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Abstract

Oxygenation of the ocean-atmosphere system had a profound effect on the origin and
evolution of multicellular life on the Earth. Available geological and geochemical studies
document significant fluctuations in Proterozoic seawater redox state and biogeochemical
cycling, capable of imparting primary control on eukaryotic expansion. However, the exact
linkage between environmental changes and the emergence of complex life is not well-
established due to temporal gaps. This thesis work presents a detailed geochemical and isotopic
study of organic-rich shales from three major Proterozoic sedimentary successions (Cuddapah
Supergroup, Vindhyan Supergroup and the Lesser Himalaya) to (a) reconstruct the depositional
environment, (b) quantify the areal extent of ocean euxinia, and (c) evaluate the modes of
nitrogen cycling in these basins. A multi-proxy approach using redox-sensitive trace elemental
abundances (e.g., Mo, U, Mn and Cd), stable isotopic compositions (8*°N, §**S and §%Mo),

and Fe-speciation data has been adopted to achieve these objectives.

The ¥’Re—80Os radiometric dating of organic-rich shales from the Cumbum Formation
(Nallamalai Group, Cuddapah Supergroup) have yielded their direct depositional age
(1658 £ 50 Ma (206, n = 10)). Distributions of multiple redox indices (Mo/TOC, Mogr/Ugr and
Cd/Mo) for these shales and their comparison with datasets from modern-day settings indicate
a limited productivity regime with restricted basinal settings during the shale deposition.
Further, high Fenr/Fer (0.61 £ 0.18) and Fepy/Fenr (0.72 £ 0.14) ratios support a fluctuating
(euxinic to ferruginous) bottom-water condition in this basin. The 8%Mo values of these shales
(+0.68 £ 0.13%0) and their mass balance modelling (for euxinic shales) suggest a wide extent
of ocean euxinia (~5% of seafloor area) at 1.66 Ga, an order of magnitude higher than that
observed for modern oceans (0.1% to 0.3%). A similar modelling effort using previously
reported 5%Mo data of euxinic shales from other global sections supports a relatively stable
but high (average 5 + 4%) extent of Proterozoic oceanic euxinia. These evaluations also reveal
episodes of intensified oceanic euxinia during the Proterozoic, which often follow the

fluctuations in atmospheric oxygen levels.

Shale 5%Mo data and their mass balance calculations have also been used to quantify
the extent of euxinia around the Precambrian-Cambrian (Pc-C) transition. These shales belong
to the Tal Formation (Lesser Himalaya), and their Iron speciation and Mo/U data point to

anoxic and ferruginous deep water conditions. Calculations involving the ®Mo (1.5 + 0.2%o)



data for these shales estimate ~4 times higher pyrite burial rates and ~2 times extensive extent
of sulfidic conditions during the Pc-C transition when compared to that for present-day oceanic
conditions. Further, these shales were also characterized by isotopically heavier pyrite-5**S
values (3.6%o to 8.3%o0) compared to modern-day sedimentary pyrites (~ —21%o). Earlier
reported 534S values for early Cambrian seawater, measured 534S pyrite data and their empirical
relationship estimate the seawater sulfate concentration (8 £ 3 mM) during their deposition.
This sulfate value for the Tal basin is higher than that reported for the late Neoproterozoic
ocean (<5 mM), potentially related to the increasing oxygen availability and continental supply

during the Pc-C transition.

Further, the effect of the temporal and spatial redox heterogeneities in the primary
productivity was investigated by comparing the nitrogen isotopic compositions of organic-rich
shale sequences from these different basins. The (molar) TOC/TN ratios of these shales vary
between 12 and 52 and are systematically higher than the Redfield ratio. The §*°N values for
these shales are consistently positive and range from +0.8%o to +8.6%o.. The lack of correlations
between 8°N-TN, 8°N-TOC/TN and 8°N-5'3C suggests a limited role of thermal effects,
post-depositional alterations and mobilization processes in affecting the isotopic signals. The
bulk nitrogen isotopic composition (§°Npuik) of the Bijaigarh and Lower Tal shales (~1-2%o)
overlap with sedimentary §*°N values characteristic of environments where N-fixing processes
using Mo-nitrogenase are dominant. The highly enriched 8°Npuk values (>3%.) for the
Tadpatri, Kajrahat and Cumbum shales suggest the occurrence of aerobic modes of nitrogen
cycling in these basins, where processes such as nitrification, denitrification/anammox and
ammonium assimilation were active. Further, a steady-state box model using the measured
shale 51°N values establishes the prevalence of nitrate rich-waters and the dominance of nitrate

assimilators in most of these sections.
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1.1. Introduction

The Proterozoic Eon (2500 to 539 Ma) represents a transitional phase of our Earth,
separating the biologically primitive low-oxygen Archean conditions from the complex
multicellular and well-oxygenated Phanerozoic Eon. This change in the habitability of the Earth
has been widely attributed to the progressive oxygenation of the atmosphere, which broadly
occurred in two steps near the beginning (the Great Oxidation Event (GOE); ~2.4 to 2.1 Ga;
Holland, 2002) and the end (the Neoproterozoic Oxygenation Event (NOE); 0.8 to 0.5 Ga; Och
and Shields-Zhou, 2012) of the Proterozoic Eon. The GOE marked the permanent rise in
atmospheric oxygen contents to >107° present atmospheric levels (PAL), after which the ocean-
atmospheric system transitioned into one characterized by a stratified ocean structure and low
atmospheric oxygen levels (Fig. 1.1; Lowenstein et al., 2013; Lyons et al., 2014; Lyons et al.,
2024). The GOE was followed by a complex period marked by oxygen level fluctuations in the
atmosphere and oceans (Wang et al., 2022; Kendall and Ostrander, 2024). This post-GOE
period, often termed the “boring billion” (~1.8 Ga to 0.8 Ga; Buick et al., 1995; Holland, 2006),
has been of considerable interest due to its dynamic oxygenation history, which fundamentally
influenced the cycling of redox-dependent elements on the land and in the oceans (Lyons et al.,
2021; Kendall and Ostrander, 2024). This period witnessed a growth in the oceanic inventories
of phosphorus and many redox-sensitive trace elements associated with higher oxidative
weathering and riverine supply into the oceans (Scott et al., 2008; Robbins et al., 2016;
Reinhard et al., 2017). However, fluctuations in the oceanic redox state regulated the
bioavailability of elements in the oceans and are considered to have influenced primary
productivity in the marine ecosystems, with a possible control on biological evolutionary
pathways (Javaux et al., 2001; Frausto da Silva and Williams, 2001; Anbar and Knoll, 2002).
While available studies indicate an origin of life by ~3.5 Ga (Hofmann et al., 1999; Allwood et
al., 2006), the emergence of complex life forms occurred much later with the appearance of
eukaryotic life by ~1.6 Ga (Pang et al., 2015; Agi¢; 2021), and complex multicellular life by
~0.8 Ga (Knoll and Carroll, 1999; Zhu et al., 2006; Love et al., 2009; Erwin et al., 2011).
Although still debated, low oxygen contents and associated nutrient delivery have been invoked
as prime environmental drivers that led to this evolutionary stasis of the early eukaryotes and
their protracted diversification (Sperling et al., 2013; Javaux and Lepot, 2018; Cole et al., 2020;
Lyons et al., 2021; Mills et al., 2024). Assessing the exact role oxygen played in the advent of
biological expansion thus requires a more robust understanding of the stability and distribution

of oxygen contents in oceanic systems during this interval.



Chapter 1 — Introduction

a Supercontinental ] < <
( ) assembly 3 g % § é
Il snowball Earth o 3 2 =] z
Regional Ice Age é 8 (= 8 &
T T T T T T T
10 |®) A
= 10" +41
X 100 1k 1
X 107 s
o 10?4 l g
& 10¢ -
101 GOE NOE
T T T T T T T
Shallow ocean (C) Oxic
Mid-depths Euxinic
Ferruginous
Deep ocean
10"
S
€ 10
§ 107
©
g 10711
3 15 — Co Mo
S 10 — Cu — Ni
o — Fe s
1071 — Mn Zn
T T T T T T T
S 8 d I - i | 1016
%; 102-( ) _ I I Vascular 10 w
g §104_ BIF Rapitan-type plants - g
o a GIF
cg o S
S 2 ¢ Metazoans . 5
=® _ (o and animals [~ 10
— 0~ -0
o \O//Q\o// Ediacara @
ot —~
Prokaryotes A o -10* 3
A ——— A 3,
T T T T T T T ~
(e) © >2450 Ma
15 A ° O 2450 Ma to 2200 Ma
g ® <2200 Ma
8
[
[]
-5 1 Mass Independent Sulfur fractionation ° Mass Dependent Sulfur fractionation
T T T T T T T
)
15 A o _o
X 59&‘% e b ot QIR o
COUR Bt B e SRR 'E‘*—sfgg::-ge!agera@erﬁfﬁgégg%&m iy
o ° ° ® o®
9.«_15_ 0..§ ® 9 . ° e g0,
O
QIO -30 A ¢ 6‘.‘.:@90@0‘;@?@?
45 ° 13 °
org
T T T T T T T
4000 3500 3000 2500 2000 1500 1000 500 0
Age (Ma)

Figure 1.1. Compilation of trends in various biological, geological and geochemical factors since the Archean
Eon; these trends include (a) major glaciations, snowball Earth episodes (Hoffman et al., 2017) and time intervals
of Supercontinent assembly (Hawkesworth et al., 2009) (b) atmospheric oxygenation (Kendall and Ostrander,
2024) (c) temporal variations in seawater redox structure (Lowenstein et al., 2013) and trace element inventories
(after Robbins et al., 2016 and references therein) (d) changes in biovolume (Payne et al., 2009) along with Iron
Formation abundance and mode of deposition (Bekker et al., 2010) (e) sulfur mass fractionations (after Uveges et
al., 2023) and (f) organic and carbonate carbon isotopic compositions (after Krissansen-Totton et al., 2015).
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Although the oxygenation history of the atmosphere is broadly constrained, the
evolution of the redox state of the oceans is still unclear. The Proterozoic oceans were initially
considered to be pervasively oxygenated by ~1.85 Ga based on the disappearance of Banded
Iron Formations (BIFs) in the rock record (Cloud, 1973; Holland, 1984). However, Canfield
(1998) linked the BIF disappearance to transitioning from a Fe-rich (ferruginous) to a euxinic
deep-water ocean. This ‘Canfield Ocean’ model received support from several proxies, such as
C-S-Fe systematics (Poulton et al., 2004), molybdenum isotope relationships (Arnold et al.,
2004), and biomarker studies (Brocks et al., 2005). Further studies proposed ferruginous
conditions in subsurface waters during the Mesoproterozoic, with euxinia restricted only to
productive margins (e.g., Poulton et al., 2010). The current understanding is that the Proterozoic
oceans were stratified, where oxic surface layers overlaid ferruginous layers in deeper oceans
and euxinic layers in shallow productive continental margins of high organic matter production
and epicontinental seas (Poulton et al., 2004; Poulton et al., 2010; Poulton and Canfield, 2011,
Planavsky et al., 2011; Lyons et al., 2014; Li et al., 2020).

Recent studies provide increasing evidence for a more dynamic Proterozoic ocean-
atmospheric redox state and identify the occurrence of transient oxygenation events. Combined
Mo and TI isotopic studies reveal the presence of oxygenated continental shelves at ~2.5 Ga
(Ostrander et al., 2019). Multi-sulfur isotopic signatures from Paleoproterozoic black shales
indicate a rapid rise in seawater sulfate reservoir at ~2.3 Ga and its subsequent contraction at
~2.05 Ga (Scott et al., 2014). The ~1.7 Ga ironstones from the North China Craton show highly
fractionated chromium and unfractionated iron isotopes, suggesting shallow water oxygenation
(Qiu et al., 2022). Sulfur isotopic composition of Carbonate-Associated Sulfur (§%*Scas) and
Ce anomalies from ~1.6 Ga carbonates point towards pulses of seawater oxygenation in the
early Mesoproterozoic (Ma et al., 2023). Rare earth element compositions, 1/(Ca+Mg) ratios
and paired carbon isotopes reveal the occurrence of redox stratification and deep water
oxygenation at ~1.64 Ga, ~1.56 Ga and ~1.4 Ga (Zhang et al., 2018; Shang et al., 2019; Wei et
al., 2021; Yang et al., 2024). Modelling studies using Fe3* content of ophiolites have estimated
Oz concentrations for Proterozoic deep oceans to be about an order of magnitude lower than the
modern day (Stopler and Keller, 2018).

Towards the end of the Proterozoic Eon, coinciding with the second significant rise in
atmospheric oxygen levels, there were drastic changes in the marine system characterized by

significant heterogeneity in redox state at global and regional scales. Multi-proxy trace
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elemental, iron speciation and Mo-U isotopic datasets suggest a transition from euxinic deep
waters during the Ediacaran-Cambrian transition to oxygenated oceans towards Cambrian
Stage 4 (Wille et al., 2008; Wang et al., 2012; Chen et al., 2015). The Ediacaran-Cambrian
sections from China (Li et al., 2009), Oman (Amthor et al., 2003), Mongolia (Brasier et al.,
1996), Namibia (Grotzinger et al., 1995), and India (Aharon et al., 1987; Banerjee et al., 1997)
document a global negative §*3C excursion (magnitude 5 — 10%o) in carbonates, signifying a
change in carbon cycling and seawater chemistry during this time span. Occurrence of
widespread chert and phosphate deposits (Cook and Shergold, 1984), extreme enrichments of
redox-sensitive trace elements (e.g., Ni, Mo, V, Cr and Zn; Wille et al., 2008; Pi et al., 2013),
and an increase in marine strontium isotopic ratios (Shields, 2007) point to elevated continental

influx and a reducing/anoxic oceanic condition during this interval.

Available isotopic records of sulfur (Wang et al., 2012; Feng et al., 2014; Jin et al.,
2016; Sahoo et al., 2016; He et al.,, 2019) and selenium (Wen et al., 2014; Pogge von
Strandmann et al., 2015) provide support for pulsed oxygenation of Precambrian-Cambrian
(Pc-C) oceans, with regional anoxic conditions and shallower chemoclines in the continental
margins. The Mo isotopic signatures of organic-rich shales show near-modern seawater §®Mo
(up to ~ +2.1%o) values during the Pc-C transition (Wen et al., 2011). Variations in §*Mo across
the Pc-C boundary in different global sections indicate transitions from a redox-stratified (oxic
shallow and anoxic deep water) to an oxic ocean (Wille et al., 2008; Wen et al., 2011; 2014;
Xu et al., 2012; Chen et al., 2015; Kendall et al., 2015; Yin et al., 2018). Consistently, sulfur
isotopic studies of pyrites and carbonate-associated sulfur have also documented a fluctuating
seawater sulfate reservoir with variable sulfate concentrations (<2 to 10 mM) across the Pc-C
transition (Loyd et al., 2012; Feng et al., 2014; Algeo et al., 2015; Jin et al., 2016; Li et al.,
2023). All these studies suggest a dynamic ocean-atmospheric oxygenation history during the

Proterozoic, interspersed with transient peaks and oxygenation episodes.

Attempts to quantify the changing redox conditions in the Proterozoic oceans use the
abundance and isotopic compositions of redox-sensitive trace elements to model the global
extent of oxic, anoxic or euxinic seafloors. The enrichment of Mo and Cr in sedimentary
deposits estimates the extent of ocean anoxia (~40%) and euxinia (~1-10%) for the mid-
Proterozoic period (Reinhard et al., 2013). A similar mass balance modelling using Re
enrichment in organic-rich mud rocks indicates extensive seafloor anoxia during this time frame

(Sheen et al., 2018). Uranium isotopic modelling using data from carbonates spanning the same
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interval suggests that <7% of global seafloor was euxinic (Gilleaudeau et al., 2019). A statistical
analysis of Fe-speciation data from shale records between ~2.3 Ga and ~1 Ga shows that more
than half of the shale deposition occurred under anoxic oceanic conditions (Sperling et al.,
2015). Independent estimates using Mo and TI isotope modelling suggest global seafloor
euxinia of <9.6% at ~1.6 Ga (Xu et al., 2023), 1-10% at ~1.56 Ga (Luo et al., 2021) and <4%
at~1.36 Ga (Lietal., 2021). While providing significant insights on the broader spatio-temporal
evolution of the Proterozoic oceans, such efforts require more additions to understand the short-

term fluctuations punctuating this interval.

The bioavailability of nitrogen, due to its redox-dependent transformations in marine
systems, has also been of considerable interest. Temporal changes in nitrate availability have
been investigated using the bulk and kerogen nitrogen isotopic signatures of various
sedimentary lithologies. Nitrogen isotopic signatures from different Paleoproterozoic sections
largely support the presence of stable nitrate-rich surface waters (Kipp et al., 2018; Zerkle et
al., 2017; Luo et al., 2018; Cheng et al., 2019; Motomura et al., 2024). In contrast, regional
variations with enriched 8*N values (up to 32%o) also suggest N-limited conditions and the
occurrence of ammonium assimilation (Papineau et al., 2009). Studies evaluating shore-to-
basinal transects have suggested spatial gradients in nitrogen cycling during the
Mesoproterozoic, which were controlled by contraction in oxygenated surface waters (Godfrey
et al., 2013; Stlieken, 2013). In these sections, aerobic modes of nitrogen cycling, involving
direct nitrate assimilation or assimilation of upwelled ammonium, occurred close to shore. In
contrast, the offshore regions in such basins exhibit '°N values related to nitrate limitations,
which were compensated by N-fixation processes. Compilation of sedimentary 8*°N has shown
a stepwise enrichment in sedimentary 5!°N values during late Paleoproterozoic and early
Neoproterozoic (Kipp et al., 2018; Kang et al., 2023), where the initial rise was attributed to the
post-GOE expansion of oxygenated water (Kipp et al., 2018). The later rise in sedimentary 8*°N
at ~800 Ma has been attributed to a ~50% increase in marine nitrate availability and eukaryotic
contribution in the aquatic ecosystem (Kang et al., 2023). Further, high-resolution nitrogen
isotopic datasets for the Ediacaran-Cambrian transition provide strong evidence for the

coupling between sporadic oxygenation episodes and evolutionary events (Wang et al., 2018).

Limited studies from the Proterozoic Basins of India have attempted to understand
Proterozoic ocean chemistry and productivity patterns (Chakraborty et al., 2020; Sharma and
Chakraborty, 2024). Redox-sensitive elemental enrichments and Ce-anomaly in carbonates
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from the Bastar Craton suggest the prevalence of anoxic surface water in their depositional
basin at ~2.0 Ga. Banerjee (1985), based on the presence of phosphatic laminae and beds in the
late Paleoproterozoic to early Mesoproterozoic strata of the Vindhyan, Cuddapah, and
Chhattisgarh Basins, proposed a relatively oxygenated/suboxic shallow marine condition in
these basins. Sulfur isotopic data from pyrites in these basins support the existence of a global
Mesoproterozoic sulfidic deep ocean (Sarkar et al., 2010). Mitra et al. (2018) suggest a broadly
oxic depositional environment for the ~1.8 Ga Tadpatri shales based on U/Th, Cu/Zn, Ni/Co
and V/Cr ratios. A suboxic condition for the Gwalior Sea at ~1.7 Ga was suggested by Paul
(2017) based on rare earth element (REE) patterns of the BIFs from the Morar Formation,
Gwalior Group. The occurrence of euxinic depositional environment has been inferred based
on the geochemical investigation of carbonaceous phyllites from the Cuddapah Basin (Sindhuja
et al., 2022). Trace elemental and isotopic studies of the argillaceous sections of the Vindhyan
Basin suggest euxinic depositional environments for the Arangi, Rampur and Bijaigarh shales
and suboxic to anoxic environments during the Sirbu, Koldaha and Rewa shale depositions
(Singh et al., 2018; Ansari et al., 2023). Sedimentary pyrite texture and heavy sulfur isotopic
signatures reveal strongly anoxic depositional conditions for the Bijaigarh shales (Mukherjee
et al., 2020). The Fe-speciation data for this Formation reveal the existence of locally
ferruginous waters below the zone of wave-mixing (Gilleaudeau et al., 2020). This study also
shows a reduced supply of sulfate, Mo and Cr to this shallow to deep basin, where a progressive
reduction in Mo content was recorded. The organic carbon and nitrogen isotopic values from
this Formation support an oxygen-rich surface layer and anaerobic nitrogen cycling in this
setting (Gilleaudeau et al., 2020). Redox fluctuations and changes in nutrient inputs were
reported for the Marwar Basin towards the late Neoproterozoic (Ansari et al., 2020). Redox-
sensitive trace element ratios from the Lower Bander Sandstone suggest a transition from oxic
to suboxic depositional environment during the deposition of glauconitic layers (Mandal et al.,
2022). REE compositions and carbon isotopic study from the Pc-C sections from the Lesser
Himalaya sections reveal stratified basinal conditions with oxic surface layers and anoxic deep

layers (Mazumdar et al., 1999).

A substantial amount of evidence, both global and national, thus indicates a dynamic
atmosphere-ocean-biosphere system during the Proterozoic time frame, with spatial-temporal
variations and a possible cause-effect relationship. Though considerable work has been done in
this aspect, a comprehensive understanding of the co-evolving ocean-biosphere system is still
lacking. Temporal gaps in Proterozoic records, primarily due to a lack of well-preserved and
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well-dated sections, still challenge our understanding of the biogeochemical changes
accompanying the varying redox states. Identifying and investigating basinal and near-shore
environments, which could have been the site for eukaryotic diversification, is required to
improve our understanding of the linkage between life and environments during this interval.
Further, the inter-basinal correlation of these redox fluctuations and productivity patterns can
help constrain large-scale oceanic conditions and their influence on metazoan diversification.
The well-preserved and weakly deformed sedimentary deposits from the Proterozoic Basins of
India offer a scope for tracking these hydrosphere and atmosphere changes. Organic-rich shales
could be one of the prime targets for such studies due to their abundance in the rock record, the
presence of modern depositional analogues and the availability of well-calibrated chemical

proxies.

1.2. Aims and Objectives

This thesis aims to carry out a detailed chemical and isotopic investigation of organic-
rich shales from three different Proterozoic Basins (Cuddapah Basin, Vindhyan Basin and the

Lesser Himalaya succession) of India.
The main objectives of this work are:

1. To reconstruct the depositional environment in these basins using abundance and

distribution of organic carbon, redox-sensitive elements, and Fe-speciation.

2. To quantify the areal extent of ocean euxinia/anoxia and its temporal changes using
Mo isotopic compositions.

3. To understand the productivity pattern and modes of nitrogen cycling in these basins

by utilizing the carbon and nitrogen isotopic data.

1.3. Structure of the thesis
The thesis is organized into six chapters.

Chapter 1 reviews the current knowledge of the Proterozoic ocean-atmospheric system. It also

identifies the research gaps and objectives for this study.

Chapter 2 provides details on samples and their geological settings. The analytical procedures

adopted for chemical and isotopic analyses are also included.
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Chapter 3 presents the chemical (trace elements and Fe speciation), chronological, and Mo
isotopic datasets for late Paleoproterozoic shales from the Cumbum Formation, Cuddapah
Supergroup. These data were used to establish the depositional age and environment for this

succession.

Chapter 4 establishes the oceanic redox state and seawater sulfate inventory during the
Precambrian-Cambrian transition. These outcomes were mainly constrained using geochemical

and Mo-S isotopic data of the lower Tal shales from the Lesser Himalaya.

Chapter 5 focuses on the nitrogen isotopic study of shales from the Vindhyan, Cuddapah, and
Lesser Himalaya sedimentary successions. These datasets are employed to evaluate the linkage
between nitrate availability and basinal redox state.

Chapter 6 summarizes the major conclusions from this study and identifies the future scope of

research on the co-evolution of seawater chemistry and early life.
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Chapter 2 — Materials and Methods

The main objective of this thesis work, as mentioned earlier, is to reconstruct the extent
of the ocean euxinia and sulfate inventory during the deposition of shales in three Proterozoic
sedimentary successions from India. This chapter provides geological details for these basins
and the analytical methods employed in this work. Efforts were made to collect less-altered
organic-rich shale sequences from the Cuddapah Basin, Vindhyan Basin and the Lesser
Himalaya (Fig. 2.1). These sequences cover depositional periods ranging from the
Paleoproterozoic to the Precambrian-Cambrian transition. The collected samples were
subjected to comprehensive geochemical and isotopic investigation; details on these analytical

methodologies are also described below.
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Figure 2.1. Spatial distribution of major Archean Cratons and Proterozoic Basins of India (modified after Deb
and Paul, 2015). The red boxes denote the targeted sedimentary basins.
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Chapter 2 — Materials and Methods

2.1. Geological setting

2.1.1. Cuddapah Basin

The intracratonic Cuddapah Basin is a crescent-shaped, northerly plunging, polyphase
basin consisting of unconformity-bound shale-sandstone-limestone sequences deposited in
varying fluvial to shallow marine settings (Ramakrishnan and Vaidyanathan, 2008; Fig. 2.2;
Table 2.1). The sedimentary succession lies non-conformably over the Mesoarchean to
Neoarchean tonalite-trondhjemite-granodiorite (TTG) gneisses, Neoarchean greenstone belts
and granites, and the Paleoproterozoic granites and basic dykes of the Eastern Dharwar Craton
(Saha and Patranabis-Deb, 2014).
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Figure 2.2. Simplified geological map of the Cuddapah Basin (modified after Nagaraja Rao et al., 1987; Bhukosh-
Geological Survey of India)
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The Cuddapah Basin consists of four major cycles of sedimentation represented by
unconformity to thrust-bound sequences and is broadly divided into the Paleoproterozoic
Cuddapah Supergroup and the Neoproterozoic Kurnool Group (Table 2.1; Nagaraja Rao et al.,
1987; Saha and Tripathy, 2012; Patranabis-Deb et al., 2012). Based on the sedimentation
pattern and spatial distribution, the Cuddapah Basin is classified into Palnad, Srisailam,
Kurnool and Papaghni subbasins (Nagaraja Rao et al., 1987; Fig. 2.2). The western part of the
Cuddapah Basin consists of the Papaghni and Srisailam subbasins, which host the Papaghni and
Chitravati Groups (of Paleoproterozoic age) of the Cuddapah Supergroup, and the Palnad and
Kurnool subbasins which host the (Neoproterozoic) Kurnool Group (Table 2.1; Fig. 2.2). The
Nallamalai subbasin in the eastern part of the Cuddapah Basin hosts the deformed rocks of the

Nallamalai Fold Belt (NFB), constituting the Nallamalai Group successions.

2.1.1.1. The Cuddapah Supergroup

The basal Papaghni Group is composed of conglomerates and sandstones of the
Gulcheru Quartzite and the stromatolitic dolomites-sandstone-shales of the Vempalle
Formation. The siliciclastic-dominated Gulcheru Quartzite was deposited in an alluvial fan to
shallow marine settings, while the carbonate-dominated Vempalle Formation represents a
shallow shelf depositional environment (Kale et al., 2020). The upper part of the Vempalle
Formation consists of mafic flows, tuffs and intrusives, which yield a radiometric age of
1841 + 71 Ma (K—Ar; Murthy et al., 1987). Pb—Pb age of 1752 + 41 Ma (Zachariah et al., 1999)
has also been reported from the Vempalle dolomites. Detrital zircons from the Gulcheru and
Vempalle Formations provide a maximum depositional age of ~2.4 Ga (Collins et al., 2015).

The Papaghni Group is unconformably overlain by the Chitravati Group, comprising
Pulivendla Quartzite, Tadpatri Formation and Gandikota Quartzite (Nagaraja Rao et al., 1987).
The quartz-arenites of the Pulivendla Quartzite represent recycled Archean crustal components
that were deposited in a passive margin environment (Saha et al., 2016; Somashekhar et al.,
2018). The Tadpatri Formation is composed of heterolithic shale-sandstone-dolomitic
successions with mafic-ultramafic sills, which record a transition from outer shelf to inner shelf
depositional environment (Ramakrishnan and Vaidyanathan, 2008). A depositional age
between ~1920 Ma and 1882 Ma has been constrained for the Pulivendla and Tadpatri
Formations based on Pb—Pb detrital zircon (1923 + 22 Ma; Collins et al., 2015), Ar—Ar
phlogopite (1899 + 20 Ma; Anand et al., 2003) and U—Pb baddeleyite ages (1885 + 3 Ma;
French et al., 2008). The quartzitic sandstones of the Gandikota Quartzite represent deposition
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in a tide-dominated open shelf environment (Lakshminarayana and Bhattacharjee, 2000).
Pb—Pb detrital zircon age of 1181 + 29 Ma (Collins et al., 2015) has been reported from the

Gandikota Formation. The Srisailam Quartzite overlies the Chitravati Group and is composed

of sub-horizontal quartzite sequences with siltstone and shale intercalations. These sediments

were deposited in a stable cratonic shelf under a fluvio-marine environment with minor aeolian
input (Lakshminarayana et al., 2001; Patranabis-Deb et al., 2012; Kale et al., 2020). The U-Pb
dating of quartzites from the Srisailam subbasin provides a depositional age between 1840 Ma
and 1770 Ma for this sequence (Mukherjee et al., 2023).

Table 2.1. General stratigraphy of Cuddapah Basin (after Nagaraja Rao et al., 1987) along with the
major lithology and environment of deposition (Valdiya, 2015).

. . Depositional
Group Formation Lithology Environment
Nandyal Shale Shale, Calcareous shale Outer shelf
Koikuntla Limestone Siliceous Ilme_stone with Carbonate Platform
quartzite
Paniam Quartzite Massive quarstﬁ:itleeand siliceous Shelf Bar
Kurnool Auk Shale Laminated shale with siltstone Outer shelf

Narji Limestone

Limestone, glauconitic
sandstone

Carbonate platform

Banganapalle Quartzite

Oligomict conglomerate grit,
quartzite, shale

Fan delta to shallow
shelf

Unconformity

Cuddapah Supergroup

Srisailam Quartzite

Pebbly grit, quartzite,
heterolithic shales and
sandstone

Fluvial to shallow
marine with minor
aeolian component

-X-X-X-X-X-X-X-X-X-X-X-Tectonic contact-x-X-X-X-X-X-X-X-X-X-X-

Cumbum/Pullampet

Phyllite, slate, quartzite,
dolomite, shale, felsic and

Subtidal bars to

Nallamalai Formation mafic intrusives peritidal
Bairenkonda/Nagari Quartzite Quartzite, quartz wacke, shale, Fan delta to peritidal
conglomerate
-X-X-X-X-X-X-X-X-X-X-X-Tectonic contact-X-X-X-X-X-X-X-X-X-X-X-
Gandikota Quartzite Alternate shqlg-quartzn_e beds, | Shelf bar (|_ntert|dal to
glauconitic quartzite subtidal)
Shale with arenite, dolomite, Storm-dominated
Chitravati Tadpatri Formation limestone, chert, tuff and
. shallow shelf
ultramafic flows
Pulivendla Quartzite Quartzite, Conglomerate FIUV.'aI o sha}l!ow
marine transition
Unconformity
Stromatolitic dolomite, chert, Carbonate platform
Vempalle Formation shale, quartzite, basic sills and (intertidal playa to
. flows subtidal basin)
Papaghni

Gulcheru Quartzite

Basal Conglomerate, arkose,
quartzite with shale interbeds

Tide and storm
influenced fan-delta
and delta front setting

Unconformity

Crystalline basement of Dharwar Craton with Archean granite, gneiss and greenstones
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2.1.1.2. The Kurnool Group

The Neoproterozoic Kurnool Group lies unconformably over the lower Cuddapah
Supergroup in the western part and the basement granite-gneiss in the northern part of the basin.
This Group is composed of conglomerates-orthoquartzite-carbonate-shale associations
deposited in shallow-marine depositional environments ranging between beach, littoral, tidal-
flat and lagoonal environments (Lakshminarayana et al., 1999). The appearance of organic-
walled microfossil assemblage from the Owk Shale constrains a Neoproterozoic age for the
Kurnool Group (Sharma and Shukla, 2012; Shukla et al., 2020).

2.1.1.3. The Nallamalai Fold Belt

The Nallamalai Fold Belt (NFB), situated in the eastern part of the basin, is mainly
composed of folded and faulted metasedimentary rocks of the Nallamalai Group. This Group
comprises sandstone-shale-carbonate sequences with felsic tuff, debris-flow conglomerate and
slumped beds (Chaudhuri et al., 2002). The NFB is thrust over the undeformed Chitravati and
Papaghni Groups of the Cuddapah Supergroup in the west and the Kurnool Group in the north
along the Maidukuru Thrust (or the Rudravaram Line; Meijerink et al., 1984; Saha et al., 2010;
Patranabis-Deb et al., 2012). The NFB is bound in the east by the Vellikonda Thrust
(Venkatakrishnan and Dotiwalla, 1987), along which the Nellore Schist Belt is juxtaposed
against the NFB. Three phases of deformation have been recognized from the northern part of
the NFB, which include (i) N-S trending tight to isoclinal folds associated with slaty cleavage,
(i) NNW to NE-SW trending large tight to open folds with crenulation cleavage and (iii) E-W
trending folds and cleavage (Saha, 2002; Tripathy and Saha, 2010).

The Nallamalai Group is classified into the sandstone-dominated Bairenkonda Quartzite
and the shale-limestone-dominated Cumbum Formation. These sequences are considered to be
formed in an independent basin east of the Papaghni subbasin and hence allochthonous to the
other sedimentary succession in the Cuddapah Supergroup (Saha et al., 2010; Saha and
Tripathy, 2012). Lithological associations in the NFB successions indicate subtidal to peritidal
depositional settings, possibly in a marginal basin with open ocean connectivity (Saha and
Tripathy, 2012; Kale et al., 2020). Provenance studies based on Pb—Pb and Hf isotopes indicate
that sediments from the Nallamalai Group were supplied from the Krishna Orogen (~1.78 Ga;
Vadlamani et al., 2014; Chatterjee et al., 2016), and got deposited in a foreland basin (Collins
etal., 2015; Joy et al., 2015). U—Pb dating of detrital zircons constrains maximum depositional
ages of 1659 + 22 Ma (Collins et al., 2015) and ~1550 Ma (Joy et al., 2015) for the Nallamalai
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Group. The minimum age for this Group has also been provided using radiometric dating of the
lamproite intrusions at Chelima (1418 + 8 Ma; Chalapathi Rao et al., 1999) and syenite
intrusions at Racherla (1326 + 73 Ma; Chalapathi Rao et al., 2012).

2.1.2. Vindhyan Basin

The intracratonic Vindhyan Basin, exposed within the Bundelkhand Craton, represents
the largest Proterozoic basin of India and consists of mostly unmetamorphosed and mildly
deformed siliciclastic-carbonate sedimentary rocks deposited predominantly in shallow marine
conditions (Ramakrishnan and Vaidyanathan, 2008). The Basin is bounded by the Aravalli-
Delhi orogenic belt (the Great Boundary Fault) in the northwest and the Son-Narmada
lineament in the southeast. The eastern margin of the basin is bordered by the low-grade
metamorphic rocks of the Mahakoshal (~2.4 Ga) and the Bijawar (~2.1 Ga) Supergroups
(Ramakrishnan and Vaidyanadhan 2008). The basin is thought to have originated due to (i) an
intracontinental sag-continental extension (e.g. Bickford et al., 2017) or (ii) the subduction
zone-foreland deposition (e.g. Chakrabarti et al., 2007). The sedimentation of the Vindhyan
rocks occurred within an epicratonic sea with an open ocean connection to the northwest
(Chanda and Bhattacharya, 1982). A significant part of the basin is currently covered under
Gangetic alluvium in the north and the Deccan traps in the southwest (Chakraborty, 2006; Ray,
2006). The Bundelkhand Granite Complex (BGC; ~2.5 Ga; Azmi, 1998; Malone et al., 2008)
separates the rocks in this Basin into the eastern (Son Valley) and the western (Rajasthan)
outcrop sectors (Shukla et al., 2020; Fig. 2.3). Samples from this study are from the Son valley
region of the Vindhyan basin. The Vindhyan sedimentary rocks unconformably overlie the
Bundelkhand igneous complex and metamorphosed Paleoproterozoic rocks of the Bijawar and
Gwalior Groups (Sarkar and Banerjee, 2020). The sedimentary sequences are divided into the
Lower Vindhyans (Semri Group) and the Upper Vindhyans (Kaimur, Rewa and Bhander
Groups), separated by an unconformity (Table 2.2; Fig. 2.3).

2.1.2.1. Lower Vindhyans

The Lower Vindhyans are dominated by sandstones, limestone, porcellanite, and shales
and are regarded as the Semri Group of rocks. This Group is further classified into three
subgroups, namely, the Mirzapur, Kheinjua and Rohtas Subgroups (Sastry and Moitra, 1984).
The Mirzapur Subgroup consists of arenaceous rocks of the Deoland Formation, argillaceous
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Figure 2.3. Geological Map of the Vindhyan Basin (after Soni et al., 1987; Bhukosh-Geological Survey of India)
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layers of the Arangi Formation, stromatolitic carbonates of the Kajrahat Limestone, and the
silicified tuff (porcellanites) and sandstones of the Deonar Formation. The occurrence of domal,
laminated forms of stromatolites has been reported from the Kajrahat Limestone (Valdiya,
1969). The porcellanites of this subgroup are considered to represent submarine and terrestrial
volcanoclastic sediments deposited in tidal flat regions (Srivastava et al., 2003). The overlying
Kheinjua Subgroup is composed of the olive shales of the Koldaha Formation, stromatolitic
carbonates of the Salkhan Limestone and the glauconitic sandstones of the Rampur Formation.
The stromatolite assemblage of the Salkhan Limestone is characteristic of the Lower Riphean
age (1650-1350 Ma; Valdiya, 1969). The Rohtas Subgroup overlies the Kheinjua Subgroup
and is dominated by the greyish-to-black limestone and shales of the Rohtasgarh Limestone
and the shale-sandstone sequences of the Bhagwar shale. The sedimentation of the Lower
Vindhyan is constrained between 1750 and 1500 Ma based on the available age constraints.
These include Rb—Sr model ages between 1504 to 1409 Ma for glauconites from Kheinjua
Subgroup (Kumar et al., 2001), whole rock carbonate Pb—Pb ages of 1729 + 110 Ma for
Kajrahat and 1601 £+ 130 Ma for the Rohtas Limestone (Sarangi et al., 2004; Ray et al., 2003),
Pb—Pb and SHRIMP age between 1647 and 1599 Ma for magmatic zircons from the Deonar
Porcellanites (Rasmussen et al., 2002; Bickford et al., 2017; Mishra et al., 2018) and TIMS
U—Pb zircon age of 1599 + 8 Ma for the Rampur Shale (Rasmussen et al., 2002).

2.1.2.2. Upper Vindhyans

The Upper Vindhyans are separated from the Lower Vindhyans by a major (~500 Ma)
regional hiatus in the Son Valley (Mishra, 2011). The Upper Vindhyan are further classified
into the Kaimur, Rewa and Bhander Groups. The lowermost (Kaimur) Group is dominated by
the argillaceous-arenaceous rocks with a conglomerate layer at its base. The intrusion of
Kimberlite pipes (Majhgawan) into the Kaimur Group has been observed near Panna (Valdiya,
2015). The Rewa Group overlies the diamondiferous conglomerate horizon and consists of
sandstones and shales indicative of shallow shelf deposition. The topmost (Bhander) Group is
composed of shale-limestone-sandstone sequences and shows the occurrence of columnar to
domal stromatolites. These rocks represent deposition in lagoonal to storm-dominated tidal flat
environments (Chakraborty, 2006; Ramakrishnan and Vaidyanadhan, 2008). The Upper
Vindhyan sequences are considered to have been deposited in the late Mesoproterozoic to
Neoproterozoic based on radiometric, chemostratigraphic and biostratigraphic evidence. These

include phlogopite Ar—Ar age (1074 £ 14 Ma) and paleomagnetic signatures of the Majhgawan
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kimberlite intruding the Kaimur Group (Gregory et al., 2006; Malone et al., 2008), Re—Os
depositional age of 1210 + 52 Ma for the Bijaigarh shales (Tripathy and Singh, 2015), absence
of detrital zircon ages above 1000 Ma (Malone et al., 2008; McKenzie et al., 2011; 2013; Turner
et al., 2014), occurrence of Ediacaran-type fossils (Pandey et al., 2024 and references therein),
carbon and strontium isotopic stratigraphy (Ray et al., 2003; Gilleaudeau et al., 2018), and
Pb—Pb ages of 908 + 72 Ma and 1073 £+ 210 Ma for the Bhander limestone (Gopalan et al.,

2013).

Table 2.2. Generalized stratigraphy of the Vindhyan Supergroup (after Sastry and Moitra, 1984) along
with the major lithology and depositional environment (Sarkar and Banerjee, 2020)

Group | Formation | Lithology | Depositional Environment
Upper Vindhyan
Maihar Sandstone Sandstone, shale Tlde—storm—lr}fILutenced coastal
Sirbu Shale Shale, sHFstone W'Fh sandstone Lagoonal, outer to inner shelf
Bhander intercalation
Group Bhander Limestone Dark grey Ilmself;?ge and greyish Supratidal to tidal flat
Shale, calcareous siltstone and fine- Tide-affected, coastal flat
Ganugarh Shale .
grained sandstone system
Govindgarh Sandstone Pebbly to coarse-grained Sandstone Fluvial
Rewa Jhiri Shale Shale with minor sandstone Inner shelf
Group Asan Sandstone Glauconitic sandstone Inner shelf
Panna Shale Laminated grey, green and brown Inner shelf
shales
Dhandraul Quartzite Sandstone Fluvial delta
Mangesar Formation Sandstone with minor shales Storm-influenced inner shelf
. Bijaigarh Shale Grey black shale, siltstone and Proximal to distal shelf
Kaimur sandstone
Grou . . . -tide-i i
P Ghaghar Sandstone Sandstone with shale intercalation Wave-tide Lr;f;;enced Inner
. White to grey massive bedded Storm-tide-influenced inner
Sasaram Formation
sandstone shelf
Unconformity
Lower Vindhyan
Bhagwar Shale Silicified shale, sandstone and Carbonate Lagoon
Rohtas carbonaceous shale
Subgroup R(_)htasgarh Greyish black limestone and Carbonate platform
Limestone shales
Rampur Shale Glauconitic sandstone, minor shales Inner to outer shelf
Kheinjua | Salkhan Limestone Siliceous and _cherty limestone with Peritidal
. minor shale
Semri Subgroup Olive shale, siltstone and minor
Group Koldaha Shale ' Distal to proximal shelf
sandstones
Deonar Formation Silicified tuff and sandstone Outer shelf environment
. I_(ajrahat Limestone with shale intercalation Distal to proximal shelf
Mirzapur Limestone
Subgroup | Arangi Formation Shale Inner to outer shelf
Deoland Formation |  Snale Sandstone, conglomerate, Alluvial fan to fan delta
limestone

Unconformity

Bijawar, Aravalli and Pre-Aravalli Group/Bundelkhand Granite Basement
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2.1.3. Lesser Himalaya

The Lesser Himalaya sedimentary successions represent Paleoproterozoic to Early
Paleozoic sedimentary formations consisting of autochthonous to para-autochthonous
sedimentary successions bound by the Main Central Thrust (MCT) in the north and the Main
Boundary Thrust (MBT) in the south (Valdiya, 1980; Fig. 2.4). These successions comprise
sediments derived from the passive Indian margin intercalated with granites and acid volcanics
(Valdiya, 2015). Based on lithological and geochronological constraints, they are divided into
the Inner Lesser Himalaya and the Outer Lesser Himalaya, separated by the south-dipping Tons
Thrust (Richards et al., 2005; Valdiya, 1980; Table 2.3; Fig. 2.4). The Inner and Outer Lesser
Himalayan Sequence zones were juxtaposed along the Tons Thrust prior to the emplacement

of the Main Central Thrust sheet atop the Lesser Himalayan Sequence (Célérier et al., 2009a).

MBT - Main Boundary Thust
MCT - Main Central Thrust
TT - Tons Thrust

NAT - North Almora Thrust

Outer Lesser Himalayas (OLH)
Mussorie Group

Jaunsar Group

Inner Lesser Himalayas (ILH)

- Tejam Group
| |pamtha Group
[ Unclassified clastics (Berinag Group)
L Lesser Himalayan Crystallines

@ Sampling point
|

Figure 2.4. Simplified geological map of the Lesser Himalaya showing the distribution of Proterozoic sedimentary
successions in the Outer Lesser Himalaya (OLH) and Inner Lesser Himalaya (ILH) (modified after Rai and Singh,
1983; Ghosh et al., 2016).

22



Chapter 2 — Materials and Methods

Table 2.3. Generalized stratigraphic details of Neoproterozoic-Cambrian succession of outer Lesser
Himalaya (after Ghosh et al., 2016; Hughes, 2016).

assemblage

Group Formation Member Lithology Dep_osmonal
Environment
Sandstone-siltstone interbedded with | Supratidal to intertidal
Upper Tal
purple, brown, and grey shales zones
Tal i
Carbonaceous—pyritic black shale, qurat@al
Lower Tal R to lower intertidal/upper
stromatolitic limestone .
subtidal
Limestone with calcareous Tidal flat to shallow
Krol E . .
shale, siltstone subtidal
Microbial cherty limestone, _ Lagoonal subtidal to
Krol D calcareous shale, siltstone and minor .
deep subtidal
. sandstone
Mussoorie -
Krol Krol C Massive dark grey and blue Lagoonal to shallow
dolomite, brecciated subtidal
Krol B Purple green shale, limestones with Proximal tidal flat and
biohermal stromatolitic dolomite rimmed shelf
Krol A Dolomitic limestone chert, shale Deep to shallow subtidal
Shale, slate, quartzite with pyrite Tidal-flat, lagoonal
Infra Krol .
and nodules of phosphate environment
Blaini Conglomerate, quartzite, diamictite Supratldgl o intertidal
environment
Unconformity
: . Shoreface to proximal
Nagthat White, fawn, p_|nk and purple inner shelf deposit with
quartzite, variegated slates . .
Jaunsar tide and storm influence
Lithic wacke, sublitharenite, Storm-dominated
Chandpur . ;
siltstone and shale progradational shelf
-X-X-X-X-X-X-X-X-X-X-X-Tectonic contact-x-X-X-X-X-X-X-X-X-X-X-
. Shale, slate interbedded with Shallow water littoral
Mandhali - - . .
marlites and argillaceous limestones environment
Tejam Blue to greyish black dolomitic
Deoban limestone, dolostone with bedded Subtidal to intertidal
chert and shale intercalations
Unconformity
. . . Inter-tidal to
Rautgara Quartz-arenites/sublitharenite supratidal/tidal flat
Damtha - -
Quartz wacke-siltstone—shale Inter-tidal to
Chakrata

supratidal/tidal flat

Basement not exposed
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2.1.3.1. Inner Lesser Himalaya

The sedimentary successions of the Inner Lesser Himalaya consist of Paleoproterozoic
to Mesoproterozoic autochthonous siliciclastic rocks of the Damtha and Tejam Groups. These
rocks are dominantly shallow marine argillo-arenaceous sequences associated with intrusive
granites, basic magmatism seismites and acid tuff deposited in a shallowing near-shore
environment (Ghosh et al., 2012, 2016). These sequences have undergone a high degree of
diagenesis and low-grade metamorphism (greenschist to upper amphibolite grade; Célérier et
al., 2009b; Ghosh et al., 2016). The Damtha Group is comprised of turbiditic flysch of the
Chakrata Formation at its base, which grades upwards to a slate-quartzite assemblage of the
Rautgara Formation. An age of ~1.8 Ga (Pb—Pb single zircon age) has been determined for
interbedded mafic volcanics of the Rautgara Formation, constraining a Paleoproterozoic age
for the Damtha Group (Miller et al., 2000). This Group is conformably overlain by the Tejam
Group, which comprises the carbonate-dominated Deoban Formation and argillo-calcareous
Mandhali Formation. The Deoban sequence consists of stromatolitic carbonates deposited in a
shallow marine stable tidal-flat condition (Virdi, 1995). Based on the presence of stromatolites,
a Mesoproterozoic (Riphean) age has been assigned for this Group (Valdiya, 1980; Bhargava
et al., 2011). The Mandhali Formation consists of carbonaceous shales intercalated with
dolomites deposited in a poorly ventilated shallow marine environment that experienced
periodic anoxicity (Valdiya, 2015). A late Neoproterozoic age (upper Riphean to Vendian) has
been assigned to this Group (Valdiya, 1980).

2.1.3.2. Outer Lesser Himalaya

Overlying the autochthonous Inner Lesser Himalayan zone is the para-autochthonous
Outer Lesser Himalayan Krol belt succession spanning the Neoproterozoic to early Cambrian
interval. These strata occur as a series of doubly plunging synclines comprised of the
Nigalidhar, Mussoorie, Nainital and Garhwal synclines. The Outer Lesser Himalayan rocks
have undergone low degrees of thermal metamorphism, as evidenced by the Raman Spectra
analysis of carbonaceous matter from the Mussoorie syncline (Célérier et al., 2009b). The Krol
nappe consists of two groups of sedimentary rocks, the Neoproterozoic Jaunsar Group and the
Neoproterozoic to Cambrian Mussoorie Group. The Jaunsar Group represents a coarsening
upward stratigraphic sequence constituted by the phyllites and siltstones of the Chandpur
Formation at the base and the slates-orthoquartzites of the Nagthat Formation. This Group
represents a changing depositional environment from deep water to a progradational shelf
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affected by occasional storms and transgressive events (Pant and Goswami 2002). The
stratigraphic position below the ~692 Ma Blaini Formation and the occurrence of detrital
zircons of ~0.8 Ga constrain a Neoproterozoic age for the Jaunsar Group (Celerier et al., 2009a;
Etienne et al., 2011). The Jaunsar Group is conformably overlain by the glaciomarine-
arenaceous-argillaceous sequence of the Mussoorie Group consisting of the Blaini, Infra Krol,
Krol and Tal successions, representing the inner part of a passive continental margin
(Brookfield, 1993). The Blaini Formation consists of diamictite units separated by shale-
sandstone alternations (Brookfield 1987). A maximum depositional age of 692 + 18 Ma
(Pb—Pb detrital zircon age) has been provided for the Blaini diamictites (Etienne et al., 2011).
The uppermost unit of the Blaini Formation is the Infra Krol succession, consisting of
carbonaceous shales and pyritiferous phosphates deposited in a euxinic lagoonal environment
(Valdiya, 2015). The Infra Krol succession grade into the shallow marine carbonates and
siliciclastics of the Krol and Tal units (Valdiya 1980). The Krol Formation is dominated by
argillaceous limestones, marls, and slates in the lower parts (Krol A, B, C) and microbial
dolomites (Krol D and E) in the upper parts representing a supratidal to shallow-subtidal
environment (Valdiya 1980; 2015). Sequence and carbon isotopic stratigraphy of the Krol
Group has been correlated with the Dengying and Doushantuo Formations in South China
(Aharon et al., 1987; Jiang et al., 2003; Kaufman et al., 2006).

The Tal Formation overlies the Krol Formation and represents a transition to the early
Cambrian. The lower member of the Tal Formation is comprised of carbonaceous—pyritic black
shales, stromatolites, chert-phosphorite horizons and subordinate black limestone with the
occurrence of penecontemporaneous deformation structures. The upper member consists of
ripple-marked sandstone-siltstone sequences interbedded with purple, brown and grey shales.
The Tal Formation was deposited in a barred basin with an open ocean connection where
restricted circulation, episodic anoxicity and basin upwelling were prevalent (Valdiya, 2015;
Mazumdar et al., 1999; Bhargava et al., 2021). This succession is also characterized by
assemblages of small shelly fauna such as Anabarites, Protohertzina, and Maldeotaia (Bhatt et
al., 1985; Brasier and Singh, 1987). Both chemostratigraphic (carbon and oxygen isotopes) and
biostratigraphic evidence (acritarchs, small shelly fauna, trilobites, and brachiopods) support
the presence of the Precambrian-Cambrian boundary within the Krol-Tal succession (Azmi
1983; Aharon et al., 1987; Banerjee et al., 1997; Jiang et al., 2003). Re—Os dating of black
shales from the Lower Tal Formation have yielded an age of 535 + 11 Ma (Singh et al., 1999).
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An older Rb—Sr age of 626 + 13 Ma (Sharma et al., 1991) has also been reported from the

Lower Tal, which may have been influenced by sediment provenance age.
2.2. Sampling

2.2.1. Cuddapah Basin

Samples from the Cuddapah Basin come from the Cumbum (Nallamalai Group) and the
Tadpatri (Chitravati Group) Formations (Fig. 2.5). Shales from the Cumbum Formation were
collected from an open cast mine section at Mangampeta village, Andhra Pradesh (14°01'27"
N, 79°19'16"E; Fig. 2.2). This shale sequence had an overall thickness of ~100 m and overlaid
dolomite and barite ore body. The targeted region was above the northern lens of the barite ore
body and consists of freshly excavated black shales with minimal to no surface alterations.
Sampling was carried out both spatially and stratigraphically from different parts of the mine
away from the ore body. Occurrences of cm-sized pyrite grains were observed in the lower part
of the shale sequences close to the ore body, which were avoided during sampling to prevent
the nugget effect. The Tadpatri shales were collected from an abandoned mine near
Yagantipalle village, Andhra Pradesh (15°19'02"N, 78°11'41"E; Fig. 2.2). The shale exposure
was ~1.5 m thick and was exposed below a large dolerite sill body. The shale layers close to

the intrusive body were characterized by small-scale veins and were avoided during sampling.

2.2.2. Vindhyan Basin

Representative samples from the Vindhyan Basin were collected from the Kajrahat
Limestone (Semri Group) and Bijaigarh Shale (Kaimur Group) sequences (Fig. 2.6). Shales
from the Kajrahat Formation (24°26'49.0"N, 82°59'59.1"E; Fig. 2.3) were collected from a
limestone quarry near Dalla village, Uttar Pradesh. The shale layers in the quarry section were
found intercalated between limestone beds. The collected samples from these layers were very
fresh, with their thickness varying between ~20 cm and ~1 m. The Bijaigarh Shale samples
were collected from a railway cutting exposure close to the Churk Railway Bridge, Uttar
Pradesh (24°37'37.7"N, 83°06'42.0"E; Fig. 2.3). The entire shale sequence was ~50 m in length
with a thickness of ~8 m. Representative samples were collected from different parts of the

exposed section.
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2.2.3. Lesser Himalaya
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Organic-rich shale samples belonging to the lower Tal Formation were collected from
an abandoned mine section near the Maldeota village, Uttarakhand (30°21'50.17"N, 78°

8'30.11"E; Fig. 2.7). These rocks were well laminated, and disseminated pyrite grains

(mm-sized) were observed in hand specimens of these shales. Shale samples from the

underlying Chandpur Formation (Jaunsar Group) of Neoproterozoic age (Richards et al., 2005;

Negi et al., 2022) were collected from a road-cut section near the Yamuna River bridge, Lohari
Village, Uttarakhand (30°30'50.40"N, 77°59'49.20"E). All the collected samples were mostly

undeformed and least metamorphosed. During sampling, care was taken to expose fresh

surfaces and collect samples with no observable veins, fractures or surficial weathering.
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2.3. Analytical methods

2.3.1. Sampling protocol

The samples used in this work include both archived and newly collected organic-rich
shales from two field campaigns. As mentioned earlier, these samples, with no observable
surface alteration, were collected from freshly excavated road cuts and mine sections. Further,
the samples were collected from regions away from veins, intrusion contacts, and weathered
domains. About 2 kg of bulk rock samples were collected from the outcrops, properly packed,
and transported to 1ISER Pune for further processing. At IISER Pune, the shale samples were
further chipped into cm-sized fragments, and these chips were washed using de-ionized water
and dried overnight at 60°C in a hot air oven. About 90 g of these chips were powdered to
<100 pm size using an agate mortar and pestle, and properly stored in polypropylene containers.
Preparation of reagents and subsequent dilutions was always done using de-ionized water
(18.2 MQ); Millipore systems). The detailed workflow of the analytical methods adopted in this
study is provided in Fig. 2.8.

2.3.2. Geochemical analyses

2.3.2.1. Major and Trace elemental analyses

Major oxide concentrations were determined on fusion beads of samples using a
wavelength-dispersive X-ray fluorescence Spectrometer (WD-XRF; Bruker S8 Tiger) at IISER
Pune using our established methodology (Samanta et al., 2022). Prior to bead preparation,
samples were combusted at 950°C in quartz crucibles and the weight loss was noted to
determine the Loss on Ignition (LOI) of the samples. For fusion bead preparation, about 500
mg of these ashed samples was mixed with lithium tetraborate-metaborate flux (66% Li2B4O7
and 34% LiBO2; FLUXANA) at a fixed proportion (1:17), and this mixture was fused in a
platinum crucible at 1050°C. The resultant bead was introduced into the XRF machine, and the
characteristic fluorescent wavelengths were quantified to determine oxide compositions. The
instrument was calibrated using the GEO-QUANT ADVANCED package (Bruker), which
includes a set of 32 reference standards comprising geological materials of different
compositions. Quality check specimens (n = 5) were analyzed prior to the initiation of any batch

to check instrumental performance.
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Figure 2.8. Flowchart depicting the analytical methods followed in this study.
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To determine the accuracy of the measurements, USGS rock standards BHVO-2 and
BCR-2 were prepared and analyzed using the same methodology. Results from these
measurements for all oxides match within £1% of their reported values (Fig. 2.9). Also, average
sample reproducibility, based on repeat analysis of sample aliquots, was found to be ~ £+1%
(n=8).
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Figure 2.9. Comparison of measured and reported major oxide values for USGS-certified reference materials
(a) BCR-2 and (b) BHVO-2. The dotted diagonal line represents the 1:1 line.

For trace elemental (including REE) analysis, ~100 to 200 mg of powdered samples
were weighed into 100 ml PFA liners and digested completely using HF-HCI-HNOs acids in a
microwave digestion unit (Anton Paar Multiwave Pro). This digestion method spanned
~90 min, which involved 30 min of ramp time at 0.3 bar/s pressure increments (to attain power
of 1200W) and 60 min of hold time. The vessel temperature and pressure during the microwave
digestion were typically ~190°C and 50 bar, respectively. After this procedure, the entire
solution was transferred to a pre-cleaned PFA beaker (50 ml; Savillex), dried to a drop, and
then treated with aqua regia for 12 hours. The solution was further dried and diluted using 0.3N
HNOs and stored in pre-cleaned polypropylene bottles. Ultrapure grade (HF; Sigma Aldrich)
or double-distilled (HNOs and HCI) acids were used during the digestion procedure. The
digested solutions were diluted (~500 times) using 0.3N HNOs and measured for their trace
elemental concentrations using a quadrupole ICPMS (Thermo iCAP Q) in Kinetic Energy
Discrimination (KED) mode. The typical instrument parameters during these measurements are
given in Table 2.4. In addition, the phosphorus concentration of the digested solutions for the
Vindhyan and Cuddapah samples were also measured using an ICP-OES instrument and are
used for the Redfield ratio comparison (cf. Chapter 5).
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Table 2.4. Typical operating parameters and settings of Q-ICPMS instrument during trace element
analyses.

Instrumental Parameters Details
Mode Kinetic Energy Discrimination
Plasma Power 1550 W (Hot Plasma)
RF Frequency 1.95 MHz
RF Amplitude 1100 V
Sample Uptake rate 1 ml/min
Uptake and Wash Time 60s and 60s
Spray Chamber temperature 2°C
Carrier Gas Argon
Carrier Flow 14 ml/min
Auxiliary Flow 0.8 ml/min
Nebulizer Flow 1.12 ml/min
Additional Gas Helium
Additional Gas flow 4.5 ml/min

A standard calibration line was created using different dilutions of the dissolved USGS
rock standard BCR-2 to estimate the elemental concentrations. Samples were normally
analyzed in batches of 10, where each batch was bracketed by standards and knowns to check
for internal precision and instrumental drift. In addition to the samples, certified USGS
reference materials BHVO-2 and SGR-1b were processed and measured to constrain the data
accuracy (average ~6%; Table 2.5). Replicate digestions of sample aliquots (n = 8) were carried
out to determine the external reproducibility of these measurements (average ~4%; Table 2.6
and 2.7).

The measured elemental concentrations (X) were used to compute the elemental
enrichment factors (Xer) with respect to the upper continental crust (UCC) compositions
(Rudnick and Gao, 2003). The Xer is computed as (Tribovillard et al., 2006):

(*/a)
X — sample 2.1
EF (X/Al)UCC ( )
Further, the Ce-anomaly for the samples was computed (Taylor and McLennan, 1985) as

follows:

Cesample
Ce CePAAS (2 2)

Ce*
\/Lasamplexprsample

Lappaas  Prpaas
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Table 2.5. Comparison of measured and reported trace elemental compositions for USGS-certified
reference materials (BHVO-2 and SGR-1b).

USGS BHVO-2 USGS SGR-1b
Element Measured Reported* Measured Reported*
(ng/g) (ng/g) (ng/g) (ng/g)
Sc 31.9+1.8 31.8+0.3 50+£0.2 4607
\Y 319+£13 318+2 1202 128+ 6
Cr 286 + 25 2873 31+3 303
Mn 133355 1309 £ 15 2506 263 £ 31
Co 454+£24 449+0.3 11.4+0.1 11.8x15
Ni 120+ 4 120+1 30.2+1.3 -
Cu 124 +3 120+1 69%5 669
Zn 102+3 104 +1 72+2 749
Rb 9.1£0.2 9.3£0.1 79%3 83x6
Sr 394+9 394 +£2 398+ 6 420 £ 30
Mo 4106 41x0.2 355+£1.2 35109
Cd - - 1.16 £0.13 1.14*
Ba 132+5 131+1 300 £ 17 290 £ 40
Th 1.18 £ 0.04 1.22 +£0.02 48+04 48x0.2
U 0.41 £0.02 0.41+£0.04 53x0.1 54+04
La 153+05 152+0.1 19.1+0.3 20.3+1.8
Ce 37417 37.5+£0.2 33.2+04 364
Pr 5.38 £ 0.26 5.34 £ 0.03 - -
Nd 241 +£09 24.3+0.2 147+0.2 155+17
Sm 6.05 + 0.26 6.02 £ 0.06 26+0.1 2.7%£0.3
Eu 2.06 £ 0.08 2.04 £0.01 0.52+0.10 0.56+0.09
Gd 6.15 + 0.26 6.21 £ 0.04 - -
Th 0.94 + 0.04 0.94+0.01 0.33+0.01 0.36+0.04
Dy 531+0.24 5.28 £0.03 - -
Ho 1.00 £ 0.04 0.99 +£0.01 - -
Er 2.52 +0.09 251+0.01 - -
Tm 0.338 £ 0.012 0.335 £ 0.003 - -
Yb 1.99+0.09 1.99 +0.03 - -
Lu 0.281 = 0.007 0.275 = 0.002 - -

*USGS Reference Information sheet “Hu and Gao, 2008
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Table 2.6. Comparison of trace elemental data for replicate samples.

Vv Cr Mn Co Ni Cu Zn Zr Mo Y Th U Sr Ba

Sample ID* Aliquot

ng/g
HM15.11B (i) 11.1 102 63 264 116 56 35 84 187 159 249 127 7.8 83 392
(ii) 116 101 64 264 116 55 34 89 197 159 229 134 7.6 87 336
HM15.138 (i) 115 103 66 259 103 40 33 80 187 159 246 127 7.1 65 467
(ii) 106 105 66 262 113 42 34 8 195 163 249 131 7.2 68 460
HML5.20A (i) 119 96 63 307 107 43 28 96 183 134 249 135 81 91 651
(ii) 116 97 61 310 99 41 27 93 179 133 250 129 80 86 693
CDP21.17 (i) 52 191 74 76 95 41 24 49 258 6.7 131 7.8 27 15 406
(ii) 54 198 75 74 96 42 26 52 269 69 132 84 26 16 416
CDP21.23 (i) 54 184 95 17 103 46 41 63 309 7.1 123 103 27 10 1074
(ii) 53 186 94 17 100 45 39 57 28 71 116 103 25 10 1011
CDP2L108A (i) 18.0 140 115 532 153 49 8 160 156 06 242 142 35 25 309
(ii) 17.0 140 114 542 154 50 8 175 160 06 241 137 35 25 301
VIN22-25A (i) 8.4 48 52 212 88 28 14 73 83 0.2 97 100 22 37 189
(ii) 8.8 49 54 221 91 29 15 75 88 0.2 100 100 22 39 194
VIN22-07A (i) 96 186 35 31 40 26 13 55 165 231 479 99 204 51 462
(ii) 88 177 34 30 38 26 13 52 161 237 472 102 209 48 450

*A, B and C represent different powdering aliquots of the same sample
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Table 2.7. REE concentration data of replicate digestion aliquots.
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i La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu
Sample ID* Aliquot
ng/g

HM15-11B 0] 35.9 725 8.6 30.6 5.6 1.0 5.0 0.7 4.3 0.9 2.6 0.4 2.4 0.4
(i) 35.0 66.8 8.1 29.4 5.3 1.0 4.6 0.7 4.0 0.8 2.5 0.4 2.3 0.4
HM15-13B Q) 32.2 64.5 7.4 27.3 5.3 1.0 4.2 0.7 3.9 0.8 2.6 0.4 2.2 0.4
(i) 34.2 68.8 8.0 28.7 5.6 1.0 4.5 0.7 3.8 0.8 2.5 0.4 2.3 0.4
0] 28.4 55.3 6.8 24.4 5.4 1.0 4.6 0.7 4.1 0.8 2.5 0.4 2.2 0.4

HM15-20A ..
(i) 26.6 53.0 6.4 23.3 5.4 1.0 4.3 0.7 4.0 0.8 2.6 0.4 2.1 0.4
CDP21-17 Q) 9.9 17.5 2.3 8.8 2.0 0.5 2.0 0.3 1.9 0.4 1.2 0.2 1.4 0.2
(i) 8.9 15.1 2.2 8.4 1.9 0.5 2.0 0.3 2.0 0.4 1.3 0.2 1.4 0.2
CDP21-23 0] 32.6 59.4 7.2 24.2 4.1 0.8 3.4 0.4 2.3 0.5 1.34 0.2 1.3 0.2
(i) 30.5 54.8 6.6 22.2 3.8 0.7 3.3 0.4 2.2 0.4 1.24 0.2 1.3 0.2
i 40.3 76.9 8.8 31.2 5.6 1.2 5.1 0.7 4.1 0.8 2.35 0.4 2.2 0.3

CDP21-108A (I)
(i) 375 73.5 8.5 29.7 5.4 1.2 4.9 0.6 4.0 0.8 2.35 0.3 2.2 0.3
VIN22-25A (|) 5.8 13.4 1.7 6.2 1.4 0.3 1.3 0.2 1.40 0.3 1.0 0.2 1.0 0.2
(i) 5.9 13.5 1.6 6.2 1.4 0.3 1.3 0.2 1.39 0.3 0.9 0.2 1.0 0.2
VIN22-07A (|) 40.8 80.6 10.3 35.5 5.5 1.2 6.0 1.1 7.25 1.7 5.3 0.8 5.3 0.8
(i) 40.3 80.4 10.3 34.9 5.7 1.2 6.0 1.0 7.32 1.7 5.3 0.9 5.4 0.8

*A, B and C represent different powdering aliquots of a sample
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2.3.2.2. Carbon, Nitrogen and Sulfur analysis

Total Carbon (TC), Total Nitrogen (TN) and Total Sulfur (TS) measurements were
carried out using an elemental analyzer (Elementar vario Pyro Cube) at IISER Pune. For this,
a known amount (~30 mg) of bulk sample powder, along with an oxidant (WQs3), was packed
in tin foil and combusted at 1150°C. The amounts of CO2, N2, and SOz gases that evolved
during this process were calibrated using a linear fit between the analyte quantity and the
measured peak areas for a standard to determine the concentrations for the samples. The
accuracy of the analysis was estimated by repeat analysis (n = 26) of shale standard SGR-1b
which yield overlapping TC (26.98 + 0.30 wt%), TN (0.84 = 0.04 wt%) and TS (1.50 = 0.06
wt%) values to its reported values (TC = 27.24 £ 0.31 wt%, TN = 0.88 to 0.91 wt% and TS =
1.46 = 0.12 wt%; Han et al., 2017; Stleken et al., 2020). The average precision of these

measurements, based on replicate sample analyses, was found to be +4% (n = 24).

The Total Inorganic Carbon (TIC) content of the samples was determined using a
coulometer (UIC Inc. CO2 Coulometer; Tripathy et al., 2014). For this experiment, ~30 mg of
bulk sample powder was treated with 5% ortho-phosphoric acid at 80°C. The amount of CO2
liberated during this process was passed into a coulometer cell and quantified using
electrochemical titration. The calibration of the instrument was done using known amounts of
Na2COs, which was also used to check the accuracy and reproducibility of the experiment
between sample measurements. Repeat analysis of samples produced a precision of ~4% (n =
10).

2.3.2.3. Iron Speciation and Degree of Pyritisation (DOP)

Iron Speciation analysis was carried out following the analytical methodology of
Poulton and Canfield (2005) and is outlined in Table 2.8. In this method, the amount of
biogeochemically active Fe (Ferr) is calculated by sequential extraction and quantification of
iron pools associated with sulfide (Fery), carbonate (Fecarb), oxide (Feox) and magnetite (Femag)
phases. Towards this, about 50 to 100 mg of bulk sample powders were weighed into 50 ml
centrifuge tubes and sequentially treated with a fixed volume (15 ml) of sodium acetate, sodium
dithionite and ammonium oxalate solutions (Fig. 2.10). After each step, the samples were
centrifuged, and the supernatants were collected to determine their Fe contents. The first step
involved treatment with 1M sodium acetate solution (buffered to a pH of 4.5 using acetic acid)

for 48 hours at a temperature of 50°C in a water bath. This step extracts iron associated with

37



Chapter 2 — Materials and Methods

carbonate (Fecarb) phases such as siderite and ankerite. During this step, the samples were
periodically sonicated and degassed to remove the CO2 during initial carbonate dissolution.
The residues from this step were then treated with 0.05% sodium dithionite solution (pH = 4.8)
buffered with 0.35M acetic acid and 0.2M sodium citrate for 2 hours. The sodium dithionite
solution was always prepared immediately prior to use in order to avoid the oxidation of the
solution and reduction in its extraction potential. This step extracts iron associated with oxides
(Feox) such as goethite, akaganeite, and hematite. The last step involved treatment of the
residues from step 2 with 0.2M ammonium oxalate/0.17M oxalic acid solution (pH = 3.2) for
6 hours. This step extracts Fe associated with magnetite (Femag) phases. During the extraction
period, the samples were always kept under constant agitation by means of a shaker table. The
solutions collected after each extract were diluted (~5 to 10 times) using 0.3N HNOs, and their
Fe contents were determined using an Atomic Absorption Spectrometer (ThermoFisher iCE
3500) using a standard calibration approach. Different dilutions of a single-element standard
solution were prepared and measured to create a standard calibration line for Fe. All the
solutions were aspirated into an air-acetylene flame (T = 2300°C) and quantified using the

characteristic absorption line of Fe (248.33 nm).

Table 2.8. Overview of the iron extraction protocol followed in this study (after Poulton and Canfield,
2005).

Iron Phase Reagent/Methodology Terminology
Carbonates Sodium acetate Fe
(Siderite, Ankerite) (pH=45+0.1) car

Oxides . e
(Ferrihydrite, Hematite, S(O?_:u_mdfdéﬂl'gnl';e Feox

Goethite) pR=40%0.
. Ammonium oxalate

Magnetite (pH=3.2+0.1) Fémag
Pyrite Chromous chloride distillation Fepy
Reactive Iron Boiled concentrated HCI Fer
Total Iron XRF Fer

Sodium acetate
pH=4.5
t=48 hours, T =50°C

Bulk sediment powder
(500 to 1000 mg)

Sodium dithionite

Residue pH=4.38
t= 2 hours

Ammonium oxalate

Residue pH=3.2
t=6 hours

i i
00

Figure 2.10. Flow chart illustrating the iron speciation methodology followed in this study (after Poulton and
Canfield, 2005).
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Pyrite-bound Iron (Fepy) was determined separately on bulk powders by quantifying the
amount of Fe extracted during a chromous chloride distillation (Canfield et al., 1986). For this,
1M chromium chloride prepared in 0.5N HCI solution was used. Prior to analysis, this solution
was added into a glass flask containing ~50 g of zinc shots/granular zinc and purged with N2
for ~2 hours to enable the conversion of chromium chloride to chromous chloride (Fig. 2.11a).
The chromous chloride solution was stored in glass BOD bottles (Borosil) and was always used
within 48 hours. The distillation apparatus consists of a reaction vessel made of a three-neck
glass round bottom flask (Borosil) kept over a heating mantle (Fig. 2.11b). The main aperture
of the vessel was connected to a water-cooled condensation unit, which led to a sulfide trap
composed of 40 ml solution of 10% NH4OH and 5% AgNOs mixture. The other apertures were
connected to a gas line for N2 (99.99%) bubbling and a dropping funnel for reagent
introduction. For the extraction, 500 to 1000 mg of sample (estimated based on sulfur content)
along with 10 ml of ethanol was taken in the reaction vessel, connected to the apparatus and
flushed with N2 gas to remove traces of air. The occurrence of Acid Volatile Sulfur (AVS) was
checked by the addition of ~10 ml 6N HCI solution and subsequent heating of the reaction
vessel. If no precipitates were found in the trap solution, a mixture of 1M chromous chloride
(35 ml) and 12M HCI (15 ml) was added to the reaction vessel for 2 hours. The liberated Hz2S
from this reaction was trapped as silver sulfide (Ag2S) by bubbling through the silver nitrate
trap solution. These precipitates were filtered using a vacuum filtration system, thoroughly
washed with de-ionized water and dried at 60°C. Fe associated with pyrite (Fery) was then
calculated gravimetrically by weighing the silver sulfide precipitates, assuming a stoichiometry
of FeSz2. The amount of highly reactive iron pool (Fenr) is calculated by adding the Fe content
of the individual extractions (Ferr = Fecarb + Feox + Femag + Fepy). The amount of HCI reactive
iron (Fewnci) was determined by treating samples with boiling 12N HCI (Berner, 1970). The
Degree of Pyritization (DOP) value for these samples was computed (Berner, 1970) as follows:

FEPy

DOP = (2.3)

Fepy+Fepc

The efficiency of all the Fe-extractions was monitored by replicate extractions of
reference material WHIT (Alcott et al., 2020), which gave an accuracy within £7% (n = 15)
from the reported values (Table 2.9). Replicate extractions of sample aliquots gave a

reproducibility within +5% (n = 11).
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Figure 2.11. Schematics of (a) chromic to chromous chloride conversion and (b) the experimental setup for pyrite

extraction (after Canfield et al., 1986).

Table 2.9. Comparison of measured and reported iron speciation dataset of reference material WHIT.

Iron phase Measured value (wt%o) Reported Value* (wt%o)
Fecarn 0.56 £ 0.02 0.58 £0.03
Feox 0.064 + 0.004 0.062 + 0.009
Femag 0.10+0.01 0.10+0.01
Fepy 1.93 +0.09 1.97 +0.09
Fena 1.00 £ 0.05 0.97+£0.10

*Alcott et al., 2020, Errors are reported in Io.
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2.3.3. Isotopic analyses

2.3.3.1. Bulk Nitrogen, Organic Carbon and Pyrite Sulfur isotopic measurements

Carbon, Nitrogen and Sulfur isotopic compositions were determined using the EA-
IRMS facility at 1ISER Pune following published protocols (Venugopal et al., 2023). Nitrogen
isotopic compositions (8'°Nbuk) were determined on the bulk sample powders. For organic
carbon isotopic analysis, the samples were first decarbonated to obtain carbonate-free fractions.
Towards this, ~1 g of powdered sample was treated with 0.6N HCI at ~80°C for 2 hours,
followed by rinsing with de-ionized water. This step was repeated thrice to completely remove
traces of carbonate minerals in the samples. The residue was dried at 60°C in a hot air oven,
homogenized using an agate mortar and stored. This powder was then used for determining the
isotopic composition of organic carbon (83Corg) in the samples. For obtaining the pyrite-sulfur
isotopic compositions (834Spy), analyses were carried out on the dried and homogenized silver

sulfide extracts obtained during the chromous chloride distillation process (cf. Section 2.3.2.3).

For all the isotopic determinations, the powdered fractions were packed in tin foil and
mixed with equal amounts (by weight) of an oxidation catalyst (Tungsten oxide) and
combusted at 1150°C in an elemental analyzer (Elementar vario Pyro Cube) that was coupled
to a continuous flow Isotope Ratio Mass Spectrometer (Elementar Isoprime precislON).
Isotopic signals of sample and reference gases were detected at masses 28, 29 and 30 for
nitrogen; 44, 45 and 46 for carbon; 64 and 66 for sulfur. The isotopic measurements are

reported in delta notation (in %o units) as follows:

5 = (Rsample_Rstandard) % 1000 (2.4)
Rstandard
where, R is either 1°N/*N, 13C/*2C or 3*S/%2S. Nitrogen isotopes are expressed as 5°N relative
to atmospheric N2 (Air), carbon isotopes as &3C relative to Vienna Pee Dee Belemnite
(V-PDB), and sulfur isotopes as %S relative to Vienna Cafion Diablo Troilite (V-CDT). The
measured isotopic values were calibrated against several laboratory standards (Sulfanilamide,
Merck Sucrose, Fluka Sucrose, Silver Sulfide, Barium Sulfate and Ammonium Sulfate), which
were already calibrated with respect to international standards. The reported isotopic
compositions for the international standards are as follows: IAEA-CH-3 (6*C = —24.72 +
0.04%o), IAEA NOs3 (3N = +4.7 + 0.2%0), USGS 25 (8"*N = —31.40 + 0.27%0), |IAEA-S1
(-=0.30 £+ 0.03%0), TAEA-S2 (+22.62 =+ 0.08%0) and IAEA-S3 (—32.49 =+ 0.08%o).

41



Chapter 2 — Materials and Methods

Samples, bracketed by the laboratory standards, were run in batches of 10. The long-term
precision of these internal standards, measured over the course of the analysis, was found to be
better than 0.09%. for carbon (1o, n = 82), 0.28%o for nitrogen (1o, n = 49), and 0.31%. for
sulfur (1o, n = 52). The accuracy of these measurements was constrained by measuring USGS
reference material SGR-1b (Fig. 2.12) which yield §°N = +17.43 + 0.14%o (16, n = 18) and
S13C = —-24.79 + 0.14%o (15, n = 15), consistent with the reported values (5°N = +17.43 +
0.17%o and +17.80 + 0.35%o; 8*3C = —25.02 + 0.47%o; Han et al., 2017; Stiieken et al., 2020).
Reproducibility of the isotopic analysis, determined by replicate sample analysis, was 0.28%o
for nitrogen (1o, n = 12), 0.09%o for carbon (1o, n = 13), and 0.31%o for sulfur (1o, n = 11)

measurements (Table 2.10).

19.0
(a)
18.5
1801
£ | _ _ _ N T _
['2]
‘_bo I —_— —_— QE— —_— e e S — —
17.0 ‘
16.5 "N =17.43 £ 0.14 %o
(1o, n = 18)
160 T T T T T T T T T T T T T T T T T T
1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18
Measurement Number
240
(b)
245 1= 9 ¢ ¢ ;‘;j —————————————————
z ¢4, ¢
250 -
oo T T T ® ¢ o * 7 |
"o
-25.5
51*C =-24.79 + 0.14 %o
(10, n=15)
'260 T T T T T T T T T T T T T T T

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15

Mesurement Number
Figure 2.12. Measured bulk (a) nitrogen and (b) carbon isotopic data for USGS SGR-1b. The grey-shaded region
represents the 20 interval.
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Table 2.10. Replicate analyses of bulk Nitrogen (8'*Nbuik), organic carbon (8'*Corg), and pyrite-S (6*Spy) isotopic data.

8" Nouk (Air) 8Corg (V-PDB) 5%Spy (V-CDT)

Sample ID Aliquot " Sample ID Aliquot ”"e Sample ID Aliquot "
HM15-10A ((I'I)) (1);8 HM15-12A ((I'I)) :211‘5‘ HM15-21B ((I'I)) ;gg
i Gy wsme 0 BE 0 wesws (o
wisza O 0 o B0 s 8
HM15-14A ((I'I)) 138 HM15-10B ((I'I)) :211‘5‘ HM15-13B ((I'I)) j;i
HM15-17A ((I'I)) 2:33 HM15-16A ((I'I)) :gg:gg HM15-21A ((I'I)) ;gé
o O 18 e e
oz T om0 BB oma B
comis () g wmam O XE owmw 0 5%
e e e
CDP21-137 ((I'I)) 222 CDP21-99A ((I'I)) :2283 CDP21-142 ((I'I)) 18‘112
VIN22-29C ((I'I)) 2(2); VIN22-29B ((I'I)) :;jgf CDP21-17 ((I'I)) 12?(1)
meas 0 0w o e

VIN22-07A ((I'I)) :21;(9)
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2.3.3.2. Molybdenum isotopic analysis

Mo isotopic analyses were carried out in the acid-digested sample solutions used for
trace element measurements following a double spike method (Siebert et al., 2001; Rudge et
al., 2009; Rahaman et al., 2014; Goswami et al., 2022) at the Physical Research Laboratory,
Ahmedabad, India. Based on the measured Mo concentration, precisely weighed sample
solutions were mixed with an appropriate amount of *’Mo—®®Mo double spike solution and
allowed for sample-spike equilibration. Subsequently, pure Mo was extracted from the sample-
spike mixture using anion exchange chromatography (Biorad AG1-X8 resin; Pearce et al.,
2009; Table 2.11).

Table 2.11. Molybdenum purification scheme adopted in this study (after Pearce et al., 2009).

Step Reagent Volume
ml
Cleaning 1IN HCI 32
Conditioning IN HF + 0.5 N HCI 4
Sample Loading AN HF + 0.5 N HCI 6
. o AN HF + 0.5 N HCI 8

Washing/Rejection

4N HCI 16
Collection 3N HNO3 10

The Mo isotopic composition of samples was measured using a MC-ICP-MS (Thermo
Neptune Plus) in low-resolution mode. Sample solutions having Mo concentration of ~50ng/ml
were introduced into the MC-ICP-MS instrument through an APEX-HF (Elemental Scientific
Inc.) desolvating nebulizer system. The measurement was carried out in blocks of 10, each with
10 cycles per block. For each cycle, the integration time was set to 8s with an idle time of 3s.
All seven Mo isotopes, %Mo, %Mo, *Mo, *®Mo, *’"Mo, *®Mo, and Mo, were measured using
a static multi-collection mode. In addition, signals of 'Zr and **Ru were also constantly
monitored to check the isobaric interference on Mo isotopes. After each sample analysis, the
system was rinsed with 0.4N HNOs until the signals matched the initial background levels. The
measured data was corrected offline employing the MATLAB algorithms of Rudge et al. (2009)
for instrumental mass bias to obtain the Mo isotopic abundances of samples (Goswami et al.,
2022). Finally, the Mo isotopic composition is reported in a delta notation relative to NIST
SRM 3134 with a positive offset of +0.25%o (Négler et al., 2014):

§%8Mo =

( 98Mo/gsMo)sam le
ple _ 1] X 1000 + 0.25 %o (2.5)

( °8Mo0/9°M0)sprM3134
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The internal precision of the measurements was always better than £0.04%o (20y).
External precision of Mo isotopic analyses was constrained by measuring replicate samples and
was found to be £0.05%. (Table 2.12). Procedural blanks, determined by using the Mo double
spike solution, yield values that were two orders of magnitude lower than the total Mo processed
and hence, were unlikely to have any measurable impact on the Mo isotopic data within its
precision level (Table 2.13). A certified reference material, USGS SDO-1, was also measured
repeatedly during the course of the analyses. The average §*Mo values of this standard is found
to be 1.04 £ 0.15%o (1o, n = 5; Table 2.14), and this is consistent with the values reported by
other studies, which range from 0.98%. to 1.41%. (Duan et al., 2010; Barling et al., 2001,
Goldberg et al., 2013; Goswami et al., 2022).

Table 2.12. Results of replicate Mo measurements of sample aliquots.

3%Mo*
Sample ID Aliquot
%0

Q) 0.66 £ 0.02
CDP21-23 N

(i) 0.64 + 0.02

(i 0.60 £0.03
CDP21-129 N

(i) 0.59 £0.02

(i) 0.77 £0.03
CDP21-140 N

(i) 0.75+0.03

*Errors are in 20,

Table 2.13. Total analytical blank for Mo isotopic measurements.

Mo
Sample ID

ng
TAB 1 1.9
TAB 2 1.4
TAB 3 1.1
TAB 4 1.3
TAB S 1.3
TAB 6 1.2
TAB7 1.3

Average 14+03
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Table 2.14. §®Mo values for USGS reference material SDO-1 measured during this study.

Sample ID §7Mo
%o
SDO-1-A 1.30
SDO-1-B 1.01
SDO-1-C 0.94
SDO-1-D 0.95
SDO-1-E 1.00
Average 1.04 £0.15

2.3.3.3. Re—0Os concentrations and isotopic measurements

The Re—-Os isotopic measurements were carried out on a commercial basis at the
Institute of Geology of the Czech Academy of Sciences following the protocol outlined in
Ackerman et al. (2019). In brief, about 0.1 g of powdered sample, along with a known amount
of 185Re-1900s spike solution, was dissolved in a sealed Carius tube using CrOs—H2S04 mixture
at 240°C for ~72 hours (Selby and Creaser, 2003). A solvent extraction approach involving
CHsCl and HBr solutions was adopted to extract the osmium fraction from the digested
solution, which was further purified using a micro-distillation method (Birck et al., 1997).
Rhenium was isolated using a combination of acetone—sodium solution extraction followed by
conventional anion-exchange (AG1-X8 resin) chromatography. Osmium isotopic analyses
were carried out by negative thermal ionization mass spectrometry (Volkening et al., 1991,
Creaser et al., 1991) using Thermo Triton Plus. The collected data were corrected for isobaric
interferences, spike/blank contribution, and mass fractionation, whereas Os contents were
calculated by an isotopic dilution. Rhenium concentrations were measured using a sector field
ICP-MS instrument (Thermo Element 2) with precision on isotopic ratios always better than
+0.5% (20). The external reproducibility of Re—Os protocol monitored through the analyses of
SBC-1 reference material (black shale; USGS) yielded values of Re = 10.95 ppb, Os = 99.3 ppt
and 1870s/*®0s of 5.23 + 0.01, with all these values matching well with previously reported
values (Li and Yin, 2019). The total procedural blanks for Re (18 pg) and for Os (1.7 pg) were

insignificant, and hence no blank correction was carried out.
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Chapter 3 — Extent of oceanic euxinia during the late Paleoproterozoic

The Paleoproterozoic rise of atmospheric oxygen had a profound effect on eukaryotic
life and seawater chemistry. Whilst this environmental transition provided sufficient molecular
oxygen for eukaryotic emergence (Mentel and Martin, 2008; Albani et al., 2010; Mills et al.,
2014; Butterfield, 2015), the prevalence of sulfidic seawater conditions during this period was
hostile for complex life and possibly delayed the emergence of complex life for about
1000 Myr (Reinhard et al., 2016; Lyons et al., 2021; Fakhraee et al., 2023). The intensity of
global sulfidic conditions during this time can be tracked by investigating the Mo isotopic
composition of euxinic black shales. However, such studies for this period are still sparse,
limiting a global comparison. This chapter presents the geochemical (major and trace elements,
and iron-speciation) and Re-Os and Mo isotopic data for black shales from the late
Paleoproterozoic Cumbum Formation, Cuddapah Basin. These datasets are used to constrain
the (i) depositional age of the Cumbum Formation, (ii) the redox state of this semi-restricted
basin, and (iii) the global extent of oceanic euxinia for the late Paleoproterozoic ocean.
Discussions based on shale chemistry and isotopic datasets and their modelling are described

below to establish the depositional age and environment for the basin.

3.1. Results

The geochemical and isotopic datasets for the Cumbum shales, Cuddapah Supergroup
are provided in Tables 3.1, 3.2 and Appendix (Table A3.1). The TOC (1.1 £ 0.2 wt%) and TS
(1.3 £ 0.4 wt%) concentrations of these shales are comparable to the Paleoproterozoic shale
average (0.8 £ 0.8 wt% (n = 148) and 0.5 + 0.7 wt% (n = 151); cf. Farrell et al., 2021). The TS
contents show a general decrease in the stratigraphic section, while the TOC values mostly
show limited variation (Fig. 3.1). Consequently, the TS/TOC ratios also vary from 0.3 and 1.6,
hinting at changes in the depositional redox state of these shales. The TOC values exhibit a
significant positive correlation with Al (r = 0.61, p < 0.001) but lack correlation with Si, Th,
and Zr. The TIC values range from 0.1 to 3.0 wt% (average 0.9 + 0.7 wt%) and show a general
decrease up the stratigraphic section. TIC also shows positive correlations with Ca, Mg, Mn,
and Sr (r > 0.95, p <0.001). The total iron (Fet) concentrations (average 2.32 + 0.23 wt%) and
Fet/Al ratios (0.31 £ 0.07) are lower than that reported for the UCC (Fet ~3.9 wt%,; Fet/Al
~0.48; Rudnick and Gao, 2003). The total iron contents of these shales are mainly comprised
of pyritic phases (Fepy ~45%) with minimal contributions from oxides (e.g., goethite, hematite)
and magnetite (Feox and Femag <2%) phases. The Fepy concentrations exhibit a positive
correlation (r = 0.87, p < 0.001) with sulfur. The proportion of iron associated with reactive

phases (Fenr = Fecarb + Feox + Femag + Fepy) in the total iron pool (Fet) shows a general decrease
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Figure 3.1. Variation of selected geochemical parameters of the Cumbum shales collected in a stratigraphic order (n = 16). For reference, average values of Al in the UCC
(Rudnick and Gao, 2003), modern aqueous seawater Mo/U (Algeo and Tribovillard, 2009), Fe-speciation thresholds (Raiswell et al., 2018), Cd/Mo values of modern restricted
and upwelling settings (Sweere et al., 2016), and average 5°®Mo for Paleoproterozoic shales (Qin et al., 2022) are shown.
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up the stratigraphic section (Fig. 3.1). Figure 3.2 depicts enrichment factors for selected
elements for the Cumbum shales, where a high degree of enrichment can be observed for several
redox-sensitive elements (U, V, Mo, Cu, and Cd). The average enrichment factor for Mo (~6.5)
is about four times higher than that observed for U (~1.5; Fig. 3.2). The Moer/Uer ratios of
these samples, with no major stratigraphic variation, fall closer to that of the modern-day
seawater values (Fig. 3.1). Additionally, the EFs for alkaline earth metals (Mg and Ba) are also
higher than unity for these shales, which stratigraphically overlie a barite sequence.
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Figure 3.2. Enrichment factors (Xeg) for selected major and trace elements of the Cumbum shales. The red dashed
line indicates an enrichment factor of 1.

The Re and Os concentrations vary between 11.6 and 17.7 ng/g, and 299 and 446 pg/g,
respectively (Table 3.2). Both these elements exhibit a significant positive correlation with
TOC (r =0.76, p < 0.01 (for Re); r = 0.69, p < 0.05 (for Os)). The slope of the Re-TOC plot
(~7.6 ppb/wt%) is comparable with that compiled for shales of overlapping (~0.6-2.0 Ga) age
(~7 ppb/wt%:; Sheen et al., 2018). Further, the average *20Os/TOC value of these samples (49 +
18 ppt/wt%) also overlaps with that for the Proterozoic shales (32 £ 16 ppt/wt%; Lu et al.,
2017). The '8’Re/*®80s ratios of the Cumbum shale samples vary between 422 and 834, with an
average value of 640 + 128. The 870s/'®0s ratios span a large range between 11.96 and 23.53.
These ratios are higher by an order of magnitude than that of the average crustal value (0.8 to
1.4; Esser and Turekian, 1993; Peucker-Ehrenbrink and Jahn, 2001). In addition, the 8’Os/*®80s

ratios show a linear correlation with 8’Re/*®8Qs ratios. A bidirectional-uncertainty weighted
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regression line between these two parameters (IsoplotR; Vermeesch, 2018) yields a Model 3
age of 1658 + 50 Ma (26, MSWD = 69; n = 10, Fig. 3.3a) with an initial ¥’0s/*®0s (Os;) ratio
of 0.03 = 0.53 (20). The Model 3 age, here, indicates that the observed large uncertainty
(MSWD > 1) in the age is not only due to analytical variabilities but also to geological factors.
The Re—Os isochron for a subset of stratigraphically closer (~3 m) samples from the lower part
of the section yields a precise Model 1 age of 1638 +21 Ma (26, n=4, MSWD = 1.7; Fig. 3.3b)
for the Cumbum shales. The Os; ratio for this subset (0.27 + 0.12; 20) falls intermediate to the
modern riverine sources (~1.4), hydrothermal (*¥’Os/*®€0s = 0.11 to 0.39) and cosmic (~0.13)

sources (Peucker-Ehrenbrink and Ravizza, 2000).
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Figure 3.3. Re-Os isochron of black shales from the Cumbum Formation, Nallamalai Group, Cuddapah

Supergroup using (a) the entire sample set (n = 10), and (b) subset of samples (n = 4) from a stratigraphic depth
of ~3 m. The sample subset yields a precise Model 1 age for the shales.
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The Mo concentrations of the shales vary widely (2.7 to 9.1 ug/g), and its average value
(6.7 + 1.2 pg/g) is about six times higher than that of the UCC (~1.1 pg/g; Rudnick and Gao,
2003). The Mo contents of the Cumbum shales correlate positively with TOC (r = 0.57;
p < 0.01) and negatively with Mn (r = —0.49; p < 0.01). Molybdenum isotopic compositions
(5°8Mo) range from +0.43%o to +1.02%o0 with an average value of +0.68 = 0.13%o (Fig. 3.4).
This value is comparable to the average Paleoproterozoic shale value (+0.51 + 0.57%o; n = 269;
Qin et al., 2022), and about ~1.7%o lower than the modern seawater Mo value (+2.34 +
0.10%o; Négler et al., 2014). The §°Mo values for the Cumbum shales show a good positive
correlation with Mo/Al (p < 0.01) but are not correlated with Mn/Al, Fet/Al and Feox (p > 0.05).
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Figure 3.4. Frequency distribution of the 6®*Mo values for the Cumbum shales. The global 6**Mo distribution for
Paleoproterozoic shales is also shown (Qin et al., 2022 and references therein) for comparison. Expected isotopic

fractionation factors for removal pathways and ranges of $®Mo for modern sedimentary deposits from different
depositional settings are provided (Dahl et al., 2021 and references therein).
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Table 3.1. Elemental, iron-speciation, and Mo isotopic data for black shales from the Cumbum Formation, Cuddapah Supergroup (India)
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Sample ID TOC TIC TS Al Fer Mn Co Cd U Mo Fewr/Fer  Fepy/Fenn 5%Mo*
wit% ng/g %o

CDP21-17 1.00 0.49 0.93 7.43 2.35 76 9.5 0.4 2.7 6.7 0.55 0.63 0.74 £ 0.02
CDP21-18 141 0.12 0.87 9.38 2.15 14 8.2 0.6 1.9 5.0 0.38 0.78 0.43+£0.02
CDP21-19 0.97 0.19 0.92 7.82 2.16 34 10.2 1.0 2.6 7.0 0.43 0.77 0.59 +0.02
CDP21-20 0.95 0.25 0.97 8.00 2.20 34 10.2 0.6 2.7 7.0 0.41 0.76 0.58 +0.02
CDP21-21 0.98 0.13 0.98 7.97 2.14 23 10.2 0.7 43 6.5 0.53 0.88 0.66 +0.02
CDP21-22 0.98 0.14 0.91 8.05 211 23 9.8 0.6 45 6.4 0.37 0.81 0.70 £ 0.02
CDP21-23 1.14 0.09 1.16 7.94 2.23 17 10.3 0.6 2.7 7.1 0.43 0.86 0.65+0.02
CDP21-24 1.14 0.06 1.08 8.10 2.25 18 10.7 0.5 2.2 7.1 0.67 0.92 0.66 +0.02
CDP21-35 1.15 0.81 0.80 7.37 241 108 9.5 0.4 4.1 8.6 0.46 0.50 1.02 £ 0.02
CDP21-36 1.18 0.97 0.85 7.44 2,51 126 10.1 0.5 3.8 9.1 0.60 0.40 1.01+0.02
CDP21-37 1.12 0.86 0.86 7.67 241 100 10.2 1.3 3.1 6.5 0.61 0.45 0.54 +0.02
CDP21-38 1.09 0.82 1.77 7.93 2.71 91 12.8 0.2 3.2 7.3 0.91 0.84 0.69 +0.02
CDP21-39 1.15 0.65 2.09 7.99 2.69 86 134 0.2 3.8 7.5 0.91 0.86 0.71£0.02
CDP21-127 1.13 1.71 1.50 6.65 2.32 180 104 0.4 4.7 7.7 0.74 0.76 0.72£0.02
CDP21-128 1.26 0.86 1.66 7.22 217 98 115 0.6 4.9 8.0 0.91 0.87 0.58 £ 0.02
CDP21-129 0.95 1.30 1.84 7.61 2.27 158 10.7 0.3 44 6.4 0.88 0.82 0.60 +0.02
CDP21-130 1.19 041 1.54 8.07 2.14 61 10.9 0.6 4.8 7.8 0.62 0.81 0.59 £ 0.02
CDP21-131 0.57 3.00 1.84 5.09 2.92 362 8.2 0.4 3.0 2.7 0.82 0.70 0.77 £ 0.02
CDP21-132 0.99 1.79 161 7.06 2.15 195 10.1 0.4 4.4 6.0 0.76 0.72 0.66 £ 0.02
CDP21-133 1.01 1.16 1.62 7.36 2.03 106 111 0.4 4.2 5.8 0.77 0.81 0.63 £ 0.02
CDP21-134 0.89 2.65 1.37 5.65 2.57 328 9.5 0.2 3.8 4.9 0.77 0.59 0.69 £ 0.02
CDP21-135 0.87 0.32 1.78 8.65 2.03 46 11.2 0.2 4.1 6.3 0.57 0.84 0.52 +£0.02
CDP21-136 1.05 0.88 1.47 7.07 2.16 107 114 0.3 4.1 6.5 0.65 0.78 0.85+0.02
CDP21-137 1.23 0.85 1.37 7.71 2.04 130 10.3 0.3 5.0 7.1 0.64 0.71 0.76 £ 0.02
CDP21-138 121 0.96 1.08 7.08 2.46 150 111 0.6 4.7 7.8 0.49 0.56 0.67 £0.02
CDP21-139 0.83 1.57 0.89 7.30 2.74 195 13.0 1.2 4.0 5.8 0.58 0.55 0.74 £0.02
CDP21-140 1.46 0.26 0.93 9.03 2.19 24 11.2 0.6 3.9 7.5 0.37 0.84 0.77 £0.02
CDP21-141 1.19 0.47 0.89 7.89 2.35 100 10.1 0.4 4.0 6.3 0.39 0.59 0.77£0.04
CDP21-142 1.20 0.91 0.89 7.86 2.34 131 10.4 1.6 4.1 5.6 0.47 0.55 0.50 + 0.02

*Errors are reported as 20,
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Table 3.2. Re and Os concentrations, and isotopic data for the black shales from the Cumbum Formation
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Re Os 19205
Sample ID 187Re / 1880s 1870s / 188Q0s Rho*

ng/g pa/g pa/g
CDP21-128 17.74 445.68 56.41 625.6 £ 2.0 17.47 £0.04 0.33
CDP21-129 13.44 323.64 38.24 699.3+2.2 19.25 £ 0.05 0.33
CDP21-130 16.32 434.78 61.31 529.6+1.9 14.91 £0.03 0.29
CDP21-131 12.12 351.57 57.08 422.4 +1.3 11.96 £ 0.03 0.33
CDP21-132 15.52 379.40 43.97 7022+ 34 19.77 £ 0.04 0.21
CDP21-133 13.65 335.77 39.99 679.1+14 19.03 £ 0.05 0.50
CDP21-134 14.13 334.16 35.08 801.0+1.6 22.61 £ 0.07 0.62
CDP21-135 11.61 298.85 40.38 571.9+1.0 15.89 + 0.04 0.66
CDP21-136 16.93 396.14 40.36 834325 23.53 = 0.06 0.37
CDP21-137 14.69 390.97 54.20 539.1+0.7 15.29 + 0.03 0.83

*Errors are in 20 "Rho is the error correlation function
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3.2. Discussion

3.2.1. Re-0Os geochronology of Cumbum shales

Re and Os in organic-rich shales, owing to their redox-sensitive nature, are mostly
authigenic in nature. The radioactive ingrowth of ¥’Os through B~ decay of ¥’Re in these
sedimentary deposits, therefore, serves as a reliable tool to determine their direct depositional
age (Ravizza and Turekian, 1989; Kendall et al., 2009; Rooney et al., 2010; Georgiev et al.,
2011; Tripathy and Singh, 2015; Rooney et al., 2024). This systematic in shales mostly remains
unaltered during thermal metamorphism (up to greenschist facies; Kendall et al., 2004; Rooney
et al., 2011) and organic matter maturation (Creaser et al., 2002; Selby and Creaser, 2005).
Therefore, several studies have utilized the 8’Re—8"Os geochronometer successfully to date
sedimentary sequences with depositional ages varying from Archean to Mesozoic (e.g., Yang
et al., 2009; Kendall et al., 2009; Georgiev et al., 2011; Tripathy et al., 2018; Mandal et al.,
2021).

A Re—Os isochron for the Cumbum shales, computed using IsoplotR (Vermeesch,
2018), provides a Model 3 age of 1658 + 50 Ma (25, n = 10; Fig. 3.3a) whereas a subset of four
samples with limited stratigraphic thickness (~3 m) provides a Model 1 age (1638 + 21 Ma (20)
Fig. 3.3b). The Model 1 age confirms that the data spread in the isochron is only due to
analytical errors and, hence, represents the direct depositional age for the shales. This age is
also in accordance with most of the existing chronological records (Fig. 2.5), except for one
maximum age constraint for the underlying Bairenkonda Quartzite (~1550 Ma; Joy et al., 2015).
The reported minimum ages for the Group, based on Rb—Sr age for (Vellaturu) granitic
intrusion (1575 + 20 Ma; Crawford and Compston, 1973), K—Ar age for phlogopite (1350 + 52
Ma; Chalapathi Rao et al., 1996) and Ar—Ar age for phlogopite from (Chelima) lamproites
(1418 + 8 Ma; Chalapathi Rao et al., 1999), and Sm—Nd dating of apatite grains in syenites
(1326 + 73 Ma; Chalapathi Rao et al., 2012), are lower compared to the direct age obtained in
this study (Fig. 2.5). Further, our Re—Os age is consistent with the age speculated earlier (late
Paleoproterozoic to early Mesoproterozoic; Saha, 2002) for the timing of the deformation of
the Nallamalai Group of rocks (~1600 Ma), acquired by correlating the structural features of
xenoliths within the ~1575 Ma Vellaturu Granite (Crawford and Compston, 1973). Further, the
youngest U-Pb ages for detrital zircon for the Group confirm deposition of the Nallamalai
sediment around 1650 Ma (Collins et al., 2015), which is consistent with the depositional age
(1638 + 21 Ma) obtained for the Cumbum shales (Fig. 3.3).
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The Re—Os isochron of Cumbum shales yields Osi values of 0.03 + 0.53 (20, n = 10)
and 0.27 +0.12 (26, n=4; Fig. 3.3). The (former) low Os; value, with high uncertainty, overlaps
with that reported for other Paleoproterozoic sections (0.11 to 0.13; Hannah et al. 2004, 2006),
suggesting dominant Os supply from non-radiogenic magmatic/hydrothermal sources. Further,
this value may also be attributed to riverine Os supply from juvenile crusts with a lower isotopic
ratio than that of the present-day continental crust. A juvenile provenance has indeed been
suggested for an underlying (Bairenkonda) Formation using Hf isotopic values of detrital
zircons (Collins et al., 2015), which can partly explain the observed low Os; value for the Model
3isochron. The Model 1 isochron, however, provides a higher Osi value for this restricted basin.
Earlier studies have also reported elevated *870s/*®0s values for restricted basins than that of
the open ocean, which was attributed to basinal restriction and related riverine supply at a
regional scale (Dickson et al., 2022; Tanaka et al., 2022). For instance, Dickson et al. (2022)
have used elevated Osivalues to quantify salinity drop in basins with limited seawater exchange.
Consistently, the observed higher Osivalue for the Cumbum shale (~0.27) may also be related
to the restricted character of the studied basin, where enhanced continental runoff with
radiogenic 8’0s/*#0s signature may have played an important role. A mass balance calculation
involving 1870s/*®Q0s and salinity of river and seawater end-members, however, could not be
attempted for the Cumbum basin due to a lack of well-constrained riverine composition and

relative contribution from juvenile sources (Collins et al., 2015).

3.2.2. Basinal redox state and hydrography

The depositional environment for the Cumbum basin has been reconstructed using
multi-elemental proxies (Table 3.1 and Table A3.1). The Mo/U ratios of shales serve as a
reliable proxy for the redox state, mainly due to their differential redox-dependent removal
mechanisms (Algeo and Tribovillard, 2009). While scavenging of uranium from seawater
(UO2(C03)3*) mainly occurs under suboxic to anoxic conditions (Klinkhammer and Palmer,
1991; Zheng et al., 2002), removal of Mo (MoO4?%) is largely linked to conversion of particle-
reactive thiomolybdate (MoOxSsx) in euxinic conditions (Erickson and Helz, 2000).
Consequently, the sedimentary Mo/U values are lower than the seawater ratio in an anoxic basin
and are comparable to or higher than seawater values in euxinic conditions (Algeo and
Tribovillard, 2009). As mentioned earlier, the enrichment factor of Mo (6.5 + 1.2) is about four
times higher than that of U (1.5 + 0.4; Fig. 3.2). Thus, the average Moer/UEer ratio (5 + 1)
determined for the Cumbum shales is closer to the modern seawater value (Fig. 3.5a), which

indicates preferentially more Mo removal than U, possibly in a sulfidic (euxinic) environment.
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Further, we have also employed sedimentary Cd/Mo data to reconstruct the basinal settings

(Fig. 3.5b). The Cd abundance in organic-rich shales is largely associated with biogenic debris,

while Mo abundance is more regulated by authigenic removal mechanisms. The Cd/Mo ratio,

therefore, is expected to have a higher (>0.1; Sweere et al., 2016) value for continental marginal

settings with higher productivity than restricted basins with limited productivity (~0.1; Sweere
et al., 2016). The Cd/Mo ratio (0.09 = 0.06; n = 29) for the Cumbum shales is compared with
that for modern restricted (Cd/Mo <0.06) and upwelling (Cd/Mo >0.1) settings (Fig. 3.5b). This

data comparison (Fig. 3.5b) indicates that the Cumbum Cd/Mo ratios are closer to that of the

Saanich Inlet and Cariaco basin sediments, pointing to a limited productivity regime with

restricted basinal settings during the deposition of the Cumbum shales.
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The Mo/TOC ratios provide additional evidence for a reducing basin with limited open
ocean connectivity (Algeo and Lyons, 2006). In restricted basins, the sedimentary Mo/TOC
values are proportional to the aqueous Mo concentrations in deep water, which are affected by
basinal restriction and deep-water renewal times (Algeo and Rowe, 2012). The Mo/TOC
(x10) ratios for the Cumbum shales vary from 3.6 to 7.7. The average Mo/TOC (5.6 + 1.0) of
these samples is closer to that reported for the Black Sea (Mo/TOC = 4.5 + 1), a modern
perennial euxinic basin with low aqueous Mo concentrations and limited connectivity with the
open ocean (Fig. 3.6a; Algeo and Rowe, 2012). Comparison of the present Mo/TOC data with
those of modern silled basins suggests the presence of low Mo inventory in the basin, possibly
similar to values observed in the modern Black Sea. This comparison also suggests a low
seawater [Mo] value for the Cumbum basin, in accordance with those estimated for the mid-

Proterozoic seawater (~11 to 22 nmol/L; Scott et al., 2008).

The ratio of reactive (Fenr) to total (Fer) iron in sedimentary deposits (Raiswell and
Canfield, 1998; Poulton and Raiswell, 2002) is another reliable proxy for bottom-water redox
conditions. During reducing conditions, the reactive mineral phases (iron carbonates,
oxyhydroxides and magnetite) present in the sedimentary column get converted to sulfide
phases during early diagenesis (Raiswell et al., 2018). This increase in the total reactive iron
pool leads to a higher Fenr/Fet value for anoxic basins (>0.38; Poulton and Canfield, 2011)
compared to that for oxic settings (<0.22). The proportion of pyrite-associated iron (Fepy)
phases in the reactive iron (Fenr) pool can be further used to distinguish between ferruginous
(Fepy/Fernr <0.7) and euxinic (Fepy/Fenr >0.7; Poulton and Canfield, 2011) conditions. The
Fenr/Fet values for the Cumbum shales (0.37 to 0.91; Fig. 3.6b) mainly fall in the zone of
anoxic conditions, whereas the Fery/Fenr ratios (0.40 to 0.92) fluctuate between the ferruginous
and euxinic fields. Consistently, the euxinic shales are also found to have higher S/Mn ratios
than those deposited in the ferruginous basin (Fig. 3.6b). The S/Mn value in shales reflects a
balance between the formation of sulfidic minerals in euxinic conditions and Fe-Mn hydroxides
in an oxygenated environment. The S/Mn distribution, together with Fery/Fenr ratios, confirm
shale deposition in ferruginous to sulfidic basinal conditions. These redox fluctuations may
occur due to the deposition of sediments closer to the chemocline and/or variable seawater
exchange (Raiswell et al., 2018). Collectively, these evidence suggests that the Cumbum black

shales were deposited in a restricted basin with fluctuating redox states.
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those for ferruginous deposition.
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3.2.3. Areal extent of ocean euxinia at 1.66 Ga

Shale §%Mo serves as a reliable proxy for the past redox state of the global ocean. This
is largely due to (i) the redox-sensitive nature of Mo (Morford and Emerson 1999), (ii) its high
oceanic residence time (~440 kyr; Miller et al., 2011), and (iii) quantifiable isotopic
fractionation during different scavenging processes (Barling et al., 2001; Poulson et al., 2006;
Poulson Brucker et al., 2009; Goldberg et al., 2012; Dickson et al., 2014; Dahl et al., 2017;
Kendall et al., 2017). In particular, the Mo isotopic signatures of sedimentary successions
deposited under strongly euxinic (where [Hz2S]aq > 10uM) and restricted environments are near-
equal to global seawater value during deposition (Barling et al., 2001; Neubert et al., 2008;
Noordmann et al., 2015), which reflects the balance between oceanic Mo sources and sinks
(Kendall et al., 2017). Here, we have utilized the Mo mass balance model developed by Stockey
et al. (2020) to calculate the areal extent for different redox settings. This modelling
methodology has been successfully used for different Paleozoic sections (Lu et al., 2023; Yang
et al., 2023). The model assumes a well-mixed oceanic reservoir where the Mo concentration
and isotopic values are described by the following mass balance equations:

d[Mo]sw
[ d(;] = Finputs — L Fi (3.1)
d[Mo]sw6°8Mog,,
Ts = Finputs X 698M0inputs - Z Fi(598MOSW + A98M0i)
(3.2)

Here, the subscripts SW, inputs, and i stand for seawater, input (riverine + groundwater) source
and three sinks (i stands for oxygenated (oxic), intermediate (interm) and euxinic (eux)),
respectively. Finpus and Fi represent input (riverine and groundwater) and output Mo fluxes,
respectively. The A%®Moi (= §%Moi — §%Mosw) stands for the isotopic offset between seawater

and the sinks i.

The Mo flux for sink i is defined as:

F _ bAfl ; [Mo]modelled (33)

[Mo]lmodern

where A represents the total modern seafloor area, bi and fi represent the burial flux and
proportion of global seafloor area for sink i, respectively. The «iis the pseudo-spatial scaling
coefficient that relates the burial rate and seafloor area for the sink i. The [Mo]modern and

[Mo]modelled reflect the mean modern-day and model-predicted Mo concentrations for seawater.
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The scaling factor () considers the effect of organic matter re-mineralization and the
changes in Mo burial rates associated with bathymetry and expanding redox settings (Menard
and Smith, 1966; Middelburg et al., 1996; Reinhard et al., 2013). The burial in oxic settings
are considered to vary linearly (ie., Aoxic = 1), whereas the
burial rates in euxinic environments depend on the basinal remineralization and its bathymetry

(Reinhard et al., 2013), and the associated scale, therefore, may be defined as:

max (Zeux)
_ Ymin Zou) 1.58-0.16In(Zeyy)

a =
EUX " N(Zeyx)X(1.58—0.16In(Min(Zeyy)))

(3.4)

Here, N(zeux) describes the number of depths modelled (n = 10,000). The minimum (min(zeux))
and maximum (max(zeux)) values for this parameter were calibrated based on the LOESS model,
which replicates the modern ocean depth-area relationship (Menard and Smith, 1966; Reinhard
etal., 2013).

Estimation of the scaling factor for the intermediate environments (;,,:erm), CONSisting
of both ferruginous and suboxic settings, must incorporate relative transition between euxinia
and intermediate seafloor area. For this, the model assumes that the minimum depth for the
intermediate setting (Min(Zinterm)) is similar/equal to the max(zeux), whereas its maximum depth
(max(Zinterm)) is a function of Ainterm + Aeux (Menard and Smith, 1966; Reinhard et al., 2013).

Based on this approximation, the a;,;.,-» value may be computed as:

max (Z; )
Y iin (Zi‘nntt::mm) 1.58—0.16In( Zinterm+max (Zeyx))

a; =
mterm N(Zinterm)x(1.58-0.16In(min(zeyx)))

(3.5)

A time-dependent Monte Carlo model involving equations 3.1 to 3.5 iterates from a
defined set of input parameters and their ranges (Table A3.2) to attain a frequency distribution
of the global euxinic extents compatible with the observed oceanic §%Mo value. This
computation was carried out using R packages deSolve (Soetaert et al., 2010) and FME
(Soetaert and Petzoldt, 2010) modules.

The input parameters for this model require %Mo values for sources and fractionation
factors associated with each sink (Table A3.2). Molybdenum supply to the modern-day ocean
is dominated by riverine and groundwater fluxes (>90%), which has a range of §%Mo values
from ~ +0.2%o to +0.8%o (Archer and Vance, 2008; Neely et al., 2018). This range has been
used as the 8%Mo value for sources in this study. This range also covers the typical 5*Mo value

for hydrothermal systems (~ +0.8%o), which is a minor (<10%) source for oceanic Mo
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(McManus et al., 2002; Reinhard et al., 2013). Removal of seawater Mo occurs by sedimentary
(authigenic) accumulation in different redox settings, which is accompanied by diverse isotopic
fractionations. In oxygenated settings, Mo gets adsorbed onto Mn and Fe oxides with a large
isotopic fractionation of ~ —3%o to —2.8%o (Barling and Anbar, 2004; Goldberg et al., 2009). In
sulfidic settings, the degree of isotopic fractionation depends on the basinal restriction and water
renewal rates (Kendall et al., 2017). Small offsets (—0.8%o to 0%o) are observed in deeper parts
of highly restricted euxinic basins where the bottom water [H2S]aq concentration is >11uM,
while intermediate (—1.6%o to —1.0%o) to high offsets (up to —3%o) are observed during sediment
deposition near chemocline and more open basinal settings in euxinic basins (Neubert et al.,
2008; Dahl et al., 2010; Nagler et al., 2011). For the model, we have used a A*®Moeux range of
—0.8%o0 to 0%o for strongly euxinic sinks. In weakly-oxygenated environments (including the
pore-water regimes with mild Hz2S content), variable isotopic fractionation factors (A*Mointerm
= —0.3%0 to —1.8%o0) have been reported, which is linked to Mo sulfidization from both the
seawater and various Fe-Mn oxides (Siebert et al., 2003; Goldberg et al., 2012; Kendall et al.,
2017). To better constrain the A®Mointerm, We have used the model to find the most probable
A%®Mointerm range, which can reproduce the modern-day areal extent for different settings. This
approach yields A®Mointerm values of —1.0%o to —0.9%o, which have been used for model

calculations (Fig. 3.7).
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Figure 3.7. Sensitivity test for modern seafloor areal extent using a Mo isotopic model for known A%Mogic (—3.0%o
to —2.8%0), A*®M0eux (—0.8%o to 0%o), and euxinic shale (Mo ~1.8%o; Kendall et al., 2017) compositions. These
modelled results converge to observed values for A%®Moinerm ranging between —1.0%o and —0.9%o.
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We have used the data for Cumbum shales (with Fenr/Fer >0.38 and Fepy/Fenr >0.7)
deposited only in euxinic settings for the model calculation, as these shales are expected to
provide the best estimate for past seawater §%Mo. We, here, recognize that this selection
criterion is likely to provide only a minimum estimate for the global seawater 5*Mo and hence
maximum extents for global euxinic seafloor extent during this period. The §%Mo values for
the euxinic shales vary between +0.52%o and +0.85%0 (Fig. 3.4), constraining the seawater
5%Mo for the late Paleoproterozoic interval. Model results based on these data estimate the
median Aeux of ~5% (32" quantile = 1.6%; 68" quantile = 15.8%), Aoxic of ~28% (32" quantile
= 12.6%; 68" quantile =45.9%), and Ainerm Of ~41% (32" quantile = 24.6%; 68" quantile
=58.4%) for the Cumbum basin (Fig. 3.8; Table A3.4). These values are consistent with that
reported earlier for Paleo- and mid-Proterozoic sections, confirming a globally reducing
oceanic environment during this time interval. The Aeux and Ainerm Were about an order of
magnitude higher than that of the modern ocean (Aeux ~0.1% to 0.3% and Ainterm ~1% to 4%;
Reinhard et al., 2013; Tissot and Dauphas, 2015; Owens et al., 2016; Sheen et al., 2018; Lu et
al., 2023). The Aoxic was about three times lower than the modern oceans (~85%). These
estimates suggest that oceanic environments, while predominantly reducing, also had a

substantial extent of oxygenated seafloor during the late Paleoproterozoic.
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Figure 3.8. Estimated ranges for oxygenated, intermediate and euxinic seafloor extent at ~1.66 Ga. The solid lines
represent possible combinations of areal extent for a given seawater §*®Mo value.
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3.2.4. Proterozoic ocean euxinia and its implication for biological stasis

The progressive changes in atmosphere-ocean oxygenation during the Proterozoic had
fundamental effects on redox-dependent elemental cycling, which may have influenced the
biological diversification and expansion (Anbar and Knoll, 2002; Robbins et al., 2016; Lyons
et al., 2021; Lyons et al., 2024). Specifically, the existence of pervasive ocean euxinia created
an evolutionary barrier for the early eukaryotes and subsequent metazoans by limiting the
availability of key nutrients (such as Mo and Cu; Buick, 2007). Quantitative constraints on the
spatial extent and temporal distribution of different marine environments, hence, are critical for
evaluating the role of changing oxygen contents and toxic sulfide levels in modulating complex
life. While earlier studies have attempted to quantify temporal changes in anoxia extent using
Re (Sheen et al., 2018) and Cr (Reinhard et al., 2013) contents, and U isotopes (Gilleaudeau et
al., 2019), the Mo isotopes of euxinic shales provide an additional handle to compute the euxinia
extent, data on which is sparse. In this respect, we have compiled earlier-reported §%Mo data
for organic-rich shales (Table A3.3) for the Proterozoic Eon and used the same modelling
approach to quantify the extent of oceanic euxinia (Fig. 3.9). Mo isotopic data for shales
deposited in euxinic settings (Fenr/Fer >0.38 and Fepy/Fenr >0.7) were only used for this
evaluation. The outcome of this exercise, although limited in temporal resolution, shows that
the estimated euxinia extent through the Proterozoic Eon varies between 1.3% (at 2150 Ma)
and 15.9% (at 633 Ma), with an average value of 5 + 4% (Table A3.4).

Excluding a few episodic excursions, the Proterozoic ocean was mostly steady with a
high magnitude of sulfidic areal extent, which was about ten times greater than the modern
oceanic settings. The high sulfidicity is consistent with the reported low sulfate content of the
Proterozoic seawater (<1 mM to ~4 mM; Luo et al., 2015). In addition to this broad stable ocean
state, episodes of increased euxinia were also observed, which often follow atmospheric pO2
excursions (Fig. 3.9). In particular, the ocean euxinia following the Neoproterozoic oxygenation
event (~13% to 16%) increases by about two times than the average Proterozoic extent (~5%)
and about sixty times compared to the modern sulfidicity (0.1 to 0.3%). The pronounced
intensification of oceanic euxinia towards the end of such oxygen excursions is attributable to
the intensification of pyrite burial rates, promoted by enhanced primary productivity and
continental sulfate supply to the anoxic oceans (e.g., Ossa Ossa et al., 2018; Wang et al., 2020;
Xu et al., 2024). The development of large-scale ocean euxinia, following these oxygenation

episodes, could ultimately develop a nutrient-poor oceanic environment, which sustained
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throughout the major part of the Proterozoic. In turn, such a chemical state of the oceans, despite
sufficient atmospheric oxygen availability, may have served as the prime constraint for

eukaryotic metabolism and its diversification.
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Figure 3.9. Compilation of (a) global biogeochemical changes, (b) black shale Mo/TOC ratios (Farrell et al.,
2021) and (c) sedimentary Mo values with the estimated euxinic seafloor extents from Paleoproterozoic through
early Cambrian (500 Ma). Data for the shale 6*®Mo taken from Qin et al. (2022), with new data added from
Scheller et al. (2018), Tan et al. (2021), and Pan et al. (2021). For reference, literature data for major biospheric
innovations (Lyons et al., 2021), atmospheric oxygen levels (Lyons et al., 2024), periods of supercontinents
assembly (Campbell and Allen, 2008), and modern seawater Mo (Nagler et al., 2014) are also shown.
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3.3. Conclusions

Shale chronology and chemistry of the Cumbum Formation, Cuddapah Supergroup was
investigated to constrain the depositional age, environment, and the extent of euxinia for the
late Paleoproterozoic ocean. The Re—Os chronometer provides the first direct depositional age
for the Cumbum shales and confirms their Paleoproterozoic (1658 + 50 Ma) deposition. Trace
elemental and iron speciation data suggest a fluctuating depositional environment for these
shales varying between euxinic to ferruginous conditions in a restricted basin. Molybdenum
isotopic data and their modelling confirm significantly higher euxinia (~5%) for the late
Paleoproterozoic than the modern oceanic (0.1% to 0.3%) settings. These sulfidic waters might
have been responsible for the reduced availability of bio-essential nutrients and hence, could
have contributed to the billion-year-long biological stasis.
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This chapter discusses the geochemical and isotopic compositions of organic-rich shales
overlying the Pc-C boundary from the Tal Formation, Lesser Himalaya. As mentioned in
Chapter 2, the organic-rich shales were collected from the Krol-Tal succession of the Lesser
Himalayan sedimentary succession. The occurrence of the Pc-C boundary in the Krol-Tal
succession of the Lesser Himalayan sedimentary succession has been previously established
based on chemo-, chrono-, and bio-stratigraphic records (Aharon et al., 1987; Bhargava et al.,
1998; Singh et al., 1999). Existing geochemical (Banerjee et al., 1997; Mazumdar et al., 1999;
Mazumdar and Banerjee, 2001) and mercury isotopic (Liu et al., 2021) records of the Lesser
Himalayan shales provide evidence for transitional suboxic-anoxic conditions and the influence
of continental erosion and upwelling processes on these varying redox states during the Pc-C
transition. Here, we utilize the geochemical data of these shales and their principal component
analyses to constrain the major carrier phases of redox-sensitive elements. By utilizing an
inversion approach, the Mo isotopic data of these shales and their mass balance calculations
were used to reconstruct the extent of various seafloor depositional environments during the
Pc-C transition. The measured §*S pyrite data, along with the earlier-reported §*S values for
early Cambrian seawater, were used to estimate the seawater sulfate concentration of the Tal
basin. Further information regarding these datasets, as well as their interpretations and

implications, are discussed below.

4.1. Results

Geochemical and Mo-S isotopic data for the Himalayan shales (Tal Formation)
overlying the Pc-C boundary are provided in Tables 4.1, 4.2 and Appendix (Tables A4.1, A4.2).
For comparison, these data for a Neoproterozoic shale sequence from an underlying (Jaunsar)
Group are also included. Concentrations for most of the major oxides for the Tal shales match
well with those reported for the UCC (Rudnick and Gao, 2003; Fig. 4.1). The total carbon in
these shales, on average, is comprised of ~60% of organic and ~40% of inorganic carbon
content. The average TOC for these shales is 1.3 + 0.1%, about an order of magnitude higher
than that of the Neoproterozoic shales (0.14 + 0.06%; Table 4.1) from the Himalaya. The total
nitrogen (TN) concentrations (0.092 + 0.003%) of these samples exhibit a good correlation with
TOC (r = 0.43, p < 0.05) and Al (r = 0.71, p < 0.001). The (atomic) TOC/TN ratios for the
Pc-C shales vary between 15.2 and 17.8, with an average value of 16 £ 1. These TOC/TN ratios,
although higher than the Redfield ratio (~7), are consistent with that reported for shales with

similar depositional ages (e.g., Cremonese et al., 2014; Kikumoto et al., 2014).
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Table 4.1. Elemental and sulfur (5*S) isotopic data for black shale samples from the (lower) Tal Formation, Lesser Himalaya. For comparison, these data for a
Neoproterozoic shale sequence (Chandpur Formation) from Lesser Himalaya have also been included.

TOC TIC TN TS Al Fer 8**Sey P Mn \Y Cr Co Ni Cu Zn Mo U

Sample ID# (V-CDT)
wt% %0 ng/g
Tal Formation, Lesser Himalaya (Shale sequence overlying the Pc-C boundary)
HM15-10A 1.28 1.03 0.09 1.54 7.46 3.53 4.86 670 420 119 64 12.3 67 37 95 15.8 8.0
HM15-10B 1.35 0.97 0.09 151 7.41 3.54 5.19 662 413 113 63 12.0 57 34 110 16.0 7.9
HM15-11A 1.36 1.01 0.10 1.49 7.51 3.54 4.46 665 412 112 66 11.9 65 34 109 15.7 8.2
HM15-11B 1.38 1.01 0.09 1.53 7.35 3.55 5.25 643 421 106 63 11.6 56 35 84 15.9 7.8
HM15-12A 1.23 1.06 0.09 1.56 7.44 3.58 5.62 654 408 106 64 12.0 45 35 86 15.9 7.5
HM15-12B 1.36 0.95 0.09 1.45 7.41 3.55 5.50 658 421 97 61 11.0 42 33 82 15.8 7.2
HM15-13A 1.24 0.93 0.10 1.48 7.49 3.61 5.05 668 423 94 68 104 40 32 76 15.8 7.8
HM15-13B 1.28 0.89 0.09 1.44 7.50 3.60 4.72 664 417 96 66 10.3 40 33 80 15.9 7.1
HM15-14A 1.27 0.96 0.10 1.68 7.56 3.66 6.77 665 409 100 66 115 44 35 78 16.3 7.7
HM15-14B 1.26 0.94 0.09 1.69 7.41 3.69 8.34 691 422 98 54 11.6 45 35 98 16.1 6.6
HM15-15A 1.36 1.02 0.09 1.54 7.28 3.52 4.89 664 421 67 72 7.40 41 22 82 15.5 8.1
HM15-15B 131 1.08 0.09 1.56 7.25 3.50 5.27 645 422 95 68 111 56 32 94 15.5 8.1
HM15-16A 1.40 0.94 0.09 1.44 7.39 3.46 443 638 420 97 66 10.7 56 32 84 15.7 7.8
HM15-16B 1.35 0.96 0.09 1.43 7.35 351 5.06 666 394 103 63 11.2 59 33 94 15.7 7.6
HM15-17A 1.32 1.03 0.09 1.53 7.32 3.46 3.93 670 413 103 65 10.8 63 31 90 16.8 8.1
HM15-17B 1.28 1.07 0.09 1.59 7.29 3.50 4.61 665 398 99 64 10.7 61 31 91 16.1 7.6
HM15-18A 1.21 1.06 0.09 1.50 7.56 3.63 3.64 704 418 108 60 11.3 65 33 95 16.6 7.8
HM15-18B 1.31 1.00 0.09 1.59 7.38 3.49 3.61 688 427 108 66 11.3 65 31 94 17.0 8.3
HM15-20A 1.21 0.98 0.09 1.53 7.21 3.43 7.99 688 412 87 63 10.7 43 28 96 13.4 8.1
HM15-20B 1.23 1.01 0.09 1.70 7.14 3.66 7.51 699 400 87 63 10.2 42 29 76 14.7 7.5
HM15-21A 1.23 1.02 0.09 1.70 7.08 3.46 7.42 668 386 91 51 10.5 38 32 64 13.0 5.0
HM15-21B 1.19 1.00 0.08 1.53 7.21 3.53 7.95 662 400 90 62 10.9 37 33 70 14.2 5.8
Chandpur Formation, Lesser Himalaya

HM15-01A 0.12 0.09 0.12 0.02 13.17 3.86 - 1284 442 173 93 11.0 37 9 44 1.2 2.3
HM15-01B - 0.10 0.12 0.02 13.20 3.88 - 1158 421 172 101 11.3 38 17 41 1.2 2.1
HM15-01C - 0.10 0.12 0.01 13.15 3.88 - 1108 427 184 97 12.2 39 13 51 1.2 2.4
HM15-02A 0.09 0.09 0.09 0.05 9.62 3.86 - 467 433 133 78 11.8 35 8 72 1.1 1.9
HM15-02B - 0.09 0.12 0.02 12.64 3.83 - 1104 418 174 90 10.4 36 11 52 1.1 1.9
HM15-02C - 0.09 0.12 0.02 13.49 3.85 - 1037 420 194 101 9.2 37 8 37 1.0 1.6
HM15-03A 0.2 0.10 0.09 0.08 9.17 4.42 - 443 417 127 74 12.2 37 35 87 11 2.0
HM15-03B - 0.12 0.09 0.18 9.23 4.48 - 448 418 115 72 16.0 37 35 109 1.0 2.3
HM15-03C - 0.12 0.09 0.12 9.62 4.37 - 438 429 118 74 14.0 36 37 85 1.2 2.0

#A, B, and C stand for different powdering aliquots of the shale sample.

72



Chapter 4 — Oceanic redox state during the early Cambrian

Table 4.2. Iron speciation data for studied samples from the (lower) Tal Formation and Chandpur Formation, Lesser Himalaya.

Fcarb Feox Frmag Fepy Fer Fenr

Sample ID* Fenr/Fer Fery/Fenr DOP
wt%
Tal Formation, Lesser Himalaya (Shale sequence overlying the Pc-C boundary)
HM15-10A 0.45 0.07 0.08 1.15 1.00 1.75 0.50 0.66 0.54
HM15-10B 0.40 0.09 0.08 1.17 1.25 1.73 0.49 0.67 0.48
HM15-11A 0.40 0.10 0.06 1.21 1.20 1.76 0.50 0.69 0.50
HM15-11B 0.38 0.08 0.07 1.23 1.20 1.76 0.49 0.70 0.51
HM15-12A 0.43 0.07 0.06 1.16 1.10 1.72 0.48 0.67 0.51
HM15-12B 0.40 0.08 0.07 1.08 1.19 1.64 0.46 0.66 0.48
HM15-13A 0.38 0.17 0.06 1.15 1.19 1.75 0.49 0.65 0.49
HM15-13B 0.35 0.16 0.07 1.18 1.23 1.76 0.49 0.67 0.49
HM15-14A 0.43 0.09 0.07 1.32 1.07 1.91 0.52 0.69 0.55
HM15-14B 0.41 0.08 0.07 1.13 1.21 1.68 0.46 0.67 0.48
HM15-15A 0.40 0.06 0.07 1.13 1.12 1.66 0.47 0.68 0.50
HM15-15B 0.38 0.06 0.07 1.18 1.18 1.69 0.48 0.70 0.50
HM15-16A 0.40 0.11 0.07 0.98 1.17 1.56 0.45 0.63 0.46
HM15-16B 0.37 0.11 0.07 0.97 1.07 1.52 0.43 0.64 0.48
HM15-17A 0.43 0.08 0.07 1.09 1.03 1.67 0.48 0.65 0.51
HM15-17B 0.37 0.08 0.07 1.13 1.08 1.65 0.47 0.68 0.51
HM15-18A 0.40 0.07 0.06 1.16 1.04 1.69 0.46 0.69 0.53
HM15-18B 0.41 0.08 0.07 1.10 1.03 1.67 0.48 0.66 0.52
HM15-20A 0.39 0.07 0.07 1.02 0.96 1.55 0.45 0.66 0.52
HM15-20B 0.47 0.08 0.07 1.23 1.14 1.84 0.50 0.67 0.52
HM15-21A 0.38 0.09 0.06 1.24 0.94 1.77 0.51 0.70 0.57
HM15-21B 0.44 0.09 0.07 1.30 1.03 1.90 0.54 0.69 0.56
Chandpur Formation, Lesser Himalaya
HM15-01A 0.10 0.13 0.19 0.03 - 0.44 0.11 0.07 -
HM15-01B 0.10 0.14 0.18 0.02 - 0.44 0.11 0.05 -
HM15-01C 0.13 0.18 0.20 0.01 - 0.51 0.13 0.02 -
HM15-02A 0.23 0.08 0.30 0.03 - 0.63 0.16 0.04 -
HM15-02B 0.10 0.12 0.20 0.02 - 0.44 0.11 0.04 -
HM15-02C 0.11 0.16 0.16 0.02 - 0.45 0.12 0.04 -
HM15-03A 0.49 0.06 0.27 0.07 - 0.89 0.20 0.08 -
HM15-03B 0.65 0.07 0.29 0.15 - 1.15 0.26 0.13 -
HM15-03C 0.56 0.05 0.27 0.09 - 0.97 0.22 0.10 -

#A, B, and C stand for different powdering aliquots of the shale sample.
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Figure 4.1. UCC-normalized (a) elemental ratios and (b and c¢) enrichment factors of selected trace elements
(Rudnick and Gao, 2003) for Pc-C (Tal Fm) and Neoproterozoic (Chandpur Fm) shales. Red dashed lines
represent an enrichment factor of 1.

The average phosphorus concentration in these samples is 668 pg/g. Phosphorus
concentrations show a good correlation with Ca (r = 0.49, p < 0.05), Mg (r = 0.65, p < 0.01),
and Ti (r = 0.50, p < 0.05). The total iron (Fer) content of the samples ranges from 3.4 to 3.7%
with an average value of 3.5 £+ 0.1%, which is lower than the UCC (3.9%; Rudnick and Gao,
2003). The average Fet/Al ratio (0.48 + 0.01) for these samples is lower than those reported for
Paleozoic oxic marine shales (0.53 £ 0.11; Raiswell et al., 2008) and modern marine sediments
(0.55 + 0.11; Clarkson et al., 2014). Iron, manganese, potassium, and other trace elements
(V and Cu) show a positive correlation with the Al concentrations. Most of the trace elements,
except Mo and U, show limited variations, with enrichment factors of <1 (Fig. 4.1b). The Mo

concentrations of these shales vary between 13 and 17 pg/g, whereas U concentrations vary
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between 5.1 and 8.3 pg/g. The U concentrations correlate well with the TOC (r = 0.45,
p < 0.05). In contrast, the Mo concentrations show a good correlation with Mn and Al, with no
significant correlation with S. The Molybdenum isotopic (8% Mo) values of the Tal samples
range from +0.99%o to +1.89%o with an average value of +1.47 + 0.21%o (n = 11; Table 4.3).
Excluding two samples, the §*Mo values exhibit minimal variations with a mean value of
+1.48 + 0.07%o, which is ~0.8%o depleted than modern-day seawater value (+2.34 £ 0.1%o;
Nakagawa et al., 2012; Goswami et al., 2022). The §*Mo values of Tal shales are comparable
to that reported across the Pc-C transitions (Fig. 4.2). However, these values are systematically
depleted than that reported for shales deposited in sulfidic environments during the Pc-C
boundary (~ +1.9%0; Wille et al., 2008) and early Cambrian (~ +2.1%o at ~535 Ma; Wen et al.,
2011) period.
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Figure 4.2. Frequency distribution of 6®Mo isotopes of the Pc-C shales from the Himalaya. For reference, the
global Mo isotopic data for early Cambrian (550 — 530 Ma; Farrell et al., 2021) are also shown. Expected isotopic
fractionation factors for molybdenum isotopes (Poulson et al., 2006) in sedimentary systems are also depicted.
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The average S concentrations of the Pc-C shales (1.5 + 0.1%) are higher by two orders
of magnitude than that of the UCC (~0.0621%; Rudnick and Gao, 2003) and Neoproterozoic
(0.06 £ 0.06%; Table 4.1) shales. The sulfur concentrations show a significant correlation with
the Fer concentrations (r = 0.60, p < 0.01). The pyrite 5*Spy of the Tal shales ranges from
+3.6%o to +8.4%o (Fig. 4.3). The average §3*Spy (+5.5 = 1.4%o) for these shales overlap with the
mean of earlier-reported §**Spy data for the early Cambrian from Himalayan (—25%o to +45%o;
Mazumdar et al., 1999) and other global (—27%0 to +53%o; Canfield and Farquhar, 2009)
sections, despite their large variations (Fig. 4.3). However, the Tal Spy is less depleted than
that of the modern-day pyrites formed by microbial sulfide reduction (8%*Spy ~ —21%o; Fike et
al., 2015).
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Figure 4.3. Frequency distribution of pyrite 5*S of the Pc-C shales from the Himalaya. For reference, the global
pyrite S isotopic data for early Cambrian (550 — 530 Ma; Farrell et al., 2021) are also shown. Expected isotopic
fractionation factors for sulfur (Lyons et al., 2009) in sedimentary systems are also depicted.
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Table 4.3. Mo elemental and isotopic (§°*Mo) data for the Tal shales along with the estimated Mo flux
fractions (foxic, finterm, feux) and areal extent (Aoxic, Ainterm, Acux) fOr oxic, intermediate, and euxinic sinks.

Mo 8%Mo? Aoxic  Ainterm  Aeux
Sample ID foxic  finterm  feux
ng/g %0 %
HM15-10A 15.8 0.99 + 0.04 022 036 042 98.39 130 031
HM15-11A 15.7 1.37£0.02 035 032 033 99.10 0.74 0.16
HM15-12A 15.9 1.57 £0.03 042 029 0.29 99.32 056 0.12
HM15-13A 15.8 1.55+0.03 041 030 0.29 99.30 058 0.12
HM15-14A 16.3 1.55+0.03 041 029 0.29 99.31 057 0.12
HM15-15A 155 1.42 £0.03 037 031 032 99.17 0.68 0.15
HM15-16A 15.7 1.44 +£0.02 037 031 032 99.19 0.67 0.14
HM15-17A 16.8 1.46 +£0.03 038 031 031 99.21 065 0.14
HM15-18A 16.6 1.44 £0.03 037 031 032 99.19 0.67 0.14
HM15-20A 134 1.54 +£0.03 0.41 0.3 0.29 99.30 058 0.12
HM15-21A 13.0 1.89+£0.03 053 024 0.23 99.57 0.36 0.07
Modern estimates®
Scott et al., 2008 0.35 050 0.15 98.79 114 0.07
Poulson Brucker et al., 2009 05 045 0.05 99.26 0.72 0.02
Kendall et al., 2009 035 060 0.05 98.62 136 0.02

aThe uncertainties for Mo isotopic data are reported as 20,,.
5The areal coverage has been computed using the reported fouc, finterm and feux values

4.2. Discussion

Elemental and isotopic compositions of organic-rich shales serve as reliable proxy for
deep water redox state, primary productivity, and nutrient cycling (Tribovillard et al., 2006;
Tripathy et al., 2014). The Tal Formation, as mentioned in Chapter 2, is mainly comprised of
chert-phosphorites, carbonates, and sandstones with the occurrence of a shale horizon above
the Pc-C boundary. Chemo-stratigraphic investigation of this section, which has already been
reported (Banerjee et al., 1997), is compiled in Fig. 4.4. This study focuses on Mo-S isotopic

and trace elemental distributions for the shale horizon.
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Figure 4.4. Compiled chemo-stratigraphic data for shale sequences from the Lower Tal Formation (Data source: present study, Banerjee et al. (1997) and Liu et al. (2021)).
Red dashed lines represent average UCC values (Rudnick and Gao, 2003).
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4.2.1. Redox setting of the Tal basin: Chemical and isotopic constraints

4.2.1.1 Trace elements and Iron speciation data

Trace element abundances in organic-rich shales are mostly regulated by their redox-
dependent scavenging from the water column and subsequent enrichment in underlying
sediments. For instance, redox-sensitive elements (e.g., U, Mo, V, and Cr) remain mostly
soluble in oxygenated conditions and get removed by forming organo-metallic
complexes/sulfides in reducing conditions (Tribovillard et al., 2006). For the Tal shales, only
selected trace elements (Mo, U, and Zn) exhibit high (>1) enrichment factors (Fig. 4.1).
In addition to authigenic enrichment, the abundances of these elements in marine sediments
also depend on continental input, hydrothermal supply, post-depositional alteration,
hydrographic restriction, and particulate shuttling (Tribovillard et al., 2006; Algeo and
Maynard, 2008; Algeo and Rowe, 2012). We have carried out a principal component analysis
(PCA) of the geochemical dataset using the PAST (Paleontological Statistics; v. 4.08; Hammer
et al., 2001) software to better constrain the major mechanisms affecting the trace element
distribution. The PCA analysis identifies six principle components (PC) with Eigen values >1,
which accounts for ~86% of the observed data variance (Table A4.3). Factor loadings for
different elements from these components are shown in Fig. 4.5. The PC-1, which explains
~26% of the total variance, has high factor loadings for TOC, TN, Al, K, Mn, and several redox-
sensitive trace elements (V, Cr, Co, Ni, Zn, Mo, Th, U). The observed elemental grouping
possibly suggests an authigenic source for these major and trace elements. It is intriguing to
observe high loading for aluminium, which mostly reflects lithogenic sources, in this factor.
High TOC-trace elements association and low loading for other lithogenic indices (such as Si
and Na) establish that these Al loadings may also be linked to hydrogenous processes. We,
therefore, hypothesize that an appreciable amount of aluminium in this factor may also be
linked to Al adsorption onto clay surfaces (Timothy and Calvert, 1998). The PC-1 shows low
loading for sulfur and hence, may not account for the removal of elements in euxinic conditions.
In contrast, the PC-2 is characterized by high S loading and explains ~20% of the variance. This
factor also has high loadings for Fer, Co, and Cu, which are usually taken up by pyrites or other
sulfide phases during diagenesis (Morse and Luther, 1999). The PC-3 (variance ~15%) has high
loadings for TIC, Ca, Sr, and P, suggesting a carbonate phase association. The association of P
with Ca and TIC for this component also hints at the presence of carbonate-fluorapatite

minerals, which can form authigenically due to P-supersaturation in pore waters (Ruttenberg
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and Berner, 1993). The PC-4 (variance ~14%) shows high factor loading for Si, Ti, Fer, K, and
Mg. These elements are typically found enriched in clastic sediments, and hence, the component
can be identified as continental input to the basin. In addition to these four major principal
components, which together explain ~75% of the data variance, two more components relating
to macronutrients (PC-5 with variance ~6% for Si, Ni, K, TIC, TOC, and TN) and carbonate-
rich clastic fluxes (PC-6 with variance ~5% for TIC, Th, Al, Si, Ti, and S) are observed. PCA
analysis thus gives an indication that the elements associated with the PC-1 and PC-2 can

provide better insights into reconstructing the redox state of the basin.

Covariation of Mo and U in sediments and its comparison with seawater Mo/U ratios
have been successful in understanding (1) bottom water redox condition, (2) particulate shuttle
in the water column, (3) hydrographic restriction, and (4) renewal of bottom water (Algeo and
Lyons, 2006; Algeo and Tribovillard, 2009). Uranium enrichment occurs in the sediments when
the soluble uranyl tricarbonate ions (UO2(COs)s*) diffuse into the sediments and get either
adsorbed or precipitated as uraninite and related oxides (UO2, U307, U30s; Klinkhammer and
Palmer, 1991; Zheng et al., 2002). In the case of molybdenum, the aqueous Mo species
(molybdate (MoO4?)) gets converted to particle reactive thiomolybdate species (M0oOxS% (4-v),
x = 0 to 3) in sulfidic conditions and gets scavenged by sulfur-rich organic matter and iron
sulfides (Erickson and Helz, 2000; Tribovillard et al., 2004). The U enrichment exceeds that of
Mo in oceanic basins with suboxic bottom water, leading to a lower Mo/U ratio in sediments
compared to that of the overlying seawater. During highly reducing and occasional sulfidic
conditions, the relative enrichment of Mo matches that of U, leading to a sediment Mo/U ratio
comparable to the seawater value (Algeo and Tribovillard, 2009). Additionally, Mo can adsorb
onto Mn-Fe-oxyhydroxides formed in oxic waters and get transported to the sediment-water
interface. In bottom water conditions where Oz content falls below 10 uM (Calvert and
Pedersen, 1996), reductive dissolution of these oxides can also enhance Mo burial in the
sediments. To assess this proposition, we have evaluated the Ce anomaly for the Tal shale
samples. This rare earth element gets adsorbed onto Mn-Fe-oxyhydroxides in oxic layers,
which subsequently may get released during their reductive dissolution in anoxic conditions,
leading to its enrichment in bottom waters/pore waters and chemical sedimentary phases
(German and Elderfield, 1990; Tostevin et al., 2016). The Tal shales show insignificant Ce-
anomaly (Ce/Ce* = 1.01 = 0.08) and, hence, record no appreciable signature for reductive
dissolution. This proposition based on cerium data, however, cannot be ascertained as this

anomaly may be influenced by both terrigenous and hydrogenous components in shales.
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Figure 4.5. Factor loadings for four major factors extracted from the principle component analysis of the geochemical dataset.
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To confirm this, we have also evaluated the co-variation between Moer and Uer (Fig. 4.6a) to
better constrain the depositional condition. The Tal shales display a positive correlation
between Moer and Uer (r = 0.52, p < 0.05), and these data fall closer to the modern seawater
Mo/U value, suggesting a reducing depositional condition for the basin. The Mo/TOC ratios
(x10%) of these shales (12 + 1) are close to the Framvaren Fjord (9 + 2; Algeo and Lyons, 2006),
which is a semi-restricted and stratified basin with bottom water renewal time of
~125 years (Algeo and Rowe, 2012). Strong Moer—Uer correlations and Moer <25 for the Tal
shales hint at an anoxic bottom-water condition with euxinic condition, which is restricted to
pore waters (Scott and Lyons, 2012; Kendall et al., 2017).

Iron speciation data for shales provide additional insight regarding the bottom-water
anoxia (Poulton and Canfield, 2005). This approach relies on the abundance of reactive iron
and pyrites in the shales, which depend on the basin anoxia and euxinia, respectively (Poulton
and Canfield, 2005; Raiswell et al., 2018). The Fe-speciation data of the Tal shales show that
about one-third of the sedimentary Fe is of pyritic nature, whereas the iron associated with
carbonate (~11%), oxide (~3%), and magnetite (~2%) phases are minimal. Figure 4.6b
compares the Fenr/Fer and Fery/Fenr ratios for the Tal shales. The threshold values for various
depositional settings shown in Fig. 4.6b are from the earlier-reported data for modern and
Phanerozoic marine sediments (e.g., Raiswell and Canfield, 1998; Poulton and Raiswell, 2002).
Based on these datasets, the Fenr/Fer ratios are generally low (below 0.2) for oxic conditions,
which increase to >0.38 in anoxic settings (Poulton and Canfield, 2011). High sedimentation
rates or transfer of Fenr to poorly reactive silicates during diagenesis can yield intermediate
ratios (0.22 - 0.38; Poulton and Canfield, 2011). The Fepy/Fenr ratios increase significantly in
euxinic deposition due to the pyritization of reactive iron species and hence, are higher (>0.7;
Mérz et al., 2008) in euxinic water conditions. The iron speciation data for the Chandpur shales,
with lower Fenr/Fet (~0.16) and Fery/Fenr (~0.06) ratios, indicate their deposition in modern-
like oxic depositional settings. In contrast, the Tal shales have an average Fenr/Fet value of
0.48, which is greater than the oxic threshold (Fig. 4.6b). These shales also show a range of
Fery/Fenr values from 0.63 to 0.70 with an average ratio of 0.67, which falls close to the
ferruginous-euxinic transition threshold. Further, these samples have an average DOP value of
0.51, falling in the range for ferruginous deposition (0.45 to 0.75). Consistent with the Mo-U
trend, the iron speciation data for the Tal shales also confirm an anoxic and ferruginous

depositional environment.
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4.2.1.2. Molybdenum isotopic constraints

The molybdenum isotopic signature of organic-rich shales has been widely used to
reconstruct past seawater §%°®Mo value and areal extent of redox state (e.g., Arnold et al., 2004;
Kendall et al., 2011; Chen et al., 2015). The seawater Mo (modern-day value ~ +2.34%o;
Nakagawa et al., 2012) is mainly regulated by its input and removal pathways. The major
sources of Mo are riverine (~ +0.7%o; Archer and Vance, 2008) and hydrothermal (—3.5%o t0
+2.06%0; McManus et al., 2002; Neely et al., 2018) inputs, whereas Mo removal from the
oceans occurs through its association with Fe-Mn oxyhydroxides in oxic settings, and as
thiomolybdate complexes in sulfidic waters. The distinctive isotopic fractionation factors
occurring during oxic (~ —3%o; Poulson et al., 2006), anoxic (—0.7%o t0 —3%o; Poulson et al.,
2006; Neubert et al., 2008), and euxinic (—0.1%o to +0.2%o; Siebert et al., 2003) scavenging
processes makes %Mo a reliable proxy for oceanic redox state. Here, we have considered the
anoxic condition as the intermediate reducing Mo sink with low (<11uM; Helz et al., 1996)
H2S abundance and particulate shuttling/generation possibilities, where a complete conversion

of molybdate ions to thiomolybdate complexes is unlikely.

The 5%Mo values of the Tal shales range from +0.99%o to +1.89%o with an average of
+1.5 £ 0.2%0. These values are marginally lower than those reported for euxinic shales during
this period (~ +1.9%o; Wille et al., 2008; ~ +2.1%o; Wen et al., 2011). This difference is likely
linked to isotopic fractionation between seawater and shale in anoxic and ferruginous
depositional setting of the Tal shales (cf. section 4.2.1; Fig. 4.6b). Observations based on limited
dataset from modern anoxic basins hint that sediments deposited in weakly reducing basins and
continental margins may display an isotopic depletion of ~0.7%o from the contemporaneous
seawater value (Poulson et al., 2006; Poulson Brucker et al., 2009; Dickson et al., 2014; Eroglu
et al., 2020). Considering this offset from our mean %Mo value of +1.5%o, a qualitative
estimate of the global ocean during the deposition of the Tal shales is found to be ~ +2.2%e.
This inferred seawater 8%Mo for the Pc-C is consistent with that reported earlier for other global
sections (Fig. 4.2). The measured seawater Mo isotopic composition and related isotopic
balance equations, hence, can be used to quantify the relative Mo removal proportions for

different redox pathways.

A steady-state Mo isotopic balance approach has been adopted to quantify the areal
extent of oxic, intermediate reducing (or Sulfidic At Depth; SAD), and sulfidic conditions for
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the early Cambrian ocean (Kendall et al., 2017). The approach taken in this case is different
from that adopted for the Cumbum shales (cf. Chapter 3) since the Tal shales were deposited in
ferruginous conditions. This methodology parametrizes the oceanic Mo isotopic mass balance
alone and hence provides a more first-order approximation. Towards this, it is assumed that the
Mo supply via riverine input is balanced by its removal in oxic (oxic), intermediate reducing

(interm), and euxinic (eux) settings. The related mass balance equations are provided below:

898M0input = foxic X 898M00xic + f‘interm X 898M0interm + feux X 898M0eux (41)
Or,

698MOSW - 898M0input ~ 898Mosamp1es = 1:oxic X onic + 1:interm X Ainterm + feux X Aeux (42)
foxic + finterm + feux = 1 (4.3)

Here, foxic, finterm, and feux represent the fraction of Mo removed to oxic, intermediate
reducing, and euxinic sinks, respectively. The §®®Moinput, 8*®M0oxic, 5*®MO0interm, and %M oeux
stand for the isotopic compositions associated with respective sources and sinks. The Aoxic,
Ainterm, and Aeux represent Mo isotopic fractionation factors for oxic, intermediate reducing, and
euxinic sinks, respectively. Here, §®Mosw — §®Moinput = §*®Mosamples since both the isotopic

offset in anoxic settings and the assumed riverine input value are ~ +0.7%o.

In this calculation, the 5*®Moriver value has been assumed to be the same as that of the
modern-day value (with ~ +0.7%o; Archer and Vance, 2008; King and Pett-Ridge, 2018).
Support for this proposition comes from the seawater 8’0s/*#0s ratio, which also depends on
the degree of oxidative weathering on the continents. Available Os isotopic ratios show that the
initial *870s/'®0s ratios for Pc-C shales (0.8 to 1.2; Singh et al., 1999; Jiang et al., 2007;
Kendall et al., 2009; Zhu et al., 2013; Fu et al., 2016) are similar to the modern seawater
1870s/'80s ratio (~1.05; Lu et al., 2017), indicating a modern-like oceanic budget for osmium
and hence, a modern-like riverine composition and flux. This observation, however, may not
be strictly valid as §%®Moriver values are regulated by multiple factors such as incongruent
weathering, %Mo value of exposed rocks, oxidative weathering rate, and Mo adsorption,

which may have varied in the past (Kendall et al., 2015).

Equations (4.2 and 4.3) involving observed (left side of the equation) and model (right
side) parameters were constructed for the eleven samples analyzed for Mo isotopes during this

study (Table 4.3). Here, the observed parameters stand for the §°®Mo values for the samples,
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whereas the A values (Aoxic, Ainterm, and Aeux) and Mo fractions (foxic, finterm, and feux) serve as the
model parameters. These parameters are assumed to follow log-normal distribution for the
inversion. Further, modern-like values for §*Moriver and seawater Mo concentrations have been
assumed for the Tal basin. We have adopted an inverse model with a Quasi-Newton
optimization algorithm to find the best-fit solution for the model parameters. The computational
model used here has already been successfully employed to constrain solute sources for water
(Tripathy and Singh, 2010; Goswami et al., 2014; Danish et al., 2020) samples. The model
starts an iteration from a-priori values provided for the model parameters (Aoxic = 3.00 £ 0.14%o;
Barling et al., 2001; Siebert et al., 2003; Barling and Anbar, 2004; Ainterm = 0.70 £ 0.14%o,
Poulson et al., 2006; Aeux = 0.50 &= 0.30%0; Arnold et al., 2004; Chen et al., 2015; Kendall et al.,
2017) to yield corresponding a-posteriori values (Aoxic = 2.99 + 0.01%o, Ainterm= 0.67 + 0.05%o,
Aeux = 0.39 + 0.11%o) that can explain the equations with least residual. Using the inversion
outcomes, the fraction of Mo removed (foxic, finterm, and feux) can be related to the seafloor area
represented for each sink (A) using the following equation.

A XB

f_

l:"input

(4.4)

where A represents the seafloor area covered by the sinks (in cm?), B is the Mo burial flux for
each sink (in nmol cm2 yr?t), and Finput represents the Mo input flux (3.1x 107 nmol yr?; Miller
etal., 2011). In this evaluation, the average Mo burial flux (B) for modern-day oxic (0.021 nmol
cm? yr?), intermediate (2.61 nmol cm yr?), and euxinic (12.51 nmol cm? yr?) oceanic
settings were considered (Scott et al., 2008). The assumed burial fluxes and seawater Mo
inventory may have varied in the past depending on the ocean redox state, continental Mo
supply, and its removal intensities. These possible changes in these parameters may also

introduce uncertainties to our calculation.

Results from the inversion show that the average Mo removal fractions for oxic (0.22 —
0.53), intermediate reducing (0.24 — 0.36), and euxinic (0.23 — 0.42) fractions are comparable
(Fig. 4.7a). While the average oxic removal fractions (~0.39) are close to those estimated for
the modern-oceanic settings (foxic ~0.40), the average euxinic removal fractions (~0.31) is about
four times higher than the modern oceans (feux ~0.08; Scott et al., 2008; Poulson Brucker et al.,
2009; Kendall et al., 2009). Evaluation of the relative seafloor extent during the Tal shale
deposition (Aoxic = 99.19%; Ainterm = 0.67%; Aeux = 0.14%) and its comparison with respect to
modern values (Aoxic = 98.94%; Ainterm = 1.03%; Aeux = 0.03%) indicate enhanced Mo removal
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and euxinic areal extent during the Pc-C transition (Fig. 4.7b). The high sulfidic removal of Mo
in this anoxic basin is intriguing. We hypothesize limited availability of Hz2S in pore waters,
which can trigger the conversion of molybdates to particle-reactive thiomolybdate complexes
in the shallow sub-surface.
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Figure 4.7. Ternary diagrams of estimated (a) Mo removal fluxes and (b) seafloor areal extents of oxic,
intermediate, and euxinic sinks (based on burial rates from Scott et al., 2008; Asael et al., 2018). Solid lines in the
diagrams represent calculated values for different seawater 5®Mo values, whereas the (red-coloured) dashed
lines depict calculation for modern seawater 6*Mo (+2.34%) value.
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4.2.2 Sulfur cycling during the Pc-C transition

The present-day seawater sulfate concentration is ~28 mM with a higher residence time
(~20 Myr; Claypool et al., 1980) than the ocean mixing time (~1 kyr). These sulfate ions are
mainly supplied by rivers (~2.6 Tmol yr; Raiswell and Canfield, 2012) with subordinate
contributions from hydrothermal (0.1 Tmol yr?; Kagoshima et al., 2015) and volcanic (0.7
Tmol yr?; Kagoshima et al., 2015) inputs. The average 5**S value for riverine source is ~ +4.8%o
(Burke et al., 2018), whereas the S input flux has a combined value of ~ +3%. (Canfield, 2004).
The removal of seawater sulfate mainly occurs via the formation of sulfides (pyrites) and
sulfates (gypsum). Mass balance calculations for present-day values suggest that ~10-45% of
S gets removed through pyrite burial (Tostevin et al., 2014). Additionally, sulfur associated
with organic matter and carbonate phases also serve as minor sulfate sinks. The burial of sulfide
minerals is a consequence of sulfate reduction through biological pathways and the subsequent
conversion of released H2S into pyrites. This microbial sulfate reduction (MSR) process
involves preferential incorporation of lighter (32S) isotopes with varying degrees of isotopic
fractionation (>40%o; Canfield, 2001; Canfield et al., 2010). Additionally, the %S of sulfides
are also regulated by overlying water S value, sulfate concentration, basin restriction,
reactive iron availability, diagenesis, and biological uptake rates (Canfield, 2001; Fike and
Grotzinger, 2010; Gomes and Hurtgen, 2013). In contrast to sulfides, the 5**S value of sulfate
minerals (e.g., gypsum anhydrite, barites) mostly retain the seawater 534S signature, with
minimal (~1.6%o) fractionation (Raab & Spiro 1991).

Seawater sulfate concentration and its variation are mainly linked to oceanic
oxygenation and continental oxidative weathering. Previous studies on seawater sulfate
estimation have adopted several approaches, such as (i) mass balance modelling (Kah et al.,
2004; Fike and Grotzinger, 2008; Canfield and Farquhar, 2009; Loyd et al., 2012), (ii) isotopic
discrimination between co-genetic sulfides and sulfates (Song et al., 2014; Algeo et al., 2015;
Wu et al., 2015), (iii) numerical modelling (Zhu et al., 2021; Li et al., 2023) or (iv) direct
estimations from halites (Horita et al., 2002; Lowenstein et al., 2003; Brennan et al., 2004). The
isotopic-balance approach requires information on multiple parameters, which include sulfate
inventory and related input/output fluxes, rate of sulfur isotopic changes (0%*S/ot),
(open/closed) diagenetic settings, and organic substrate type and reduction rates (Song et al.,
2014; Algeo et al., 2015). In the absence of these data, we have utilized the MSR trend method

(Algeo et al., 2015) to estimate the sulfate concentration of the Tal basin. This approach has
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been established by correlating modern-day aqueous sulfate concentration [SO42] and isotopic
fractionation (53*Ssulfate-suifide = 8%*Ssulfate — 8*Spyrite) data. This empirical relation, therefore, is
less sensitive to organic substrate type, strain-specific fractionation, and sulfate reduction rates
(Algeo et al., 2015). The following equation (Algeo et al., 2015) has been used for sulfate
estimation for the Tal basin:

_ log(A3*Seuifate—sulfide) — 1.10+0.08
log[SOf 1= ot . (;.424_:({.0(12) ) (4.5)

The calculation yields sulfate concentrations ranging from 4 to 15 mM for the Tal basin,
with an average value of 8 £ 3 mM (lo; Fig. 4.8a). Our calculation relies on earlier-reported
seawater 5**S value for this period (35 + 3%o (15); Kampschulte and Strauss, 2004), as co-
genetic sulfate 5%S data were not available. In an earlier study, Mazumdar et al. (2008) have
reported &3S for both sulfate and pyrites for the Tal basin. Using these literature data, an
average [SO4%] concentration of ~7 mM is computed, which is also similar to our estimates (~8
mM). Further, these estimates match well with compiled [SO4?] data (6 = 5 mM; 1c; n = 111;
Algeo et al., 2015) for 550-520 Ma (Fig. 4.8b). These data during the Pc-C transition are
systematically higher than that reported for the Precambrian. Higher [SO4?] can be linked to its
increased continental supply via oxidative weathering during this period. Further, Fig. 4.8b also
exhibits large variability in the sulfate estimates from Tal and other global sections. For
instance, the estimated [SO4>] across the Pc-C transition for the Yangtze platform (~2—6 mM;
Li et al., 2023) is lower than that obtained for the Tal basin (~8 mM). As both the sites had
similar paleogeographic locations (Jiang et al., 2003), these differences may have a linkage to
the restricted connection of the Tal basin (unlike the Yangtze) to the open ocean. More studies
with precise information on basinal setting, seawater 84S and paleogeography can constrain

causative factors for spatial variability in sulfate concentrations.

4.2.3 Ocean biogeochemical cycle of the Tal basin during the Pc-C transition

The above discussion establishes a sulfate concentration of ~8 mM for the Pc-C ocean
(Fig. 4.8). Assuming modern-like fluxes for sources and sinks, this concentration corresponds
to a residence time of ~5 Myr for sulfates. These concentrations and residence time are higher
compared to that for the Neoproterozoic Era but lower than the modern ocean (~28 mM and
~20 Myr). This comparison confirms the high nutrient supply (compared to the Neoproterozoic)
and reactive iron (Fenr) in the early Cambrian oceans due to intense oxidative weathering in

the continents. A high nutrient flux could enhance oceanic productivity, increasing OM export
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to the seafloor and thereby facilitating the expansion of sulfidic water masses in the ocean. Our

modelling efforts utilising Mo isotopes show elevated areal extent (~3—4 times the modern area;

Fig. 4.7b) for sulfidic waters in the global oceans, confirming this proposition. Further, the

observed anoxic-ferruginous bottom water condition (Fig. 4.6) in the Tal basin could be a result

of increased reactive iron supply sourced from either riverine supply (Raiswell and Anderson,

2005) or marine incursions into the shelf regions (Mazumdar et al., 1999; Hughes et al., 2005).

Previous studies from the same section (Mazumdar et al., 1999; Liu et al., 2021), as well as

global records (Hughes et al., 2005), provide evidence for these processes. Fossil evidence of

small shelly fauna, acritarchs, brachiopods, and trilobites in the overlying sections of the Lower

Tal Formation further ascertains that environmental conditions in the Tal basin eventually

became conducive for ecological expansion and sustained complex organisms.
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Figure 4.8. (a) Estimation of seawater [SO4*] for the Tal basin using 43*Ssutate-suice Values using the MSR trend
method (Algeo et al., 2015). Compiled data (grey circles) for modern aqueous systems and seawater sulfate
concentration are also shown (Algeo et al., 2015). (b) Comparison of our estimated sulfate concentrations with
compiled seawater sulfate data from other synchronous global sections and estimates (Horita et al., 2002;
Lowenstein et al., 2003; Brennan et al., 2004; Ries et al., 2009; Canfield and Farquhar, 2009; Loyd et al., 2012;
Wotte et al., 2012; Algeo et al., 2015; Wu et al., 2015; Zhu et al., 2021; Li et al., 2023).
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4.3. Conclusions

Geochemical and Mo-S isotopic compositions of black shales overlying the Pc-C
boundary (Tal Formation, Lesser Himalaya) have been investigated. These datasets have been
used to constrain the redox state, seawater sulfate inventory, and areal extent of reducing
conditions during this period. The combined data on Fe-speciation, trace elemental
enrichments, and Mo isotopes indicate anoxic and ferruginous (iron-rich) deep water conditions
in the shelf regions during the deposition of Tal shales. Mo isotopic data estimate a higher areal
extent of euxinic waters compared to the modern ocean, possibly due to increased net organic
burial during the Pc-C transition. Our calculations based on pyrite-S isotopes yield a seawater
sulfate concentration of 8 £ 3 mM. This concentration is higher compared to that of the
Neoproterozoic ocean, confirming increased terrestrial input and oxygen in the ocean-
atmospheric system during the Pc-C. These observed environmental conditions would have
imparted a primary control on the subsequent expansion and diversification of complex life

during the early Cambrian.
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Chapter 5 — Proterozoic nitrogen cycling in the shallow water environments

The evolution of eukaryotes during the Proterozoic Eon is considered to have been
limited by the availability of fixed nitrogen in the oceans (Anbar and Knoll, 2002; Stueken et
al., 2024). The dominant species of bioavailable nitrogen in the surface oceans and its
transformation pathways (Sigman et al., 2009; Ader et al., 2014; Stlieken et al., 2016) are
largely dependent on the oceanic redox structure, which showed large temporal and spatial
heterogeneity during the Proterozoic Eon. The dominantly anoxic oceanic environments during
this Eon under a low-oxygen atmosphere are thought to have limited the bioavailability of
nitrate retarding the diversification of early eukaryotes (Stueken et al., 2024 and reference
therein). While multiple studies provide evidence for offshore-onshore variations in nitrogen
availability (e.g., Godfrey et al., 2013; Stiieken, 2013), limited studies explore nitrogen cycling
in shallow marine environments, which were probably zones of eukaryotic habitats. This work
presents the bulk nitrogen and organic carbon data of organic-rich shales from multiple
Proterozoic Basins, including the Vindhyan Basin (~1.21 Ga Bijaigarh Formation and ~1.73
Ga Kajrahat Formation), Cuddapah Basin (~1.88 Ga Tadpatri Formation and ~1.66 Ga
Cumbum Formation) and the Lesser Himalaya section (immediately above Pc-C boundary (Tal
Formation)). These shale samples were deposited in shallow water (shallow to deep subtidal)
environments and are suitable for evaluating the effect of marine redox states on continental
margin environments. The impact of basinal redox conditions in influencing the modes of N-

cycling was assessed using these shale §'°N data.

5.1. The Modern Nitrogen Cycle

Bioavailable forms of nitrogen in the modern oceans are nitrate (NO3’), ammonium
(NH4"), particulate organic nitrogen (PON), and dissolved organic nitrogen (DON).
Abundances and transformation of these complexes are linked by redox reactions mediated by
microorganisms (Fig. 5.1; Falkowski, 1997; Sigman et al., 2009; Thomazo and Papineau,
2013). The primary source of nitrogen to the oceans is derived from Nz-fixation processes
(126—223 Tg yr; Wang et al., 2019), where prokaryotes (and some eukaryotes) reduce N2 gas
to ammonium with the help of nitrogenase enzyme in the photic zone of the ocean (Raymond
et al., 2004). Other minor inputs include riverine (~25 Tg yr') and atmospheric contributions
(=15 Tg yr; Algeo et al., 2015). Remineralization of this organic matter produces NH4*, which
either rapidly gets converted to nitrate by the nitrification process or gets assimilated (Bristow
et al., 2016). Removal of nitrogen from the oceans dominantly occurs under suboxic to anoxic

conditions as N2 by (i) denitrification, which happens in the water column (52—66 Tg yr?;
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Eugster and Gruber, 2012; DeVries et al., 2012) and/or the sediments (93—164 Tg yr?; Eugster
and Gruber, 2012; DeVries et al., 2012) and (ii) anaerobic oxidation of ammonium (anammox)
which combines nitrate reduction and ammonium oxidation processes. Additionally, a small
portion of this surface productivity (~1%) escapes remineralization and gets buried in the
sediments, contributing to the sedimentary organic nitrogen pool. Upon burial, diagenetic
processes can redistribute part of the nitrogen pool into clays such as illite and smectite (e.g.,

Schroeder and McLain, 1998).
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Figure 5.1. Simplified illustration of the modern marine nitrogen cycle showing the different transformation
pathways and associated isotopic fractionation (e = §*Nreactant — 5**Nproduct) between various nitrogen species (after
Stiieken et al., 2024 and references therein). Blue and orange pathways mark oxic and suboxic-anoxic processes

(Stueken et al., 2016).

In the marine environment, chemical and biological processes discriminate between the
stable isotopes of N (**N and **N), leading to varying isotopic effects (Sigman et al., 2009). The
relative proportion of bioavailable forms and isotopic fractionation during these transformation
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processes determine the isotopic composition of primary producers. These include the Naz-
fixation process and upwelled nitrate/ammonium (e.g. Sigman et al., 2009; Somes et al., 2010).
The Na-fixation is carried out by aerobic or anaerobic autotrophs, which convert molecular N2
into NH4". Biological nitrogen fixation using Mo-based nitrogenase enzyme imparts small
fractionation (€= —2%o to +1%o; &€ =~ 3" Nreactant — *°Nproduct) While the involvement of alternate
nitrogenase containing V or Fe imparts fractionations of —8%o to —6%o (Zerkle et al., 2008;
Zhang et al., 2014). Remineralization of these organisms can accumulate NH4* in anoxic
conditions, which can either be assimilated by the organisms (g ~ +4%o to +27%o; Hoch et al.,
1992; Pennock et al., 1996; Vo et al., 2013) or be converted into N2 during anammox reaction
(e~ +16%o to +29%0; Kuypers et al., 2003; Prokopenko et al., 2006). Both these processes lead
to a heavier nitrogen pool and subsequent positive 6'*N values in the sediments (Sigman et al.,
2009; Brunner et al., 2013). In oxic conditions, this NH4" is rapidly oxidized sequentially to
NO2 (e=+14%o to +38%o) and subsequently NO3™ (e = —12.8%o; Casciotti, 2009). In the case of
partial oxidation, residual NH4* becomes enriched in *°N due to the larger isotope fractionation
associated with the first step and imparts a heavier isotopic signal for the biomass (Sigman et
al., 2009). In case of the dysoxic or anoxic condition, the resultant NO3 is denitrified to N2
either in the sediments (€sd ~ 0%o to +3%o) or in the water column (gwcd ~ +25%0 to +30%o),
enriching the residual nitrate pool with the heavier isotope (Sigman et al., 2009). This residual
nitrate pool is assimilated by organic matter by imparting a fractionation of 0%o and +10%o in
NOs" limited and replete conditions, respectively (Fogel and Cifuentes, 1993; Pennock et al.,
1996; Bauersachs et al., 2009). A large number of studies focused on understanding the
evolution of the biosphere thus utilize the N-isotopic signature of sedimentary rocks as a proxy
for past N-cycling and redox evolution (e.g., Papineau et al., 2009; Busigny et al., 2013; Stiieken
etal., 2024). The major source of organic matter to the sediments is associated with the primary
productivity in the photic zone. Considering minimal modifications accompanying water
column degradation and post-depositional effects, the isotopic signatures of the sedimentary

OM should reflect that of the primary producers.

5.2 Results

The carbon and nitrogen isotopic compositions, total organic carbon (TOC) and total
nitrogen (TN) contents, along with selected major elemental compositions, for shales from the
Vindhyan, Cuddapah and Lesser Himalaya, are provided in Table 5.1. The average TOC of
these samples is 1.7 = 0.9 wt% (n = 73), with a low content of inorganic carbon (0.8 + 0.5 wt%).
The average TN of these shales (0.07 £ 0.02 wt%, n = 73) overlaps with those reported from
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other Proterozoic and early Cambrian sections (0.09 + 0.10 wt%, n = 2668; Stleken et al.,

2024). The (atomic) TOC/TN ratios vary between 14 and 61 (Fig. 5.2a) and are consistently

higher than the Redfield ratio (~7; Redfield, 1934).
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Figure 5.2. Cross plots between TN, TOC and TP. The expected Redfield ratio associated with normal

phytoplankton biomass is also shown for comparison.
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Table 5.1. Elemental and isotopic data for shale samples from selected sedimentary successions of India

6"*Nbulk 6"°Corg

Sample ID* ™ i Toc ™ Fer Al (Air) (V-PDB) Feur/Fer Fepy/Fenr Mo v Moer  Uer  Per
wt% ng/g wt% %0 ng/g
Lower Tal Formation, Mussoorie Group
HM15-10A 0.091 1.03 1.28 670 353 7.46 0.93 -31.10 0.50 0.66 158 8.0 157 32 11
HM15-10B 0.092 0.97 1.35 662 354 741 1.45 -31.14 0.49 0.67 160 7.9 16.0 3.2 11
HM15-11A 0.096 1.01 1.36 665 354 751 1.00 -31.24 0.50 0.69 157 8.2 155 33 11
HM15-11B 0.094 1.01 1.38 643 355 7.35 1.01 -31.19 0.49 0.70 159 7.8 16,1 32 11
HM15-12A 0.091 1.06 1.23 654 3.58 7.44 0.77 -31.14 0.48 0.67 159 75 15.9 3.0 11
HM15-12B 0.090 0.95 1.36 658 355 741 1.17 -31.19 0.46 0.66 158 7.2 158 29 11
HM15-13A 0.095 093 124 668 3.61 7.49 1.17 —-31.15 0.49 0.65 158 7.8 157 31 11
HM15-13B 0.095 0.89 1.28 664 3.60 7.50 1.12 -31.23 0.49 0.67 159 7.1 157 29 11
HM15-14A 0.097 096 1.27 665 3.66 7.56 1.13 —-31.18 0.52 0.69 16.3 7.7 160 31 11
HM15-14B 0.094 0.94 1.26 691 3.69 741 1.07 -31.13 0.46 0.67 16.1 6.6 16.1 2.7 1.2
HM15-15A 0.092 1.02 1.36 664 352 7.28 1.13 -31.20 0.47 0.68 155 8.1 158 34 11
HM15-15B 0.091 1.08 1.31 645 350 7.25 1.13 -31.17 0.48 0.70 155 8.1 15.8 3.4 11
HM15-16A 0.091 094 1.40 638 346 7.39 1.06 —29.94 0.45 0.63 157 7.8 158 32 11
HM16-16B 0.095 096 1.35 666 351 7.35 1.45 -30.39 0.43 0.64 157 7.6 159 31 11
HM15-17A 0.094 1.03 1.32 670 346 7.32 1.03 -31.11 0.48 0.65 168 8.1 170 34 11
HM15-17B 0.094 1.07 1.28 665 350 7.29 1.07 —29.70 0.47 0.68 16.1 7.6 164 31 11
HM15-18A 0.092 1.06 1.21 704 3.63 7.56 1.32 -31.17 0.46 0.69 166 7.8 163 31 12
HM15-18B 0.092 1.00 131 688 349 7.38 0.93 -30.83 0.48 0.66 170 8.3 171 34 12
HM15-20A 0.088 098 1.21 688 343 7.21 1.12 —-30.96 0.45 0.66 13.4 8.1 137 34 1.2
HM15-20B 0.088 1.01 1.23 699 3.66 7.14 1.15 -31.14 0.50 0.67 147 75 153 32 12
HM15-21A 0.088 1.02 1.23 668 346 7.08 1.42 -31.22 0.51 0.70 13.0 5.0 136 21 1.2
HM15-21B 0.085 1.00 1.19 662 353 721 0.86 -31.24 0.54 0.69 142 538 145 24 11
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Table 5.1. (continued)

0"Npuk  8"Corg

TN TIC TOC TP Fer Al Mo U

Sample ID* (Air) (V-PDB)  FeurlFer Fepy/Ferr Moer  Uer  Per
wt%o ng/g wt% %0 ng/g
Cumbum Formation, Nallamalai Group, Cuddapah Supergroup
CDP21-17 0.044 0.49 1.00 850 235 7.43 7.60 -30.12 0.55 0.63 6.7 27 6.7 1.1 14
CDP21-18 0.063 0.12 141 751 215 9.38 8.03 -29.15 0.38 0.78 50 1.9 3.9 06 1.0
CDP21-19 0.046 0.19 0.97 750 216 7.82 8.06 -30.30 0.43 0.77 70 26 6.6 1.0 12
CDP21-20 0.048 0.25 0.95 726 220 8.00 7.67 -30.39 0.41 0.76 70 27 6.5 1.0 11
CDP21-21 0.052 0.13 0.98 621 214 797 7.50 -30.19 0.53 0.88 65 43 6.0 16 1.0
CDP21-22 0.050 0.14 0.98 640 211 8.05 7.64 -30.17 0.37 0.81 6.4 45 5.9 1.7 1.0
CDP21-23 0.049 0.09 1.14 695 223 794 6.95 -30.21 0.43 0.86 71 27 6.6 1.0 11
CDP21-24 0.052 0.06 1.14 644 225 8.10 7.67 -30.19 0.67 0.92 71 22 6.5 08 1.0
CDP21-35 0.042 081 1.15 642 241  7.37 7.39 —-29.80 0.46 0.50 86 4.1 8.7 1.7 11
CDP21-36 0.046 097 1.18 654 251 7.44 8.21 —-29.73 0.60 0.40 9.1 38 9.1 15 11
CDP21-37 0.046 086 1.12 647 241  7.67 7.70 —-29.80 0.61 0.45 65 3.1 6.2 1.2 11
CDP21-38 0.045 0.82 1.09 914 271 793 7.38 —-31.48 0.91 0.84 73 32 6.8 12 14
CDP21-39 0.045 0.65 1.15 1042 269 7.99 7.15 -31.52 0.91 0.86 75 38 6.9 14 16
CDP21-127 0.046 171 1.13 917 232 6.65 7.83 -30.74 0.74 0.76 77 A7 8.5 21 17
CDP21-128 0.043 0.86 1.26 972 217 1.22 7.96 -30.85 0.91 0.87 80 49 8.2 20 17
CDP21-129 0.046 130 0.95 687 227 761 6.94 —-30.68 0.88 0.82 6.4 4.4 6.3 1.7 11
CDP21-130 0.051 041 1.19 837 214  8.07 6.76 -30.48 0.62 0.81 78 48 7.2 1.8 13
CDP21-131 0.031 3.00 0.57 452 292 5.09 8.61 —29.97 0.82 0.70 27 3.0 3.9 1.8 11
CDP21-132 0.043 179 0.99 683 215 7.06 7.53 -30.37 0.76 0.72 6.0 4.4 6.3 19 12
CDP21-133 0045 116 1.01 752 203 7.36 7.19 —-30.33 0.77 0.81 58 4.2 5.8 1.7 13
CDP21-134 0.037 2.65 0.89 599 257 5.65 6.91 —-30.49 0.77 0.59 49 38 6.5 20 13
CDP21-135 0.055 0.32 0.87 702 2.03 8.65 7.65 —-30.56 0.57 0.84 6.3 4.1 5.4 1.4 1.0
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Table 5.1. (continued)

0""Npuk  8%Corg

TN TIC TOC TP Fer Al Mo U

Sample |D# (Alr) (V'PDB) FeHR/FeT Fepy/FeHR Mogr Uer Pee
wt%o ng/g wt%o %0 ng/g
CDP21-136 0.047 088 1.05 889 216 7.07 7.06 —-30.99 0.65 0.78 65 4.1 6.8 18 16
CDP21-137 0.053 0.85 1.23 916 204 7.71 6.35 -30.98 0.64 0.71 71 50 6.8 19 15
CDP21-138 0.051 096 121 909 246 7.08 7.05 -30.77 0.49 0.56 78 47 8.2 20 16
CDP21-139 0.052 157 0.83 565 274 730 7.70 —-30.61 0.58 0.55 58 4.0 5.9 1.7 10
CDP21-140 0.068 0.26 1.46 1073 219 9.03 6.97 -30.87 0.37 0.84 75 39 6.1 13 15
CDP21-141 0.062 047 119 886 235 7.89 7.36 —-30.68 0.39 0.59 6.3 4.0 59 15 14
CDP21-142 0.076 091 1.20 955 2.34 7.86 7.25 -30.21 0.47 0.55 5.6 4.1 5.3 1.6 15
Tadpatri Formation, Chitravati Group, Cuddapah Supergroup
CDP21-99A 0.066 042 321 338 351 8.03 7.04 —-33.08 - - 70 54 6.5 20 05
CDP21-99B 0.072 0.85 3.69 349 294 8.01 7.13 —32.94 - - 55 53 51 20 05
CDP21-100A 0.069 0.26 2.99 308 397 912 6.66 —32.85 - - 66 6.3 5.4 21 04
CDP21-100B 0.066 0.19 2.69 306 419 9.09 6.09 —-32.84 - - 6.7 58 5.4 19 04
CDP21-101A 0.069 0.64 3.03 286 349 8.36 7.53 —-33.07 - - 39 59 35 21 04
CDP21-101B 0.069 053 3.22 316 3.62 859 7.31 -33.11 - - 59 6.0 5.1 21 05
CDP21-102A 0.063 0.62 3.28 270 359 8.13 6.95 -33.10 - - 52 53 4.8 20 04
CDP21-102B 0.067 0.66 3.39 321 359 8.30 7.58 -33.10 - - 55 53 4.9 19 05
Bijaigarh Formation, Kaimur Group, Vindhyan Supergroup
VIN22-07A 0.108 0.05 2.88 597 339 5.09 2.09 -31.70 0.61 0.46 23.1 204 337 121 15
VIN22-07B 0.125 0.1 361 486 3.27 5.02 1.55 -31.79 0.61 0.40 23.7 20.7 35.0 124 1.2
VIN22-08A 0.113 0.02 3.66 536 3.03 4098 2.37 -31.77 0.74 0.45 328 219 488 133 13
VIN22-08B 0.106 013 3.34 596 431 4091 3.50 -31.84 0.74 0.63 342 218 516 134 15
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TN TIC TOC TP Fer Al '*Nouk  8%Corg Mo U
Sample I1D* (Air)  (V-PDB) Fenr/Fer  Fepy/Fenr Moer  Uer  Per
wt% ng/g wt% %0 ng/g
Kajrahat Formation, Semri Group, Vindhyan Supergroup

VIN22-33A 0.062 091 201 566 1.90 491 291 —-32.69 0.72 0.20 1.8 18 2.8 11 14
VIN22-33B 0.070 0.72 219 546 196 5.08 3.32 —-32.69 0.65 0.23 19 19 2.8 1.1 13
VIN22-34A 0.070 085 2.04 - 209 534 3.68 —32.63 0.68 0.17 15 21 2.0 1.2 -

VIN22-34B 0.073 079 1.91 665 210 541 3.57 —32.69 0.64 0.22 19 19 2.6 1.1 15
VIN22-35A 0.068 0.86 1.96 649 209 526 4.69 —32.47 0.72 0.18 1.8 21 2.5 1.2 15
VIN22-35B 0.068 0.87 1.99 611 211 527 3.97 —32.56 0.67 0.19 16 20 2.3 1.1 14
VIN22-36A 0.086 022 278 593 167 513 3.55 —-32.58 0.42 0.35 18 22 2.6 13 14
VIN22-36B 0.084 0.01 3.03 601 161 5.15 3.57 —-32.64 0.38 0.38 19 22 2.7 1.3 15
VIN22-37A 0.122 012 4.09 778 222 6.83 3.61 -33.02 0.38 0.55 6.2 35 6.7 15 14
VIN22-37B 0.111 0.18 3.8 717 212 6.68 4.30 -32.92 0.40 0.48 58 3.2 6.5 15 13

“A and B represent different powdered aliquots of the same sample.
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The phosphorus concentration and (atomic) TOC/TP ratios (Fig. 5.3) of these samples
show wide variability between Formations. The average P concentrations for shales from the
Lower Tal (668 + 17 pg/g) and Vindhyan Basin (636 = 75 ng/g (Kajrahat); 554 + 53 pg/g
(Bijaigarh shales)) are comparable to the UCC (~665 pg/g; Rudnick and Gao, 2003). The
corresponding Per, however, is higher for the Vindhyan shales (~1.3 for Kajrahat and ~1.4 for
Bijaigarh shales). Likely, the Cumbum shales show phosphorus enrichment (Per ~1.3) with an
average concentration of 771 + 154 pg/g. The Tadpatri shales, on the other hand, show low
phosphorus content (312 + 26 pg/g) and enrichment (Per ~0.5). The average TOC/TP ratio of
Kajrahat shales (105 = 24) is comparable to the Redfield ratio. These ratios for Cumbum
(37 £ 6) and Lower Tal (50 £ 3) shales are found lower compared to the Redfield ratio (106),
whereas these values for the Tadpatri (265 + 26) and Bijaigarh (159 + 30) shales are found
higher (Fig. 5.3).
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Figure 5.3. Molar ratio of total organic carbon (TOC) and total phosphorus (TP) in the studied sections. Median
values observed for different modern marine environments (after Algeo and Ingall, 2007) are also depicted.

Redox-sensitive trace elements such as Mo (Mogr = 2—-32) and U (Ugr = 1-8) also show
considerable enrichment in all the studied shales (Fig. 5.4). The average Fenr/Fer ratios for the
Vindhyan (0.60 + 0.14) and Cuddapah (0.61 + 0.18) shales are found comparable, whereas that
for the Lesser Himalaya is found to be lower (0.48 + 0.02). These values (Fig. 5.4) are

consistently equal to or higher than the values expected for marine sediments deposited under
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dysoxic to anoxic conditions (Fenr/Fer > 0.28; Poulton and Canfield, 2011; Raiswell et al.,
2018). In contrast, the Fepy/Fenr ratios show wide variation, with the lowest and highest
(average) ratios being observed for Kajrahat (0.29 + 0.14) and Cumbum (0.72 £ 0.14) shales,
respectively. Except for some samples from the Cumbum Formation (n = 16), the Fepy/Fer
values, however, are consistently lower than the values observed for sediments deposited under
euxinic waters (Fepy/Fet > 0.7; Poulton and Canfield, 2011; Raiswell et al., 2018).
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Figure 5.4. Crossplots between (a) Mogr and Uer (b) Fe-speciation parameters. Dashed lines in (a) represent the
0.3%, 1x and 3x seawater Mo/U molar ratio.

The 8®Npuik values from all the studied samples range between 0.7%o and 8.6%o
(Fig. 5.5), and broadly overlap with the range observed for modern marine sediments (Tesdal
etal., 2013). The Paleoproterozoic shales from the Tadpatri, Kajrahat and Cumbum Formations

show systematically enriched 8®°Nbuik values (2.9%o to 8.6%o) than that compared to the
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Mesoproterozoic Bijaigarh shales (1.6%o to 3.5%o) and the early Cambrian (Lower Tal) shales
(0.8%o to 1.4%o0; Table 5.1). Variations are minimal within the Formations (<0.5%o), except for
the Bijaigarh shales (~0.8%o). The 8**Corg values average 30.7 + 2.0%o for the entire studied
sample set and overlap with the ranges observed for marine phytoplanktons and autotrophic
carbon fixation processes (Hayes, 2001; Schidlowski, 2001). These values also show limited

variations within individual Formations (<0.5%o).
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Figure 5.5. Histogram plot showing the **Npuk distribution of the studied samples along with the global data
reported from other (a) Paleoproterozoic, (b) Mesoproterozoic and (c) Pc-C boundary (550—530 Ma) sections
(after Stiieken et al., 2024). Additional available data for the Bijaiagarh shales (Gilleaudeau et al., 2020) are also
included. The typical range of sedimentary 6*°N values associated with N-fixation-dominated ecosystems (Stiieken
et al., 2024) and the average value of modern marine sediments (~6.6%o; Tesdal et al., 2013) are also shown.
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5.3. Discussion

5.3.1. Evaluating post-depositional and metamorphic effects

A major challenge in interpreting isotopic signatures of ancient sedimentary rocks is
their low OM content and complex post-depositional history. Evaluation of diagenetic and
metamorphic effects is thus required before utilizing biogeochemical signals and redox proxies
to determine the sedimentary environment (e.g., Ader et al., 2016). This assessment is done
here using TOC/TN ratios and covariations of §**Corgand §°Nbuik with TOC, TN concentrations
and their ratios (Fig. 5.6).

Nitrogen in marine sediments can exist as either organic-bound or clay-bound phases
(e.g., Sigman et al., 2009). During burial diagenesis, OM releases NH4*, which is substituted
for K™ in clay minerals (Schroeder and McLain, 1998). Based on studies from modern settings,
this remineralization process in the sediments and its fixation into clay minerals can alter the
TOC and TN concentrations with minimal changes to the bulk nitrogen isotopic composition
(Ader et al., 2016; Stleken et al., 2016). Specifically, the TOC/TN ratios of primary biomass
during remineralization in the water column and sediments increase due to the loss of labile
nitrogen phases and, hence, deviate from the Redfield ratio (~7; Redfield, 1934). The samples
from our studied section exhibit high (atomic) TOC/TN ratios (between 14 and 61), indicating
the possible effect of some of these diagenetic processes. We evaluated the covariation between
TN and TOC concentrations to assess the major nitrogen hosting phase (e.g. organic- or clay-
bound). The y-intercept of this plot may reflect the amount of clay-bound nitrogen in the
samples and hence provide a clue about diagenetic OM remineralization. All the studied
sections show a generally positive TN-TOC correlation with a small y-intercept value
(Fig. 5.2a, 5.6a), indicating the presence of clay-bound nitrogen possibly mobilized during
diagenetic alteration. Further, the Tadpatri shales, in particular, show high y-intercept values
(Fig. 5.6a) with the least correlation (r = 0.27), suggesting the dominance of clay-bound
nitrogen in these samples. This is also supported by the observed significant correlation between
their TN and K (r = 0.71; p < 0.05) concentrations. Since the remineralization and capture of
nitrogen into clays is considered to occur under closed conditions (Ader et al., 2016), this
process may not have imparted significant modification to the isotopic compositions.
Additionally, the contribution of detrital NH4* to the bulk 8°N of these samples may also be
considered negligible since the contribution from terrestrial biomass during the Precambrian is
considered to be minimal (Ader et al., 2016; Canfield et al., 2021).
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Figure 5.6. Cross plots showing relations between (a) TN and TOC, (b) 6"*Npux and TN, (¢) 6**Npux and TOC/TN, and (d) **Npuik and 5*Corg. The black arrows depict expected
trends resulting from alteration. The grey-shaded region denotes the typical 5Ny values associated with N-fixation (Zhang et al., 2014).
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The isotopic effects associated with diagenetic processes on the §'°N values also
depend on the redox state of the depositional condition. Diagenesis in oxic conditions leads to
an isotopic enrichment up to ~4%o (Freudenthal et al., 2001; Lehman et al., 2002), while these
changes are minimal in anoxic environments (<1-2%o; Altabet et al., 1999; Lehman et al., 2002;
Thunell et al., 2004). Typically, all the studied shales exhibit deposition under anoxic
conditions, as evidenced by the Mo-U enrichments (Fig. 5.4a) and Fe-speciation parameters
(Fig. 5.4b). Similarly, a lack of correlation between &'*Nouik and Fery/Fenr for all the sections
(r < 0.3) suggests that changing redox conditions had an insignificant effect on the sedimentary
8'*N values. Further, metamorphism and organic matter maturation may elevate the 8'°N by
preferentially volatilizing isotopically lighter NH3 or N2. These thermal effects may impart
variable isotopic enrichments below greenschist (<1%.), within greenschist (1-2%.), for
amphibolite (3—4%.) and for upper amphibolite (6—10%o.) facies (Bebout and Fogel, 1992;
Mingram and Brater, 2001; Thomazo and Papineau, 2013; Ader et al., 2006; 2016; Stlieken et
al., 2016). Similar events may incur the loss of lighter carbon isotopes (*2C) during OM
degradation, leading to 3C (and §'3Corg) enrichment in residual organic matter. Significant
metamorphic effects are, therefore, expected to produce positive trends of §*3Corg and TOC/TN
with §®Nbuik, and negative trends between 3™ Nouk and TN (Hayes et al., 1983). Our studied
sections have only undergone low-grade metamorphism (typically under lower greenschist,
e.g., Manikyamba et al., 2008; Singh and Chakraborty, 2022) and thermal maturity (Célérier et
al., 2009b; Deb and Pal, 2015), and hence, may not have experienced significant changes in
their isotopic compositions. Further, the 8®Nbui values for all the studied samples show
insignificant correlation with TN and TOC/TN, indicating a minimal metamorphic effect on
8®Nbu (Fig. 5.6b and 5.6c). While the 3" Nbuik and TOC/TN relation doesn’t indicate any
thermal effects, the Cumbum shale samples exhibit a positive correlation between §*°*Nbuik and
5%3Corg (r = 0.49; p < 0.01) values. This relation may be attributed either to the high (lower
greenschist to greenschist) grade metamorphism of these samples, its complex deformational
history (Saha, 2002; Saha and Chakraborty, 2003; Sheppard et al., 2017), and/or primary
biomass signal. Summing up based on available datasets and their trends, the 8®°Npuik values
for our studied sections may not have experienced any significant isotopic changes during post-
depositional diagenetic and metamorphic processes and, hence, may represent signatures of

ocean nitrogen cycling during shale deposition.
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5.3.2. Possible Modes of Nitrogen cycling during the Proterozoic

5.3.2.1. Aerobic Nitrogen cycling

The Paleoproterozoic shales (Tadpatri, Kajrahat and Cumbum shales) show enriched
(>3%o) 8™ Nbulk values, reaching up to 8.6%o. These enriched values do not fall in the typical
SN values expected for N-fixation-dominated ecosystems and may be explained by additional
transformation mechanisms occurring within these basins. The following scenarios can explain

the observed 5N enrichment:

(A) Ammonium assimilation: The nitrogen isotopic value of deep-water NH4* in anoxic
environments is mostly influenced by remineralization of organic matter and/or rates of
other removal pathways (e.g. conversion to N2 or N2O; Sigman et al., 2009). This NH4*
reservoir gets enriched in 8'°N, and primary productivity supported by its upwelling
could lead to high 8*°N values in the sediments. Such scenarios have been reported from
the late Paleoproterozoic Animikie Basin (Godfrey et al., 2013) and the Aravalli Basin
(Papineau et al., 2009).

(B) Non-quantitative nitrification followed by quantitative denitrification: The partial
nitrification of NH4" results in the creation of an isotopically light NOs™ pool and a heavy
NH4* pool. Complete denitrification of this NOs™ pool and the quantitative assimilation
of the residual heavy NH4" can result in isotopically heavy biomass and sedimentary

81°N values.

(C) Partial denitrification/anammox: NOs™ loss due to denitrification or anammox
processes in the water column leads to isotopic enrichment. Progressive use of this
nitrate can elevate the 8°N of the nutrient pool and hence, that of the biomass. This
scenario, however, requires an abundant nitrate pool and the occurrence of redoxcline

in the water column.

Scenario (A) requires the presence of a complementary lighter phase in the deeper parts
of these basins or any other contemporaneous sections. While data for these are limited, the
occurrence of such heavily depleted §*°N values is not reported from any contemporaneous
global sections apart from one study from the Paleoproterozoic Aravalli Supergroup (Papineau
et al., 2009). Therefore, the scenario seems less probable for any of the studied sections. For

Scenario (B), the nitrification of ammonium is considered to progress rapidly even under very
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low O2 levels (~1% PAL; Kalvelage et al., 2011; Bristow et al., 2016). The existence of such a
situation is only reported from modern environments where seasonal redox stratifications
prevail (Granger et al., 2011) and is considered to be unstable over geological timescales
(Stiieken, 2013; Kipp et al., 2018). If the redoxcline in these basins were below the surface
productive layers, the enriched ammonium may not be available for primary producers, making
scenario (B) less likely. Similarly, the non-quantitative denitrification/anammox of a large
nitrate pool also explains the resultant nitrogen isotopic enrichments (Scenario C). This would
require sufficient dissolved Oz contents and a stable nitrate pool in the surface waters of these
basins. Such a mode of N-cycling has been widely invoked to explain the highly enriched values
of various Paleo-Mesoproterozoic sections (Kipp et al., 2018; Stlieken et al., 2021; Wang et al.,
2023). If scenario (C) were actually true for these sections, the degree of isotopic enrichment
can be used to infer the size of the nitrate pool. A larger nitrate pool will lead to lower 3*°N
enrichment in the associated biomass. This would also mean the presence of a larger nitrate
pool in the Vindhyan (Kajrahat) Basin compared to the Cuddapah (Tadpatri and Cumbum)

Basin.

Both scenarios (B) and (C) can explain the observed heavy §*°N values of these sections.
Distinguishing this would require information on the position of chemocline in these basins.
While Fe-speciation parameters suggest that the chemocline in all these basins occurred in the
water column, their exact position (closer to the surface layers or below the productive zone)
is still indefinite. In such a situation, we conclude that scenarios (B) and (C) may be equally
likely during the deposition of the Tadpatri, Kajrahat and Cumbum shales. More information
on the basin hydrography and water-column structure can help validate the exact dynamics.
Altogether, these pieces of evidence confirm the occurrence of aerobic nitrogen cycling in these
Paleoproterozoic basins. These inferences are in line with reports from other global sections
(Stueken, 2013; Koehler et al., 2017; Kipp et al., 2018; Cheng et al., 2019; Kang et al., 2023;
Wang et al., 2023).

5.3.2.2. Anaerobic cycling

The average 8®°Nouk values of the Bijaigarh (2.4 + 0.8%0) and Lower Tal shales
(1.1 £ 0.2%o) are lower than the Paleoproterozoic shales. These depleted values can be

explained by any of the following mechanisms:
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(A) The N2 fixation process contributes to the bulk of bioavailable nitrogen.

For this to occur, an anoxic condition inhibiting the production of nitrate is required.

(B) Nitrification and denitrification are quantitative through a water column redox
gradient, resulting in a very small amount of NOs™ for biological uptake. In this case,
the final isotopic composition of the biomass is minimally affected by this small NO3

pool.

(C) Denitrification is limited to the sediments, such that the nitrate pool has an isotopic

composition similar to that of fixed nitrogen.

Scenario (C) is unlikely for the Bijaigarh and Lower Tal shales since these sediments
are recognized to have deposited under anoxic (ferruginous) bottom-water conditions, as
suggested by the Fe-speciation data. The closeness of the observed values to the atmospheric
N2 (~0%o) and with sedimentary values of fixation-dominated ecosystems (—2%o to +2%o;
Stueken et al., 2024) indicate a scenario where N2-fixation signals contributed to the bulk of
bioavailable nitrogen (scenarios A and B). Quantitative nitrification and denitrification lead to
a small NOs reservoir, limiting the supply of bioavailable nitrogen and causing an increase in
N-fixation processes to balance the deficiency. In such a condition, the role of NOs" in affecting
the 3°N of the biomass will be negligible. Gilleaudeau et al. (2020) also reported a similar
range of 8*Nbuk values (0.3%o to 2.9%o) for the Bijaigarh shales. They have suggested that
these signatures represent a dominant N-fixing system with limited modification from aerobic
redox cycling (nitrification and denitrification). Our dataset, while slightly higher than these
reported values, overlaps with their range and hence supports this inference. The existence of
such a model of N-cycling has been reported from deep water sections of the Mesoproterozoic
Bangemall (Koehler et al., 2017) and the Belt (Stiieken, 2013) Supergroups. Overall, we can
confirm the occurrence of an anaerobic mode of nitrogen cycling in the Bijaigarh and Tal

basins.

5.3.3. Effect of redox conditions on primary productivity

The previous section provides a qualitative assessment of the nitrogen cycling in these
basins. Here, we try to develop a quantitative constraint by evaluating the observed sedimentary
5°N as a function of basinal redox conditions. For this, we follow a numerical modelling
approach that captures the effect of changing water column redox conditions in the observed

sedimentary isotopic compositions of these samples (Kipp et al., 2018). The method is based
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on a steady-state box model, which formulates the marine nitrogen isotopic mass balance
(Algeo et al., 2014; Stueken et al., 2016; Kipp et al., 2018; Kang et al., 2023) and is discussed
in detail in the Appendix (Section A5.1). The model results provide a population of sedimentary
5'°N values based on the changing basinal redox conditions. By comparing these model results
with the range of §°Nsed values of our sections, the degree of surface ocean anoxicity (fan sub)
and the resultant proportion of nitrogen assimilators (fassimitators) to the sedimentary pool in these

basins are reconstructed.

The model output shows a non-linear relationship of 3™Nsea with both fan s and
fassimilators, and is able to reproduce the fan_sub (~0.3%) and corresponding fassimitators (~0.63) values
for the present-day ocean system (Fig. 5.7; Kipp et al., 2018; Kang et al., 2023). The highest
8°Nsed values are obtained during intermediate fan_su» Values. A highly oxygenated ocean (very
low fan_sun) Will lead to limited nitrate loss and associated isotopic effects, resulting in §°Nseq
values close to ~0%o.. Similarly, a largely reducing ocean with surface ocean anoxia (high fan_sub)
high rates of nitrate loss will lead to increased input of N2-fixers to the marine and sedimentary

nitrogen pool, reducing the §*°Nsed values again.

The non-linear relation between fan_sun, and the §°Nsed provides us with two possible
solutions for our §°Nses sample ranges (Fig. 5.7a). These solutions reflect two different levels
of surface water oxygenation: one characterized by minimal deoxygenation (comparable to
modern settings) and the other by significantly higher surface deoxygenation relative to present-
day conditions. In the first case of an oxygenated surface water condition, the surface layers in
these basins could have sustained a large nitrate pool. The observed high (> 3%.) 5'°Nsed values
of the Tadpatri, Kajrahat and Cumbum shales can hence be explained by the isotopic effects
associated with the incomplete removal of this nitrate pool by denitrification/anammox
processes and the utilization of this heavier nitrate by nitrate assimilators (scenario (C) in
Section 5.3.2.1). Under such conditions, nitrate assimilators could have dominated the surface
productivity and the sedimentary nitrogen pool (fassimilators > 0.5) in these basins as well. In the
Bijaigarh and Tal basins, the creation of sedimentary '°N close to fixation signals (< 3 %o) in
a well-oxygenated basin would require either a small nitrate pool or the redoxcline to be
restricted to the sedimentary column (scenarios (A and B) in 5.3.2.2). However, the
reconstruction of the sedimentary depositional environment suggests the occurrence of anoxic

bottom water and a high degree of redox-sensitive trace element enrichments in these basins,
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which could prevent such a mode of N-cycling. Hence, we can dismiss a largely oxygenated
environment for the Tal and Bijaigarh shale deposition.
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Figure 5.7. Variation of modelled bulk-rock sedimentary 5°N values as a function of (a) water-column anoxia
and (b) the contribution of nitrogen assimilator (fasimilators) t0 the sedimentary nitrogen pool. The black solid line
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Alternatively, the observed sedimentary 5!°N values could have also resulted from high degrees
of surface water anoxia in these basins. For such environments to produce enriched 8™ Nsed
values (> 3%o), denitrification/anammox processes need to have dominated over nitrification
processes, leaving ammonium as the dominant bioavailable form for biological uptake.
Assimilation of heavy ammonium created due to partial nitrification or supplied from deeper
parts of the basin by upwelling can lead to enriched §°Nseq values similar to those observed in
the Tadpatri, Cumbum and Kajrahat basins. However, as described in Section 5.3.2.1, limited
reports for ammonium assimilation and the existence of complementary lighter ammonium
reservoirs from contemporaneous sections prevent the possibility of a fully anoxic water
column structure in these basins. The low sedimentary 5!°N values (< 3%o) observed for the
Bijaigarh and Tal basins can also be produced from a dominantly anoxic surface ocean
condition. However, this would require the sedimentary nitrogen pool to be composed of a very
low proportion of eukaryotic biomass (fassimitators < 0.1). This condition seems quite unlikely for
the Bijaigarh and Tal sections since evidence for eukaryotic life forms has been reported from
both these Basins even before the deposition of these sequences (e.g., Bengtson et al., 2009;
Sharma et al., 2021). A more plausible explanation for the low §°N could be the absence of
significant nitrification or quantitative nitrification-denitrification fluxes in a moderately
oxygenated basin, which may have shifted the biomass and sedimentary nitrogen isotopic

compositions closer to N-fixation signals in these basins (scenarios (A and B); Section 5.3.2.2).

The above discussion hence supports the presence of aerobic mode of cycling in the
Tadpatri, Kajrahat and Cumbum basins (Section 5.3.2.1) and anaerobic modes of nitrogen
cycling in the Bijaigarh and Tal basins (Section 5.3.2.2). It has to be noted that these
interpretations are primarily based on a broad-scale analysis and are likely to offer a first-order
view of nitrogen dynamics in these basins. Several factors, including basinal hydrography, sea-
level fluctuations, temporal shifts in terrestrial phosphorus flux, and changes in atmospheric
oxygen levels during the shale deposition, may have influenced the regional environments.
Further detailed investigations may be required to validate these inferences. Nevertheless, the
current discussion, when read in line with previous reports from other global sections, adds to
the growing number of evidence in support of an expansive nitrate reservoir in the shallow near-
shore surface oceans during the Proterozoic (Kipp et al., 2018; Kang et al., 2023; Wang et al.,
2023). As anoxic conditions spread into these surface layers and led to nitrate depletion, a shift
towards nitrogen fixation/ammonium assimilation mechanisms likely helped maintain the
nitrostat (Stiieken et al., 2024).
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5.4. Conclusions

The bulk nitrogen (8*°Nbuik) and organic carbon isotopic signatures (8**Corg) of black
shales from the Vindhyan, Cuddapah and Lesser Himalaya sedimentary successions were
investigated to constrain the modes of nitrogen cycling during the Proterozoic Eon. The
nitrogen isotopic signatures for the Bijaigarh and Lower Tal shales overlap with sedimentary
5'°N values characteristic of environments where N-fixing processes using Mo-nitrogenase are
dominant. The highly enriched 8" Nuoui values for the Tadpatri, Kajrahat and Cumbum shales
suggest the occurrence of aerobic modes of nitrogen cycling in these basins, where processes
such as nitrification, denitrification/anammox and ammonium assimilation were active. Further,
we used a steady-state box model together with our measured shale §'°N values to assess the
effect of increasing water-column deoxygenation on nitrate availability in these settings.
Results from this modelling effort support the idea that nitrate assimilators could have prevailed
in the surface waters and dominated the organic pool in most of these basins. Further, these
observations suggest that basinal redox conditions largely controlled nutrient availability in the
Proterozoic oceanic settings and, hence, support the ‘nitrostat’ concept for developing and

expanding eukaryotic habitats.

115



116



\

Chapter 6

Summary
and

Future Perspectives

/

117



118
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6.1. Summary

The main objective of this thesis was to reconstruct the redox evolution of the
Proterozoic Ocean. This objective was pursued by a detailed geochemical and isotopic
investigation of organic-rich shales from different Proterozoic Basins and an early Cambrian
section from the Himalaya. Through the application of multiple redox proxies, this research
contributes to the current understanding of ocean chemistry during the Proterozoic and Pc-C

boundary, and provides new information from the Indian sector.

The studied sequences spanned different time spans within the Proterozoic. The studied
sequences from the Vindhyan Basin represent shales from a Paleoproterozoic (~1.73 Ga
Kajrahat Formations) and a Mesoproterozoic (~1.21 Ga Bijaigarh shale Formation) section.
The shales from the Cuddapah Basin were mostly of Paleoproterozoic age and were collected
from the ~1.88 Ga Tadpatri Formation (Chitravati Group) and the ~1.66 Ga Cumbum
Formation (Nallamalai Group). In this study, a depositional age of 1658 + 50 Ma for the
Cumbum black shale sequence was established using Re—Os dating. Compared to the previous
age information, which was based on radiometric ages derived from detrital zircons and
intrusives, this study provides a direct depositional age constraint for this Formation. The Lesser
Himalaya sequence represents the Precambrian-Cambrian transition interval from the ~535 Ma

Lower Tal Formation (Mussoorie Group).

All the studied sequences showed a reducing depositional environment, which was
evident from the enrichment of multiple (e.g., Mo, U, V, Cd) redox-sensitive elements. The Mo
and U enrichment (compared to the UCC) in these shales were observed to be lower for the
Paleoproterozoic shales (Moer ~6 and Uer ~2) compared to the Mesoproterozoic Bijaigarh
shales (Moer ~42 and Uer ~13) and the early Cambrian Lower Tal shales (Moer ~16 and
Uer ~3). All these shales were also characterized by low Mo/TOC (x 10) ratios, with the
~1.73 Ga Kajrahat shales showing the lowest (1.0 £ 0.3) and the Lower Tal shales showing the
highest (12.1 = 0.8) values. These Mo/TOC values are comparable to modern anoxic and
restricted environments, which suggests the possible control of basinal restriction in limiting

the trace elemental inventory in these basins.

The Fe-speciation datasets reveal that the Fe associated with sulfide phases (Fepy ~ 12%
to 79%) and carbonate phases (Fecarb ~ 4% to 53%) dominated the total iron pool (Fer) of these

shale sequences with very minimal association with oxide (Feox ~3%) and magnetite phases
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(Femag ~ 1%). Most of the studied sections also have high proportions of highly reactive iron
pools (Fexr ~ 37% to 91% of total iron) compared to the total iron content (Fer). The proportion
of iron associated with pyrite (Fery = 12% to 79%) and its proportion in the reactive iron pool
(Fery/Fenr; ranging between 0.17 and 0.92) show substantial variation between Formations.
Altogether, these chemical parameters signify shale deposition under anoxic (ferruginous)
bottom-water conditions in all of these basins, with the Cumbum Formation alone displaying

signals of intermittent euxinia in the basin.

The Mo isotopic composition (§°Mo) determined for the Paleoproterozoic Cumbum
shales and the early Cambrian Pc-C shales also show considerable differences. The Cumbum
shales show limited intraformational variation (+0.43%o to +1.02%o) and lower average values
(+0.7 £ 0.1%0) compared to the Lower Tal shales which show a larger range (+0.99%o to
+1.89%0) and average (+1.5 £ 0.2%o) value. Assuming quantitative Mo sequestration during
euxinic bottom water conditions in the Cumbum basin, the average 5*®Mo value of ~ +0.7%o
could be considered as a lower limit for the late Paleoproterozoic global ocean. Similarly, if we
assume an average offset of ~0.7%o associated with the ferruginous deposition in the Tal basin,
a 8%Mo value of ~2.2%o represents the average Mo isotopic composition of the early Cambrian
oceans. This temporal evolution in oceanic Mo isotopic composition, observable from these
two datasets, may be related to the gradual rise in the oxic seafloor environments, which
preferentially removes lighter Mo from the oceans. Modelling efforts utilizing these %Mo
values of euxinic shales from the Cumbum Formation show the presence of extensive euxinic
environments during the Paleoproterozoic (~5% of seafloor area), which were an order of
magnitude higher than that observed for modern oceans (0.1% to 0.3%). These expanded
euxinic environments possibly persisted throughout the Proterozoic, as evidenced by the

calculations using reported °Mo values from other global sections.

The oceanic environment close to the Precambrian-Cambrian (Pc-C) boundary appears
dynamic with Mo isotopic mass balance calculations revealing the existence of ~2—4 times
higher areal extent of sulfidic waters and pyrite burial rates. Evaluation of the seawater sulfate
inventory during this interval reveals temporal and spatial variations in seawater chemistry
during this transition. These calculations using pyrite-S isotopic values from the Lower Tal
shales estimate the seawater sulfate value of 8 = 3 mM near the Pc-C transition, which is higher

than the reported values for the late Neoproterozoic oceans (<5 mM).
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Nitrogen isotopic study of these organic-rich shales provides new information on the
nitrogen cycling in these basins. The sedimentary 3*°N values were influenced by the rate and
balance of nitrification and denitrification/anammox processes in these basins, controlled by
the bottom-water redox condition. Processes such as nitrification and denitrification/anammox,
suggestive of aerobic nitrogen cycling, were active in the Paleoproterozoic basins (Tadpatri,
Kajrahat, Cumbum). In contrast, anaerobic processes, which lead to N-isotopic composition
similar to the N2-fixation range, were observed from the Mesoproterozoic Bijaigarh shales and
the early Cambrian Lower Tal. Attempts to quantify the extent of anoxia on the sedimentary N-
isotopic compositions were made using a steady-state Nitrogen isotopic mass balance model,
which suggests the possible occurrence of low degrees of surface water anoxia in these anoxic
basins. This estimation also supports the idea that N-assimilators (such as eukaryotes) could
exist in the shallow oxygenated layers of these anoxic basins. Additionally, the sedimentary
5°N values were influenced by the rate and balance of nitrification and
denitrification/anammox processes in these basins, controlled by the bottom-water redox

condition.

6.2. Future Perspectives

The major objective of this thesis was to reconstruct the paleoredox conditions of the
Proterozoic Ocean, which was achieved by targeting spatially and temporally distinct
sedimentary successions from the Proterozoic Basins of India. There are, however, many areas
of research that are beyond the scope of this work. Some of the areas that require to be addressed

in future works are cited below.

e Improvement of data resolution: The interpretations derived from this study provide
snapshots of the different paleoenvironmental conditions that persisted in the
Proterozoic and Early Cambrian oceans. While multiple Proterozoic sections exist in
India, many of these records are still understudied. More investigations combining
multiple geochemical proxies can provide new information and improve our
understanding of the oxygenation history of the Proterozoic oceans and atmosphere.
High-resolution temporal and spatial sampling strategies utilizing well-preserved

sections and/or core samples will be beneficial in this regard.
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Extending the geochemical record: In this study, we use the Mo isotopic proxy to
reconstruct the Proterozoic global ocean euxinia. Application of other novel proxies,
such as V and TI isotopic compositions, which track the low-oxygenated and
oxygenated environments, can validate these findings. Similarly, this work utilizes the
S-isotopic relationship between sulfides and sulfates to reconstruct basinal seawater
sulfate concentrations during the Pc-C boundary. This approach may be expanded to
other sections and combined with high-resolution carbonate-associated sulfates (CAS)
determinations, which will provide a better reconstruction of the changing sulfate

inventory in the Proterozoic.

Addition of geochronological data: Information on the depositional ages of many of
the Proterozoic sections is limited. The Re—Os dates from this study provide the first
depositional age for the Cumbum Formation, Cuddapah Supergroup. Similar attempts
need to be made to improve the geochronological dataset of Indian shales, which has

implications for understanding their sedimentation and tectonic histories.

Inclusion of Earth System Models and other computational resources: Earth
System Models and Machine Learning algorithms may be utilized to resolve the
observed trends of the elemental cycle and predict their probable evolutionary history.
The inclusion of such methodologies to explain geochemical datasets may also help

identify their controlling factors.
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Table A3.1. Additional geochemical data for the Cumbum shales

Na K Ca Mg Si Ti Fecarn Feox  Femag  Fepy \% Cr Ni Cu Zn Ba
Sample ID
wt% ng/g

CDP21-17 038 353 069 131 3138 032 039 006 003 082 191 74 41 24 49 406
CDP21-18 004 457 013 141 2933 036 012 004 001 0.64 235 100 39 48 56 160
CDP21-19 038 397 016 113 3163 036 017 002 002 0.72 191 85 42 35 73 523
CDP21-20 038 400 019 117 3161 036 018 002 002 0.68 190 88 42 32 53 752
CDP21-21 038 397 bdl 105 3197 035 010 002 002 099 179 104 40 36 78 1319
CDP21-22 037 39 bdl 106 3193 035 011 002 002 0.65 180 103 40 35 68 1319
CDP21-23 045 389 bdl 100 3184 034 009 002 002 084 184 95 46 41 63 1074
CDP21-24 045 38 bdl 103 3163 034 009 002 002 138 180 90 46 41 58 696
CDP21-35 084 306 120 169 2965 033 048 005 003 055 185 81 41 28 61 605
CDP21-36 078 3.08 142 183 2864 033 084 004 002 061 187 81 42 25 73 574
CDP21-37 074 334 127 173 2903 034 076 003 002 0.65 232 93 41 28 121 1060
CDP21-38 006 397 113 164 2802 030 037 003 000 206 166 83 49 21 42 1507
CDP21-39 006 407 091 151 2812 030 031 002 000 211 173 94 52 23 42 3481
CDP21-127 031 317 216 196 2769 028 038 002 001 1.30 190 87 42 24 54 2689
CDP21-128 034 347 098 141 295 030 023 002 001 171 214 91 48 34 67 2332
CDP21-129 034 359 174 187 2762 031 034 002 000 163 179 95 40 26 40 2943
CDP21-130 045 391 054 125 2962 033 023 002 001 1.08 191 102 41 41 72 2382
CDP21-131 022 239 491 324 2471 024 069 002 001 167 106 64 42 33 50 1279
CDP21-132 026 334 252 220 2720 030 043 0.02 000 117 176 85 38 24 53 2586
CDP21-133 034 352 122 155 2927 031 028 001 000 1.26 167 89 42 25 55 1681
CDP21-134 022 271 422 292 2587 026 078 003 001 116 119 64 37 16 35 3690
CDP21-135 016 442 029 126 2982 033 016 002 000 098 186 100 39 26 43 3083
CDP21-136 022 35 100 138 3051 032 028 002 001 110 134 80 34 23 42 3383
CDP21-137 019 39 118 154 2939 032 034 002 001 092 208 91 36 23 39 3777
CDP21-138 021 340 143 168 2944 032 048 003 002 0.68 196 83 46 26 74 3121
CDP21-139 024 362 211 206 2802 033 066 003 002 087 154 86 45 26 123 3026
CDP21-140 032 442 Dbd. 1.09 2989 033 010 002 0.02 0.67 205 105 47 45 71 1428
CDP21-141 031 379 067 135 3013 034 033 003 002 054 228 91 44 28 56 1208
CDP21-142 047 369 131 167 2923 035 045 003 002 0.61 204 94 48 39 138 856
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Table A3.2. Input parameters used for the Mo isotopic modelling

Appendix

Parameter Unit References
Area of modern seafloor m? 3.6 x 10" (1)
Mass of seawater kg 1.41 x 10% (2)
Concentration of Mo in modern seawater ([M0]sw) nmol kg™ 3
Isotopic composition of Mo in modern seawater (5**Mosw) %o 4)
Parameter Unit Min Value Max Value References
Riverine flux (Friv) mol yr* 18.8 x 107 30.0 x 107 1), (5)
Riverine isotopic composition (5**Moriy) %o +0.2 +0.8 (6)
Accumulation rate in euxinic settings (Deux) mol m?yr? 5x107° 1.25 x 10* 1), (5)
Accumulation rate in broadly reducing settings (Dinterm) mol m2yr? 2.61x10° 2.81x10° (1), (5
Accumulation rate in oxic settings (Doxic) mol m2yr? 2.08 x 107 2.87 x 107 (1), (5)
Fractionation factor in euxinic settings (A®Moeux) %o -0.8 0 (6)
Fractionation factor in broadly reducing settings (A*®*M0interm) %0 -1.0 -0.9 This study
Fractionation factor in oxic settings (A*®Mo0oxic) %o -3.0 -2.8 (7), (8)
Local fractionation factors in euxinic settings (A*MO0eux loc) %0 —0.8 0 (6)
Local accumulation rates factors in euxinic settings (Deuxloc) mol m2yr? 5x10° 1.25 x 10* 2, 5)

References

(1) Reinhard et al., 2013 (2) Stockey et al., 2020 (3) Morford and Emerson, 1999 (4) Négler et al., 2014 (5) Scott et al., 2008 (6) Dahl et al., 2021 (7) Kendall et al.,

2017 (8) Dahl et al., 2017
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Table A3.3. Summary of the **Mo compilation data for shales deposited in euxinic settings.

3%Mo

Age .

%o Reference

- - Counts*

Ma Mean Median Min Max
500 +0.95 +0.96 +0.92 +0.98 3 Q)
519 +1.34 +1.07 +1.02 +1.94 3 1), 2
520 +0.72 +0.70 —0.68 +2.19 14 1), (2), 3)
521 +0.81 +0.81 —-0.89 +1.97 45 (2), (3), (4), (5)
526 +1.16 +1.15 +0.86 +1.49 4 (6)
529 +1.42 +1.66 +0.11 +1.76 8 @)
532 +0.99 +0.96 +0.17 +1.86 4 4)
551 +0.51 +0.39 -0.02 +1.32 8 (2), (8)
560 +0.08 +0.44 -1.98 +2.24 54 (8)
576 +0.43 +0.14 -0.34 +1.66 13 9)
591 +0.02 +0.01 -1.12 +1.40 15 9
633 —-0.44 —-0.50 -1.49 +0.54 13 (5), (8)
641 +0.80 +0.81 +0.39 +1.15 8 9
659 +0.68 +0.63 +0.10 +1.48 19 (10)
660 —0.35 —-0.20 -1.60 +0.70 6 (11)
742 +0.97 +0.97 +0.81 +1.13 2 @
1210 +0.86 +0.86 +0.54 +1.18 2 (12)
1332 +0.35 +0.49 -0.11 +0.66 3 (13)
1361 +0.94 +0.94 +0.85 +1.04 6 (14)
1392 +0.57 +0.40 +0.07 +1.74 25 (15)
1658 +0.65 +0.66 +0.52 +0.85 16 This study
1730 +0.68 +0.73 +0.29 +0.99 4 (14)
1836 +0.78 +0.93 +0.20 +1.29 28 (16)
1930 +0.62 +0.60 +0.55 +0.70 13 a7
1980 +0.68 +0.62 +0.51 +1.27 13 (18)
2060 +0.71 +0.72 +0.32 +1.11 19 (19)
2083 +0.68 +0.56 +0.41 +1.24 4 (20)
2150 +1.23 +1.19 +0.70 +1.70 11 (19)
2320 +0.31 +0.17 -0.34 +1.25 6 (19)
2480 +1.15 +1.11 +0.79 +1.54 17 (21)
2500 +1.36 +1.35 +0.99 +1.80 14 (22)

*Only euxinic shales are considered

References

(1) Dahl et al., 2010 (2) Chen et al., 2015 (3) Qin et al., 2022 (4) Wen et al., 2015 (5) Ye et
al., 2020 (6) Cheng et al., 2016 (7) Cheng et al., 2017 (8) Ostrander et al., 2019 (9)
Kendall et al., 2015 (10) Pan et al., 2021 (11) Scheller et al., 2018 (12) Gilleaudeau et al.,
2020 (13) Yeetal., 2021 (14) Kendall et al., 2009 (15) Diamond et al., 2018 (16) Kendall
etal., 2011 (17) Partin et al., 2015 (18) Asael et al., 2013 (19) Asael et al., 2018 (20)
Canfield et al., 2013 (21) Ostrander et al., 2021 (22) Duan et al., 2010
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Table A3.4. Estimated areal extent of ocean redox state for the Proterozoic Eon. These model results are based on present and literature-available 5**Mo data
for shales deposited in euxinic settings.

= Am32nd 68" Almergznd 68" Aeux32nd 68" adore
Ma Mean  Median Quantile Quantile Mean  Median Quantile Quantile Mean  Median Quantile Quantile Modern Aa
500 37.2% 34.9% 17.5% 53.1% 45.2%  43.4% 27.2% 60.7% 10.3%  1.6% 0.6% 5.0% 5.3
519 41.0%  40.4% 21.6% 58.9% 45.7%  44.0% 27.2% 62.4% 5.8% 0.6% 0.3% 1.6% 2.1
520 34.8% 31.5% 15.0% 49.7% 42.3%  39.4% 23.4% 57.7% 15.7%  3.2% 0.8% 12.6% 10.5
521 34.8% 31.5% 15.0% 49.7% 42.3% 39.5% 23.4% 57.8% 15.7%  3.2% 0.8% 12.6% 10.5
526 38.5% 37.0% 19.2% 55.0% 46.0%  44.6% 28.0% 62.2% 8.0% 1.0% 0.4% 2.5% 3.3
529 35.0% 31.8% 15.3% 50.1% 43.0% 40.6% 24.4% 58.6% 14.7%  2.5% 0.8% 10.0% 8.4
532 35.2% 32.0% 15.4% 50.3% 43.2%  40.7% 24.6% 58.8% 14.3%  2.5% 0.8% 10.0% 8.4
551 33.9% 30.2% 14.3% 48.2% 42.4%  39.8% 23.9% 57.8% 16.5%  4.0% 1.3% 12.6% 13.3
560 34.8% 31.5% 15.0% 49.7% 42.2%  39.4% 23.4% 57.7% 15.7%  3.2% 0.8% 12.6% 10.5
576 34.6% 31.2% 14.8% 49.3% 42.4% 39.7% 23.7% 57.9% 15.7% 3.2% 1.0% 12.6% 10.5
591 34.0% 30.4% 14.4% 48.5% 42.2%  39.5% 23.5% 57.5% 16.6%  4.0% 1.0% 12.6% 13.3
633 28.4%  23.6% 8.9% 40.3% 34.8% 29.9% 15.9% 47.2% 29.8% 15.8% 7.9% 39.8% 52.8
641 33.8% 30.1% 14.3% 48.0% 43.7%  41.9% 25.7% 59.2% 152%  3.2% 1.0% 12.6% 10.5
659 34.6% 31.2% 14.9% 49.2% 42.9%  40.5% 24.4% 58.4% 15.2%  3.2% 1.0% 10.0% 10.5
660 29.5%  25.0% 10.1% 41.9% 374% 33.3% 18.2% 51.0% 26.1% 12.6% 5.0% 31.6% 42.0
742 36.2% 33.3% 17.0% 51.4% 45.9%  44.9% 28.4% 61.8% 10.6%  1.6% 0.5% 5.0% 5.3
1210 34.9% 31.7% 15.5% 49.5% 44.4%  42.8% 26.4% 60.1% 13.4%  2.5% 0.8% 7.9% 8.4
1332 29.3% 24.7% 10.1% 41.4% 37.3% 33.1% 18.1% 50.9% 26.4% 12.6% 6.3% 31.6% 42.0
1361 35.9% 32.8% 16.3% 51.0% 45.8%  44.8% 28.0% 61.5% 10.9% 1.6% 0.6% 5.0% 5.3
1392 349% 31.7% 15.2% 49.9% 42.9%  40.4% 24.3% 58.4% 148%  2.5% 0.8% 10.0% 8.4

#Calculated using modern euxinic seafloor areal extent of 0.3%
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Table A3.4 (continued)

Appendix

Age AOXiC32nd 68th Ainterr;2nd 68th Aeux32nd 68th Modelled Aeu;(
Ma Mean  Median Quantile Quantile Mean  Median Quantile Quantile Mean  Median Quantile Quantile Modern Acu
1658 323% 28.0% 12.6% 45.9% 429% 40.7%  24.6% 58.4% 17.7% 5.0% 1.6% 15.8% 16.7
1730 324% 28.3% 13.0% 46.1% 42.4%  39.9% 24.0% 57.7% 18.0% 5.0% 1.6% 15.8% 16.7
1836 34.1% 30.6% 14.6% 48.5% 43.0% 40.7% 24.7% 58.5% 15.6% 3.2% 1.0% 12.6% 10.5
1930 31.6% 27.5% 12.0% 44.4% 42.0% 39.9% 23.8% 57.0% 19.3% 6.3% 2.5% 20.0% 21.0
1980 35.1% 31.9% 15.6% 50.0% 445% 42.8% 26.4% 60.2% 13.1% 2.0% 0.8% 7.9% 6.7
2060 33.3% 29.6% 13.8% 47.3% 43.2% 41.0% 25.0% 58.6% 16.3%  4.0% 1.3% 12.6% 13.3
2083 314% 27.2% 11.6% 44.9% 41.6% 38.8% 23.4% 56.5% 19.8% 6.3% 2.5% 20.0% 21.0
2150 37.7% 35.4% 18.1% 54.1% 45.4%  43.9% 27.2% 61.6% 9.4% 1.3% 0.4% 3.2% 4.2
2320 33.4% 29.8% 13.9% 47.7% 41.8% 39.1% 23.1% 57.0% 17.5% 5.0% 1.3% 15.8% 16.7
2480 38.0% 36.0% 18.6% 54.3% 45.9% 44.6% 27.9% 62.2% 8.7% 1.0% 0.4% 3.2% 3.3
2500 40.5% 39.9% 21.2% 58.1% 45.8% 44.4% 27.4% 62.3% 6.1% 0.6% 0.3% 1.6% 2.1

“Calculated using modern euxinic seafloor areal extent of 0.3%
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Table A4.1. Additional geochemical data for black shale samples from the (lower) Tal Formation and

Neoproterozoic shale sequence (Chandpur Formation) from Lesser Himalaya.

Appendix

Na Mg Si K Ca Ti Sr Ba Sc Th

Sample ID#
wit% ng/g

Tal Formation, Lesser Himalaya (Shale sequence overlying the Pc-C boundary)
HM15-10A 0.91 2.04 26.88 2.85 2.43 0.41 90 479 11.0 13.0
HM15-10B 0.94 2.04 26.99 2.82 2.35 0.41 89 457 11.2 135
HM15-11A 0.94 2.04 27.24 2.84 2.31 0.41 85 419 10.6 135
HM15-11B 0.92 2.01 27.19 2.80 2.27 0.41 83 392 11.1 12.7
HM15-12A 0.94 2.03 27.04 2.86 2.34 0.41 91 524 11.6 13.6
HM15-12B 0.97 2.03 27.01 2.81 2.34 0.41 83 422 10.8 13.8
HM15-13A 0.95 2.02 27.17 2.85 2.06 0.41 69 481 114 13.8
HM15-13B 0.98 2.03 27.12 2.84 2.01 0.41 65 467 11.5 12.7
HM15-14A 0.94 2.06 26.52 2.83 2.30 0.41 81 539 12.1 13.6
HM15-14B 0.94 2.06 26.72 2.86 2.35 0.41 82 393 11.3 11.7
HM15-15A 0.92 1.97 27.12 2.78 2.47 0.41 67 761 12.8 145
HM15-15B 0.92 1.98 27.27 2.79 2.43 0.41 95 668 12.4 14.1
HM15-16A 0.90 1.99 26.95 2.76 2.24 0.40 80 497 11.5 13.8
HM15-16B 0.94 2.00 27.03 2.80 2.29 0.41 83 516 11.4 12.6
HM15-17A 0.92 2.00 26.96 2.75 2.46 0.40 85 512 11.2 13.0
HM15-17B 0.92 2.01 27.13 2.83 2.38 0.41 81 462 11.6 12.6
HM15-18A 0.92 2.08 27.89 2.87 2.50 0.42 90 608 12.4 13.6
HM15-18B 0.93 2.01 26.83 2.82 2.45 0.40 88 586 12.0 14.0
HM15-20A 0.88 2.10 26.89 2.77 2.65 0.40 91 651 11.9 135
HM15-20B 0.94 2.08 28.12 2.90 2.59 0.42 82 389 11.2 12.8
HM15-21A 1.03 1.97 27.11 2.67 2.39 0.40 85 424 10.8 114
HM15-21B 1.00 2.00 27.04 2.67 2.41 0.40 86 447 10.7 12.6
Chandpur Formation, Lesser Himalaya
HM15-01A 0.47 1.33 2452 5.84 0.24 0.67 6 80 2.6 55
HM15-01B 0.46 1.34 24.48 5.76 0.23 0.67 8 43 2.8 6.5
HM15-01C 0.46 1.31 24.31 5.80 0.21 0.68 16 138 6.9 9.5
HM15-02A 0.44 1.19 29.68 3.93 0.10 0.47 11 60 3.2 5.3
HM15-02B 0.40 1.31 25.08 5.54 0.22 0.64 9 54 35 6.5
HM15-02C 0.41 1.36 23.95 6.01 0.20 0.69 5 51 2.9 6.5
HM15-03A 0.58 1.24 29.33 3.57 0.12 0.45 15 120 6.0 7.5
HM15-03B 0.57 1.26 29.49 3.62 0.12 0.46 37 337 13.9 13.6
HM15-03C 0.54 1.28 29.01 3.70 0.10 0.45 28 242 10.1 10.6

#A, B, and C stand for different powdering aliquots of the shale sample.
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Table A4.2. REE concentration data for black shale samples from the (lower) Tal Formation and the Neoproterozoic shale sequence (Chandpur Formation)

from Lesser Himalaya.

La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu Y Ce/Ce*
Sample ID#
ng/g
Tal Formation, Lesser Himalaya (Shale sequence overlying the Pc-C boundary)
HM15-10A 36.2 72.2 8.5 30.4 5.7 1.1 5.0 0.8 45 0.9 2.6 0.4 2.4 0.4 26.2 0.99
HM15-10B 37.2 74.3 8.7 32.4 5.9 1.1 4.7 0.8 45 0.9 2.6 0.4 25 0.4 25.9 1.00
HM15-11A 35.7 73.0 8.2 30.7 5.5 1.0 4.8 0.8 4.1 0.9 25 0.4 2.3 0.4 25.7 1.03
HM15-11B 35.9 725 8.6 30.6 5.6 1.0 5.0 0.7 4.3 0.9 2.6 0.4 2.4 0.4 24.9 1.00
HM15-12A 37.7 725 8.5 30.7 5.7 1.1 4.9 0.7 4.3 0.9 2.7 0.4 2.4 0.4 25.2 0.98
HM15-12B 32.4 65.8 7.6 27.4 5.3 1.0 4.4 0.7 3.8 0.8 2.7 0.4 2.4 0.4 26.0 1.01
HM15-13A 31.6 60.9 7.1 26.3 5.4 1.0 4.1 0.6 3.8 0.8 2.6 0.4 2.2 0.4 27.1 0.98
HM15-13B 32.2 64.5 7.4 27.3 5.3 1.0 4.2 0.7 3.8 0.8 2.6 0.4 2.2 0.4 24.6 1.01
HM15-14A 34.3 69.0 8.2 29.4 5.7 1.0 4.8 0.7 4.2 0.9 2.6 0.4 25 0.4 25.7 0.99
HM15-14B 34.0 67.7 7.8 29.5 5.5 1.1 4.7 0.7 4.2 0.9 2.6 0.4 2.4 0.4 20.9 1.00
HM15-15A 25.8 49.2 6.1 215 5.7 1.1 35 0.6 3.1 0.6 2.8 0.4 1.9 0.4 27.9 0.95
HM15-15B 36.4 71.1 8.4 30.8 5.7 1.1 4.9 0.7 4.4 0.9 2.7 0.4 25 0.4 21.7 0.98
HM15-16A 334 67.8 8.0 29.4 5.4 1.0 4.7 0.7 4.3 0.8 25 0.4 2.3 0.4 25.4 1.00
HM15-16B 34.9 69.4 8.2 29.8 5.6 1.1 4.7 0.7 4.4 0.9 2.6 0.4 2.4 0.4 24.8 0.99
HM15-17A 31.3 63.3 75 27.9 5.4 1.0 4.3 0.7 4.1 0.8 2.6 0.4 2.3 0.4 26.1 1.00
HM15-17B 31.1 63.4 7.3 27.5 5.3 1.0 4.6 0.7 4.0 0.8 25 0.4 2.2 0.4 24.3 1.02
HM15-18A 37.6 71.2 8.5 30.5 6.1 1.2 5.2 0.8 4.4 0.9 2.8 0.4 2.7 0.4 25.6 0.96
HM15-18B 33.7 67.1 7.9 29.1 5.7 1.1 4.8 0.8 4.3 0.9 2.7 0.4 25 0.4 27.2 0.99
HM15-20A 28.4 55.3 6.8 24.4 5.5 1.1 4.6 0.7 4.1 0.8 25 0.4 2.2 0.4 24.9 0.96
HM15-20B 27.1 55.7 6.5 24.6 5.3 1.0 4.1 0.6 3.9 0.8 25 0.4 2.2 0.4 23.8 1.01
HM15-21A 28.3 55.9 6.6 23.8 4.9 1.0 4.2 0.6 3.7 0.8 24 0.4 2.3 0.4 195 0.99
HM15-21B 23.3 47.3 5.4 20.5 4.3 0.9 3.8 0.6 3.7 0.8 2.3 0.4 2.3 0.4 23.2 1.02
Chandpur Formation, Lesser Himalaya

HM15-01A 28.8 64.5 8.5 33.6 6.5 1.0 3.9 0.4 15 0.2 0.5 0.1 0.5 0.1 4.1 0.99
HM15-01B 475 102.0 12.3 47.0 8.6 1.3 5.0 0.5 2.0 0.3 0.8 0.1 0.7 0.1 6.2 1.02
HM15-01C 51.1 110.5 13.0 49.2 9.2 1.6 6.2 0.7 3.2 0.5 15 0.2 1.3 0.2 13.6 1.03
HM15-02A 18.8 42.4 5.2 18.9 3.2 0.6 2.1 0.2 1.1 0.2 0.5 0.1 0.5 0.1 3.8 1.03
HM15-02B 35.6 75.3 9.3 37.1 7.4 1.2 4.2 0.4 1.8 0.3 0.7 0.1 0.7 0.1 5.5 1.00
HM15-02C 36.1 75.2 9.8 36.5 6.6 1.1 3.9 0.4 15 0.2 0.5 0.1 0.5 0.1 3.6 0.96
HM15-03A 22.3 45.3 5.4 20.4 35 0.6 2.3 0.3 1.7 0.3 0.9 0.1 1.0 0.1 8.3 1.00
HM15-03B 41.8 81.3 9.3 33.8 6.0 1.1 4.9 0.8 4.4 0.9 2.6 0.4 25 0.4 24.9 0.99
HM15-03C 9.6 20.1 2.1 6.7 1.0 0.2 0.7 0.1 0.8 0.2 0.8 0.2 1.1 0.2 18.5 1.07

#A, B, and C stand for different powdering aliquots of the shale sample.
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Table A4.3. Results from Principal Component Analysis (PCA) of the geochemical data for the black
shales from the Tal Formation.

PC1 PC2 PC3 PC4 PC5 PC6

Eigen Value 6.5 4.9 3.8 3.6 15 1.1

Elements Cumulative
Variance 25.9 45.7 60.8 75.3 81.2 85.8
(%)
Possible Organic  Sulfide Clastic . Carbonate-rich

sources Matter  reduction Carbonates supply Macronutrient clasts
TN 0.68 0.20 —0.43 —0.07 0.16 —-0.15
TIC 0.03 —-0.30 0.66 0.00 0.32 0.49
TOC 0.44 —0.29 —0.32 —0.48 0.31 —0.24
P —0.01 0.20 0.40 0.71 —0.17 —0.22
S —0.30 0.71 —0.28 0.02 —0.28 0.33
Al 0.75 0.41 -0.34 0.01 —-0.15 0.14
Si —0.05 —0.05 0.28 0.62 0.61 0.12
Ti 0.28 0.30 —-0.01 0.80 0.34 0.10
Na —0.69 0.45 -0.25 —0.10 0.18 0.21
K 0.68 0.34 —0.03 0.55 0.12 —0.04
Fer 0.20 0.65 —0.26 0.60 —0.03 0.17
Mn 0.65 —0.16 -0.27 0.05 —0.32 0.12
Ca —0.14 —0.38 0.78 0.28 —-0.17 0.00
Mg 0.30 0.39 0.32 0.58 —0.38 —0.29
\% 0.58 0.54 0.36 —0.42 0.11 0.03
Cr 0.53 —-0.59 -0.37 0.07 0.00 0.18
Co 0.37 0.67 0.43 —0.41 —0.12 0.06
Ni 0.69 —-0.03 0.46 —0.32 0.31 —-0.06
Cu 0.24 0.81 0.15 —0.42 —0.06 0.17
Zn 0.73 -0.01 0.40 —-0.12 —0.05 -0.29

Mo 0.82 0.16 -0.22 —0.03 0.13 0.2
Th 0.56 —0.58 —0.16 0.11 —0.22 0.36
U 0.87 —0.43 0.05 0.09 —0.02 —-0.07
Sr 0.10 0.09 0.88 —0.29 —0.17 0.23
Ba 0.20 —0.74 0.04 0.18 —0.33 0.26
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A5.1. Nitrogen isotopic Model details

The modelling approach considers two primary oceanic nitrogen reservoirs (Fig. A5.1).
The first reservoir Nrix_amm consists of organic nitrogen of diazotrophic organisms (Nfixers) and
ammonium formed by OM remineralization. The second reservoir Nassm nit iS comprised of
organic nitrogen from the nitrate-assimilating organisms (Nassimilators) and nitrate. Nitrogen
fixation (Frix) contributes to the bulk of the nitrogen flux to the Nrix_amm with subordinate
contributions from rivers (Friver) and atmospheric deposition (Fdepo). Remineralization of
organic matter and its nitrification supplies nitrate to the Nassm nit. Output fluxes from the
Nassm_nit are through denitrification and anammox reactions in the water column (Fwcd) and
sediments (Fsd). A small portion of both the fixers (Frixer_buria) and assimilators (Fassimitator_buriat)
gets buried in the sediments.

Atmosphere

|:river

NO,
Nassimilators

‘ I:fixer burial I:assimilator burial ‘

v

Sedimentary Nitrogen pool

Figure A5.1. Box model framework of the marine nitrogen cycle (after Kipp et al., 2018).
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Under steady-state conditions, the input and output fluxes of both these reservoirs may
be considered to be in balance and can be described by the following isotopic mass balance

equations:

Ffix X (615Natm + gfix) = Fremin X 515Nfix_amm + Ffixer_burial X 515Nfix_amm (A5-1)

15 _ 15 15
Fremin X 6 Nfix_amm - chd X (6 Nassm_nit + gwcd) + Fsd X (5 Nassm_nit + gsd) -
15 15
Fassimilator_burial X & Nassm_nit + Friver ) Nriver +

Faepo X 6 Ngepo (A5.2)

For the modern ocean, the flux of sedimentary denitrification processes (Fsd) is
considered to be ~2.4 times higher than the water column denitrification (Fwcd; Brandes and
Devol, 2002; DeVries et al., 2012; Devol, 2015). We also consider that the net isotopic effect
associated with burial (eouria) and remineralization-nitrification (&remineralization/itrification)

processes were negligible (~0%o; Kipp et al., 2018).

By combining the burial fluxes from the two major reservoirs, the nitrogen isotopic

composition of the sediments is calculated as:

157 .. . . . 15 - . A .

(853

Equations A5.1 to A5.3 are solved using the SymPy package in Python. A Monte Carlo
simulation approach (n = 10,000 iterations) was used to include the ranges of isotopic effects
(e = 8" Nproduct — 8°N..cerr) associated with fixation (efix = —2%o t0 +1%o; Zhang et al., 2014),
sedimentary denitrification/annamox (esd = —3%o to 0%o; Kessler et al., 2014; Rooze and Meile,
2016) and water column denitrification (ewcd = —30%o t0 —22%o0; Devol, 2015). Under modern-
day parametrization (Table A5.1), the model simulations yield 6'°N values between +2.8%o to
+8.1%o with an average of +5.5 + 1.0%o (Fig. A5.2). This average value overlaps with the range
of modern marine sediments (mode 5-6%o with a standard deviation of +2.5%o; Tesdal et al.,
2013) and is comparable to the previous studies utilizing this approach (+2.6%o to +7.3%o (Kipp
et al., 2018) and +2.7%o to +6.9%0 (Kang et al., 2023)).
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The model was then modified to include the effect of changing water-column anoxia on
the sedimentary nitrogen isotopic compositions (after Kipp et al., 2018). For this, the

denitrification terms were expanded as:

d + chd ( ore + ksd) + (Vanoxic_suboxic + kwcd) (A5-4)

Here, Vpore and Vanoxic_suboxic are the volumes of the sedimentary pore water (LaRowe et al.,
2017) and water column environments (suboxic-to-anoxic cores of oxygen-minimum zones in
the modern ocean; Keeling et al., 2009) where denitrification proceeds. kss and kwcd are the
volumetric flux constants associated with each of these environments (Table A5.1; Kipp et al.,
2018). To simulate the changing water-column redox conditions, Vpore Was assumed to be a
fixed value while Vanoxic_suboxic Was set to vary. As described by Kipp et al. (2018), we consider

increasing anoxia in the top 1 km of the oceans defined as:

fan_sub (%) — Vanoxic_suboxic X 100 (A55)

Vmodern_ocean_1km

where Vmodem ocean_tkm is the volume of the upper 1 km of the modern ocean (2.4 x 10% km?;
Proud et al., 2017) denoting the average depth of present-day oxygen minimum zones (Paulmier
and Ruiz-Pino, 2009; Kipp et al., 2018), and the term fan_sub provides the percentage of the upper
1 km ocean that is anoxic. The burial flux from the Nassm_nit reservoir (Fassimilator_burial), Which is
the contribution of eukaryotic biomass into the sediments, was set to vary as a function of water

column anoxia and changing rates of denitrification as:

1

(A5.6)

assimilator_burial
- Fsq+ Fwed

Further, we calculate the proportion of Fassimitator_burial t0 the total organic matter, which provides

the contribution of nitrate burial to the sedimentary pool as:

_ Fassimilator burial (A5 7)

fassimilator - F ]
total_burial

The model outputs show a non-linear relationship of 3®Nsea with both fan sub and
fassimilators, With fan_sub ~ 0.3% and a corresponding fassimitator OF ~0.63 for the present-day oceans.
The highest 8"°Nsed values are obtained during intermediate fan_sub Values. A highly oxygenated
ocean (very low fan_sub) Will lead to limited nitrate loss and associated isotopic effects, resulting
in 8°Nsed values close to 0%o. Similarly, a largely reducing ocean with surface ocean anoxia
(high fan_sub) and high rates of nitrate loss will lead to increased input of N2-fixers to the marine

and sedimentary nitrogen pool, reducing the 5'°Nsed values again.
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Previous studies have shown that the inclusion of the riverine (Friver) and atmospheric
deposition fluxes (Fdepo) to these marine reservoirs impart minimal effect on the model-derived
sedimentary §°N values (Kipp et al., 2018; Kang et al., 2023). Similarly, the difference in body
size between prokaryotes and eukaryotes complicates their mineralization potential and induces
differences in burial efficiencies. Following Kang et al. (2023), the burial efficiencies of the
eukaryotes were considered to be higher by a factor of 2 than that of the prokaryotes, although
their sensitivity analysis suggests that values up to 5 times can still reproduce modern-day
ranges. We recognize that all these assumptions introduce uncertainties, but this approach still
offers a first-order understanding of nitrogen dynamics in these basins (Kipp et al., 2018; Kang
etal., 2023).

Table A5.1. Model parameters used for the box model calculations

Parameter Value Unit References
Fix 205 TgNyr? Algeo et al., 2014
Faepo 15 TgNyr? Algeo et al., 2014
Friver 25 TgNyr? Algeo et al., 2014
Fotal burial 25 TgNyr? Algeo et al., 2014
8" Nair 0 %o Zhang et al., 2014
8" Nriver 6.4 %o Algeo et al., 2014
8" Nepo —4 %o Algeo et al., 2014
Efix -2t +1 %o Zhang et al., 2014
Ewed —30 to —22 %0 Devol, 2015
Eburial 0 %o Robinson et al., 2012
Eremineralization/nitrification 0 %o Robinson et al., 2012
Vpore 8.46 x 10’ km?® LaRowe et al., 2017
Vanoxic_suboxic 4,61 x10° km?® Keeling et al., 2009
V1km_ocean 2.40 x 108 km® Proud et al., 2017
Ksd 1.84 x 10°® Tg km3yrt Calculated
Kuwcd 1.40 x 10 Tg km3yr? Calculated
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Figure A5.2. Frequency distribution showing the results of the Monte Carlo simulation under modern-day
parametrization. The red dashed line depicts the average value of this population.
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