zhu et al., 2009). Coupling these ages with the current constraints on the
Ediacaran-Cambrian boundary places the BACE in the very latest Ediacaran. (Linnemann et al.,
2019); it is unfortunate that the BACE is not preserved in Namibian carbonates where the current
radiometric constraint for the boundary is located. The Ediacaran-Cambrian transition
encompasses one of the most important evolutionary events in Earth history and the associated
BACE is global in distribution, so a better understanding of the redox conditions in this
transitional interval would provide insight into the potential environmental cause(s) for the

extinction of the Ediacaran biota.
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1.6: The Starava Rechka Formation

The Staraya Rechka Formation is composed of three members, the Kharyyalakh,
Chimuka, and Kochokon (Fig. 1.5; Fig. 1.6). The Staraya Rechka Formation overlies the much
older Yusmastakh Formation, separated by an angular unconformity, and is disconformably
overlain by the Manykai Formation. The Staraya Rechka Formation at this locality contains
~131 m of carbonates inter-leaved with shale or gypsum. Evaporite minerals are abundant in
many of the carbonate hand samples and thin sections. The Kharyyalakh (lowermost interval
~16 m thick) contains stromatolitic dolostone and laminated rippled dolosiltite and dololutite
with minor evaporite levels. The Chimuka Member (middle interval ~64 m thick) contains three
intervals dominated by gypsum, with four intervals of interbedded green shale and shaley
dololutite, rippled dolosiltite, stromatolitic dolostone, and a small amount of quartz sandstone.
The Kochokon Member (upper interval ~51 m thick) contains a thick unit of evaporite-free
dolostones with hummocky and microbial bedding as well as a hydrogen sulfide odor.

The Staraya Rechka Formation is interpreted to represent a shallow marine peritidal
environment, supported by abundant evidence for episodic desiccation and development of
ubiquitous sulfate evaporites, especially in the Chimuka Member. A disconformity of unknown
duration separates the Staraya Rechka Formation from the Manykai Formation around 130 m
above the base of the measured section (Fig. 1.7), which contains up to one meter of
conglomerate overlain ~10 m of shale and siltstones. Above that there is ~20 m of covered
outcrop (likely fine-grained siliciclastics), followed by ~40 m of stromatolitic carbonates. This
likely represents the development of a subtidal carbonate platform during sea level transgression

(Kaufman et al., 1996).
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Figure 1.7. Disconformity between the dolomites of the Staraya Rechka and the conglomerate of the Manykai
(courtesy of N. Bykova and V. Marusin).

Member I of the Manykai Formation contains elements of the early Fortunian Anabarites
trisulcatus Zone small shelly fossils (SSFs) (Knoll et al., 1995b; Kaufman et al., 1996). None of
these are known within the Staraya Rechka carbonates, although the carbonates do contain the
remains of the green algae known as Renalcis, which is also found in other boundary sections
(Adachi et al., 2021). A small population of detrital zircon U-Pb ages from the upper reaches of
the Staraya Rechka Formation constrain it to maximally be around 547+6 Ma, but more
convincingly, a large population of zircons from the lower Manykai Formation constrains the

BACE in the Anabar region of Siberia to be older than 537+3 Ma (Marusin et al., 2022).
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1.7: The Sukharikha Formation

The sampled outcrop along the Sukharikha River contains the uppermost Izluchina,
Sukharikha, and Krasny Porog formations (Fig. 1.8). The Izluchina Formation is an 800-850 m
thick sedimentary succession generally composed of red-colored planar-laminated siltstones and
mudstones with interbeds of planar-laminated and cross-bedded sandstones. The studied section
contains the uppermost interval (83.5 m), where dolostone interbeds become more abundant. The
Izluchina Formation is interpreted to have accumulated in terrestrial alluvial and shallow marine
deltaic environments (Kochnev et al., 2022).

The Sukharikha Formation in the studied section is 556 m thick mixed limestone-
dolostone and conformably overlies the Izluchina Formation with a gradual transition. Thin
interbeds and lenses of reddish-gray siltstones and fine-grained sandstones occur in the
lowermost 20 m of the Sukharikha Formation. The rest of the Sukharikha Formation is more or
less monotonous in composition and lacks conspicuous sequence boundaries. In the lower part
(124 m above the base), there is a 20 m thick interval composed of interbedding coarse- to
medium-grained sandstones with dolomitic cement, trough cross-bedding, and wave-rippled to
planar-laminated sandy dolostones. In the middle part of the Sukharikha Formation (200-240 m
above the base), hummocky cross-stratified dolostones and dolomitic limestone are abundant,
ranging from 1-9 m thick separated by intervals of planar-bedded limestones and planar-
laminated silty limestones. The upper half of this interval contains the vertical burrows of
Skolithos and Arenicolites (Korovnikov et al., 2019). The uppermost 150 m of the formation
contains isolated calcimicrobial bioherms up to 0.5 m in diameter. The contact with the overlying
Krasny Porog Formation is a 1.5 m thick gradual transition. This interval consists of gray

limestones similar to the underlying strata of the Sukharikha Formation, to pinkish-gray and red
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parallel-laminated silty limestones typical for the basal Krasny Porog Formation. There is no
evidence of a hiatus during this interval. The base of this interval hosts the first appearance of
abundant small and macroscopic skeletal fossils and archaeocyaths typical for the base of
Cambrian Stage 2 Nochoroicyathus sunnaginicus Assemblage Zone (Rowland et al., 1998).

The transition between the Izluchina and Sukharikha formations mirrors a shift from
alluvial/deltaic environments to shallow-marine carbonate sedimentation during transgression
(Rowland et al., 1998, Kochnev et al., 2022). Accumulation of the succession of the Izluchina
and Sukharikha formations marks a progressive fill of an accommodation space developed by the
mid-Neoproterozoic rift-related trough. The onset of the accumulation of the Sukharikha
Formation indicates the trough was filled and the marine carbonate environments expanded as a
part of a vast epicontinental basin covering the Siberian Platform in the early Cambrian
(Kochnev et al., 2022).

The Krasny Porog Formation (up to 150 m) is mostly composed of planar-laminated and
intensely bioturbated red silty limestones and marlstones. The studied section covers the
lowermost 15 m of the formation. It starts with a 10 m thick package of red intensively stylolitic
silty limestones and marlstones overlain by a 2 m thick gray massive limestone. The overlying
package (over 5 m thick) is composed of red limestones like the one at the base of the Formation.
The Krasny Porog Formation was accumulated in the open-shelf environments (Rowland et al.,
1998; Kouchinsky et al., 2007). The transition between the Sukharikha and Krasny Porog
formations corresponds to a transgression and associated shift from the shallow-water marine to
open-shelf environments with carbonate sedimentation (Rowland et al., 1998).

The Staraya Rechka and Sukharikha formations are believed to correlate to the very

terminal Ediacaran, so constraining the geochemical signals of these formations is critical to
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understanding the demise of the Ediacaran biota. Looking at a combination of both redox and

weather proxies may be crucial to unlocking this mass extinction mystery.
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1.8: Elemental and Isotopic Systems

1.8.1: Uranium Isotopes

Uranium isotopes have been used extensively over the past decade as a proxy for global
seawater redox conditions. In modern oceans, uranium is well mixed throughout the oceans,
meaning that local measurements can be representative of global redox states (Lau et al., 2017).
The controlling fluxes are riverine inputs and reducing sediments and carbonates as dominant
outputs (Andersen et al., 2016). The two most common oxidation states of uranium are the
insoluble U™ and soluble U*®. The ability to reduce U™ to U™ depends on the oxygenation state
of the oceans. Under oxygenated conditions U*® forms soluble calcium and carbonate complexes.
Under anoxic conditions, U*¢is reduced to the insoluble U™, and >**U is preferentially
incorporated into sediments, thereby leaving the water column with a greater proportional
abundance of the lighter isotope (***U) as compared to the heavier isotope (***U) (Lau et al.,
2017). The ratio between 2**U to 2*U is reported in the delta notation as §**®U. The expansion of
ocean anoxia/euxinia will drive the §?*U composition of global seawater (and carbonate
minerals) to lower values (Cherry et al., 2022). The residence time of uranium in the modern
ocean 1s approximately 500,000 years and has an isotopic composition of -0.39%. (Tissot and
Dauphas, 2015). Studies have shown that the $***U of modern carbonates (The Bahamas) is
slightly offset from the global ocean, which has a value of -0.15%o (Chen et al., 2018). This study
also found that §*3%U signals remain constant regardless of burial depth and mineralogy

suggesting that both limestone and dolomite may be used for global redox estimates.

20



1.8.2: Cerium Anomalies

To assess local water column redox conditions, rare earth element (REE) anomalies have
traditionally been employed. Cerium anomalies are most useful as the element is found in both
+3 and +4 valence states. Cerium anomalies are reported as Ce/Ce* and are calculated by
comparing the cerium abundance relative to neighboring REEs using the following equation:
Cesn/Ce*sn = [Ce]sn/([Pr]*sn/[Nd]sn). Under oxic conditions Ce™ is oxidized to Ce™, which
binds to the surface of manganese oxides leaving residual seawater depleted in Ce relative to
other REEs (Tostevin et al., 2016). Negative anomalies exist in modern oceans, but at varied
magnitudes across ocean basins. Anoxic conditions yield Ce/Ce* ratios greater than one, because
cerium remains in the Ce*? state and is not removed from the water column (Tostevin et al.,
2016). Additional REE abundances and ratios can be used to screen for detrital influence. For
example, yttrium to holmium (Y/Ho) ratios greater than 36 indicate authigenic seawater signal
(Himmler et al., 2010; Tostevin et al., 2016), while ratios less than 36 may reflect detrital
influence. However, Y/Ho ratios of Neoproterozoic carbonates have been found to have
consistently lower than modern values, suggesting that the lower values (<36) may be controlled

by redox processes rather than detrital contamination (Bau et al., 1997; Wallace et al., 2017).

1.8.3: Lithium Isotopes

While there are several types of redox proxies, lithium isotopes offer insight into the
controls on Earth’s carbon cycle, specifically continental weathering rates that deliver sediments,
alkalinity, and nutrients to seawater. There are two stable isotopes of lithium, °Li and "Li. The
large mass difference between these two isotopes results in large fractionations, making it an
excellent tracer of low-temperature processes. The residence time of lithium in the ocean is about

1 Myr and has two input fluxes of continental weathering and hydrothermal activity (Misra and
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Froelich, 2012). The sinks of lithium are secondary mineral formation during alteration of
oceanic crust and the incorporation of lithium into marine sediments, primarily clay minerals
(Stoffyn-Egil and Mackenzie, 1984). The ratio of "Li to Li is reported in the delta notation as
8’Li. In modern oceans, 8’Li has a value of around +31%o (Tomascak et al., 1999). The
continental crust has an average 8’Li value of 0£3%o (Teng et al., 2004), whereas §’Li is around
3-5%o for mid-ocean ridge basalts (Tomascak et al., 1999). During weathering processes, clay
minerals are formed that preferentially incorporate the lighter °Li, leaving the heavier "Li behind.
This results in riverine (and seawater) 8’Li values that record the combined signal of secondary
mineral formation (8’Li fractionation and low [Li] in riverine fluxes due to incongruent
weathering) and primary silicate dissolution (no §’Li fractionation and high [Li] in riverine
inputs due to congruent weathering) (Kisakiirek et al., 2005). The delivery of nutrients and
oxidants is more efficient when congruent weathering is the dominant mechanism, which led to
the hypothesis that enhanced congruent weathering caused the BACE. The &'Li of rivers is
controlled by the ratio of primary mineral dissolution to secondary mineral formation, which
defined as weathering congruency (Pogge von Strandmann et al., 2020). When considering the
sinks, reverse weathering (i.e., marine clay formation) can fractionate §’Li as well. In oceans of
high silica concentration, rapid clay formation occurs. The speed at which this formation occurs
does not accommodate high fractionations resulting in §’Li that is more reflective of the input.
Marine clay formation that occurs slower will allow for large fractionations, driving §’Li to
higher values (Kalderon-Asael et al., 2021). Marine carbonates represent a relatively small sink
for lithium compared to silicates. The incorporation of lithium has a constant isotopic
fractionation for inorganically precipitated and biogenically secreted carbonate (~0-5%o).

Furthermore, the incorporation of Li into carbonates is negligibly affected by temperature or
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salinity (Misra and Froelich, 2012). As a consequence, lithium isotopes in bulk marine
carbonates can be used as a proxy for assessing the role of enhanced weathering as both initiator
of past ocean anoxic events, via intensified nutrient runoff fueling primary productivity in coastal

areas, and terminator of ocean anoxic events via CO» sequestration (Lechler et al., 2015).

1.8.4: Organic Carbon Isotopes

Variations in the carbonate carbon isotope record are interpreted to reflect various global
changes in the carbon cycle. One approach to establish if these variations reflect changes in the
isotopic composition of the inorganic carbon pool is to assess the covariation with the
sedimentary organic carbon isotope record (8!*Corg). Traditionally, covariant records of these two
carbon reservoirs are interpreted as evidence for simultaneous carbonate and organic matter
production in the surface waters of the ocean retaining their original §'*C composition separated
by the kinetic isotope effect associated with photosynthesis, while decoupled records have been
interpreted as evidence for diagenetic alteration (e.g., Knoll et al., 1986). The analysis of coeval
813Corg and §'3Cean is critical for understanding Earth’s history as it is thought to distinguish
records of meaningful biogeochemical changes from those altered by diagenesis (Oehlert and
Swart, 2014). Freshwater alteration of subaerially exposed shallow marine carbonates is
particularly problematic as it has been shown to generate 8'*Cearb excursions of similar magnitude
to those of early Earth history (Swart and Kennedy, 2012), which is why the assessment between
the covariation of 8'*Corg and §'*Cear, is essential to understand the preservation quality of a
samples geochemical signature. As far as §'*Corg records of the BACE go, very few studies have
been conducted. Decoupling between §'°Corg and §'*Cearp, as documented in South China (Jiang

et al., 2012) was attributed to diagenetically altered signals or overprinting from detrital organic
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carbon. However, coupling between the two pools, with shifts of similar magnitude, has been

documented as well (Li et al., 2013) and interpreted to represent authigenic seawater signals.

1.8.5: Sulfur Isotopes

The evolution of the sulfur cycle during the Ediacaran provides insight into possible
connections between biological evolution, ecosystem engineering, and environmental changes
(Wu et al., 2015). Sulfate-bearing minerals (like evaporites) and Carbonate-Associate Sulfate
(CAS) are interpreted as records of seawater sulfur isotope composition, whereas sulfides (like
pyrite) are interpreted as reflecting local fractionation effects arising from Microbial Sulfate
Reduction (MSR) (Canfield and Teske, 1996). During MSR, the lighter 32S in sulfate is
preferentially metabolized to form product sulfide, leaving the residual seawater sulfate enriched
in **S. As MSR is carried out by anoxic-dwelling microbes, the biological sulfur cycle is redox-
sensitive. During periods of seawater anoxia (like in the Modern Black Sea) MSR will reduce
sulfate to sulfide in the water column (eventually depositing as pyrite if ferrous iron is available),
resulting in isotopically light pyrite and progressively heavier seawater. In most cases, however,
the obligate anaerobes inhabit anoxic sediments rather than the water column. In either case,
during an oxygenation event, the distribution of sulfate-reducing microbes would be minimized
(Sigalevich et al., 2000), resulting in isotopically lighter seawater sulfate and reduced rates of

pyrite burial (He et al., 2019).
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Chapter 2: Methods

2.1: Sample Selection

This study was conducted using samples from two locations in remote regions of Siberia,
including along the Kotuy River in the Anabar Uplift and along the Sukharikha River in the
Igarka Uplift (points C and B respectively in Fig. 1.4), which are over 700 km apart. Samples
from the Anabar were collected by Drs. Natalia Bykova and Vasiliy Marusin from the Trofimuk
Institute of Petroleum Geology and Geophysics in Novosibirsk, Russia (henceforth Trofimuk) in
the summer of 2021. Samples from the Igarka Uplift were collected by Drs. Vasiliy Marusin and
Boris Kochnev from Trofimuk in the summer of 2018. A single outcrop section of the stratotype
of the Sukharikha Formation and four outcrop sections in the Anabar were measured, evaluated
for sedimentary features and depositional environments, and high-resolution stratigraphic
samples were collected. All carbonates were analyzed for their carbon and oxygen isotopic
compositions at Trofimuk. Of these, 36 carbonate (and four evaporite) samples from the most
continuous Anabar section as well as 109 from the Sukharika outcrop were powdered and
exported to the University of Maryland (UMD) for the current study. From the Anabar sections,
28 of the samples are from the Staraya Rechka Formation and eight of them are from the
Manykai Formation (Knoll et al., 1995b; Kaufman et al., 1996). From the Sukharikha outcrop,
17 samples are from the uppermost Izluchina Formation, 83 are from the Sukharikha Formation,
and nine are from the lower Krasny Porog Formation (Kouchinsky at al., 2007; Marusin et al.,
2023). In order to assess the redox and weathering history of the samples in this study,
petrographic analysis, uranium isotopes, lithium isotopes, organic carbon isotopes, sulfur

isotopes, major, minor, trace, and rare earth element (REE) abundances were measured.
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Furthermore, the leachates from the uranium, lithium, and REE methods were measured for their

elemental abundances to monitor any differences between the extraction techniques.

2.2: Observations and Measurements

2.2.1: Petrography

Prior to any chemical analysis, petrographic observations were conducted to evaluate
sedimentary structures and assess the degree of preservation of the samples. Thin section images
of the Staraya Rechka and Manykai formations were provided by Dr. Natalia Bykova at
Trofimuk and those from the Sukharika Formation were provided by Dr. Vasiliy Marusin. In
addition to images, six thin sections were exported by Dr. Bykova for observation at UMD. Of
these, petrographic analysis was done using a Nikon LV100POL petrographic microscope
connected to a Dell PC along with QCapturePro software for photographic documentation of

samples at UMD.

2.2.2: Uranium Isotopes

In order to measure uranium isotopes there is a three-step preparation process of sample
acidification followed by sequential dry downs and column chemistry following the procedure in
Gilleaudeau et al. (2019) (more details can be found in Weyer et al. (2008) and Brennecka et al.
(2011)). Approximately two grams of each sample was weighed out into leached 50% nitric acid
(HNO:3) leached 50 mL centrifuge tubes. In each tube, 20 mL of 1M trace-metal grade (TMG)
HNO; was slowly added followed by 5 mL of concentrated TMG HNO3, and then 15 mL of 1M
TMG HNOs. The samples were then vortexed and allowed to react overnight. The following
morning, the samples were centrifuged in an International Equipment Company Centra-MP4 at

5,000 rpm for 10 minutes. The supernatant was then decanted into separate leached centrifuge
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tubes. The residue was washed with 18.2Q Milli-Q water to remove residual acid, dried at 80°C,
and gravimetrically quantified to calculate the percent carbonate in the sample. Aliquots of each
sample leachate were taken (~200 pL) and placed into fresh 15 mL centrifuge tubes with ~9.8
mL of 2% TMG HNOs. The diluted samples from the Staraya Rechka and Manykai formations
were then sent to Arizona State University (ASU) to be measured for major, minor, and trace
element abundances. Samples from the Sukharikha River were measured at the Carnegie
Institution of Washington with the assistance of Dr. Tim Mock (CIW). Both institutes utilized a
Thermo Scientific ICAP-Q ICP-MS. Uncertainties were calculated from multiple measurements
of a known standard. Once the uranium concentrations were determined from the ASU or CIW
data, sample specific amounts of the original 40 mL (to obtain 300 ng of uranium for the isotope
analysis) were dried down in Teflon beakers before adding 0.5 mL of >**U/?**U double-spike to
each sample. Following the addition of the double-spike, the samples were capped and placed on
a hot plate at 180°C overnight. The following morning samples were removed from the hotplate
and allowed to cool completely before adding 6 mL of reverse aqua regia (4.5 mL concentrated
TMG HNOs3 and 1.5 mL TMG hydrochloric acid (HCI)) and placed back on the hot plate at
180°C overnight. In the morning samples were uncapped and partially dried until ~1 mL of
solution remained. Samples with undissolved particles underwent another round of reverse aqua
regia (in some cases samples required several rounds of this step), while samples without
undissolved particles moved onto the next step of adding 2 mL of concentrated TMG HNO3 and
0.2 mL of 30% hydrogen peroxide (H202). Samples were capped and placed on the hot plate at
180°C overnight. The samples were then uncapped and partially dried down before adding 2 mL
of concentrated TMG HNO3 and set on the hot plate at 180°C overnight. The samples were

allowed to partially dry down one final time before receiving 10 mL of 3 M TMG HNO:s. The
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samples were capped and set on the hot plate at 180°C for the final time. The following day the
samples were allowed to cool completely before being transported to the George Mason
University (GMU) for column chemistry.

Two days of ion exchange chromatography were conducted at GMU. Both days of
column chemistry utilized element-specific resins in order to purify uranium from the solution.
The first day used UTEVA (Uranium and TetraValents Actinides) resin to bind uranium and
thorium, while all other elements passed through the column; the target elements were later
released and collected, by passing a solution of SM HCI and 0.05M oxalic acid through the
column. The second day of column chemistry uses resin containing Diglycolamine, termed DGA
resin, which removes any residual calcium (the major element in carbonates) and sodium that
would otherwise suppress uranium ionization during analysis. Additional dry downs are done
after each day of column chemistry. Samples were then returned to UMD where several
analytical sessions on a Thermo Scientific Neptune Plus MC-ICP-MS with an Aridus II inlet
system were conducted to measure the §***U compositions of the samples. Two standards,
Certified Reference Material (CRM)-145 and CRM-129a were used during the analytical
session, which was run at least five times prior to sample analysis. The CRM-145 standard was
reanalyzed after every two samples, whereas CRM-129a bracketed by two CRM-145 standards
were run every 10 samples. Each sample was analyzed at least twice and the values averaged to

determine standard deviations.

2.2.3: Rare Earth Element Leach

A leaching procedure targeting rare earth elements was conducted following the method
of Tostevin et al. (2016), which begins with rinsing 25 mg of powered sample with 1 mL of

Milli-Q water in microcentrifuge tubes two times, centrifuging with a Thermo Scientific Sorvall
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Legend Micro 17 at 5,000 rpm for 10 minutes, decanting, and discarding the supernatant after
each treatment. Each sample was then reacted with 312.5 pL. of 2% HNO;3, vortexed, and
allowed to sit overnight. The solution was centrifuged and the supernatant was decanted and
disposed of the following morning, before adding 625 puL of 2% HNOs to each sample. The
samples were again allowed to react overnight before centrifuging and decanting the entire
solution into fresh 15 mL centrifuge tubes. Each solution was then diluted up to 10 mL with 2%

HNO:s before getting sent to ASU for analysis.

2.2.4: Lithium Isotopes

Lithium extractions from carbonate powders were accomplished by performing
sequential leaching following the procedure outlined by Cao et al. (2020; 2022; 2023). Two
hundred milligrams of each sample are mixed with 10 mL of 1M ammonium acetate (NH4Ac).
This mixture is ultrasonicated in a Seeutek Digital Ultrasonic Cleaner for 30 minutes and then
centrifuged in a Model 225 Fisher Scientific Centrific Centrifuge at 6000rpm for 10 minutes.
The resulting residue is treated using 10 mL of 1M ammonium carbonate [(NH4).COs3] in an
ultrasonic bath for 30 minutes. The resulting supernatant is removed and discarded. The
procedure is then repeated, and then the residues are washed with Milli-Q water, centrifuged and
decanted. The rinsed sample is dissolved using 10 mL of 0.3M acetic acid (HAc), and the
supernatant is filtered with a 0.2 um syringe filter to remove all remaining solid particles, and the

supernatant collected in a Teflon beaker for column chemistry.

Two rounds of column chemistry are performed to isolate lithium in the sample. The first
column isolates lithium from the sample while the second column further purifies lithium from
residual sodium. Both columns use Bio-Rad ™ AG50W (200-400) mesh resin. Column

dimensions are 1.5 cm internal diameter, 10 cm height, and filled with 17 mL of resin for the
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first column, and 0.6 cm internal diameter, 20 cm height, and filled with 3.4 mL of resin for the
second column. Both columns follow the same procedure but use different types and
concentrations of acids to separate lithium from other elements. Prior to each batch, columns are
cleaned with 20 mL of 6M HCI followed by 20 mL of Milli-Q water. The conditioning step
requires 10 mL of 0.7M HNO3; or 0.2M HCI for the first and second columns, respectively. After
conditioning the samples are carefully loaded onto the column beds. The matrix elution for the
first column used 21 mL of 0.7M HNO3, and the second column used 20 mL of 0.2M HCI. After
the matrix elution is complete, three 2 mL pre-cuts (0.7M HNO3 or 0.2M HCI) are taken. After
the pre-cuts the samples are collected in 50 mL of 0.7M HNOs3 for column one, and 32 mL of
0.2M HCI for column two. Once samples have been collected three post-cuts are taken following
the same procedure as the pre-cuts. The samples and pre/post-cuts are dried down and diluted for
analysis. To ensure 100% lithium collection, the voltage signal of the pre/post-cuts was checked,
and any pre/post-cuts with intensities significantly higher than blanks (i.e., samples that went
through column chemistry without the introduction of a sample) were added back to the main

collection.

Isotopic measurements (as well as pre/post-cut checks) were made on a Thermo
Scientific Neptune Plus MC-ICP-MS with an Apex-IR inlet system in the Department of
Geology at UMD. Lithium isotopes were measured with a 50 pL/min PFA nebulizer at low
resolution using X skimmer and Jet sampler cones. A typical ’Li signal intensity was 2—3V for a
5 ppb Li solution. Samples were measured for their voltage intensity to calculate the amount
required for a 5 ppb solution. The international standard LSVEC and samples were diluted to
5 ppb in 2% HNOj; to match the matrix. The §’Li values were analyzed by alternating between
standard and samples, bracketing with blanks in between. Each sample was measured three
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separate times in order to report sample standard deviation (2SD) values, and each measurement
consists of 40 cycles per block with 4.194 second integration time for each cycle. Ultrapure
HNO; (2%) was measured before each sample and standard for background subtraction.
Accuracy and precision were also assessed from repeated measurements of a 2 ppb in-house
standard (UMD-1), reporting §’Li 55.3%o £ 0.4%o (2SD, n = 13), in good agreement with the

published values of §’Li 54.7%o + 1.0%o (2SD, n = 31) (Penniston-Dorland et al., 2012).

2.2.5: Organic Carbon Isotopes

The organic carbon isotope compositions as well as total organic carbon (TOC) content
have been measured by GSMS (gas source mass spectrometry) at UMD following the procedure
described by Cui et al. (2015; 2019). This was done through the combustion of the acidified
residues to CO> with a Eurovector elemental analyzer (EA) in line with an Elementar Isoprime
isotope ratio mass spectrometer (IRMS). Acidified residues from the uranium leach were packed
into folded tin cups (3x5 mm) for combustion in an 18 mm diameter quartz column packed with
chromium oxide and silvered cobaltous/cobaltic oxide heated to 1040°C. The analyte flows from
the combustion column in a stream of ultra-high purity helium (Airgas 99.999% purity) to a
second reduction column at 650°C packed with elemental copper that converts nitrogen dioxide
(NO») and nitrous oxide (N20O) to nitrogen gas (N2). Excess oxygen gas (O2) is absorbed in a
magnesium perchlorate (Mg(ClOs4),) water trap. The separation of CO> from N> occurs in a 3 m
stainless steel gas chromatography (GC) column, which is packed with Porapak-Q and heated to
50°C. The analyte was introduced to the IRMS in a flow of helium (80-120 mL/min) through a
splitter valve. Reference gas (ultra-high purity helium) was introduced in timed pulses to begin
the run using an injector connected to the IRMS. The isotope ratios of reference and sample

peaks were determined by monitoring ion beam intensities relative to background values. Results
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are expressed in the delta notation as per mil deviations from the Vienna Pee Dee Belemnite
(VPDB) standard. Five standard urea aliquots were measured at the start of each analytical
session to determine system suitability, and then two standard urea aliquots were measured
between each set of 10 samples. Uncertainties for unknowns based on multiple measurements of

this known material are typically better than 0.3%o.

2.2.6: Sulfur Isotopes

Pyrite and bulk sulfate sulfur isotope compositions were determined using a similar
procedure to organic carbon isotope measurements following the analytical methods from Cui et
al. (2015; 2019). The analyses were done using combusted bulk acidified residues or silver
sulfide (Ag>S) precipitates following CRS extractions (modified after Canfield et al., 1986) using
equipment and reagents in the Farquhar Laboratory. Sulfur combustions to sulfur dioxide (SO.)
were aided by the addition of 0.1 to 0.3 mg of vanadium pentoxide (V20s) into each 3x5 mm tin
cup along with the sample. Sample combustion was done by pulsing the tin cups with Oz in a
catalytic combustion furnace operating at 1030°C. A quartz reaction tube was packed with high
purity copper wire for quantitate oxidation and O resorption. The removal of water from the
combustion products was done with a 10 cm magnesium perchlorate (Mg(ClO4)2) column, and
the SO, was separated from other gases with a 0.8 m GC column packed with Porapak 50-80
mesh heated to 115°C. The analyte was introduced in a flow of helium (80-120 mL/min) through
a splitter valve. Similar to the §'3Corg analysis, times pulses of SO, reference gas (Air Products
99.9% purity) were introduced at the beginning of the run. Results are expressed in the delta
notation as per mil deviations from the Vienna Canyon Diablo Troilite (VCDT) standard. Five
NBS-127 barite standards were measured at the start of each analytical session to determine

system suitability, and then two of these standards were measured between each set of 10
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samples. Based on multiple standard analyses throughout the runs, the sulfur isotope

uncertainties are typically better than 0.3%o.

2.3: Seafloor Anoxia Model

To better illustrate how variations in uranium isotopes translate to the degree of seafloor
anoxia, a two-sink mass balance model was applied to the §**3U data produced from this study
(Fig. 2.1). This model by Kipp and Tissot (2022) assumes steady state and considers rivers as the
sole input into the ocean with two sinks: anoxic sediments and other sediments. The model uses
8238U seawater as the input, so the §?**Ucan, values from this study must be corrected for the offset
between carbonates and seawater. An offset of -0.27%o (from Chen et al., 2018) was used for this
calculation. To account for the isotopic fractionation associated with U burial in anoxic
sediments (Aanox) an estimate of 0.7%o was used (Kipp and Tissot, 2022). This offset what was
chosen to reflect the most conservative value, which is, to say the least amount of seafloor anoxia

that could be present based on the inputs.
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Figure 2.1. (a) Simplified U isotope mass balance model. (b) Steady-state 523Uy as a function of ocean anoxia
(expressed as the seafloor area covered by anoxic sediments, fanor) (Modified from Kipp and Tissot, 2022).
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Chapter 3: Results

3.1: Anabar Uplift

Thin section observations from six samples in the Staraya Rechka Formation show a
dominant carbonate matrix, with very few (if any) features or distinct grains. The dolomicrite
comprising the majority of the Staraya Rechka samples is fine to very fine-grained preserving
original fabrics, although many are simply massive or finely laminated. Sample 233/17 (81 m
from the base of the section) preserved a complex chambered structure interpreted as Renalcis,
the remains of blue-green algae (Fig. 3.1A)(Pratt, 1984). Additional features seen in other
samples are rounded to euhedral grains and/or voids left behind evaporite dissolution (233/17,

Fig. 3.1B), or pyrite veins (255/2, Fig. 3.1C).

PPL XEL REF

233/1

250 pm
Figure 3.1. Thin section images from the Staraya Rechka Formation. Images were taken using 5x magnification.

Images were taken with plane-polarized light (PPL), cross-polarized light (XPL), and reflected light (REF). (A; B)
Sample 233/17. (C) Sample 255/2.

250 pm
—
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The geochemistry of the Anabar Uplift from this study is separated into three categories:
diagenesis, redox, and weathering. To assess the extent of diagenesis in the samples, the samples
are screened for signs of contamination or alteration. The percentage of carbonate is similar
across all the samples, with all of them greater than 85%, except for one sample in the basal
Manykai Formation that contains 71% (Fig. 3.2A). The 8'*Ccar values show a decrease from
values around 0 to -2%o at the base of the section in the Kharyyalakh Member, and then drop
rapidly in the evaporitic Chimuka Member to a minimum of -6.5%o around 30 m and return to
baseline values between 65 and 80 m. This excursion, labeled “N” is what is described as the
BACE (Kaufman et al., 1996). Above 80 m the 8'*Ccan, values hold steady around -2%o in the
Kochokon Member for another 40 m before a slight decrease to around -5%o across the
disconformity separating the Staraya Rechka Formation from the Manykai Formation. Limestone
in this formation rises to values as high as +2%o (Fig. 3.2B), just above 150 m which then falls to
about -6%o at 180 m and then rises back to +2%o near the top of the sampled interval. The
5'80carb values start around -2%o at the base of the measured section and remain there for much
of the Staraya Rechka Formation, with the most '30-enriched samples in the Chimuka Member.
However, towards the top of the Staraya Rechka Formation and into the Manykai Formation,
there is a notable decrease in the §'®Ocar, values, ending around -8%o (Fig. 3.2C), which broadly
corresponds with the transition from dolomite to limestone lithologies.

The leachates produced for the uranium, REE, and lithium leaches were measured for
elemental abundances for comparison between leaching techniques. The lithium leaching method
shows higher Mg/Ca ratios in the dolomitized samples (Fig. 3.2D). Limestone samples showed
little difference between the leaching techniques. The Mn/Sr ratios are less than 10 for all

samples, except for the lowest three samples which have elevated values (Fig. 3.2E). The three
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leaching methods produced similar Mn/Sr ratios, although the greatest difference was seen in the
lowest three samples where the Mn/Sr ratios were greater than 10. The petrographic analysis and
elemental ratios indicate the samples are well preserved, and may retain original seawater
signals.

Uranium isotopes and cerium anomalies were measured to understand the redox state of
the Staraya Rechka Formation. The §°°®U values remain constant averaging at -0.67%o in the
Staraya Rechka Formation, with a slight increase to an average of -0.56%o in the Manykai
Formation (Fig. 3.3B). The Staraya Rechka Formation has Ce/Ce* values slightly above one,
while in the Manykai Formation, the values are around 1.5 (Fig. 3.3C). The Y/Ho ratios show a
very similar trend to the Ce/Ce* data. The Staraya Rechka Formation has a very tight range, all
of them slightly less than 36. In the Manykai Formation, the Y/Ho ratios are slightly higher, but
with more variability (Fig. 3.3D). Cross-plots show the relationship between Y/Ho and detrital
element concentrations (including Al, Zr, Ti, and Rb), where the high Y/Ho values only occur
with low concentrations of these detrital elements (Fig. Al in Appendix)

Lithium isotopes serve as a proxy for assessing the extent and type of weathering. In the
Staraya Rechka Formation, 8’L compositions reveal a startling rise in values through the 130 m
thick interval. Values at the base of the formation begin around 10%o, but steadily increase into
the uppermost section of the formation, with a peak of almost 32%o (Fig. 3.4B). The 8’L values
then fall to ~2%o in the Manykai Formation before rising back to 15%o. Plots of Al/(Mg + Ca)
(used to track detrital influence) do not show any trends that match those of the §’L compositions
(Fig. 3.4C). The same can be said for plots of Li/(Mg + Ca), where there is no correlation (Fig.
3.4D). It should be noted that the largest range of values for both these plots occurs within the

Staraya Rechka Formation, with the range of values decreasing moving up the stratigraphy.
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Additional assessments of diagenesis come from the 8'*Ceorg record. The values range
from around -28%o to around -32%o (Fig. 3.5B), but within the Staraya Rechka Formation, there
is a very slight negative anomaly around 70 m in the Chimuka Member. The Manykai Formation
has broadly consistent values, except for one point that is lower than the rest by about 5%o.
Looking at the A§'°C, there is a slight negative shift to values around 20%o, corresponding to the
BACE (Fig. 3.5C). There is one point in the Kochokon member of the Staraya Rechka Formation
that has a value much lower than the neighboring points. The TOC is very low for both the
Staraya Rechka and Manykai formations. Only seven samples are greater than 0.1 wt.% TOC,

with the greatest (0.33 wt.%) occurring with the lowest §'3Ccorg value.
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3.2: Iearka Uplift

The majority of the samples from the Sukharikha River section, including the Izluchina,
Sukharikha, and Kransy Porog formations show percent carbonate values greater than 70%,
however in the lowermost portion, the values have significant ranges, going as low as 35% (Fig.
3.6A). The 8'*Cear» values show several negative and positive oscillations that characterize the
Fortunian Stage of the basal Cambrian Period (Fig. 3.6B). The first peak, labeled “1n”, has a
nadir of -8.0%o, and is interpreted to be the BACE (Kouchinsky et al., 2007; Maloof et al.,
2010a). There is an overall trend towards more positive values, with each negative perturbation
getting smaller in magnitude while the positive ones get larger. The §'8Ocar» values show a
downward trend at the base of the Sukharikha Formation, going from -4%o to around -8%o,
remaining constant for the duration of the 1n excursion (Fig. 3.6C). After the 1n excursion, the
5'80carb values show a higher degree of variability, followed by a slight increase at the top of the
Sukharikha Formation. While there is limited Mg/Ca data, all points are less than 0.6 (calculated
from the uranium leach)(Fig. 3.6D). The Mn/Sr ratios are all below 10 except for the lowest two
points, however, given the few data points, it is difficult to say if the other samples would show a
similar trend (Fig. 3.6E).

Assessing redox on a global scale, the §?*%U values in the base of the Sukharikha
Formation during the 1n perturbation show a minor trend toward positive values, with the
highest at -0.17%o (Fig. 3.7B). The average value during the 1n interval is -0.38%o. The rest of
the Sukharikha Formation shows a wider range of values. Three points are within the oxic realm,
which occurs during perturbations 2n and at 3p. After the 3p perturbation, the §**%U values shift
towards more negative values but remain rather spread. Looking at a local scale proxy, the

Ce/Ce* data shows the majority of points being greater than 1 (Fig. 3.7C). There are a few points
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that dip below that mark in the Izluchina Formation and mid to upper Sukharikha Formation. The
Y/Ho ratio has the majority of data plotting below 36, indicating detrital influence (Fig. 3.7D).
The Ce/Ce* anomaly data shown is only the points that have Y/Ho ratios greater than 36.

Further insight into the redox conditions can be gleaned from assessing °*S
compositions. The **S values show a negative trend exiting the 1n perturbation, starting around
20%o and dropping to just below 0%o (Fig. 3.8B). Then there is a positive trend going from just
below 0%o to ~15%o0 and then a drop to ~5%o. that seems to inversely mirror the 2n perturbation.
Following this, there is another strong negative trend, with values ranging from ~30%o to close to
0%o. These observations reveal complex temporal variations, which require deeper exploration

into the processes that may be at play.
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Chapter 4: Discussion

4.1: Diagenesis

4.1.1: Anabar Uplift

Despite being more than 500 million years old, the carbonates of the Staraya Rechka and
Manykai formations appear to be well preserved supporting the view that their elemental and
isotopic signatures reflect aspects of depositional and diagenetic conditions. Petrographic
analysis confirms that the Staraya Rechka dolomite samples are extremely fine-grained, fabric-
retentive, and mostly pure carbonate. The low Mn/Sr ratios indicate that all but the lowest three
samples were little affected by diagenesis (Kaufman et al., 1992; 1995). The Mg/Ca ratios
indicate different mineralogy between the Staraya Rechka and Manykai formations, that being
the partial dolomitization of the Staraya Rechka carbonates, which is consistent with the peritidal
environment. The interpretation is consistent with all three leaching techniques, although the
lithium leach shows Mg/Ca ratios ~0.2 higher than the uranium and REE leaches. Differences
seen in the leaches could come from the lithium leach preferentially extracting magnesium from
the sample. This has not been previously documented, however, so is it difficult to discount any
analytical issue on the measurement. The difference in mineralogy between the Staraya Rechka
and Manykai formations has an impact on §'®Ocar values, such that dolomite has a +2%o shift
compared to calcite if co-precipitated from the same solution (Kaufman et al., 1992). However,
this data shows a 6%o difference between the Staraya Rechka (average -2%o) and Manykai
(average -8%o) formations, so that mineralogy alone is insufficient to account for the isotopic
differences. High rates of evaporation, however, can result in more positive 8'30car values

(Magaritz and Stemmerik, 1989), which is also consistent with the Staraya Rechka Formation as
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inferred by its peritidal depositional environment. The 30 enrichment is consistent with the
ubiquitous presence of evaporites and mud cracks as well as the absence of evidence for
bioturbation, especially in the Chimuka Member. The §'¥Ocar, compositions of the Manykai
Formation samples are consistent with the average global Cambrian seawater, which is described
to be from -6.5%o to -8%o (Hearing et al., 2018).

Further assessment of an authigenic signal can be done by evaluating the covariance
between 83 Ceary and §'3Corg. The §'*Corg record does not show clear coupling with the carbonate
record that might be expected with authigenic signals. The values remain very consistent around
-30%o0, and do not show any significant coupling with the carbonate record. The most negative
813Corg points have the highest TOC so it is possible that §'*Cyre is overprinted from a minor
degree of detrital organic contamination. Looking at the difference between §'*Cearb and 8'°Corg
(A8'3C) there is a slight negative anomaly to lower magnitude of fractionation (~20%o) that
corresponds to the BACE interval. Notably the A3'*C differences in this study smaller than those
previously published from BACE sections in South China (Jiang et al., 2013). The previous
publication attributed the disparity to diagenetic alteration or detrital organic carbon

contamination. It is possible that those factors are also at play here.

4.1.2: Igarka Uplift

Thin section images show that the Igarka Uplift carbonates are very fine-grained and
fabric-retentive. The geochemical data from the Sukharikha River section also shows signs of
samples being well-preserved. The percent carbonate is above 90% except for those that fall
within the 1p, In, and 2p perturbations, where four points are below 70%, and thus potentially
impacted by detrital contamination. Low 8'®*Ocar values (below -10%o) can result from diagenetic

resetting by meteoric waters and hydrothermal fluids (Kaufman and Knoll, 1995). Even though
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8'3Cearp is less prone to alteration, very low §'®Ocary values suggest possible alteration of §'*Cearb.
In the Sukharikha Formation, only two values are less than -10%o, so the majority of the §'3Ccarb
record has likely not been influenced by diagenetic alteration using this metric, even though the
data is more variable above 200 m in the studied section. The Mg/Ca ratios are all less than 0.6,
indicating a dominant limestone mineralogy that has been variably dolomitized. There is only
one Mn/Sr data point from the Izluchina Formation, which shows a value higher than 10. This
indicates a degree of meteoric alteration, which is likely applicable to the Izluchina Formation
based on Mn/Sr data from Kouchinsky et al., (2007). The Sukharikha Formation has one value
greater than 10, at the bottom of the formation, so the lowermost Sukharikha Formation (before
In) may have been similarly altered. Higher than this point, the rest of the Sukharikha Formation
has values less than 10, indicating good to excellent preservation. The evidence for good
preservation of these carbonates supports their use for environmental interpretations, as they

would be reflective of their original depositional condition.

4.2: Redox

Carbonates have widely been used to reconstruct ancient seawater chemistry, including
redox proxies that monitor both global and local environmental conditions. Uranium isotopes
serve as a global scale proxy while cerium anomalies represent local scale redox conditions.
Additionally, sulfur isotopes may provide insight into the activity of redox-sensitive microbial

communities and the size of the oceanic sulfate reservoir during the BACE event.

4.2.1: Anabar Uplift

The sulfate-rich peritidal environment of the Staraya Rechka Formation has very

consistent uranium concentrations, and ranges between 0.10 and 1ppm, with the average at
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0.53ppm, so any variations seen in §*°%U data would not result from changes in uranium
concentration (Table A3 in Appendix). When considering §**%U values, the difference in
mineralogy between calcite and dolomite does not impact the §?**U values, as concluded by
Chen et al. (2018) based on a study of modern Bahamian carbonates. This is further supported by
the consistent nature of the §*%U values, especially between the transition between the Staraya
Rechka and Manykai formations. The lack of correlation between §***U and §'*0, Mn/Sr, and
Mg/Ca suggests diagenetic processes and dolomitization did not overprint primary signals in
these samples. This places strong confidence in the reliability of the data, which reveals no
change in the global oxygenation state during the BACE relative to earlier in the Ediacaran and
later in the Fortunian (Cherry et al., 2022). That values remain constant and strongly negative
throughout the BACE, is contrary to expectations as previous studies of negative carbon isotope
anomalies (like the Shuram) have revealed more enriched and near modern values, suggesting
ventilation of global seawater (Zhang et al., 2018; Gong et al., 2023). The §**%U values are
relatively constant between -0.45 and -0.77%o, indicating that the BACE interval was a time of
expansive global anoxia. Based on the two-sink uranium isotope mass balance model,
8238Uscawater values from the BACE interval (reconstructed from the carbonates and corrected by
-0.27%0) might reflect at least 20% seafloor anoxia, and given that in today's oxygenated oceans,
the euxinic environments occupy only about 0.05% of the global ocean (Meyer and Kump,
2008), this degree of anoxia would have a significant impact on global ocean chemistry and
extant life. Cherry et al. (2022) found that the Ediacaran biota lived under low oxygen
conditions, leading to the hypothesis of this thesis, that a rise in oxygen would have sparked the
extinction of these enigmatic organisms. This hypothesis is notably not supported by the 523U

data from the Anabar Uplift.
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More evidence for a lack of oxygen comes from an outcrop of the Staraya Rechka
Formation, 65 km to the north. This outcrop contains ~40 m of the Staraya Rechka Formation,
which records a rise in §**S values from around -15%o to ~30%o (Fig. 4.1). This dramatic shift
might be explained by a lack of seawater oxygen that would support MSR and pyrite formation
in the water column. Over the depositional interval, progressive distillation of **S into pyrite
would result in **S enrichment of seawater. Alternatively, **S enrichment could have been the
result of a shrinking sulfate reservoir — which would limit the availability of sulfate for MSR
(either in the water column or sediments) and thereby decrease apparent fractionation between
reactant sulfate and product sulfide — due to the widespread deposition of sulfate evaporites.

Locally, the Ce/Ce* ratios determined for the Staraya Rechka Formation support the lack
of water column oxygenation within the BACE, but the strong correlation with Y/Ho puts the
validity of the Ce/Ce* data into question, as Y/Ho ratios indicate a detrital component within the
leached samples. There is a clear shift in Y/Ho ratios between 135 and 150 m, however, which
roughly corresponds with the transition between the Staraya Rechka and Manykai formations.
Yttrium/holmium ratios below 36 have been shown in Neoproterozoic carbonates as a result of
anoxia (Bau et al., 1997; Wallace et al., 2017), but that does not seem to be the case for these
samples. There is a slight correlation of Y/Ho plotted against [Al], [Zr], [Ti], and [Rb], especially
with Al and Rb (Fig. A1A, A1D in Appendix). High Y/Ho values occurring in the Manykai
Formation correspond to low concentrations of detrital elements, indicating that these samples
are predominantly authigenic in origin. In the Staraya Rechka Formation, the highest Y/Ho
values correlate with the lowest detrital element concentrations. Given the downward trend in
Y/Ho with increasing detrital element concentrations, it is possible that redox conditions (e.g.,

iron oxides that preferentially release holmium to seawater under anoxic conditions) could still

51



be driving Y/Ho values to be lower than 36 (Shnyukov et al., 2013). The data from the Staraya
Rechka Formation does not support the initial oxidation hypothesis, but the ubiquitous presence
of evaporites in Siberia and the Middle East exemplified by this succession may yet provide
constraints on the mass extinction of the Ediacaran biota. Comparison with the equivalent BACE

succession in the Igarka Uplift might provide more clues to the kill mechanism.

L &
L

Py >

=
=
5 g3 190
]
.;%‘Lgé == AT 1 : T Bl T T T 1
ig —"'i';"/ |
12| I |
i 7
F—7 I r I
%‘ — | ®e® |- | ©® e
g J . |
= |
|
1 of,

Cambrian

Manykan
T
L
I

= ~‘ . 4 B2 :. J ... o
0 ‘?' o .
¥ o ®
°

@

.
7 ooz o %,
= N | L ’
g 7 A&
Ezﬁ / i A | .L.wl
2z Z 7o o
g —7— | o
|| o —— A | 7 | | e, .
Height (m) BT T 10 30-15 0 15 30 45
/A Stromatolits ~ BACE 6°C., %WDB} S (%o, VCDT)

Thrombolites
f._ e SmgllShelly e SUY Gz 50 SilstoneMudstone
Figure 4.1. Stratigraphy and chemostratigraphy of the Staraya Rechka and Manykal formations at the Kotuikan
River. (A) 8"3Ceca from Knoll et al., (1995b) and Kaufman et al., (1996). (B) **S referenced to V-CDT. Raw data
produced by Alan Jay Kaufman and Karel Kletetchka. Samples with peak heights less than 2nA were excluded from
the plotted dataset.

52



4.2.2: Igarka Uplift

While §?°%U data from the Staraya Rechka Formation in the studied area reveals no
change in the degree of seawater oxygenation during the BACE event, the basal Sukharikha
Formation associated with the BACE appears to tell a different story. Uranium concentrations
from the formation range between 0.1 and 7 ppm, averaging around 0.8 ppm (Tables A4 and A5
in Appendix). The highest concentrations occurred during the In interval, which coincided with
samples of lower percent carbonate. The average §°°%U values during the BACE interval is
around -0.37%o, nearly 0.3%o heavier than the BACE from the Anabar Uplift with the most **3U
enriched sample with a value of -0.17%o, only 0.02%0 away from modern carbonates. According
to the two-sink model, the average §**%U carbonate values from the BACE interval from the
Sukharikha Formation, when corrected for a seawater-carbonate fractionation offset, suggest as
little as 1% seafloor anoxia. This supports the hypothesis that a ventilation event occurred during
the BACE, which is contradictory to what is seen from §2*3U from the Anabar Uplift section only
700 km distant. On the other hand, the C/Ce* data from the Sukharikha Formation reveals a
primarily anoxic signal. As Ce/Ce* tracks local redox processes, it is very possible that there was
local anoxia present in a globally ventilated ocean. While additional redox conditions could be
inferred from 84S, the very low-resolution sampling makes determining trend very difficult,
especially during the In interval, where there are only 4 data points. Regardless, based on the
528U data from this section, there seems to be a ventilation event. An event like this could be

caused by increased nutrient and oxidant input into the ocean from continental weathering.
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4.3: Weathering

The Staraya Rechka Formation contains a remarkable stratigraphic rise in 8’Li from
~10%o to ~32%o, before falling back to ~2%o in the Manykai Formation. Indeed, the §’Li data
from the upper Chimuka and Kochokon members of the Staraya Rechka Formation shows values
near modern seawater, which has never before been documented in the Ediacaran or Cambrian
periods (Kalderon-Asael et al., 2021). Plots of Al and Li of Mg+Ca (Fig. 3.4C, 3.4D) show that
this trend is not a result of detrital contamination. Interpreted straightforwardly, an increase of
8’Li could result from an increase in clay mineral formation on land (incongruent weathering).
This implies that the Ediacaran-Cambrian transition may have experienced the onset of clay
mineral formation, as the clays would preferentially take out °Li, leaving seawater (and marine
carbonates) progressively enriched in ’Li assuming minimal change in the degree of reverse
weathering (i.e., the formation of marine clays). The onset of incongruent weathering is
documented in the early Cambrian from §’Li analysis of mudstones (Wei et al., 2024). The 8'Li
from the Staraya Rechka Formation would support this, however, the end of the Staraya Rechka
Formation and beginning of the Manykai Formation see 8’Li values that trend back towards 0%o,
suggesting a return to congruent weathering, which is not expressed in §’Li analysis from
mudstones of the same antiquity (Wei et al., 2024). It is unlikely that the clay mineral factory
once switched on, could switch off over such short intervals of geologic time, so interpreting the
time-series carbonate data by this process is problematic. Alternatively, if silica concentrations
were low during this time, reverse weathering would have happened at a much slower rate,
causing greater fractionation (i.e., high 8’Li values). This, however, is not consistent with the
current understanding of the Precambrian oceans (Kalderon-Asael et al., 2021), as they are

believed to have high silica concentrations implying that reverse weathering would happen at a
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very fast rate, imparting minimal fractionation. This suggests that factors other than the
formation of clay minerals on land (incongruent weathering) may be at play in this highly
evaporitic environment.

In this regard, the abundant sulfate evaporites within the Staraya Rechka Formation may
be the proximal cause for the time-series enrichment of ’Li in these samples. It has recently been
demonstrated that lithium concentrations in seawater increase as salts precipitate (Lin et al.,
2024). Additionally, °Li is preferentially incorporated in halite, leaving seawater enriched in "Li.
This process shifts §’Li in the same direction as increased incongruent weathering, so the rapid
accumulation of marine evaporites on a global scale might serve as an alternative explanation for
the positive lithium isotope excursion. The Chimuka Member of the Staraya Rechka Formation
is dominated by gypsum, but the Ara Group from Oman contains abundant halite deposits. While
the exact effect of these calcium sulfate minerals on 8’Li requires further experimentation, it is
possible that the °Li was preferentially incorporated, explaining the positive trend through
progressive distillation. Additionally, the Staraya Rechka Formation contains occasional
euhedral voids seen in thin section, that could indicate the presence of pre-existing halite.
Lithium concentrations support this claim, as they are higher in the Chimuka Member compared

to the other members of the Staraya Rechka.

4.4: Putting the Pieces Together

The disagreement between 5?*®U values from the Staraya Rechka and Sukharikha
formations is extremely puzzling. Considering that uranium isotopes are thought to track global
scale redox changes, it is odd that two sections, only 700 km apart, show different signals. Two
equivalent sections showing differences in a global proxy could be interpreted as one section

being restricted and cut off from global ocean circulation. This, however, does not make much
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sense given the 8'*Ceary data, which records another global ocean process, shows negative
perturbations in both sections. If both sections record the same perturbation in one global proxy,
but different perturbations in a separate proxy then it is possible that they are not equivalent,
therefore recording different geochemical events. Alternatively, it could mean that one of the

sections may have experienced some degree of diagenesis or overprinting.

4.4.1: Alternative Event Hypothesis

The current interpretation is that The Staraya Rechka and Sukharikha formations record
the same §'°C.ab anomaly. However, the possibility that either of these sections records a §'*Cearb
anomaly that is not the BACE should also be considered. The Staraya Rechka Formation lacks
any biostratigraphic data, and until recently, that was the case for the Sukharikha Formation as
well. There has been one study on detrital zircons from the Staraya Rechka that could provide an
alternative explanation. The study by Marusin et al. (2022) dated three sandstone intervals from
the basal Staraya Rechka Formation, upper Staraya Rechka Formation, and basal Manykai
Formation. The basal Staraya Rechka was dated to ~600 Ma, based on a population of 46 grains.
The upper Staraya Rechka was dated to 547 + 6 Ma, based on a population of seven grains.
Finally, the basal Manykai Formation was dated to 537 = 3 Ma, which is consistent with the
current placement of the BACE event in the basal Cambrian Period. Given the significant
difference between the basal and upper Staraya Rechka Formation, and no evidence for a hiatus,
the difference was attributed to a change in clastic source. The detrital zircon data from the
uppermost Staraya Rechka Formation causes some issues with the interpretation of the §'*Cearb
anomaly as the BACE, but still allows for this interpretation. That detrital age constraint comes
from a very small population of zircons, so the uncertainties are large enough that the uppermost

Staraya Rechka Formation could still be younger, at least up to 541 Ma. This is consistent with
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the BACE occurring after 541.0+0.13 Ma, as estimated from Oman (Bowring et al., 2007).
While the Staraya Rechka Formation may preserve the BACE, other negative §'>Ccar, anomalies
could fall within these age ranges.

An alternative interpretation to the negative excursion seen in the Staraya Rechka
Formation is the well-known Shuram Excursion, which has a nadir of -12%o and is dated to 574-
567 Ma (Rooney et al., 2020). However, given the present age constraints for the upper Staraya
Rechka and basal Manykai (which does contain SSFs of Fortunian affinity: Knoll et al., 1995b;
Kaufman et al., 1996) formations, this event is likely much younger than the Shuram. A more
viable candidate for the Staraya Rechka excursion would be the BAsal Nama Excursion (BANE)
(Bowyer et al., 2022; Sun et al., 2024). This excursion, occurring between the Shuram and
BACE around 550 Ma, has a similar nadir to the BACE. However, it is not very well established
as a global event. In South China where a second and younger Shuram (around 550 Ma) was first
proposed, the data are very sparse and the few Dengying Formation carbonates associated with
the supposed negative excursion are interbedded with thick shales and only reveal the climbing
limb of an event; furthermore, no single section preserves both the Shuram and this supposed
excursion (Yang et al., 2021). The only documented carbon isotope event in the world that might
be the right age and reveals a clear and complete negative §'°C excursion is preserved in the
Mara Member of the Nama Group in southern Namibia (Smith et al., 1998; Saylor et al., 1998;
Wood et al., 2015; Bowyer et al., 2022). That carbon cycle anomaly has previously been related
to the Shuram Excursion based on the shape and depth of the isotope excursion, as well as the
presence of quartz-lined methane-derived calcite nodules that match those in the Doushantuo
Formation of South China (Cui et al., 2017; 2021). While the presence of the methane-derived

nodules is not a temporal constraint, these have thus far only been documented in the Shuram era
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succession. There are no radiometric age constraints for the Mara Member, but it lies ~150 m
stratigraphically below the 547 Ma age for the Omkyk Member (Macdonald et al., 2014). Given
the likelihood of multiple unconformities in the mixed siliciclastic and carbonate successions,
and the thickness of the interval between the age constraint and the negative carbon isotope
anomaly, a Shuram affinity for the excursion remains permissible. If the anomaly were the
BANE, the assignment would conflict with the absence of Ediacaran biota and the ubiquitous
presence of Fortunian SSFs in the overlying Manykai Formation.

Unlike the Staraya Rechka Formation, the basal Sukharika Formation associated with the
In event does contain a SSF record that helps constrain its age. Cambrotubulus and Anabarites
are reported in the upper Izluchina and middle Sukharikha formations (Marusin et al., 2023).
Notably, Cambrotubulus is also known from the terminal Ediacaran-aged Turkut Formation of
the Olenek Uplift (Nagovitsin et al., 2015), so the finding of this taxon below the §'3Cearb
anomaly does not challenge the correlation of 1n with the BACE event. The ichnotaxon that
defines the Cambrian boundary (7. pedum) is lacking, so prior studies have placed the Ediacaran-
Cambrian boundary at the base of the Sukharika Formation (Marusin et al., 2023). This is an
arbitrary placement, however, especially considering that the transition between the Izluchina
and Sukharikha formations is suggested to be gradational. As the Ediacaran-Cambrian boundary
lies just above the BACE in several sections across the globe, correlating 1n with the BACE

suggests that the 1n anomaly is terminal Ediacaran in age.

4.4.2: Alteration Hypothesis
The §**¥U compositions from samples of the BACE event in the Sukharika Formation are
similar to *3*U measurements (-0.4%o) of BACE carbonates in South China (Wei et al., 2018).

This average is close to the Sukharikha Formation average of -0.37%o during the 1n anomaly. In

58



contrast, the Staraya Rechka Formation has an average carbonate value of -0.69%o during the
BACE interval. If the Sukharikha and Staraya Rechka formations are indeed equivalent, then one
of the sections likely has altered or overprinted §***U values. Given that the evaporite-rich
environment of the Staraya Rechka Formation must have been restricted from open ocean
conditions, it seems most likely that the §?*3U value of the carbonates (which suggest anoxia
during the BACE), have been impacted. Chen et al. (2017) reported that with increasing salinity
(i.e., ionic strength) the fractionation between seawater and carbonate §?*3U would diminish, to
as low as 0.06%o (as opposed to a fractionation of 0.27%o under normal marine salinities). If
correct, the §**8U value of the Staraya Rechka carbonates would have been more representative
of coeval seawater (not requiring correction), while those of the Sukharikha Formations would
need the correction of -0.27%o to yield seawater compositions. Accepting this view, the Staraya
Rechka carbonate values would be closer to actual seawater than the carbonates from more open
marine environments in the Sukharikha Formation. Assuming the most extreme case (and lowest
fractionation), the seawater ***U compositions would be around -0.75%o (Fig. 4.2) during the
Staraya Rechka BACE event, which would suggest ~2% seafloor anoxia based on the model
results (compared to the previous estimate of 20% as described above). This estimate is much
more consistent with that from the Sukharikha Formation, which with the offset applied to open
marine carbonates, would have a ***U of seawater around -0.64%o (~1% seafloor anoxia) (Fig.
4.2). Compared to 8**®Uscawater average from pre-BACE Ediacaran carbonates (~-0.88%o) (Cherry
et al., 2022), the BACE estimate suggests a decrease in seafloor anoxia by ~4%. Considering that
modern oceans contain 0.05% seafloor anoxia (Meyer and Kump, 2008); this difference is
significant, so that a change in seawater redox state remains a viable mechanism behind the

extinction of the Ediacaran biota. However, given the unusual deposition of marine evaporites
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across Siberia and the Middle East, this study provides an alternative kill mechanism associated

with the development of high seawater salinity near the Ediacaran-Cambrian boundary.
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High rates of evaporation (a requirement for evaporite formation, that being 85%

evaporation of seawater is required for gypsum saturation) are known to fractionate oxygen

isotopes (Magaritz and Stemmerik, 1989) resulting in higher §'*0 values of carbonates, and

60



halite precipitation has been shown to fractionate 8’Li values by preferentially incorporating °Li
into the mineral lattice (Liu et al., 2024). If the same is true for sulfate evaporites, the profound
rise in 8’Li values through the Staraya Rechka Formation could have resulted from the rapid
formation of evaporites that distilled Li from seawater. Such a scenario also explains large **S
enrichment of pyrite in the Staraya Rechka Formation, as the precipitation of evaporite minerals
would draw down seawater sulfate concentrations, reducing the reservoir size and the
fractionation associated with MSR. Given the distribution of evaporite deposits at this time, a
global rise in salinity (perhaps related to sea level drawdown during the Baykonurian ice ace;
Chumakov, 2009) seems likely, such that higher global marine salinity could have been the kill
mechanism for the Ediacaran biota. As these macroscopic organisms were complex sacs of
water, increasing seawater salinity along continental margins would have led to osmosis (pulling
water from a reservoir of lower salinity to one of higher salt concentration), essentially

dehydrating and killing them.
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Chapter 5: Conclusion

The Staraya Rechka Formation contains well-preserved carbonates, based on
petrographic analysis and low Mn/Sr ratios. The §'®Ocar, values seen in this formation are
attributed to high rates of evaporation in the depositional environment. The Sukharikha
Formation is well preserved based on Mn/Sr ratios and 8'®Ocary values. The 8'*Corg record reveals
decoupling from §'3Cearp, but the smaller magnitude between the two as compares to other
studies suggests the impact of alteration or detrital organic matter contamination is limited.
Interpreted plainly, the Staraya Rechka §?*%U values suggest global anoxia while §***U values
from the Sukharikha Formation suggest a more oxygenated ocean, although not to modern
values. Cerium anomalies from the Staraya Rechka Formation are likely impacted by detrital
contamination, but the Sukharikha Formation shows Ce/Ce* data shows local anoxia was
present. Based on this interpretation, the Sukharikha River Formation supports the hypothesis
that ventilation killed the Ediacaran biota, whereas the Staraya Rechka Formation does not
support this.

The discrepancy between the **¥U values from the two formations could be explained by
one (or both) of the following scenarios: 1) the Staraya Rechka Formation preserves an older
8'3Ccarb anomaly (likely the BANE) or 2) the Staraya Rechka Formation does preserve the BACE
and the 63U values have been altered or overprinted. Age constraints from detrital zircons allow
for the possibility for the Staraya Rechka Formation to be either the BACE or BANE. However,
the BANE is poorly characterized and does not resemble the 8'*Cear recorded in the Staraya
Rechka Formation. Alteration due to salinity/evaporite formation seems more likely as those
processes have been shown to impact the 8'8Ocarb, 8’Li, and 5**S data from the section. This

salinity could have limited the fractionation between seawater and carbonate, causing the Staraya
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Rechka Formation to be more representative of actual seawater. In this scenario, the Staraya
Rechka Formation could be interpreted to reflect the actual seawater composition. With this
interpretation there would be a limited offset between seawater and carbonate. The Sukharikha
Formation would require a larger offset, and the resulting 8***Uscawater values from both
formations would be in much more agreement with each other, so that both sections support the
rise of oxygen hypothesis.

Lithium isotopes from the Staraya Rechka Formation indicate that one (or a combination)
of the following processes occurred: 1) the shift to a dominance of incongruent weathering or
2) 8’L was driven to more positive values by evaporite formation or 3) assuming an ocean with
low silica concentrations, slow rates of reverse weathering caused large degrees of fractionation.
None of these scenarios support the hypothesis that the BACE was driven by an increase in
congruent weathering, as that would have delivered the nutrients and oxidants necessary to cause
ocean oxygenation. However, the very likely scenario that evaporation altered the values is in
agreement with the documented 8'3Ocar, 8**S, and §***U trends. This opens the door for an
additional kill mechanism of the Ediacaran biota. High salinity along continental margins, as
documented by abundant evaporites in the Staraya Rechka Formation, could have killed the
organisms such that the dramatic contrast in salinity profiles between the organisms and
surrounding seawater causing them to dehydrate and die from osmosis.

Additional research is required to better constrain which processes are causing the signals
observed in the data from the Staraya Rechka Formation. First and foremost, additional uranium
as well as lithium isotope studies from evaporitic BACE successions, like the Platonovskaya
Formation in Siberia, could help determine if the values seen Staraya Rechka Formation are a

result of alteration by highly evaporitic conditions and saline water. It could be hypothesized that
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BACE successions containing evidence for evaporitic conditions would show values in
agreement with the Staraya Rechka Formation, while BACE successions of more open-marine
conditions show values similar to the Sukharikha River Formation. Additionally, measuring
lithium isotopes from a non-evaporitic interval, like the Sukharikha Formation, could provide
insight into the weathering behavior during the BACE. Understanding critical events in Earth’s
history, like the BACE, requires the combination of multiple proxies to tell a complete story.
Applying these proxies to several successions around the world is the key to integrating these

stories on a global scale.
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: : : 8°Cm 505 i 1 8'Li
Locality Formation Member  Height Range (m) Mg/Ca  Mn/Sr Ce/Ce* Y/MHo
(%o, VPDB) (%0, VPDE) (%o0) (%0)
Kharyyalakh 0-16 -1.66 -1.66 0.40 56.51 -0.69 1.06 2790 103
Anabar Srataya Rechka  Chimuka 16 - 80 -4.02 -1.09 0.42 385 -0.70 1.08 30.29 205
Uplift Kochokon 80-131 -1.73 -2.15 0.42 1.87 -0.61 1.12 3040 240
Manykai - 131 - 194 095 -6.36 0.03 0.55 -0.55 127 4722 07
ks Izlucm - 0-835 -2.79 -4.48 0.42 1573 -0.41 1.17 3527 -
Uplift Sukharikha - 83.5-648 -1.59 -7.14 021 132 042 1.13 3404 -
Eransy Porog - 648 - 661.7 -0.58 -7.18 0.01 0.37 -0.64 1.20 36.64 -

Table Al. Data table of averages for the Anabar and Igarka uplifts.
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Height (m) s8¢ %0 M
: cah - g/Ca MgiCa Mg/Ca Mn'Sr Mn'Sr Mn/Sr
£ Fame F o Carh (%o, VPDB) (%, VPDE) ULeach REE Leach Lileach U Leach BEE leach LiLeach

of Section
ETB-246/77 0 Staraya Rechka 8454 -194 -1.86 041 0.42 0.64 103.05 11256 17535
KTB-249/45 11 Kharyyalakh 29.02 -2.09 -1.02 0.36 043 0.66 17.61 1892 28.65
KETB-246/65 12 Aenber 97.09 -0.96 -2.11 043 042 0.66 48.88 35.15 6747
ETB-249/36 22 Staraya Rechka o111 047 045 0.44 0.43 0.67 5.50 991 16.85
KTB-249/34 28 Chimuka Member 9492 -2.08 -1.61 0.44 043 0.67 8.60 881 11.71
KETB-246/53 30 97.72 -1.03 -0.62 0.42 0.44 0.67 1.54 215 318
KETB-249/17 41 9272 -3.53 -0.51 0.43 042 0.66 246 253 4.39
KTB-251/2 43 96.36 -6.53 -2.62 042 043 0.65 1211 1329 1585
KETB-246/37 46 98.73 -5.32 -1.98 042 042 0.66 10.46 13.35 17.80
ETB-236/12 50 96.54 -4.13 -1.60 0.42 042 0.63 392 4.44 517
KTB-246/29 52 9462 -4.48 -1.94 043 042 0.66 813 924 10.64
KTB-233/33 54 91.06 -5.98 -1.94 043 043 0.65 4.00 4.16 5.80
ETB-246/24 57 92.63 -5.82 -1.48 043 043 0.64 1.95 2.66 317
KTB-246/22 59 95129 -6.55 -1.24 0.39 043 0.66 022 0.63 0.75
KTB-246/19 64 90.88 -3.70 -0.52 0.44 043 0.68 1.05 1.26 135
ETB-246/17 69 098.35 -2.67 -1.00 0.41 043 0.68 020 0.53 0.60
ETB-233/17 71 0905 -2.02 -0.46 041 0.43 0.67 047 0.86 0.95
KTB-154/9 73 96.17 -3.94 025 043 0.44 0.66 041 0.44 0.53
KETB-233/14 T 0296 -4.06 -0.58 0.43 0.44 0.66 0.55 (.61 0.78
ETB-246/10 81 Staraya Rechka 98.65 092 -0.57 041 043 0.66 0.03 019 021
KTB-254/5 a5 Eochokon Member 0834 -1.72 -2.56 042 0.44 0.67 0.93 1.09 1.18
KTB-233/9 a8 98.79 -0.49 -2.09 042 0.44 0.67 1.04 1.38 1.50
KTB-233/4 95 99.06 049 -1.41 042 0.44 0.67 0.52 093 0.75
KTB-233/2 100 0393 -5.03 -2.04 0.40 043 0.66 0.50 0.73 0.93
KTB-232/18 104 9015 048 -1.64 043 0.44 0.68 0.90 1.12 115
ETB-232/15 110 0912 -1.09 -1.74 0.43 0.44 0.67 1.26 1.60 1.60
KTB-241/18 117 9585 -1.69 -2.86 042 043 0.67 1.99 2903 248
KETB-241/16 123 24.00 -2.45 -1.62 042 043 0.62 227 251 208
KTB-232/8 130 9144 -195 -494 0.40 041 0.63 Q27 10.37 11.49
KTB-232/7 134 Manylkai 71.95 -5.05 -6.18 0.02 0.03 0.02 086 1.04 091
KTB-232/5 154 9575 0.42 -5.18 0.03 0.02 0.01 0.87 105 0.90
KTB-232/2 160 02.43 0.96 -4.97 0.10 0.06 0.04 073 079 0.55
KTB-241/9 166 9788 025 -5.62 0.02 0.1 0.01 046 0.57 0.49
KTB-241/3 170 9230 -2.13 -71.13 0.00 0.00 0.00 048 0.64 0.63
KTB-241/1 174 99.17 -1.90 -71.33 0.00 0.00 0.00 015 0.20 0.18
KTB-2552 194 9832 212 -8.12 0.01 0.1 0.01 030 (.40 0.36

Table A2. Data table containing %carbonate, 8'3Ccarb, 8'¥Ocarb, Mg/Ca (U leach), Mg/Ca (REE leach), Mg/Ca (Li leach), Mn/Sr (U leach), Mn/Sr (REE leach),
and Mn/Sr (Li leach) from the Staraya Rechka Formation at the Kotuy River.
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Height (m) ) U] 5%y . s'Li ) alch AsBc TOC
Sample Fr::; m Formation (opm) (%) 25D Ce/Ce* Y/Ho (%0) 25D Ali{Mg+Ca) Lif(Mg+Ca) (%, VEDB) (%, VEDB) (wt.%)

ETB-246/77 0 Staraya Rechka 0.15 - - 1.1 250 102 04 472E-03 199E-05 -29.08 2714 0.10
KTB-249/45 11 Kharyyalakh 069 072 010 11 282 111 02 224E03 3.T7EA0S -30.39 2830 0.08
KTB-246/65 12 Nesber 037 D66 010 1.0 305 96 03 111E-03 -3.83E-06 -29.43 2847 0.05
KTB-249/36 2 StarayaRechka 061 074 0.13 1.0 303 182 04 103E-03  18BE-05 -31.49 3102 0.25
KTB-249/34 28 Chimka Member 055 068 006 11 269 163 035 290E-04 1TIE-05 -30.38 2830 0.07
KTB-246/53 30 068 073 009 11 337 123 04 51BE-04  428E-05 -3091 2980 0.06
KTB-249/17 41 100 063 006 11 312 219 01 5.02E-04  1.86E-05 -31.27 2574 0.22
KTB-251/2 43 025 069 001 1.0 286 240 00 1.02E-03  335E-06 -28901 2238 0.07
KETB-246/37 46 052 078 013 1.0 333 239 06 TT7IE-04  293E-06 -30.74 2542 0.08
KTB-236/12 50 071 065 003 11 312 212 02 122E-03  351E-06 -2032 25.00 0.04
KTB-246/29 52 028 080 014 11 279 173 04 13BE-03  T7.34E-06 -18.48 2400 0.05
KTB-233/33 54 045 067 004 11 281 145 01 472E-03  1.12E05 -2935 2327 0.07
KTB-246/24 57 047 075 010 10 30,1 173 03 144E-03  T.48E-06 -30.96 2514 0.07
KTB-246/22 59 045 077 008 11 266 187 02 128E-03  B.356E-06 -29.72 2318 0.08
KTB-246/19 64 029 054 019 11 322 140 03 311E-03  285E-05 -28.73 2503 0.08
KTB-246/17 69 060 066 005 1.2 315 299 02 504E-04 9.75E-06 -32.37 2070 0.23
KTB-233/17 1 037 072 003 1.2 331 285 04 193E-04 6.57E-06 -31.75 2074 0.21
KTB-254/9 13 033 075 010 10 297 127 04 156E-03  1.72E-05 -33.39 2945 0.34
KTB-233/14 7 076 064 008 11 303 165 06 202E-03  175E-03 -31.22 2716 0.20
KTB-246/10 81 Staraya Rechka 081 072 020 11 312 313 02 449E-04  257E-05 -31.19 3028 0.09
KTB-254/5 85 Kochokon Member (38  -0.66 0.09 1.0 278 266 04 313E-04 BE3E07 -30.35 2763 0.05
KTB-233/9 g8 046 045 012 11 6 277 04 366E-04  4TIE06 -30.37 2988 0.10
KTB-233/4 95 100 063 014 12 339 313 03 38BE-04 9.13E-06 -28.13 2764 0.05
KTB-233/2 100 048 074 009 11 159 202 03 169E-03 1.69E03 -29.28 2425 0.05
KTB-232/1% 104 062 057 012 1.2 325 319 01 162E04  1.0BE03 -30.49 30.00 0.06
KTB-232/15 110 026 065 007 11 356 280 02 273E-04 412E06 -18.47 2738 0.04
KTB-241/1% 117 084 070 003 1.2 336 181 035 162E03 1.22E05 -28.71 2702 0.04
KTB-241/16 123 053 048 000 11 265 135 01 556E-03  189E-05 -28.51 26.07 0.05
KTB-232/8 130 010 053 013 11 324 115 03 187E-03  T32E-06 -20.28 2733 0.04
KTB-2327 134 Manykai 214 076 016 10 307 135 01 774E-04  4.89E-06 -32.77 2772 0.11
KTB-232/5 154 021 055 007 13 639 123 02 972E05 2.60E-06 -27.95 2733 0.09
KETB-2322 160 039 046 001 1.3 360 45 04 307E-04 2.62E-06 -27.70 28.66 0.14
KTB-241/9 166 041 0354 008 1.2 421 23 03 T773E-05  518E07 -27.94 2768 0.05
ETB-241/3 170 018 050 007 13 502 100 02 412E04 183E06 -32.70 30.56 0.07
KTB-241/1 174 0.09 - - 1.5 629 100 03 725E05 1.56E06 -28.35 2645 0.04
KTB-255/2 194 046 047 001 13 47 151 02 319E-04 4.67E-06 -30.06 3218 0.04

Table A3. Data table containing [U], 238U (2SD), Ce/Ce*, Y/Ho, 8'Li (2SD), Al/(Mg+Ca), Li/(Mg+Ca), 3'*Core, A3'*C, and TOC from Staraya Rechka
Formation at the Kotuy River.
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H.elghr 1 [} E
Sample Fmﬂ.mﬂ Formstion % Carbonate 7Cus & O Mg/Ca Muo/Sr Ll & 15D CefCe* Y/Ho &*'s
of Section (%, VFDE) (%0, VFDB) (PP} (%) (%a, VCDT)
HI1801-2 12 Teluchina 12 340
H1801-3 16.75 381 -11.42 12 261
H1801-4 15 300 -4.64 13 421
H1801-5 7 239 436 13 544
H1201-6 208 226 2204 L3
H1801-8 321 275 407 042 1573 050 041 006 10
H1201-0 363 216 -3.80 Ll 200
H1801-11 415 170 468 12
H1801-12 453 -2.00 445 1Ll 303
H1801-13 40 -1.07 407 0o 376
H1E01-14 513 0.40 -3.74 10 380
H1E01-15 548 248 433 13
H1E01-17 623 342 -3.24 12 262
H1E01-20 673 415 -3.07 1.0 303
H1801-21 il 3.0 418
H1801-22 75
H1E01-24 70 327 -333 1Ll 109
H1801-25 24 Sukharikha 325 <313 11 37
H1801-26 288 9571 -3.00 .61 067 008 11 203
H1801-27 04.7 -2.60 -532 11 268
H1801-28 09.7 3407 217 638 041 1107 011 028 001 11 207
H1801-29 105.4 223 732 0.9
H1801-31 1085 -1.35 -5.70 044 503 046 13 510
H1801-33 115 T5.46 -1.50 647 061 011 10 234 2035
H1801-34 1215 3.70 6.72
H1801-35 1282 -4.60 .77 012 069 261 D38 016
H1801-36 1333 -5.07 897 003 048 172 029 006 13
H1801-37 1403 -5.16 -8.08 017 005 10
H1801-40 150 £.53 885 001 010 718 030 000 11
H1801-41 161 6748 -7.30 848 034 010 2156
H1801-42 160.4 -7.36 -8.07 020 135 156 026 019
H1801-44 178.4 9416 801 877 062 004 09 601
H1801-45 187 548 792 11 400
H1801-46 195 £.77 853 1l 280
H1E01-48 1005 69.78 525 816 043 012 L1 256 146
H1E01-49 075 91.13 202 073 042 015 12 572 373
H1801-51 2186 0.54 -10.06
H1801-53 224 -1.10 -5.70 12 277
H1E01-54 2305 T486 228 <750 047 005 637
H1E01-56 2303 -4.40 857 Ll 327
H1801-57 2458 178 876 00l 057 178 000 003 L1 262
H1E01-58 2515 -3.82 800 0o
H1E01-60 258 -4.08 -5.46 12 323
H1801-61 269 217 076 1Ll 314
H1801-62 273 9566 411 817 010 004 12 12.01
H1801-64 281 -3.62 -5.86 1l
H1E01-65 292 476 -6.80 L1 368
H1E01-66 301 96.05 448 -7.50 053 002 16 1355
H1E01-67 3l 423 -7.00 10 474
H1E01-68 320 95.00 3.8 -6.78 070 012 12 306 1224
H1801-59 330 208 .65 10 230
H1801-70 3385 07 786 12 186
H1801-72 3435 9321 010 -6.54 00T 010 12 784 601
H1801-73 349 -1.66 783 13 314
H1801-74 357 97.02 222 -7.06 06 005 12 207 20.25
H1801-76 3647 310 005 13
H1801-77 370.5 97.12 327 241 020 044 013 D40 022 12 321
H1801-20 3706 331 751 1l 357
H1801-81 385 9253 243 -5.44 023 008 11 286 12.81
H1801-82 304 0.56 736 034 037 014 030 014 12 385
H1801-84 406.5 141 -5.01 12 390
H1801-85 4145 214 055 12 335
H1801-87 4105 -1.00 -11.19 1l 139
H1801-89 4155 211 .67 09 546
H1E01-20 4325 9921 -1.05 013 000 009 007 065 002 11 278

Table A4. Data table containing %carbonate, §'3Ccarb, 8'®Ocarn, Mg/Ca, Mn/Sr, [U], §238U (2SD), Ce/Ce*, Y/Ho, and
334S from the Sukharikha Formation at the Sukharikha River. Samples 2-90.
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M 13 1
Sarnple I‘:mBuE?n Formation % Cabonste  © et 8 Ot MgiCa Mosr [O) U p ceces vHO 8.5
of Sactica (%o, VEDE) (%, VPDB) (ppm) (%) (%, VCDT)

H1801-81 4306  Sukhankhs 119 030 12 286
180183 447 122 271 13 547
H1801-84 4335 -189 296 1.3

H1501-86 467 o830 119 455 058 003 11 321 2785
H1501-88 4776 @803 1.66 528 00l 004 021 041 nd 12 441 3061
H1201-80 488 233 527 11 500
HIZ01-100 4065 4.63 384 0% 048 010 064 0290 10 332
H1801-101 505 230 -734

H1801-103 514 29.00 0.92 -182 000 002 018 -5 005 15.09
H1801-104 518 107 507 11 253
HMIE0I-104A 528 134 718 1.2

H1801-105 5375 8645 144 -484 064 006 11 322 1211
H1801-107 545 044 382 11 282
H1801-108 553 2506 083 260 041 071 013 034 004 203
H1801-109 560 29.00 1.00 2219 043 081 017 -850 007 277
M1801-111 5705 8344 6.13 424 032 01¢ 034 032 003 09 360
H1801-112 5875 503 -4.54 09

H1801-113 586 457 367 13 472
H1801-115 603 447 511 038 020 018 062 002 12 297
H1801-116 610 006 052 024 1.2

M1801-118 618.5 208 215 0.06 12 364
H1801-119 628.5 2941 0.90 -753 052 009 11 280 1033
H1801-121 637 070 7151

H1801-123 642 064 682 1.1

H1801-125 643 -1.03 357 L1 98
H1801-126 644 -1.03 765

H1801-127 645 109 -7.60

H1801-129 645.6 -113 271

HIZ01-130 64635 112 725 1.0 288
M1801-132 647 119 41 1.0

H1801-133 648 23.85 -1.07 -168 001 004 024 0217 008 11 240
HI801-135 64845  Sukharikha - -146 744 0.06 12 287
H1801-136 6483  Kransy Porog -136 158 11 443
H1801-137 640 transition 130 751 10 425
H1801-139 640.6 -110 -6.74 11 282
H1801-142 6503  Eransy Poroz -1.05 -6.88 14 332
H1801-143 650.8 080 -6.45 1.3

H1801-145 6516 -1z 713 00l 037 006 064 nd 12 257
M1801-147 652.3 -115 700 11 316
H1801-149 653 -1.05 710 14 570
H1801-150 658.8 093 719 11 285
H1801-152 650.3 0.77 742

H1801-153 661 078 746 11

H1801-155 661.7 036 746 14 456

Table AS. Data table containing %carbonate, §'3Ccarb, 8'®Ocarn, Mg/Ca, Mn/Sr, [U], §238U (2SD), Ce/Ce*, Y/Ho, and
8%S from the Sukharikha Formation at the Sukharikha River. Samples 91-155.
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