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ABSTRACT

RHENIUM-OSMIUM GEOCHRONOLOGY AND GEOCHEMISTRY OF THE UPPER
JURASSIC MARINE BLACK SHALES, AGARDHFJELLET FORMATION,
CENTRAL SPITSBERGEN, SVALBARD
AND MERCURY DEGRADATION OF UPPER PERMIAN SHALES,

EAST GREENLAND AND MID-NORWEGIAN SHELF

Every rock has its own story. Rocks are categorized as igneous, metamorphic, and sedimentary types
based on their origins and overprinting processes. The human species is confronting the crisis of
climate change and some rocks hold a climate story from the past, permitting speculation on the
future. On the geological time scale, Earth has experienced both scorching and freezing
environments, the latter referred to as Snowball Earth. A critical key to resolving the problems we
are facing lies in geology, which deconvolutes environments where specific rocks have formed.

This dissertation addresses Boreal sedimentary sections during the Late Jurassic period by
conducting three projects; Project I pinpoints depositional ages for black shales from the
Agardhfjellet Formation and discusses Os isotopic ratios in the Boreal ocean during the Late Jurassic.
Project II evaluates the depositional environments of the Agardhfjellet Formation, which was
deposited during a shelf dysoxic-anoxic event. Project III focuses on Hg degradation incurred during
incipient weathering and calls attention to interpreting Hg signals of sedimentary rocks, which have
been used as an indicator of ancient volcanism. This dissertation provides new radiometric ages and

detailed geochemical discussions of the Late Jurassic Agardhfjellet Formation and cautions the use

il



of Hg concentrations when interpreting from outcrop sections. The findings herein significantly
enhance our understanding of shelf dysoxic-anoxic events compared with oceanic anoxic events and

Hg behavior during the early stage of weathering.
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Chapter 1 Introduction

1.1 Motivation

After water, petroleum (oil) is perhaps the most crucial liquid in human society. The
utilization of fossil fuels (coal, oil, and gas) has facilitated labor-intensive tasks. Consequently,
climate change is spurred by carbon dioxide emissions from fossil fuel combustion (Liithi et al.,
2008; Manabe and Wetherald 1975). To address this issue, global leaders and scientists have
collaborated through entities like the Intergovernmental Panel on Climate Change (IPCC), which
asserts that these extraordinary COz levels primarily result from human activities involving fossil
fuels (IPCC 2022). Although renewable energy is emerging as a viable alternative, petroleum
remains a dominant force globally (Clemente 2015), with predictions showing increasing fossil
fuel consumption (Fig. 1.1). Therefore, understanding petroleum systems continues to be vital.

The conventional petroleum system consists of several key elements: source rock,
migration, reservoir, seal, and trap (Fig. 1.2). New technology has recently led to unconventional
petroleum production, which extracts oil or natural gas directly from the source rock, usually
organic-rich black shale. Without source rock, there is no oil and gas. Because not all shales are
organic-rich, it is important to identify/evaluate which depositional environments are able to
generate potential source rocks. In addition, studies on the depositional settings of organic-rich
sediments can shed light on understanding the climate change that the Earth is facing right now. On
a larger scale, deposition of organic-rich sediment is a form of carbon capture and storage (CCS)
from the atmosphere, hydrosphere, and biosphere into the lithosphere. In particular, the deposition
of organic-rich black shales is highly associated with defined Oceanic Anoxic Events (OAEs)

through Earth history.
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Fig.1.2 Schematic diagram of conventional and unconventional productions from a petroleum
system. Five key elements of the petroleum system, source rock, migration, reservoir, trap, and seal,
are represented. Source rock is essential in both conventional and unconventional productions of
fossil fuel energy.

Since OAE was named and connected with the occurrence of certain black shale horizons
(Schlanger and Jenkyns 1976), many causes and effects of OAEs have been proposed. An abrupt
temperature rise from increased CO:2 into the atmosphere derived from volcanogenic or

methanogenic sources has been considered as the main cause of OAEs (Jenkyns 2010). For



example, the Karoo-Ferrar large igneous province (LIP) and the Ontong-Java Plateau are
suggested as the triggers of Toarcian OAE and OAE la, respectively (Dickson et al. 2021; Turgeon
and Creaser, 2008). Furthermore, it is crucial to investigate paleoenvironments associated with
OAEs because OAEs are linked to biotic crises and mass extinctions (Reolid et al. (2021);
references therein). Geologists postulate anoxic conditions in the circumpolar Arctic during the Late
Jurassic - Early Cretaceous based on the widespread presence of prolific black shale layers (e.g.,
the Upper Jurassic Hekkingen, Draupne, Mandal, or Farsund Formations around the North Sea and
Barents Sea). These black shales, not attributed to global OAEs, are distinguished from OAE-
associated black by the following: (1) limited to the higher latitudes, rather than a global occurrence
of'black shale, (2) diachronous onset and termination, (3) up to 20 million years duration compared
to OAEs (10 — 100 thousand years), (4) no significant global *C perturbation, and (5) no remarkable
extinction events (Rogov et al. 2020). Since Rogov et al. (2020) proposed a shelf dysoxic-anoxic
event (SDAE) to describe Boreal black shales during the Late Jurassic — Early Cretaceous, the
causes and effects of SDAE are unclear.

This doctoral study scrutinizes organic-rich black shales from the Agardhfjellet Formation
to identify the causes and effects of this Shelf Dysoxic-Anoxic Event (SDAE) and evaluates the
depositional paleoenvironments using geochemical and geochronological approaches. At another
arctic locality, this doctoral study examines Hg concentrations from outcrop and correlative drill

cores concluding that incipient weathering degrades the Hg content held in outcrop exposures.

1.2 Overview
1.2.1  Shelf dysoxic anoxic event (SDAE)
Oceanic Anoxic Events (OAEs) represent periods of global ocean anoxia, often associated
with Large Igneous Provinces (LIPs) and/or mass extinctions. LIPs are considered a significant
trigger for OAEs, with their extensive carbon emissions disrupting the global carbon cycle. This

disruption is often reflected in abnormal carbon isotopic ratios, which serve as a key geochemical



indicator of an OAE alongside isotopic ratio excursions of N and O and enrichment of redox-
sensitive elements (Jenkyns 2010). The presence of prolific black shale layers such as the Upper
Jurassic Hekkingen, Draupne, Mandal, and Farsund Formations in the Boreal realm suggest
dysoxic to anoxic ocean environments between Late Jurassic and Early Cretaceous (Georgiev et
al., 2017; Tripathy et al., 2018; Georgiev et al., 2019). However, these Formations have not been
attributed to an OAE due to their confinement to high-latitude regions and their lack of significant
global carbon isotope excursion or correlative volcanisms.

To account for this non-OAE dysoxic-anoxic status during the Middle Jurassic — Early
Cretaceous period, Rogov et al. (2020) introduced the concept of Shelf Dysoxic-Anoxic Event
(SDAE), representing regional oceanic anoxia as mentioned above (Fig. 1.4). Possible drivers for
SDAE could include global climate warming leading to ocean stratification, dysoxic—anoxic
conditions, and enhanced productivity (Rogov et al., 2020).

The Volgian Isotopic Carbon Excursion (VOICE), observed in Late Jurassic circumpolar
deposits exhibiting a distinctive negative carbon isotopic excursion from the global trend, was
followed by a quick restoration at the Jurassic-Cretaceous boundary known as the Weissert Event.
Identifying the potential factors that contributed to the unique characteristics of the VOICE in the
Boreal realm during the Late Jurassic period could provide significant insights for
paleoenvironments at that time. Galloway et al. (2020) proposed a combination of factors such as
reduced global sea levels, volcanic activities, or an isolated depositional basin as having a role in
shaping the VOICE.

1.2.2 Latest Permian anoxia
The Permian-Triassic boundary marks the Permo-Triassic extinction - Earth's most severe

extinction event resulting in the disappearance of ~90% marine life and ~70% terrestrial life forms



(Erwin 1994). This event is also linked with OAE (Algeo et al., 2008), although debates persists
whether it is a global or regional event (Heydari et al., 2008). In the late Permian Boreal Ocean
euxinia developed persisting untill the earliest Triassic (Bond & Wignall 2010). Rising ocean
temperatures & acidity causing oxygen loss have been suggested as possible causes behind
subsequent mass extinction (Georgiev et al., 2011). Increasing primary productivity induced by
upwelling rather than oceanic stagnation was responsible for maintaining these anoxic conditions
(Georgiev et al.,2015).
1.2.3  Geochemical proxies for paleoenvironment

The trace metal (TM) content in organic-rich sediments provides insights into the
characteristics of depositional environments, including redox conditions, primary productivity,
and water mass restrictions. (Brumsack, 2006; Algeo and Liu, 2020). Trace metal enrichment is
generally similar in both upwelling areas and euxinic basins. However, specific TM patterns show
variations. Upwelling environments typically exhibit enrichment in Cd and P in sediments while
showing depletion in Co and Mn. Conversely, sapropels are often more enriched in Mo, S, Re, As,
Cu, Ni, Sb, and Fe due to strong sulfidation within an anoxic water column (Brumsack, 2006).
Enrichment factors (EFs) of TMs are utilized to determine TM patterns within sedimentary rocks
by normalizing the TM contents against average shale values (Wedepohl 1971). Algeo and Liu
(2020) reviewed geochemical datasets for 55 Phanerozoic marine formations ranging from oxic to
euxinic by statistical approaches to evaluate which paleoredox proxies are more reliable. The
authors concluded that enrichment factors are more effective than TM contents (Algeo and Liu,
2020). However, each proxy has its limitations since a given proxy may be effective in one setting
but not another (Tribovillard et al., 2006), necessitating consideration of multiple proxies for

evaluating depositional settings.



Among trace metals, particularly, mercury concentrations or Hg/TOC ratio anomalies
within sedimentary rocks are frequently interpreted as indicators of massive volcanism — a primary
trigger for global environmental disturbances or even mass extinctions (Percival et al., 2018). This
stems from volcanic emissions being the largest known source of atmospheric Hg prior to
significant anthropogenic contributions. For example, Shen et al. (2019a) compiled 10 intervals of
sediments from 10 different sites, including the Permian-Triassic boundary, and concluded that
Hg peaks of the sediments were nearly synchronous with the end-Permian extinction horizon,
specifically in shallow-water sections, which implies volcanic activity is strongly associated with
the mass extinction. Therefore, understanding the behavior of Hg in sedimentary rocks is crucial
for interpreting paleoenvironmental conditions and identifying the causes of environmental
perturbations in the past.

Stable isotopes of sedimentary rocks have also been used as paleoproxies to provide
insights into elemental cycling and changes in the paleoenvironment, such as elemental cycles.
Variations in the carbon isotopic composition of marine organic matter have also been used for
chemostratigraphic correlations as well as environmental interpretations. For example, Jelby et al.
(2020) correlated VOICE in multiple Boreal sedimentary sections with organic carbon isotopic
ratio profiles.

Sulfur isotopes from pyrite and carbonate in sedimentary rocks have been used to
investigate the sulfur cycles in the ocean during the Earth history. Sulfide is mainly formed by
bacterial sulfate reduction (BSR), consuming sulfate and formaldehyde from OM. The
fractionation of sulfur isotopes between §**Scas, carbonate-associated sulfate (CAS), and 8**Spyrite
occurs during BSR. The §*Scas has been used as a direct indicator of §**S of paleoceanic sulfate

to reconstruct the marine sulfur cycle under oxic conditions where sulfate is available, but §**Spyrite



has been alternatively used in silicic clastic sediments under anoxic or euxinic conditions where
sulfate is barely available and H2S can exist. For example, Chen et al. (2022) reported elevated
5**Spyrite during Toarcian OAE in the Early Jurassic. The authors pointed out that high
sedimentation rates, high OM supply, limited pool of sulfate, and anoxia would result in the
elevated 5**Spyrite by providing limited sulfate.

Re and Os are redox-sensitive trace elements, but '*’Re decays to '¥7Os, which makes the
isotopic system powerful in the organic-rich sediments as a radiometric dating method. Assuming
a closed system after the deposition and constant Os isotope ratio (¥’0s/!®0s) in the
contemporaneous ocean, the depositional ages of organic-rich sedimentary rocks can be obtained
through ¥70s/!%80s - 187Re/!®80s). In addition, the initial Os ratio (Osi), which is interpreted as the
Os isotopic ratio in the contemporaneous ocean, is derived from by the y-intercept on the isochron,
which has been used as a proxy to indicate Os sources - radiogenic (continental) versus

unradiogenic (mantle-derived).
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1.3 Dissertation Objectives and Outlines

This dissertation enhances our understanding of the geological processes that transpired
during the Late Jurassic and Late Permian periods. This is achieved by examining black shales
from the Agardhfjellet and Ravnefjeld Formations using geochemical analyses and statistical
methods. Understanding environments in the past is the key to understanding present-day rapidly
changing environments. The dissertation comprises three research projects as follows:

Chapter 2: The first goal of this study is to derive accurate Re-Os radiometric ages for
black shales from the Late Jurassic — J/K boundary in the Boreal realm. Accurate and precise
radiometric ages are necessary to correlate between the Boreal and Tethyan realms in the geologic
past. Through precise Re-Os radiometric dating, we can gain deeper insights into the duration of
anoxic events, and the environmental shifts driving those events during the Late Jurassic.

Chapter 3: The second objective of this dissertation is to elucidate the geochemical
characteristics of a shelf dysoxic-anoxic event (SDAE) and compare them with those observed in
Phanerozoic OAEs. This objective leads to the establishment of mechanisms that fosters SDAE
during the Late Jurassic period. By analyzing the geochemical characteristics of SDAE and
contrasting them with those of OAE, the differences between these two events can be understood.
Additionally, identifying these mechanisms could sheds light on environmental changes during
the Late Jurassic by explaining how the Agardhfjellet Formation was deposited during SDAE.

Chapter 4: The third objective of this dissertation is to ascertain how incipient weathering
impacts Hg concentrations in black shale, using the Late Permian Ravnefjeld shale as a case study.
In addition, new Hg data along with principal component analysis (PCA) was used to assess the
effectiveness of Hg/TOC as a geochemical tool for detecting LIP inputs in geological records. By

scrutinizing Hg content within black shales, we can comprehend how incipient weathering

11



influences it.
Chapter 5: Here, key findings are highlighted from each chapter, and contributions toward
enriching the current knowledge base are outlined; potential avenues for future research are

discussed.
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Chapter 2 Project1

Re-Os geochronology of the Middle to Upper Jurassic marine
black shales, Agardhfjellet Formation, Central Spitsbergen,
Svalbard: a cornerstone for global faunal correlation and Ost

isotopic change

2.1 Summary

Ammonite provincialism makes it difficult to link the Boreal and Tethyan realms during
the Late Jurassic to Early Cretaceous time. Absolute ages through radiometric dating offer new
age information that is independent and complementary to relative ages based on biostratigraphy.
In this study, we report seven new Re-Os ages for black shales from the Agardhfjellet Formation,
Svalbard. We also report pyrolysis results, carbon and sulfur stable isotopic data, and initial
18705/1380s ratios to evaluate the paleoenvironment during organic-rich shale deposition. Re-Os
ages are derived from three Boreal ammonite zones: (1) 159.2 and 160.1 Ma from the shale
intervals containing Cadoceras sp.; (2) 149.6, 149.9, 150.8, and 151.9 Ma from the Rasenia
cymodoce Zone in the Early Kimmeridgian, which is the equivalent of the Sutneria platynota and
Ataxioceras hypselocyclum zones in the Tethyan realm; (3) 146.8 Ma from an upper Volgian
interval above the occurrence of Laugeites sp.. Within this 14.5 Myr interval, the initial Os profile
shows a gradually increasing trend from 0.335 (one of the lowest shale values throughout the
Phanerozoic) to 0.529, consistent with previous initial Os studies and Sr isotopic ratio
chemostratigraphic studies. The trend of increasing initial Os ratios indicates an increase in

continental runoff relative to unradiogenic Os input from mantle sources, such as seafloor
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hydrothermal activity or ultramafic source rocks. We provide new Re-Os geochronological
anchors in the Late Jurassic with new Re-Os ages and propose correlations of specific Late Jurassic
ammonite zones between the Tethyan and Boreal realms. In turn, the gradual increase in seawater
Os isotopic ratios may signal climate change in the Late Jurassic, indicating the increase of
radiogenic Os or decrease of unradiogenic Os, induced by high continental runoff or less

hydrothermal/volcanic activity.

2.2 Introduction

Correlating the biostratigraphic units between the Boreal and Tethyan realms around the
Jurassic — Cretaceous (J/K) boundary using paleontology or magnetostratigraphy has been
challenging, partly because the Volgian and Ryazanian chronostratigraphic stages in the Boreal
realm are likely mismatched with their corresponding stages, the Tithonian and Berriasian, in the
Tethyan realm (Casey, 1963; Kutek and Zeiss, 1975; Baraboshkin, 2004; Zakharov and Rogov,
2008; Rogov, 2014). Several working groups proposed possible global stratotype sections and
points (GSSP) for the J/K boundary, but the final choice is still in debate (Wimbledon et al., 2020a,
2020b; Grabowski et al., 2022) While a few studies reported the discovery of Tethyan ammonites
in the Boreal realm (Mitta, 2007) and vice versa (Dromart et al., 2003), the correlation between
the two realms is still only loosely constrained because of the provincialism of ammonites at the
time. Although the Norwegian-Greenland Seaway likely connected the Boreal and Tethyan oceans,
the link was relatively narrow and shallow before the Eocene, which may have enhanced the
ammonite provincialism (Pitman IIT and Talwani, 1972; Torsvik et al., 2002).

Radiometric ages are a powerful tool to investigate correlations between different locations

as they provide absolute ages unaffected by local or regional differences in sediment supply or
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faunal provincialism. The most accurate and precise method for dating sedimentary successions is
usually the U-Pb dating of zircon grains in ash layers within, or bracketing, the sedimentary rocks.
However, the paucity of ash layers in the Boreal realm from the Late Jurassic to the J/K boundary
requires alternative radiometric approaches. Re-Os isotope chemistry has been widely used to date
sedimentary rocks and reconstruct paleoenvironments (Cohen et al., 1999; Creaser et al., 2002;
Selby and Creaser, 2003; Cohen, 2004; Selby, 2007; Xu et al., 2009; Georgiev et al., 2011, 2017;
Markey et al., 2017). The value of Re-Os ages is now recognized, and along with U-Pb and Ar-Ar
ages, they are used as reference radiometric ages in the recent Geologic Time Scale (GTS;
Gradstein et al., 2020).

Re-Os isochrons from marine sedimentary sections provide not only age information but
also initial '870s/'®0s ratios (Osi), which record the '¥70s/!%%Os ratios in contemporaneous
seawater during the deposition of the sediment. Where communication with open marine
conditions can be affirmed, the Os; is widely used to place temporal constraints on, for example,
atmospheric oxygen evolution, emplacement of large igneous provinces (LIPs), oceanic conditions,
climate changes, and extraterrestrial impacts (Hannah et al., 2004; Cohen and Coe, 2007; Ravizza
and VonderHaar, 2012; Xu et al., 2014; Georgiev et al., 2020). The temporal variation in seawater
1870s/!%80s is often compared to the marine ¥’Sr/%®Sr curve, as the isotopic ratios are mainly
governed by two endmembers of input sources (e.g., Cohen and Coe, 2007; Georgiev et al., 2017)
— unradiogenic sources (mantle-derived input or cosmic dust) and radiogenic sources (continental
runoff).

The depositional environment in the Boreal realm during the Late Jurassic period may be
unique in Earth's history. Rogov et al. (2020) introduced a new concept of anoxia — the shelf

dysoxic/anoxic events (SDAEs). Ocean anoxic events (OAEs) are defined as periods of
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pronounced and widespread oxygen depletion of ocean anoxia that generally lead to the deposition
of voluminous organic-rich black shales and are characterized by carbon isotopic excursions in
coeval sediments (Schlanger and Jenkyns, 1976; Scholle and Arthur, 1980). In contrast, SDAEs
have distinctive characteristics, as they: (1) are mainly restricted to high latitudes, (2) show
diachronous onset and termination of SDAE, (3) exhibit prolonged duration (~19 Myr; Georgiev
etal., 2017), (4) are not accompanied by carbon isotope excursions spanning the anoxic event, and
(5) show no remarkable extinction events (Rogov et al., 2020). Rogov et al. (2020) suggest that
the cause of the SDAE may be long-term warming and/or ocean circulation changes.

Here, we report Re-Os ages and Os; ratios derived from isochrons for black shale intervals
in the Agardhfjellet Formation, Svalbard. We include total organic carbon (TOC), pyrolysis results,
organic 8'3C, and §*S in the shales to evaluate the changing depositional conditions with time.
The stable isotope and pyrolysis results are in good agreement with previous geochemical,
sedimentological, and paleontological studies of the Agardhfjellet Formation (Koevoets et al.,
2016, 2018, 2019). Seven new Re-Os ages and Os; ratios during the Late Jurassic (160.1 Ma —
146.8 Ma) are reported as steppingstones or anchors to correlate ammonite zones between the
Boreal and Tethyan realms and refine the geologic time scale (GTS) in the poorly constrained Late
Jurassic. The gradual increase in seawater '870s/!%30s ratios through the Late Jurassic may imply

enhanced continental runoff from radiogenic sources in the Boreal realm.

23 Geological setting
The studied area is located near Longyearbyen, Central Spitsbergen, Svalbard archipelago,
Arctic Norway, located at approximately 78° 14’ 31" north and 15° 32’ 04" east for DH2 and 78°

12" 00" north and 15°49' 21" east for DHSR (Fig. 2.1). Svalbard was part of the circumpolar/Boreal
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realm during the Late Jurassic (c. 150 Ma) based on its high paleolatitude (Fig. 2.1a; Torsvik et
al., 2002). Drilling the sampled cores was part of a project to test the feasibility of CO2 storage in
Upper Triassic — Middle Jurassic sandstones by the UNIS CO2 LAB (Braathen et al., 2012; Ogata
et al., 2014; Sand et al., 2014). The wells fully sampled the Agardhfjellet Formation, which has an
average thickness of about 250 m (Koevoets et al., 2018). This is consistent with exposures of the
Agardhfjellet Formation in the Janusfjellet area, about 10 km away from the wells (Dypvik et al.,
1991; Hammer et al., 2012).

The Agardhfjellet Formation is situated above the Kapp Toscana Group and is overlain by
the Rurikfjellet Formation (Parker, 1967; Smelror et al., 2001). The mudstone-dominated
Agardhfjellet Formation is the onshore equivalent of the Fuglen and Hekkingen formations in the
southwestern Barents Sea (Dypvik et al., 2002; Worsley, 2008). The organic-rich marine mudstone
of the Hekkingen Formation is a prolific source rock for the oil accumulation in the southwestern
Barents Sea hydrocarbon province (Henriksen et al., 2011; Abay et al., 2018) The Agardhfjellet
Formation consists of four members: Oppdalen, Lardyfjellet, Oppdalssata, and Slottsmeya in
ascending order (Mork et al., 1999; Hammer et al., 2011; Koevoets et al., 2016, 2018) (Fig. 2.2).

The Oppdalen Member was deposited on a shallow marine shelf during the Bathonian to
Oxfordian based on detailed biostratigraphy (Koevoets et al., 2018, 2019). The relatively thin
succession, common glauconite, siderite beds, and missing ammonite zones suggest a condensed
unit. Well-oxygenated conditions supported vigorous bioturbation (Fig. Ala; Koevoets et al.,
2018). In central and western Spitsbergen, the upper Oxfordian to Kimmeridgian Lardyfjellet
Member occurs as a well-defined unit coarsening upward from organic-rich offshore marine
mudstone (paper shale) without apparent bioturbation (Fig. Alb; Koevoets et al., 2018, 2019) to

very fine-grained burrowed distal delta front or lower shoreface deposits representing a prograding
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clastic wedge sourced from the west. The Upper Kimmeridgian Oppdalssata Member consists in
its lower part of up to medium-grained sandstone sandwiched between organic-rich mudstone. In the
upper part and above a regionally correlative glauconite bed, the member shows gradually thinner
sandstone beds, suggesting backstepping of a shoreline or delta. The Lower Volgian-Ryazanian
Slottsmeya Member represents a return to organic-rich offshore marine mudstone but with a higher
silt content than in the mudstone of the Lardyfjellet Member and with occasional occurrence of
very fine-grained sandstone. Hammer et al. (2011) found seep carbonates just below and above
the Jurassic-Cretaceous boundary (Craspedites and Taimyroceras ammonites from the Late Jurassic
and Surites and Bojarkia from the Early Ryazanian), indicating seafloor seepage of biogenic or
thermogenic hydrocarbons in the Late Volgian to Early Ryazanian.

The Paleogene transpression related to the Cenozoic North Atlantic Sea floor spreading and
the Eurekan orogeny (Faleide et al., 2008; Piepjohn, 2016) had the greatest impact on the Mesozoic
strata in western and southern Spitsbergen, where contraction from the west resulted in folding,
overthrusting, and fracturing (Bergh et al., 1997; Braathen et al., 1999). In the study area, subsequent
foreland basin subsidence assigned to the Central Tertiary Basin of more than 3 km (Helland-
Hansen, 2010) coupled with a high geothermal gradient (Marshall et al., 2015) caused both
mechanical and chemical compaction. Thereby, the Mesozoic sands were transformed to cemented

tight sandstones, while the organic matter in the mudstones underwent maturation.
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Fig. 2.1 (a) Paleogeographic map of the Boreal realm between Greenland and Norway at ~ 150
Ma (modified from Torsvik et al., 2002). Upper Jurassic black shales from Markey et al. (2017),
Georgiev et al. (2017), and Georgiev et al. (2019) are marked by a red square, circles, and triangle
(H: Hammerfest; N: Nordkapp; T: Troms III, J: Jeren High). (b) Map of Central Spitsbergen is
marked by a red star in (a). Studied samples from drill cores, Dh2 and DH5R, are from the
Agardhfjellet Formation, near Longyearbyen, Svalbard (modified from Koevoets et al., 2018,
2019). The outcrop of the Agardhfjellet Formation is located about 10 km north of the drill core
sites (Janusfjellet).
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Fig. 2.2 Stratigraphical logs of the drill cores, DH2 and DH5R (modified from Koevoets et al.,
2018, 2019) with ages of the stage boundaries from GTS 2020 on the right of the DH2 (Gradstein
et al., 2020). Re-Os ages from ~ 10 or 20 cm intervals shown on the left side of each drill hole;
arrows mark sampled drill core location. Lithology follows the legend in the upper left. The stage
boundaries are derived from biostratigraphy (Koevoets et al., 2019).

20



24 Methods

Twelve black shale intervals from DH2 and DH5R were selected across all members of the
Agardhfjellet Formation based on the following criteria: 1) elevated TOC contents, which leads to
higher contents of Re and Os; and 2) constrained biostratigraphy, which could be compared with
Re-Os radiometric ages, although some of the studied intervals lacked biostratigraphic details. The
vertical thickness of the studied black shale intervals ranges from 8 to 20 cm. Black shale samples
from these intervals were powdered by micro-drilling of <I cm intervals for indurated shale or in
a corundum mortar and pestle or an agate ball mill for partially shattered intervals (Fig. Alc and

d). Each aliquot was treated using the analytic procedures described below.

2.4.1 TOC and HAWK pyrolysis

Source rock properties such as total organic carbon, hydrogen index (HI), oxygen index
(OI), and thermal maturity (Tmax) were acquired based on available hydrocarbon content (S1),
remaining hydrocarbon productive potential (S2), and organic carbon dioxide from pyrolysis (S3)
by the Hydrocarbon Analyzer with Kinetics (HAWK) system and Leco TOC C230 analyzer at
GeoMark Research, Ltd., Humble, Texas, USA. Powder aliquots were treated with HCI to measure

the amount of carbonate and eliminate carbonate from the powders.

2.4.2 Carbon and sulfur isotopes

BC/12C of organic carbon and total **S/*2S isotopic ratios of the black shale samples were
measured using Elemental Analyzer - Isotope Ratio Mass Spectrometry (EA-IRMS) at Iso-
Analytical, UK, following their procedure for each element. Powder aliquots for carbon isotopes
were decarbonized by 2 M HCI for 2 hours at 60 °C and 24 hours at room temperature. The isotope

results are presented with the delta notation (0) in permil (%o) variations relative to Vienna PeeDee
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Belemnite — V-PDB for carbon and to Vienna Canyon Diablo Troilite — V-CDT for sulfur. Two
sugar standards for organic C (IA-R005 and IA-R006) and two types of BaSO4 for S (IA-R061
and IAEA-SO-5) were monitored while the samples were measured for quality control. The
standard deviations of the four reference materials were 0.05 and 0.09%o. for C (IA-R005 and IA-
R006) and 0.12 and 0.11%o for S (IA-R061 and IAEA-SO-5), respectively. Every fifth sample was
measured twice (the average value is reported), with duplicates yielding reproducibility similar to
the reference precision. Sulfur isotopes in black shale may represent pyritic sulfur isotopes with

some amount of organic-bound sulfur, so we report 5**S in the samples show 3°*Spy hereafter.

2.4.3 Re-Os analyses

The isotope dilution-negative thermal ionization mass spectrometry (N-TIMS) setup at the
AIRIE Program at CSU was used for measuring the Re-Os isotopic ratio of powdered shale
samples. Weighed shale powders of about 200 — 300 mg were mixed with '%°Re and '*°Os spikes
and digested in CrO3-H2S0s4 in sealed Carius tubes in an oven for 48 hours based on the methods
from Shirey and Walker (1995) and Selby and Creaser (2003). The following protocols are based
on methods from Georgiev et al. (2018, 2019). The osmium from the samples was separated with
chloroform and hydrobromic acid (HBr), and Os was micro-distilled with HBr twice for two hours
each. The Re-bearing of CrO3-H2SO4 residue was reduced by SOz gas. Rhenium in the reduced
solutions was purified by anion chromatography following Yang et al. (2020). Analytes of Re and
Os were loaded on platinum filaments for analysis by N-TIMS. Rhenium and Os were measured
as ReO* and OsO*  species, respectively. Corrections for isobaric oxygen interferences,
instrumental mass fractionation, and analytical blank were conducted after the measurements with
in-house Excel sheets. Uncertainties for Re and Os contents and isotopic ratios were determined

by numerical error propagation, including weighing and blank correction. Measured Re and Os
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isotopic ratios were regressed using the Isoplot 4 package (Ludwig, 2012) and drawn by IsoplotR

(Vermeesch, 2018).

2.5 Results

Table A1 shows all geochemical data from HAWK and stable isotopes, and Table

A2 reports Re-Os results.
2.5.1 HAWK and TOC

Fig. 2.3 shows six key scatter plots with variables from the HAWK pyrolysis to evaluate
source rocks. S1, S2, S3, and thermal maturity (Tmax) were analyzed, and the hydrogen index (HI),
oxygen index (OI), and production index (PI) were calculated from S1, S2, and S3. TOC varies
from 0.7 wt.% to 11.7 wt.%, showing that the Oppdalen Member has lower TOC values and that
the Lardyfjellet Member has higher TOC values than other members (Fig. 2.3 and 2.4). HI from
the Lardyfjellet, Oppdalsséta, and Slottsmeya members range from 50 to 135, excluding the lowest
value from a sulfide layer (DH5R 607.022 - 607.027 m; S =20 wt.%). HI of the Oppdalen Member
ranges from 19 to 43. OI from the upper three members ranges from 2 to 23, and that from the
Oppdalen Member ranges from 6 to 46. Tmax ranges from 439 to 473 °C. Based on these data, the
Lardyfjellet, Oppdalsséta, and Slottsmeya members contain type III kerogens, while the Oppdalen

Member contains type IV kerogens (e.g., Fig. 2.3f).
2.5.2 Carbon and sulfur stable isotopes

Fig. 2.4 presents box plots of each member for their C isotopic ratios from organic matter
(8"3Corg) and sulfur isotopic ratios (8°*S). Studied intervals do not cover the whole section of the
Agardhfjellet Formation, so box plots of each member broadly show the changes in the parameters
through the formation. Each member shows distinct characteristics. The Lardyfjellet Member

shows largest variations in §'3Corg and 6°*S, but the Oppdalssata Member shows little variation
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because only two samples from this member were analyzed. The average sulfur isotopic
composition in the Oppdalen Member is lighter (-36.75%o) than those in the other members (-30.78
— 8.83%o). The Lardyfjellet Member has much more variable §**S than the others (=30 to +10 %o).
The carbon isotopic ratios are less variable than the S isotopic ratios from the Oppdalen Member
to the Oppdalssita Member. However, §'*Corg between the Oppdalssita and Slottsmeya Members

decreases by ca. 4%o.
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Fig. 2.3 Key x-y plots evaluating source rock and kerogen types in organic-rich black shales from
DH2 and DH5R drill cores of the Agardhfjellet Formation. HAWK pyrolysis parameters include
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2.5.3 Re-Os isochrons

Rhenium and Os concentrations are presented in Fig. 2.4 with box plots for each member,
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Fig. 2.4 Box plots of TOC, Re, Os, §**S, and §'°C of each member from DH2 and DH5R drill
cores. Outliers are plotted as black diamonds.

excluding the Oppdalssata Member. The Oppdalen Member shows relatively low Re and Os
concentrations compared to the others, ranging from 3.68 to 20.0 ppb for Re and 0.182 to 0.255
ppb for Os. Rhenium and Os concentrations of the Lardyfjellet and Slottsmeya members range

from 7.83 to 76.6 ppb for Re and 0.179 to 0.732 ppb for Os, excluding the lower values from the




pyrite band in the interval DH5R 607.022 — 607.027 m (Re = 4.15 ppb and Os = 0.087 ppb).

Three shale intervals in DH5R (DH5R 607, DHSR 613, and DH5R 658 m) yield three
isochrons (Fig. 2.5). In the Lardyfjellet Member, 16 cm and 11 cm shale intervals (DH5R 607.007
—607.171 m, n = 8 and DH5R 613.667 — 613.780 m, n = 18) yield model 1 ages of 151.2 + 4.3
Ma and 148.8 + 4.9 Ma with initial Os; values of 0.511 £+ 0.028 and 0.502 + 0.024, respectively.
The DH5R 607 interval is younger than the DH5R 613 interval stratigraphically, but the nominal
ages of the two intervals are in reverse order. Given that the ages overlap within their uncertainties,
they were treated with Bayesian statistics (Ludwig, 2012) to refine the age information (discussed
later). Twenty samples were analyzed from DH5R 613 m, generating a Model 3 age of 140.9 £6.7
Ma with an initial Os; of 0.540 + 0.034 (not shown here). We, however, excluded a sample and a
duplicate of the sample (DHSR 613.695 — 613.705 m) because they had distinctly higher
concentrations of trace elements compared with that in other samples in the same interval, possibly
due to diagenesis or localized mineralization. An 18 cm interval from the Oppdalen Member
(DH5R 658.012 — 658.190 m, n = 8) provided a Model 1 age of 160.3 + 3.2 Ma with an initial Os;
0f 0.3937 + 0.0082.

Five shale intervals in DH2 (DH2 497, DH2 673, DH2 674, DH2 680, and DH2 724 m)
produced four isochrons (Fig. 2.6). Eleven samples from the DH2 497 interval in the Slottsmeya
Member, which is the uppermost and youngest interval from this study, provided a Model 1 age
of 148.3 + 7.2 Ma with Os; of 0.529 + 0.033. The uncertainty is relatively high, even though the
MSWD is close to unity (0.76). This is probably because of the limited ranges of '¥’Re/'*®0s (203
—373) and '*70s/'%0s (1.04 — 1.46).

Three black shale intervals in the Lardyfjellet Member (DH2 673, DH2 674, and DH2 680

m) yield regressions: Model 1 age of 152.6 + 2.8 Ma with Os; of 0.458 + 0.026 from six samples
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of DH2 673; Model 1 age of 149.1 + 7.5 Ma with Os; of 0.502 + 0.053 from nine samples of DH2
674; and Model 3 age of 152.9 + 9.0 Ma with Os; of 0.486 + 0.096 from 18 samples of DH2 680.
The regression from DH2 674 presents a Model 1 age with an MSWD of 1.01, but a relatively
limited range of '®’Re/!%30s and '¥70s/'*¥0s may contribute to high uncertainty. We combined 15
samples from both DH2 673 and 674 to generate a more precise age (Fig. 2.6b) because the two
intervals are close (<1 m apart), and samples are in the same unit in terms of lithology (black shale)
and chemostratigraphy (8'*Corg and TOC; Koevoets et al., 2018). The combined samples yield a
Model 1 age of 150.5 + 2.4 Ma with Os; of 0.489 + 0.018, which is a more precise result that
overlaps the regressions from DH2 673 and DH2 674 within uncertainties.

Eighteen samples of DH2 680 reveal two possible regression lines with similar slopes
(ages) but different y-intercepts (Osi; Fig. A2). This may imply rapid variation in seawater
1870s/'880s during the deposition of 16 cm of black shale (Xu et al., 2014; Georgiev et al., 2017),
the effect of planetary cycles, such as eccentricity, obliquity, and precession (Matsumoto et al.,
2021) and/or limited input from the open ocean due to basin restriction (Dickson et al., 2022).
Most of the samples (13 out of 18) yielded a more precise Model 1 age of 149.3 £ 3.8 Ma with Os;
of 0.544 + 0.041; thus, the more precise regression was selected as the representative age of this
interval. Twelve samples of DH2 724 provided a Model 1 age of 159.1 + 2.5 Ma with an initial
Osi of 0.335 £ 0.011, which is similar to the age of a stratigraphically corresponding interval,

DHS5R 658.
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Fig. 2.5 Re-Os isochrons for three intervals from DHSR drill cores. All regression data were
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Individual points are in black dots, and red ellipses represent the uncertainties of data.
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2.6 Discussion
2.6.1 Depositional environments through source rock pyrolysis and stable isotope
geochemistry

Upper Jurassic — Lower Cretaceous black shales are notably prolific source rocks in the
North Atlantic (Norwegian Sea, Barents Sea, and North Sea, e.g., Mutterlose et al., 2003; Georgiev
et al., 2017, 2019). While the source-rock formations have different names, such as the
Kimmeridge Clay, Farsund and Mandal, Draupne, Tau, Spekk, Hekkingen, Bazhenov, and
Agardhfjellet formations, they share key characteristics: elevated TOC contents (> 1 wt.%),
deposition at high latitude (sub- and Boreal regions), and long depositional duration. Rogov et al.
(2020) proposed a Late Jurassic — earliest Cretaceous shelf dysoxic/anoxic event (SDAE) in high
latitudes, distinct from short-duration, ocean anoxic events (OAESs) that are typically synchronous
across different basins and associated with carbon isotope excursions and major faunal turnovers
(Rogov et al., 2020). Rogov et al. (2020) suggested increasing temperature, limited ocean

circulation, enhanced productivity, and reduced salinity as possible causes for SDAE:s.
The kerogen in the Lardyfjellet, Oppdalssata, and Slottsmeya members is currently type
IIT based on HI, S2, and TOC. The high thermal alteration of the Agardhfjellet Formation in
Adventdalen (Koevoets et al., 2016; Abay et al., 2017; Ohm et al., 2019) suggests that almost all
carbon of Type II kerogen have already been converted to oil and gas. As a result, the remaining
kerogen being geochemically analyzed appears as Type III, i.e., black paper shale in the
Lardyfjellet and Oppdalssata members were originally composed of Type II kerogen during
deposition. This is also consistent with a few visually analyzed samples from the two wells; the
macerals in the siltier parts contain a high percentage of vitrinite-rich type III kerogen, whereas

the black paper shales are rich in liptinitic type II (Ohm et al., 2019). A similar trend has also been
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published recently for the Hekkingen Formation (Cedefio et al., 2021). Geochemical studies of
bitumen in the Mesozoic sandstones show that oil has been expelled and migrated from type II or
combined II/IIT kerogen from the Agardhfjellet Formation (Abay et al., 2017).

The Oppdalen Member is dominated by type IV kerogen, different from other members
(Fig. 2.4e). Also, low TOC in the Oppdalen Member may indicate well-oxygenated waters or low
productivity. TOC in the Lardyfjellet Member is higher than in other members, which may indicate
better preservation and/or higher productivity, combined with lower content of silt, which dilutes
organic matter in the other members. Samples from the Oppdalen Member plot in the type [V area
and are more dispersed than those from other members, but low S2 peaks from the Oppdalen
Member may not lend credence to the validity of Tmax (Peters, 1986).

Vigorous bioturbation and pyrolysis data above of the Oppdalen Member imply enough
oxygen to sustain life in the sediment (Fig. A1), where it may have been shallower than the storm
wave base, resulting in oxygenated bottom water (Koevoets et al., 2018). On the other hand, the
narrow ranges and lower 6°*Spy values in the Oppdalen Member (- 42%o to - 36%o in DH2 724 and
- 36%o to - 26%o0 in DH5R 658) could be the result of a persistent euxinic pool which can precipitate
pyrite (Sageman and Lyons, 2003). The main factors controlling §**Spy are the precipitation of
pyrite in the euxinic water column (syngenetic pyrite) and bacterial sulfate reduction (BSR;
biogenetic pyrite) in the water column or sediment pore fluids (Lyons et al., 2009). The sulfate-
reducing bacteria prefer *%S to **S when fixing sulfur in pyrite (Jones and Starkey, 1957; Harrison
and Thode, 1958). Also, lower &°*Spy values may suggest an adequate connection between the
depositional basin and the open ocean, which continuously supplies sulfate with seawater isotopic
composition as the local sulfur budget is tapped for pyrite deposition (Lenniger et al., 2014).

Therefore, based on low TOC and type IV kerogen, we may assume that the depositional
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environment was oxygenated and close to the landmass while sediments and OM of the Oppdalen
Member were deposited, and its burrows were generated. Then, a euxinic pool developed at the
same location, depositing the sediments and OM of the Lardyfjellet Member. In the initial stages
of this euxinic pool development, pyrite was precipitated in the existing burrows within the
Oppdalen Member (Fig. Al).

In the Lardyfjellet Member, 3°*Spy is higher than in the Oppdalen Member. The values of
53*Spy fluctuate not only throughout the members but also within individual sample intervals; in
particular, the DH5R 600 and 607 intervals show ca. 30%o variation in §*#Spy (Fig. A3). Fluctuating
53*Spy profiles in the Lardyfjellet Member may indicate that anoxic/euxinic status was not
continuously maintained throughout deposition or that BSR was impeded by rapid sediment
accumulation (Sageman and Lyons, 2003). As Lenniger et al. (2014) called attention to the positive
excursion of §%Spy at the onset of OAE2, an overall increase in §°*Spy within the Lardyfjellet
Member may indicate the beginning of the SDAE. The higher values of §**Spy from the OAE2
were explained by relatively high sedimentation rates within their studied samples (~ 2 cm/ky),
which may have limited the proliferation of sulfate-reducing bacteria (Lenniger et al., 2014).
Similarly, episodic high sedimentation rates may have occurred during the deposition of the
Lardyfjellet Member. Alternatively, if the depositional basin were restricted, the §**Spy of
syngenetic pyrite could increase. The sulfur isotopic ratios in sediments are affected by numerous
controlling factors, such as reservoir properties and prokaryotic reaction pathways (Lyons et al.,
2009). Therefore, a more detailed interpretation of the sulfur isotope data should be paired with
further studies of the trace metal concentrations or additional isotope data for the Agardhfjellet
Formation.

The §'3C values in the Oppdalen, Lardyfjellet, and Oppdalssata members are slightly lower

33



(by ~ 2%o), consistent with gradual decreases prior to the Volgian Isotopic Carbon Excursion
(VOICE) observed in other sections (Hammer et al., 2012; Jelby et al., 2020). Unfortuantely, finer
details for our profile are unavailable because of sampling gaps between the studied intervals. In
the Slottsmeya Member, §'3C is significantly lower than in other members (by ca. 4%o), consistent
with the observed VOICE. A distinct negative organic carbon isotopic excursion (CIE) was
detected from the Volgian organic-rich shale around the circumpolar sites (Galloway et al., 2020,
and references therein). Galloway et al. (2020) reviewed VOICE, evaluating possible causes.
Volcanism, such as a large igneous province (LIP), is regarded as a common cause of negative
CIE even though numerous determining factors affect carbon isotope changes (Kump and Arthur,
1999). Recorded volcanism around the J-K boundary includes the submarine Shatsky Rise in the
northwest Pacific Ocean at ca. 145 Ma (Mahoney et al., 2005). Rakocinski et al. (2018) reported
elevated Hg levels towards the top of the Slottsmeya Member (cf. Hammer et al., 2019), possibly
indicating increased volcanism. This could be a cause of C isotopes fluctuations in the Volgian,
but the causal link between the Shatsky Rise and the VOICE remains uncertain because of the
overall paucity of precise absolute ages around the J/K boundary (Vennari et al., 2014; Lena et al.,
2019). Also, initial Os ratios in this study do not record specific volcanic signals (discussed further
below). Basaltic magmas of the High Arctic Large Igneous Province, which were likely emplaced
during two major pulses at 120 — 130 Ma and 95 — 100 Ma (Kingsbury et al., 2018), are too young
to have affected the Volgian global carbon cycle. Galloway et al. (2020) concluded that the VOICE
could be interpreted as carbon isotopic signals from an isolated depositional Boreal basin caused

by either low global sea level or conventional volcanic disturbance from the Shatsky Rise.
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2.6.2  Correlation of the Boreal and Tethyan ammonite zones through the
Agardhfjellet Formation

Ammonites are among the most widespread fauna from the Jurassic and are used to define
the biostratigraphic zones. Ammonites can be highly provincial, however; in the Middle Jurassic
to Early Cretaceous, tens of provinces prevailed (Page, 1999), sharply limiting global correlations.
Here, we attempt to connect biozones between the Boreal and Tethyan realms in the Middle to
Late Jurassic with radiometric ages.

A constant initial '¥70s/!®0s ratio through an interval of shale selected for dating is
fundamental to acquiring precise isochrons and ages (e.g., Stein and Hannah, 2015). Recent studies
argue that '¥70s/!%0s in the water column could vary due to astronomical cyclicity or distinctive
sediment input into a restricted basin, which may consequently alter the balance between the
radiogenic and unradiogenic input to the basin (Matsumoto et al., 2021; Dickson et al., 2022).
Matsumoto et al. (2021) point out that initial '*’Os/!®30s ratios within a 2-m interval oscillate
cyclically, concluding that the 405 kyr eccentricity cycle may play a critical role in periodic
1870s/'%80s changes in seawater. Furthermore, '#70Os/!*®0Os in the Middle to Late Eocene Arctic
Ocean varied markedly over a 12-Myr interval, reflecting the strong contrast between
hydrothermal input from rifting and limited input from the open ocean (Dickson et al., 2022). The
lower precision of the two regression lines from DH2 680 may be the result of similar Os;
variations. Nevertheless, seven intervals from DH2 and DH5R yielded Model 1 ages (Fig. 2.5 and
6). Because the stratigraphic order of the intervals is known, and reversed ages are within
uncertainties (DH5SR 607 and DHSR 613; DH2 673 + DH2 674 and DH2 680), the ages and
uncertainties can be refined by the Bayesian method. To refine the ages of this study further, we

added published ages, which show the stratigraphic order by ammonite zones (Fig. 2.7). Details
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on the application of Bayesian statistics to radiometric ages are found in Ludwig (2012) and Xu et
al. (2014). The ages refined by Bayesian statistics will be discussed below (Fig. 2.7 and 2.8).

The Oppdalen Member was deposited during the Early Bathonian to Late Oxfordian over
ca. 14 Myr based on geochronology, paleontology, and sedimentology studies (Koevoets et al.,
2018, 2019). Cardioceras sp., representing the Early Oxfordian, and Cadoceras sp., representing
the late Bathonian to early Callovian, were found in the upper part of the member (DH2 706) and
the lower part of the member (DH2 724), respectively (Koevoets et al., 2019). In addition,
Kepplerites (Seymourites) svalbardensis was found in DH5R 663 m, which is related to Cadoceras
calyx, corresponding to the Late Bathonian (Koevoets et al., 2019). Our refined age results from
the Oppdalen Member are 159.2 + 1.9/- 1.6 Ma from DH5R 658 and 160.1 + 2.0/- 1.7 Ma from
DH2 724 (Fig. 2.7), which would fall in the early Oxfordian in GTS 2020 (Hesselbo et al., 2020).
These ages are in general agreement with previous Re-Os ages for Oxfordian strata (Georgiev et
al., 2017, 157.7 = 1.39 Ma) and with Kamo and Riccardi (2009), and Briguad et al. (2021) ages
from Fig. 2.7 (164.65 £ 0.20 Ma and 163.5 + 6.0 Ma, respectively). However, biostratigraphy of
the DH2 724 and DH5R 663 core depths indicates a Late Bathonian to Early Callovian age for
these intervals (Koevoets et al., 2019). However, the latest GTS chart issued in June 2023 reported
161.5 Ma as the Callovian-Oxfordian stage boundary (Cohen et al., 2013; updated), which allows
the ages of this study to fall in the late Oxfordian. Considering the uncertainties associated with
the two ages from DHSR 658 and DH2 724, these intervals might represent a time frame extending
from the late Callovian to early Oxfordian. The newest GTS aligns more closely with the
biostratigraphy and radiometric ages than it does with GTS 2020. Nevertheless, there is still a
slight disagreement between biostratigraphy and radiometric ages.

Two possible scenarios may explain this inconsistency between the two methods. First, the
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timing of the system closure may be postponed by specific depositional characteristics, such as a
hiatus or low sedimentation rate. The sediment and pore waters must be closed to exchange with
the water column in order to activate the Re-Os time clock (Stein and Hannah, 2015). The
Oxfordian hiatus was present in the northern hemisphere, but its onset may have been diachronous
across different locations (Brikiatis, 2023). The hiatus ended at ~ 160 Ma, which is the top of the
Cordatum zone or the top of C. tenuiserratum zone (Koevoets et al., 2018; Brikiatis, 2023). The
ages from DH2 724 (160.1 Ma) and DH5R 658 (159.2 Ma) mark the onset of deposition after the
Oxfordian hiatus. As we mentioned earlier, vigorous bioturbation was found by CT scans (Fig.
Ala), indicating enough oxygen to support life at some points during or shortly after the deposition
These factors may have delayed the Re-Os time clock for some unknown time after deposition.

Alternatively, the Cadoceras sp., identified at DH2 724, may have had a longer range than
previously assumed, continuing into the Early Oxfordian. Because of the lack of radiometric ages
from the Tethyan ammonite zones, we cannot correlate ammonite zones between the Boreal and
Tethyan realms one-to-one, but the radiometric ages of this study could be used as steppingstones
to a link the two realms in future studies.

Four ages from the Lardyfjellet Member (149.4 + 1.8/- 1.7 Ma, 150.3 + 1.6/- 1.6 Ma, 150.8
+2.1/-1.7Ma, and 151.4 +2.2/- 2.4 Ma, Fig. 2.7) were identified within the Lower Kimmeridgian.
Amoebites sp., Amoebites spathi, Amoebites ct. pingueforme, and Amoebites cf. subkitchini were
found at DH2 666 and DH2 679 (Koevoets et al., 2019), all within the Rasenia cymodoce zone
(Fig. 2.7). Our age results suggest that the ammonite zone by Rasenia cymodoce Zone spanned
nominally 2.3 Myr but, given uncertainties, may have lasted up to about 5.7 Myr. Selby (2007)
provided 154.1 £ 2.2 Ma of the Re-Os ages in the lowermost part of the Pictonia baylei zone,

which is consistent with our results. Georgiev et al. (2017) reported Re-Os ages of 157.7 + 1.2 Ma
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and 150.2 = 5.01 Ma from the Aspidoceras hypselum and Hybonoticeras beckeri ammonite zones,
respectively. The younger age, 150.2 + 5.01 Ma, is older than one of the ages from the Lardyfjellet
Member of this study, but given the high uncertainty of the age, it could be consistent with other
ages.

In the Volgian, Koevoets et al. (2019) found Laugeites sp. at the DH2 507 level, which is
10 m below the uppermost interval of this study, DH2 497. The Bayesian-refined age of DH2 497
is 146.8 +0.2/-4.5 Ma, indicating the Late Volgian. Several ammonite zones, including
Epilaugeites vogulicus, Craspedites okensis, Craspedites taimyrensis, or Chaetaites chetae, are
probable, but no ammonite species have been identified yet in or above the interval, DH2 497 (Fig.
2.7). The U-Pb age of Substeueroceras koeneni ammonite zone in the Andean realm, which
overlaps the Berriasella jacobi and Protacanth. andraeai zones in the Tethyan realm, was reported
as 142.039 + 0.058 Ma (Lena et al., 2019). We used this U-Pb age as an upper bracket of our Re-
Os age in the Volgian because of the nominal ages, but it should be refined further with specific
ammonite zones or more precise radiometric ages. Lena et al. (2019) also analyzed ash beds just
above the Kimmeridgian-Tithonian boundary in the La Yesera sediment section, Argentina, within
the Virgatosphinctes andesensis ammonite zone in the Andean realm, which is equivalent to the
Hybonoticeras hybonotum Zone in the Tethyan (Martinez et al., 2018). The U-Pb zircon age for
the ash layer is 147.112 + 0.078 Ma (Lena et al., 2019).

Considering the substantial uncertainty in the interval DH2 497 from the Slottsmeya
Member, excluding limited ranges of '¥’Re/'#0s and '¥70s/'"*¥0s mentioned above, the possibility
of oil seepage needs to be considered. Seep carbonates have been found in the upper parts of the
Slottsmeya Member (Hammer et al., 2011), suggesting the presence of migrated hydrocarbon that

may have disturbed the Re-Os geochemistry by homogenization of in situ organic matter with
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migrated petroleum (Selby and Creaser, 2005; Lillis and Selby, 2013). However, recent
experimental studies have demonstrated that the transfer of Re and Os (and their isotopic ratios)
between source rocks and oils is limited, with more than 95% of Re and Os remaining in the source
rock (Rooney et al., 2012; Cumming et al., 2014). Moreover, Georgiev et al. (2019) have argued
against the significant transfer of Re and Os between source rock and oils based on natural samples
from the Brynhild field, Norwegian Barents Sea. Thus, the large uncertainty associated with DH2

497 could be attributed solely to the limited ranges of '¥"Re/!#0s and '¥70s/!%8Os.
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Fig. 2.7 Tethyan and Boreal ammonite biostratigraphy with stages and radiometric ages from
literature (left) and this study (right). U-Pb ages (Kamo and Riccardi, 2009; Lena et al., 2019;
Brigaud et al., 2021), an Ar-Ar age (Pellenard et al., 2013), and Re-Os ages (Selby, 2007; Georgiev
et al. 2017) are presented here. Re-Os ages from this study were refined by Bayesian statistics.
Vertical dashed lines indicate possible zones where the dated intervals may come from because
specific species have not been determined yet (Koevoets et al., 2019). Ammonite zones and stages
are created by TSCreator version 8.0, modified by adding Bathonian and Callovian Boreal
ammonite zones from Koevoets et al. (2019).
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2.6.3  Os; and Sr isotope chemostratigraphy

The initial '¥7Os/!%8Os ratios, also known as initial Os or Os; values, of black shales can be
determined through Re-Os isochrons. These ratios represent the '8’0s/'*Os ratios of seawater at
the time of sediment deposition (Stein and Hannah, 2015). As such, the initial 1¥’0s/!#0Os ratio in
shales is indicative of global changes in the initial Os isotopic composition of seawater because of
the rapid global ocean circulation (thermohaline circulation; 1 kyr) relative to the residence time
of Os in the ocean (10-40 kyr). Therefore, chemostratigraphy based on Os isotopic data, like that
of Sr isotopic data, is used to correlate sediment records in order to establish the global time scale
(Peucker-Ehrenbrink and Ravizza, 2020). Like Sr isotopic ratios, Os isotopic ratios depend on the
balance between radiogenic detrital input and unradiogenic (volcanogenic or cosmogenic) input
of Os to the ocean. These two endmembers have contrasting Os isotope ratios: ~0.127 for the
unradiogenic input from hydrothermal fluids, volcanic input, or cosmic dust, and much higher
values (1.26 — 1.4) for radiogenic input from continental detritus or dissolved riverine Os (Peucker-
Ehrenbrink and Ravizza, 2000; Cohen, 2004 Stein and Hannah, 2015).

In Fig. 2.8, we integrated our age and Os; data from the Agardhfjellet Formation with
previously published data from the Middle Jurassic to Early Cretaceous Boreal realm sediments
(Cohen et al., 1999; Selby, 2007; Georgiev et al., 2017, 2019; Markey et al., 2017; Tripathy et al.,
2018), including global Sr isotopic ratio data during the same period (McArthur et al., 2020).
Overall, initial Os ratios from this study are consistent with the previous studies, showing a gradual
increase in initial Os ratios from a minimum value of 0.335 + 0.011 at approximately 160 Ma —
one of the lowest reported ratios throughout the Phanerozoic — to 0.651 £ 0.059 at ca. 139 Ma
(Georgiev et al., 2017). Wierzbowski et al. (2017) attributed the lowest 3’Sr/*®Sr ratio through

Phanerozoic time (~ 0.7068) in the Oxfordian (~ 160 Ma) to mantle-derived input to the ocean,
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likely due to increased hydrothermal activity during the breakup of Gondwana. In addition, low
temperatures during the Late Callovian to Early Oxfordian (~ 160 Ma) may have reduced
continental runoff (Dromart et al., 2003). It is likely that the minimum '*’Os/'*Os around 160 Myr
ago, like the minimum Sr isotopic ratio at that time, resulted from increased input from the
hydrothermal activity and decreased input from continental weathering.

The lowest reported values of initial Os during the Phanerozoic (0.29 + 0.03 at 379.0 + 7.1
Ma; Harris et al., 2013, 0.15 + 0.12 at 207 = 12 Ma; Cohen et al., 1999, and 0.33 +£ 0.02 at 91.5 +
8.6 Ma; Selby et al., 2009), are chronologically linked to ocean anoxic events (OAEs), including
the Frasnian-Famennian (F-F OAE), Toarcian (T-OAE), and Cenomanian-Turonian OAE2,
respectively. Previous studies on the F-F OAE and T-OAE suggest that the minimum Os; values
in the F-F and Toarcian seawater could be attributed to higher input from unradiogenic materials,
such as hydrothermal activity and/or ultramafic sources or lower input from continental runoff
(Cohen et al., 1999; Harris et al., 2013). On the other hand, the Caribbean LIP is considered the
cause of the minimum Os; value during OAE2 (Selby et al., 2009). Additionally, the minimum
initial Os values may also indicate meteorite impacts, although the negative excursions in Os
isotopes caused by extraterrestrial material are short-lived (Ravizza and VonderHaar, 2012;
Paquay et al., 2014). These events share common characteristics of climatic disturbance, and thus
the minimum initial Os; values may serve as a reliable indicator of such disturbances throughout
the Earth’s history. The minimum Os; value observed in this study is associated with the onset of
the SDAE, which may have been triggered by high input from unradiogenic sources (hydrothermal
activity or weathering of ultramafic rocks) and low continental runoff in the early Late Jurassic,

leading to climatic disturbance and the start of the SDAE.
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One intriguing feature that sets the SDAE apart from the OAE is its longer duration, lasting
approximately 19 Myr compared to less than 1 Myr for OAEs (Rogov et al., 2020). The extended
period of black shale deposition observed in the studied section is unique and distinct from other
anoxic events during the Mesozoic and Cenozoic. The Paleozoic ferruginous ocean has been
proposed to cause longer OAEs lasting approximately 3 million years, including the F-F OAE that
started with a minimum low Os ratio (Reershemius and Planavsky, 2021). Ferruginous conditions
can enhance benthic phosphorus (P) retention under an anoxic ocean, which can boost primary
productivity (Reershemius and Planavsky, 2021). The enhanced P retention under an anoxic ocean
may play one of critical roles in the longer period of the SDAE in the Agardhfjellet Formation,
while high primary productivity has not been observed. Although the specific environmental
factors responsible for prolonging the SDAE are currently unknown, it is hypothesized that
enhanced primary productivity in the Boreal realm during the Late Jurassic might have played a
role in prolonging the development of anoxic events. Further geochemical investigations of the
SDAE may provide more insight into the duration of such events. For example, redox-sensitive
trace elements, such as Mo, U, Re, etc., can provide the redox condition or depositional
environment (e.g., Tribovillard et al., 2006).

The increasing trend of Os; during the Late Jurassic could result from higher radiogenic Os
input by continental weathering. Accelerated continental weathering may have been caused by a
warmer climate during the Toarcian-OAE. The warmer climate, in turn, may have been the result
of some combination of methane release from gas hydrate dissociation or terrestrial permafrost
thaw, or the introduction of greenhouse gases by magmatism, especially if organic-rich
sedimentary sections are intruded. (Hesselbo et al., 2000; Beerling et al., 2002; Cohen et al., 2004;

Svensen et al., 2007; DeConto et al., 2012). Cohen et al. (2004) also noted that during a short
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period (~ hundred thousand years) with a negative carbon isotope excursion, there was an increase
in "%70s/!%0s and *'Sr/*®Sr due to warmer temperatures, which provoked higher continental
weathering (Gaillardet et al., 1999). This abrupt climatic change resulted in mass extinction
(Harries and Little, 1999). In contrast, the prolonged climatic change during the SDAE (~ 14 Myr)
might have given the biota enough time to adapt to climate change, possibly explaining the absence

of a significant mass extinction event during the Late Jurassic (Tennant et al., 2017).
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Fig. 2.8 Initial '¥70s/!*®0s ratios from this study (red diamonds) and previous studies with the

trends of marine ¥’Sr/%6Sr in gray line (McArthur et al., 2020). Age uncertainties from Markey et

al. (2017), and Georgiev et al. (2017, 2019) were treated by using Bayesian statistics in their studies
(black lines). Uncertainties in the initial Os ratio are represented by black dashed lines.
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2.7 Conclusion
The decreasing trend of 8'*Corg through the Oppdalen, Lardyfjellet, and Oppdalssita Members,
indicating a gradual increase in temperature, and the negative carbon isotope excursion in the
Slottsmeya Member, are both consistent with the Volgian Isotopic Carbon Excursion (VOICE) in
the Boreal basins. Low TOC and type IV kerogen indicate oxygenated bottom water, but the
unchanging light §*Spy values in the Oppdalen Member support persistent anoxic/euxinic
environments. The black shales of the Lardyfjellet Member with fluctuating and higher °*Spy
values represent an unstable anoxic/euxinic condition or rapid sediment accumulation rate. These
black shales yielded seven new Re-Os radiometric ages between 160.1 Ma and 146.8 Ma. While
the radiometric ages do not perfectly match the Boreal ammonite zones and Tethyan zones, the
new geochronology provides a foundation for correlating the Boreal realms with other Upper
Jurassic sections. Initial '8’0s/!380s ratios derived from the isochrons show a gradually increasing
trend from a remarkably low value of 0.335 to ca. 0.529 with time; these fit well with trends
revealed by previous Re-Os studies in the Boreal realm and the well-established Sr isotopic ratio
profile. In addition, the gradual increase of Os; is likely caused by increased continental runoff or
decreased hydrothermal activity during the Late Jurassic. However, further research on the Late
Jurassic is necessary to resolve the enigma of the extended duration of black shale deposition

throughout the shelf dysoxic/anoxic event (SDAE) in the Boreal realm.
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Chapter 3 Project 11

Paleoenvironment in the circum-Arctic region during the Middle
to Late Jurassic through trace element and stable isotope

geochemistry of the Agardhfjellet Formation, Svalbard

3.1 Summary
In the Middle Jurassic to Early Cretaceous period, abundant black shale layers from the
Agardhfjellet Formation were deposited in association with shelf dysoxic-anoxic events (SDAEs)
recorded predominantly in the circumpolar regions. Generally, oceanic anoxic events (OAEs)
throughout Earth’s history are linked to the emplacement of large igneous provinces (LIPs); OAEs
and LIPs alone or jointly are known to have triggered severe biotic crises in Earth’s history.
However, the causes of SDAE remain uncertain. This study aims to elucidate the geochemical
features of the Upper Jurassic Agardhfjellet Formation using trace element concentrations and
stable isotope ratios. The Agardhfjellet Formation formed during ~13 Myr of prolonged anoxic
and euxinic conditions, which consists of the Oppdalen, Lardyfjellet, Oppdalssata, and Slottsmoya
Members in the ascending order. The onset of oceanic anoxia was between the deposition of its
Oppdalen and Lardyfjellet members. The extent of the anoxia varied within the Lardyfjellet
Member but likely persisted until the Slottsmeya Member deposition. The depositional basin was
highly restricted during anoxic periods, as indicated by Mo/TOC and Mogr/Ugr ratios in the
sedimentary rocks. Enhanced continental runoff marked the Oppdalen and Slottsmeya Members,
contrasting with the Lardyfjellet Member, which was dominated by authigenic minerals.

Compared to other OAEs, such as the Toarcian OAE (184 Ma) or the OAE2 (94 Ma), the Late
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Jurassic — Early Cretaceous SDAE, recorded in the Agardhfjellet Formation, is characterized by
long-lasting suboxic—anoxic condition, substantial water-mass restriction, and increased
continental runoff. The long-lasting SDAE in the Agardhfjellet Formation was predominantly

controlled by local hydrographic restriction/isolation rather than widespread ocean anoxia.

3.2 Introduction

Anthropogenic global warming from fossil fuel consumption has contributed to the
progressive depletion of oceanic oxygen levels, with climate models projecting increased
deoxygenation in the future (Schmidtko et al., 2017; Oschlies et al., 2018). Throughout Earth’s
geological history, major oceanic deoxygenation instances known as oceanic anoxic events
(OAEs), have been associated with substantial input of carbon to the atmosphere and the ocean
from volcanic eruptions during emplacement of Large igneous provinces (LIPs) (e.g., Scaife et al.,
2017). These events subsequently led to widespread accumulation of organic-rich black shale
deposits. The massive input of volcanogenic carbon followed by substantial drawdown of organic
carbon in the form of black shales leaves a distinct carbon isotope mark in the geologic record
(e.g., Jenkyns, 2010).

OAEs represent significant environmental perturbations linked to abrupt fluctuations in
Earth’s carbon cycles (e.g., Jenkyns, 2010). Since Schlanger and Jenkyns (1976) first recognized
OAEs from global occurrences of coeval organic-rich black shales, it has been proposed that
excessive isotopically light carbon emissions from LIPs could potentially trigger OAEs, which are
also connected to some of the “big five” mass extinctions (e.g., Percival et al., 2018). The organic-
rich rocks deposited during these OAEs often represent major organic-rich source rocks for

economic petroleum accumulation. Despite their importance, the initial causes and ultimate
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consequences of OAEs remain under investigation.

The early Toarcian OAE (T-OAE) around 184 Ma, for example, is characterized by a
negative carbon isotopic excursion (CIE), which has been linked to isotopically light carbon
emissions from the Karro, Ferrar, and Chon Aike LIP (e.g., Heimdal et al., 2021). Additionally,
the Cenomanian — Turonian OAE (OAE2) around 94 Ma, marked by a positive CIE, has been
connected to increased primary productivity and subsequent deposition of organic carbon (e.g.,
Owens et al., 2018). Enriched redox-sensitive trace elements (RSTE), such as Mo and Re, typically
found in black shale deposits during OAEs, are easily enriched under reduced conditions. In
particular, authigenic Mo enrichment related to total organic carbon (TOC) in sediments has been
used as a proxy for basin restriction (e.g., Algeo and Lyons, 2006).

Prolific source rocks for petroleum, such as the Hekkingen and Fuglen Formation in the
North Sea and the Barents Sea, respectively, were formed during the Middle Jurassic and Early
Cretaceous (Merk et al., 1999; Lerch et al., 2016; Marin et al., 2020). However, the Middle Jurassic
— Early Cretaceous organic-rich black shales are not directly associated with well-known OAEs,
and their origins remain a topic of debate. Rogov et al. (2020) recently reviewed the high-latitude
organic-rich shale deposits between the Middle Jurassic and Early Cretaceous and described the
anoxic event responsible for black shale formation in the Boreal realm as a “Shelf Dysoxic-Anoxic
Event (SDAE)” due to its distinct features from other Phanerozoic OAEs. The authors outlined
five key SDAE characteristics: (1) concentrated occurrences in the higher latitudes rather than on
a global scale; (2) diachronous onset and termination; (3) longer duration (up to 20 million years)
in contrast to OAEs (10 — 100 thousand years); (4) absence of significant global '*C perturbation
during the events; and (5) lack of notable extinction events (Rogov et al., 2020). Recently, Park et

al. (in-review) reported Re-Os ages of the Agardhfjellet Formation from the DH2 and DH5R drill
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holes by UNIS CO2 LAB project, including source rock pyrolysis and stable carbon and sulfur
isotope, and identified a gradual increase in initial Os ratios, reflecting either enhanced terrestrial
runoff or decreasing hydrothermal activity in this time period (Park et al., in-review).

In this study, we discuss new trace elements (including rare earth elements, REEs) and
stable isotope data from the DH2 and DHS5R intervals to evaluate the depositional environment
during the SDAE by pinpointing when the anoxic environment began in the basin and how the
source input changed and by comparing the SDAE in the Middle Jurassic — Early Cretaceous with

other OAEs during the Phanerozoic.

33 Geological settings and samples
The study area is situated in Central Spitsbergen within the Svalbard archipelago, near
Longyearbyen, positioned between latitudes 74° — 81° north and longitudes 10° — 35° east like
Chapter 2. (Fig. 2.1). Samples were collected from seven new interval of DH2 and DHS5R,
including samples in Chapter 2. More comprehensive information on the sedimentology,
paleontology, and geochronology of the drill cores can be found in Koevoets et al. (2018), Koevoets

et al. (2019), and Park et al. (in-review).

34 Methods

A set of 151 black shale powder aliquots from 17 core intervals were collected by micro-
drilling within less than 1 cm for well-indurated shale intervals from the drill cores. In partially
shattered shale intervals, we sampled a layer approximately 1 cm-thick and pulverized shale
samples with a corundum mortar and pestle or agate ball mill. Twelve of these 17 intervals were
previously analyzed for Re-Os contents and isotopic composition by Park et al. (in review). In this

study, present a detailed dataset of new trace elements and nitrogen and oxygen isotope data from
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151 black shale samples from all 17 intervals to investigate the paleoenvironmental conditions
during the Late Jurassic in the Boreal realm.

3.4.1 Major and trace elements

The major and trace element concentrations of the shale samples were analyzed by Actlabs,
Canada using either ICP-OES or ICP-MS, following a four-acid total digestion procedure in-
house. To ensure the repeatability of the measurements, the results were cross-checked with
standard materials (OREAS) and found to be consistent within a margin of 15%.

Hg analyses were performed using the direct mercury analyzer (Milestone© DMA-80 Evo)
in the AIRIE Program at Colorado State University. A nickel boat with approximately 100 to 250
mg of black shale powder was automatically loaded into the DMA combustion chamber to measure
the concentration of Hg. SDO-1 and 1632¢ were used as standard materials, and their standard
deviations were measured +6.09 and +£2.35, respectively. Analytical details for Hg follow the
procedure in Park et al. (2022).

3.4.2  Stable isotope data (carbon, nitrogen, oxygen, and sulfur)

The isotopic ratios of 1*C/!2C, >’N/!N, 80/'°0, and **S/*2S of the black shale samples were
analyzed using Elemental Analyzer-Isotope Ratio Mass Spectrometry (EA-IRMS) at Iso-
Analytical of Cheshire, UK. The details can be found in Georgiev et al. (2015). Standard delta
notation was utilized to report isotope ratios relative to V-PDB for §'*Corg, 8'*Ccarb, and §'*Ocarb,
V-CDT for 8**S, or air for §'°N. Estimated uncertainties for 8'*Corg, 8'*Cearb, '°N, 8'%0, and 5**S
were calculated based on analyses of standard materials and were found to be +0.06%o, +0.01%o,
+0.20%o, + 0.08%o0, and + 0.15%o in averages, respectively. Each analysis allowed for independent
estimates of the organic carbon, nitrogen, and sulfur contents of the samples. Total organic carbon
and sulfur contents from the isotope analyses correspond with the results from the trace element

and LECO analyses.
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3.4.3  Re-Os analyses

To measure the Re-Os isotopic ratio of powdered shale samples, we used the isotope
dilution-negative thermal ionization mass spectrometry (N-TIMS) at the AIRIE Program at CSU.
First, weighed shale powders (around 200 — 300 mg) were mixed with '®°Re and '*°Os spikes and
digested them in CrO3-H2S0s4 in sealed Carius tubes in an oven for 48 hours. Then, the osmium
from the samples was separated using chloroform and hydrobromic acid (HBr) and micro-distilled
the Os with HBr twice for two hours each. The Re-bearing of CrOs3-H2SOs residue was
subsequently reduced by SOz gas before rhenium was purified by anion chromatography. Re and
Os analytes were loaded on platinum filaments for N-TIMS analysis with ReO4~ and OsO3™ species
being measured. Uncertainties for Re and Os contents and isotopic ratios were derived by
numerical error propagation, taking into account weighing and blank corrections, with corrections
for isobaric oxygen interferences, instrumental mass fractionation, and analytical blank conducted
after the measurements using in-house Excel sheets. The protocols followed were based on
methods from Georgiev et al. (2018, 2019), as well as those from Shirey and Walker (1995) and

Selby and Creaser (2003).

3.4.4  Principal component analysis (PCA)
We coded up PCA using Python 3.7 and conducted PCA on different datasets. The PCA
run focused on TOC and concentrations of 45 major and trace elements, including Al, Ca, Fe, K,
Mg, Na, S, Ti, Ba, Cr, Cu, Li, Mn, Ni, P, Sr, V, Zn, Zr, Ag, As, Be, Bi, Cd, Co, Cs, Ga, Hf, Hg,
Mo, Nb, Pb, Rb, Sb, Sc, Se, Sn, Th, TI, U, Y, Ta, W, Re, and Os. The PCA results of elements and
samples were reported. PCA results from trace elements of sedimentary rocks have been used to

evaluate dominant phases or detrital sources (Tripathy et al., 2014; Park et al., 2022). A detailed
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PCA procedure was followed by Park et al. (2022).

3.5 Results

Table A3 shows all geochemical data, including trace elements and stable isotopes.

3.5.1 Major and trace elements concentrations with REE
In this ternary space, most of the samples from the Lardyfjellet and Oppdalssata Members
are closely located between S/Fe = 0.42 and S/Fe = 1.15 lines with a higher proportion of TOC
within the three variables (> 50%) except for three outliers distributed close to the Slottsmeya and
Oppdalen Members’ area (Fig. 3.1). In contrast, the samples from the Slottsmeya and Oppdalen
Members made relatively wider distribution around S/Fe = 0.3 line and S/C = 0.4 line with lower

TOC proportion (< 50%) compared to the Lardyfjellet and Oppdalssédta Member
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Fig. 3.1 Fe-TOC-S ternary diagram to identify the redox condition of depositional environments
(e.g., Hofmann et al., 2000). The ratios between Fe and S determine dysoxic, anoxic, and pyritic
(euxinic) conditions on the diagram with certain S/Fe ratios. Oxic condition is determined by an
S/C ratio of 0.4, which indicates the ratio of S and C in the modern ocean.

In Fig. 3.2, most of the samples from the Agardhfjellet Formation are located within 0.5
and 1.5 of Mo/TOC ratio lines (dash-dotted lines). The outlier with ~25 ppm of Mo from the
Lardyfjellet Member of DH2 has fairly high Ca, Mn, and Zn contents compared to other black
shales (9.1% of Ca, 298 ppm of Mn, and 2290 ppm of Zn; DH2 673.031), and the outlier with ~50
ppm of Mo from the Lardyfjellet Member of DH5R is a thick sulfide layer (20% of S; DH5R
607.022). Two intervals of the Oppdalen Member from DH5R 663 and 655, have almost constant

and low TOC (< 1.2 wt.%) with variable Mo contents (3 — 11 ppm).
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Fig. 3.2 Mo concentrations (ppm) compared to TOC in the Agardhfjellet Formation and published
data from the Loppa High, Jeren High, and Wollaston Forland (Markey et al., 2017; Georgiev et
al., 2019; Hovikoski et al., 2023). Mo/TOC ratios have been used to identify the degree of basin
restriction (Algeo and Lyons, 2006). Mo/TOC ratios of modern anoxic basin examples are shown
in a dotted line (the Black Sea) and a solid line (Framvaren Fjord) (Algeo and Lyons, 2006).

Fig. 3.3 shows two biplots with contents of trace elements (Co, Mn, Cd, Mo, Ti, and Zr)
with Al contents. Most samples show similar CoxMn values of 0.1 but various Cd/Mo ratios,
ranging from 0.01 to 1 (Fig. 3.3a). Compared to samples from other members, the samples from
the Oppdalen Member have lower Cd/Mo values. The contents of Zr relative to Al contents of
samples range from 4.91 to 13.4, while six samples of DH2 Lardyfjellet Member have lower
Zr/Al2O3 than 4 (DH2 673.005, 673.031, 673.070, 674.093, 674.115, and 680.295), and two

samples among them have much higher Al2O3/Ti02 over 35 (DH2 673.031 and 673.070; Fig. 3.3b).
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The samples from the Oppdalen Member are separated from the main cluster with higher Zr/A203
values (up to 13.4). When comparing the samples from the Lardyfjellet and the Slottsmeya

members, the former samples have lower values of Al2O3/Ti0x.
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Fig. 3.3 Trace metal constraints for the depositional setting of studied samples. Panel (a)
distinguishes between settings of basin restriction and upwelling by values of CoxMn and
dominant processes of organic-rich shale deposition between productivity and preservation by
Cd/Mo ratios (fields representing modern-day Black Sea, Cariaco Basin, and Gulf of California
from Sweere et al., 2016). Black shales from the Brynhild petroleum system plotted with white

areas (Georgiev et al., 2019). Panel (b) shows hydrodynamic sorting characters based on the
difference in depositional depth and provenance (e.g., Greber and Dauphas, 2019).

Fig. 3.4 shows Ce, Pr, and Eu anomalies of the samples from the Agardhfjellet Formation. The
Oppdalen, Slottsmeya, and Lardyfjellet Members are distinguished by Ce and Pr anomalies (Fig.
3.4a), while the Oppdalssata Member is intersected with the area of Lardyfjellet Member. Almost
half of the samples from the Oppdalen Member are in I1la and IIb areas, which indicates a positive
Ce anomaly. The other half of the samples from the Oppdalen Member and some samples from
the Slottsmeya Member show no Ce anomaly (I area). Most of the samples from the Lardyfjellet
Member and some from the Slottsmeya Member show negative Ce anomalies (IIa and IIIb areas).
There are six outliers apart from the diagonal mainstream of Ce and Pr anomalies with significant
negative Pr anomalies from four different intervals (DH2 660, DH5R 489, DH5R 600, and DH5R

613). The REE patterns of the outliers exhibit positive Nd anomalies (Fig. A4), which contribute
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to the negative Pr anomalies of the samples. The Eu anomalies related to the Ce anomalies did not

show any trend.
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Fig. 3.4 Plots of Ce anomalies with (a) Pr anomalies and (b) Eu anomalies. Anomalies were
calculated by normalizing REE concentrations of studied samples with those from the PAAS shale
(McLennan, 1989). In panel (a), Field I — no anomaly; Field Ila — positive La anomaly causes
apparent negative Ce anomaly; Field IIb — negative La anomaly causes apparent positive Ce
anomaly; Field Illa — real positive Ce anomaly; Field IIIb — real negative Ce anomaly (Shields and
Stille, 2001).

35.2 C,0,N, and S stable isotope results

Fig. 3.5 shows box plots of TOC, inorganic C, organic C, N, S, and O stable isotope values
from 16 studied intervals according to depth when we accept the correlation that the depth of DH2
is 60 m deeper than DH5R (Koevoets et al., 2018). §'*Cinorg fluctuated between -7 and -14%o, while
813Corg fluctuated between -25 and -27%o under the Slottsmeya Member (Fig. 3.5b and ¢). Also, a
significant drop of 8'*Corg is recorded in the Slottsmeya Member, but the most significant drop of
8'3Cinorg is recorded in two intervals, DH2 673 and 674. All N isotope values in the Agardhfjellet
Formation showed positive values, with the minimum value of 3.21 in DH2 724 (Fig. 3.5d),

showing a moderately increasing trend from bottom to top even though there are fluctuations

56



within both members and intervals. Sulfur isotope values increase from the bottom (~ -50%o) to
the middle of the Lardyfjellet Member (~ -10%o) and decrease until ~ -20%o in the Slottsmeya
Member (Fig. 3.5¢). The §**S variations within each interval are larger in the Lardyfjellet Member
compared to other members. In addition, 5**S shows an overall positive correlation with S
concentration (Fig. A6). **S does not show any correlation with TOC, while §**S of the Oppdalen
Member shows a positive correlation with TOC (Fig. A6). The §'30 seem to have no general trends

with depth or members, but they have a significant correlation with inorganic C isotope values

(Fig. A6).
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Fig. 3.5 Non-continuous depth profile of TOC (a), inorganic C isotopes (b), organic C isotope
(c), N isotope (d), S isotope (e), and O isotope (f).

3.5.3 PCA results

We applied trace element concentrations with TOC into PCA to identify sediment sources
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from the black shale samples. PCA results are shown in Table 3 and two x-y plots with the first
and second principal components (PC1 and PC2) with elements (Fig. 3.6a) and samples (Fig. 3.6b).
In general, TOC and redox-sensitive trace metals, such as Re, Os, Mo, V, etc., are loaded with
positive PC1, whereas elements associated with terrestrial input, such as Ti, Al, Hf, Zr, etc., are
loaded with negative PC2, making two distinct clusters. In terms of PC2, most of the elements are
loaded with positive PC2, but Ba, Ni, and Cr are loaded with negative PC2 (-0.6, -0.6, and -0.2,
respectively). In Fig. 3.6b, samples from each member are somewhat widely distributed. Samples
from the Lardyfjellet, Oppdalssata, and Slottsmeya Members are distributed horizontally, while
samples from the Oppdalen Member are distributed diagonally from the second quadrant to the
fourth quadrant. In the Lardyfjellet Member, samples from DH2 are more widely distributed and

positive than those from DHS5 (red squares vs. red circles).
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Fig. 3.6 PCA results with shales in the Agardhfjellet Formation. (a) Principal components (PCs)
with geochemical values; (b) The distribution of each sample by PC1 and PC2. Arrows indicate
dominated tendency of samples based on PCA results in panel (a).

58



3.6 Discussion
3.6.1 Environmental changes during deposition of the Agardhfjellet Formation
Our new geochemical results are discussed to track the changing paleoredox, detrital input,
and basin restriction during the deposition of the Agardhfjellet Formation. Each characteristic will

be discussed in detail below.

3.6.1.1 Change in the redox conditions (oxic — anoxic/euxinic — suboxic)

Redox conditions in ancient oceans hold significance for several reasons: 1) association
with occurrences of prolific petroleum source rocks (Scholle and Arthur, 1980), 2) influences on
life diversification and evolution, including its origin (Lyons et al., 2014), 3) impacts on
geochemical cycles, such as N, O, and S, which affect primary productivity (Anbar and Knoll,
2002), and 4) implications for future climate change (Jenkyns, 2010). Paeloredox conditions are
evaluated using sedimentary redox-sensitive elements, such as TOC, S, Fe, Mo, U, etc. As each
individual proxy has limitations and certain drawback (Tribovillard et al., 2006; Liu and Algeo,
2020), we rely on the combined interpretation of different paleoredox proxies to constrain the
redox condition throughout the Agardhfjellet Formation.

The unwavering S/Fe ratios (constant lines from TOC on Fig. 3.1) suggest limited
oxygenation and iron-limited depositional environments (Hofmann et al., 2000; Rimmer et al.,
2004). Samples from the Lardyfjellet and Oppdalssata Member fall between the anoxic line (S/Fe
= 0.42) and the pyritic line (FeSz; S/Fe = 1.15), with few outliers, implying relatively steady
anoxic/euxinic settings. On the other hand, the samples from the Slottsmeya and Oppdalen
members indicate more oxygenated conditions, showing around 0.3 of S/Fe (Fig. 3.1). The
Oppdalen Member samples (the oldest and lowermost member) exhibit a scattered distribution

with higher Fe proportions instead of forming trends. Samples from the Slottsmeya are distributed

59



similarly to those from the Oppdalen Member, suggesting that while the Lardyfjellet and
Oppdalssidta Members were deposited under highly anoxic conditions, sufficient oxygen may have
been present in the basin when the Oppdalen and Slottsmeya Members were deposited. Overall,
the redox conditions transitioned from an oxic environment in the Bathonian - Oxfordian to an
anoxic/euxinic environment during the Kimmeridgian, then returned to a relatively suboxic
condition in the Volgian.

PCA results support these findings. A highly positive PC1, loaded with TOC and redox-
sensitive trace metals (Mo, Re, U, etc.), indicates anoxic depositional settings (Fig. 3.6a). A
negative PC1, loaded with terrestrial input (Zr, Hf, Ti, Al, etc.), suggests enhanced terrestrial
runoff (Fig. 3.6a). Although the samples from the Oppdalen Member are widespread in PC1 (-2.2
to +0.4 PCl1), the samples from the Lardydjfllet Member are deposited under more anoxic
conditions based on higher positive PC1 (Fig. 3.6b). Oxygen levels were likely higher when the
Oppdalsséta, Slottsmeya, and Oppdalen members were deposited based on lower and more
negative PC1 (Fig. 3.6b). Interestingly, DH2 samples have higher (more positive) PC1 than DH5SR
samples in the Lardyfjellet Member, which may indicate DH2 samples were deposited under more
anoxic/euxinic conditions than DH5R at the same time.

REE patterns of the black shale samples from the Agardhfjellet Formation are flat in PAAS
normalized figures with similar values of PAAS (normalized values ~ 1), indicating minimal REE
fractionation (Fig. AS). The majority of the samples from the Lardyfjellet Member demonstrate
negative Ce anomalies (Ce/Ce* < 1), which serve as a redox indicator since Ce valence is sensitive
to the redox state of the ambient environment. In oxic conditions, Ce is enriched in sediments since
Ce in water is inactive, whereas Ce in sediments is depleted in the anoxic environment because

reduced Ce is released into the water (Wilde et al., 1996). Negative Ce anomalies in rock (Ce/Ce*
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< 1) indicate anoxic environments, while positive Ce anomalies (Ce/Ce* > 1) indicate oxic
environments. In Fig. 3.4, most samples showed negative Ce anomalies (Ila and IlIb areas),
indicating anoxic conditions, while all samples from the Oppdalen Member and a few samples
from Slottsmeya Member show no or positive Ce anomalies, indicating suboxic/oxic. Pi et al.
(2013) reported that the negative Ce anomaly could enlarge if the OM considerably affects the
REE budget, as OM exhibits low Ce/Ce* values (0.3 ~ 0.5). The samples from the Lardyfjellet
Member contain the highest TOC levels among all members, resulting in lower Ce/Ce* values and
suggesting a higher OM influence on REE content. Six data points with negative Pr anomalies are
discussed in the supplementary document.

Barium concentrations between the Oppdalen and Lardyfjellet Members display striking
contrasts, revealing significantly lower Ba content in the upper three members (Fig. 3.9).
McManus et al. (1998) argued that Ba is an unreliable productivity proxy because it is influenced
by suboxic diagenesis. However, should diagenesis be limited, Ba contents could serve as a
productivity proxy (Falkner et al., 1993; Liguori et al., 2016). Barite (BaSOs4) is the predominant
sedimentary Ba host, existing in both oxic and anoxic environments (Falkner et al., 1993). Elevated
barite or Ba levels in the Oppdalen Member suggest oxic depositional conditions, while the
decreased Ba content in upper members indicates anoxic depositional environments (Liguori et al.,

2016).

3.6.1.2 Change in detrital source input

PCA has been used to identify the dominant source of the sediments (e.g., Tripathy et al.,
2014; Park et al., 2022). Positive PC1 is associated with enriched redox-sensitive trace elements
(RSTE), indicating higher authigenic minerals in sedimentary samples. In contrast, negative PC1

is linked with detrital elements (Al, Th, Zr, etc., Fig. 3.6a). Samples from the Lardyfjellet,
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Oppdalsséta, and Slottsmeya are horizontally spread (Fig. 3.6b), not only showing limited effect
of PC2 but also implying changes in influence of detrital input during the Late Jurassic. Notably,
Lardyfjellet Member samples predominantly exhibit positive PC1 values, suggesting an authigenic
mineral abundance, whereas all Oppdalssata and Slottsmeya Member samples and most Oppdalen
Member samples display negative PC1, implying considerable continental input (Fig. 3.6b).
Dramatic elemental input shifts might have occurred before and after the Lardyfjellet Member,
which probably resulted from sea-level fluctuations, tectonic events, and variations in weathering
runoff rates (Koevoets et al., 2018; Hovikoski et al., 2023). Fu et al. (2017) also documented that
enhanced continental runoff enforces basin stratification, which is consistent with the redox
conditions described above.

In contrast to other members, samples from the Oppdalen Member are distributed
diagonally in Fig. 3.6b, which is primarily attributable to negative PC2, featuring Ba, Ni, and Cr
enrichment and depleted RSTE and/or terrestrial elements in DH5SR 655 and 663. Elevated Cr and
Ni concentrations likely originate from ultramafic sources (Garver et al., 1996; Amorosi, 2012),
while high concentrations of Ba would be influenced by the oxic environment as discussed above
(Liguori et al., 2016). Although Cr and Ni have been used as paleoredox proxies, enrichments of
Cr and Ni in the Oppdalen Member have been affected by other factors, such as sources, based on
the oxic condition during the deposition of the Oppdalen Member. Nickel and Cr concentrations
have been used as source indicators of sedimentary rocks, particularly in the ultramafic source
rock context (Garver et al., 1996). Garver et al. (1996) proposed that sediments exhibiting elevated
Cr and Ni concentrations (Cr > 150 ppm and Ni > 100 ppm), with a Cr/Ni ratio around 1.6, which
corresponds to ultramafic rock Cr/Ni ratios, could be considered to have ultramafic source rocks.

In addition, Holocene sediments in Italy, derived from ultramafic-rich sources, show ~ 1.2 Cr/Ni
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ratios with 143 ppm of Cr and 84 ppm of Ni (Amorosi, 2012), as opposed to UCC’s ~ 2.0 of Cr/Ni
ratio with 92 ppm of Cr and 47 ppm of Ni (Rudnick and Gao, 2003). Consequently, the high
contents of Cr and Ni found in all samples from DH5R 655 and 663, combined with ~ 1.5 of Cr/Ni
ratio, indicate an ultramafic-rich source. New isochrons from those intervals showed decent
nominal ages (167 Ma and 165 Ma) with extremely high uncertainties (MSWDs =78 and 31) (Fig.
A7). The large uncertainties may have stemmed from ultramafic sources with various '¥’0s/!380s
ratios when the samples were deposited. The oxic environment and/or ultramafic-rich source may
have contributed to distinct elemental variation within the Oppdalen Member.

The relationships between 3°**S and TOC underwent a significant change between the
Oppdalen and Lardyfjellet Members (Fig. A6b). The Oppdalen Member samples exhibit a strong
correlation between these two values (R? = 0.8), while the other samples show a weaker correlation
(R? = 0.1). High correlations between §**Spy and TOC in Toarcian black shales suggest an
abundance of bioavailable OM played an important role in sulfur fractionation under the water
through cell-specific sulfate reduction rates (csSRR) (Chen et al., 2022). The kerogen type of the
Oppdalen Member is terrestrial, whereas the kerogen type of the other members is marine (Park et
al., in-review). Consequently, it can be inferred that terrestrial organic matter may have played a
role in influencing sulfur isotope fractionation via csSRR.

The chemistry of Zr, Al, and Ti can reveal the water depth and sources of fine-grained
terrestrial sediments since these elements are refractory in the ocean, preserving their source
characteristics (Greber and Dauphas, 2019; Georgiev et al., 2020). Sediments from the Oppdalen
Member contain higher sand content compared to others, suggesting a shallower depositional
setting (Fig. 3.3b) (Koevoets et al., 2018). Samples from the Lardyfjellet and Slottsmeya Members

show lower values of Zr/Al2Os, indicative of deeper depositional settings. In particular, the
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Zr/A20s3 values of six samples from DH2 (DH2 673.005, 673.031, 673.070, 674.093, 674.115,
and 680.295) are exceptionally lower than those of other samples. Two of these six samples (DH2
673.031 and DH2 673.070) also showed extremely higher Al203/TiO2, indicating a more felsic
source, while most of the samples have a more mafic source. However, the two samples (DH2
673.031 and DH2 673.070) have substantially higher carbonate content (33 wt.% and 17 wt.%,
respectively), rendering the source evaluation based on Zr, Al, and Ti inapplicable for these
samples (Greber and Dauphas, 2019). Nevertheless, the depositional settings when the two
samples were deposited would have been favorable for carbonate deposition, differing from the
other environment during the Late Jurassic when the deposition of clastic material was favorable.

Hafnium is regarded as a geochemical twin of Zr because neither is easily fractionated
through geological processes. The concentrations of Zr and Hf from 134 shale and mudstone
samples collected by the EarthChem database show a trend of Zi/Hf values, approximately 35,
similar to those found in the upper continental crust (UCC) (Fig. A8). The Agardhfjellet Formation,
however, follows a distinct trend line with Zr/Hf ~ 25 (Fig. 3.7). Fractionation processes between
Zr and Hf in sedimentary rocks have been reported in two scenarios: 1) impact of Zr- and Hf-rich
grains from the peraluminous granite (Bucholz and Spencer, 2019) and/or 2) formation of salt
minerals and evaporites (Censi et al., 2017). Even though Zr and Hf have similar partition
coefficients during factional crystallization in most types of magmas, Hf has a higher partition
coefficient than Zr when peraluminous magmas are involved (Al203 > Na20O + K20 + CaO; Linnen
and Keppler, 2002). Additionally, Censi et al. (2017) observed lower Zr/Hf ratios in evaporites,
attributed to different behavior during halite crystallization. As no evaporite records have been
found in the Boreal basin during the Late Jurassic, the lower Zr/Hf values from the Agardhfjellet

Formation may be explained by intermittent felsic source effects, particularly peraluminous granite
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(Bucholz and Spencer, 2019).
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Fig. 3.7 Zr and Hf concentrations of the Agardhfjellet formation shale in ppm. Grey hexagons
represent black shales from the EarthChem database (~ 130 samples). A black solid line and dotted
line represent Zr/Hf = 35, which is the upper continental crust value (Rudnick and Gao, 2003), and
Zr/Hf = 25, respectively.

AL203/Ti02 and Zr/Hf derived-source evaluations seem contradictory when considering
samples with lower Zr/Hf ratios as being from a felsic source. High Al203/TiO2 values are derived
from enriched Al content over Ti content by dominant felsic sources, while low Al203/TiO2 values
are derived from enriched Ti content over Al content by dominant mafic sources. Al and Ti exhibit
similar behavior during sedimentary processes, such as mineral sorting (Greber and Dauphas,

2019). However, refractory minerals in sedimentary rocks, like ilmenite and titanite, contain the
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majority of Zr and Hf input into sediment (Bingen et al., 2001), with Zr and Hf displaying positive
correlations with Ti (Fig. A9). Therefore, determining the source differences based solely on
Al203/Ti0z2 is challenging. When considering Zr/Hf ratios, it can be inferred that some samples

were predominantly influenced by felsic source rocks.

3.6.1.3 Changes in the basin restriction and productivity

Assessing the degree of restriction in a depositional basin is essential for accurately
evaluating the basin environment. Molybdenum can reveal valuable information about both
paleoredox and paleohydrographic conditions (Algeo and Lyons, 2006). The concentration of Mo
can reflect changes in the Mo burial flux, with a decrease in Mo/TOC ratios potentially indicating
a reduction in aqueous Mo concentrations due to the absence or scarcity of deep water renewal
caused by hydrographic restriction (Algeo and Lyons, 2006). Algeo and Lyons (2006) provided
Mo/TOC ratios of various modern basins based on the degree of restriction (Fig. 3.2). When
comparing data from the Agardhfjellet Formation to these modern basins, the depositional
environment of the Agardhfjellet Formation was extremely restricted throughout the Late Jurassic
(Mo/TOC ~ 0.46 except for two outliers), similar to some extremely restricted basins in T-OAE,
such as the Cleveland Basin, Yorkshire, United Kingdom (McArthur et al., 2008). Two outliers
with higher Mo/TOC were discovered in a sulfide layer (DH5R 607.022) and a sample with high
Ca contents (DH2 673.031). Intriguingly, in the Oppdalen Member, two intervals out of four
(DHS5R 655 and DH5R 663) and one sample from DH2 724 show higher Mo contents compared
with similarly low TOC with the other two intervals (DH5R 658 and DH2 724). We argue that Mo
was replenished from time to time around the Oxfordian, but seawater Mo burial into sediment
was limited by the relatively oxygenated water column.

The enrichment factors (EF) of redox-sensitive trace elements provide not only redox states
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but also specific environments, such as the degree of restriction (Algeo and Tribovillard, 2009;

Tripathy et al., 2018). The EF is defined by the following equation:

(%)sample/

Xgp = i)
Allyce

In this equation, Xsgmpie represents the concentration of element x and Alggmpie represents the Al
concentrations of target samples, while xy - and Al represent concentrations of x and Al of
upper continental crust (UCC) from Rudnick and Gao (2003). According to Algeo and Tribovillard
(2009), the relationship between Moer and Ugr helps indicate water mass chemistry evolution,
which is associated with the degree of restriction (Fig. 3.8). Molybdenum and U behave differently
during their transfer from water to sediment. While Mo transfers through a particulate Mn-Fe-
oxyhydroxide shuttle, U uptake occurs at the boundary of Fe(II) and Fe(IlI), which is earlier than
Mo uptake (Algeo and Tribovillard, 2009). In Fig. 3.8, the Agardhfjellet Formation samples follow
the strongly restricted basin array. The degree of basin restriction changed significantly during the
Late Jurassic, with the Lardyfjellet Member experiencing the strongest isolation from the open sea.
An outlier from the Lardyfjellet Member in DH5R is from a sulfide layer (DH5R 607.020), which
may also indicate sporadic occurrences of highly euxinic environment during the restricted period.
The more restricted nature of the DH2 location compared to DH5R around 152 Ma is evidenced

by the highly restricted cluster of samples exclusive to DH2.
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Fig. 3.8 Uranium EFs and Mo EFs for the Agardhfjellet Formation shale. The seawater line (SW)
is calculated with molar ratios between Mo and U. Two lines below the seawater line are multiplied
by 0.3 and 0.1. A guide figure in the lower right corner is from Algeo and Tribovillard (2009).

As discussed above, the correlation between §**S and TOC dramatically changed between
the Oppdalen Member and Lardyfjellet Member. Assuming that the 5**S values of the black shales
primarily originated from sulfide, lower 8°*S values would suggest sulfate replenishment from
well-connected open oceans. Thus, following the deposition of Oppdalen Member, it can be
inferred that connectivity between the Boreal basin and open oceans became restricted. This
observation aligns with results derived from trace elements and enrichment factors, further
substantiating this conclusion.

Four trace elements, Cd, Mo, Co, and Mn, behave variably under different redox conditions,
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affecting their pathways to sediment; for example, Mn exhibits increased solubility under reducing
conditions, whereas Co, Cd, and Mo are more effectively removed to sediment (Sweere et al.,
2016). Sweere et al. (2016) suggested a Cd/Mo vs. CoxMn diagram with modern organic-rich
deposit settings, including the Black Sea and Arabian Sea to evaluate relative restriction vs.
open/upwelling and productivity vs. preservation (Fig. 3.3a). Although all samples from the
Agardhfjellet Formation fell within a relatively similar area, the Oppdalen Member exhibited
lower productivity than others. Interestingly, samples from the Agardhfjellet Formation were
clustered in the area that was less restricted than the Black Sea or Arabian Sea, unlike the results
from Mo-TOC and Mogr-Ukr diagrams. The primary source of Co and Mn would be riverine input
(Sweere et al., 2016), but the riverine input into the Boreal basin during the Late Jurassic might
have been insufficient in Co and Mn. In this case, the value of CoxMn could be lower than the
expected values even if the degree of restriction is much higher than that of the modern seas.
Nitrogen isotopes can act as valuable paleoenvironmental proxies by reflecting whether a
given environment is characterized more by restriction or by upwelling dominance. This inference
is based on the premise that living organisms primarily contribute nitrogen, which subsequently
becomes part of sedimentary organic matter (Quan et al., 2013). For instance, low §'°N (+2.5 to
+4.2%o) identified in the Late Permian Hovea-3 black shales indicate a more restricted depositional
basin (Georgiev et al., 2020). In contrast, elevated §'°N (~ +10%o) associated with the Late Permian
Greenland black shales suggest an environment predominantly governed by upwelling processes
(Georgiev et al., 2015). The relatively limited variation in §'"°N measurements for black shale
samples from the Agardhfjellet Formation — ranging only from 3.21 to 5.46 with an average value
of around 4.03 — may point towards a restricted depositional basin generated significantly by

cyanobacterial nitrogen fixation activities (Georgiev et al., 2020).
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3.6.2  Depositional model for the Agardhfjellet Formation during SDAE

Consistent geochemical proxy results from each member enable us to propose potential
environmental scenarios for three stages of the Agardhfjellet Formation deposition, although
continuous chemostratigraphy is not available because of discontinuous sample collection.

Stage I (the Oppdalen Member) (Fig. 3.9a): The Oppdalen Member was likely deposited
under the oxic condition based on the Fe-S-TOC diagram and positive or no Ce anomaly. The
Oppdalen Member was the beginning of the deposit after a hiatus between the Middle and Late
Jurassic periods (Brikiatis, 2023), and the coldest time around the Middle and Late Jurassic based
on the strong Boreal ammonites' invasion into the Tethyan realm (Dromart et al., 2003).
Accordingly, the sea level when the Oppdalen Member was deposited might be lowest during the
Late Jurassic. Lower values of sulfur isotope from the Oppdalen Member indicate continuous
supplies of sulfate ions from the open ocean. Although Mo/TOC values from the Oppdalen
Member are low, seawater's oxic nature may have prevented Mo deposition. The sediments of the
Oppdalen Member consist of high Ti, Al, Th, and Zr concentrations, indicative of a predominantly
terrestrial input rather than authigenic input. In addition, high contents of Cr and Ni in the intervals
DHS5R 655 and 663 from the Oppdalen Member suggest intermittent contributions of ultramafic
sources. Thus, we suggest that a combination of felsic and ultramafic sources may have strongly
affected the depositional environment at this time.

Stage II (the Lardyfjellet Member) (Fig. 3.9b): The samples from the Lardyfjellet Member
from the Fe-S-TOC diagram are aligned well between the anoxic and pyritic lines, which indicates
the anoxic/euxinic depositional conditions. Gradual increases in Sr isotopic and initial Os isotopic
ratios denote enhanced radiogenic input from continents (McArthur et al., 2020; Park et al., in-

review). The samples from the Lardyfjellet Member have higher authigenic components based on

70



PCA results (positive or higher PC1 of the Lardyfjellet Member) (Fig. 3.6b), indicating continental
runoff affected the depositional environment less. Nevertheless, the fact that '¥70s/'*¥0Os and
87Sr/%6Sr in the seawater gradually increased shows the increase in the influence of radiogenic
sources in spite of low continental input. Extremely low values of Mo/TOC and higher values of
Ugr compared to Mokr from the Lardyfjellet Member show the restricted depositional environment.
In particular, DH2 samples, deposited in a deeper part of the basin, have higher U enrichment,
indicating a high degree of restriction (Algeo and Tribovillard, 2009). The highly restricted basin
may have hindered the oxic water replenishment from open oceans.

Stage III (the Slottsmeya Member) (Fig. 3.9c): The samples from the Slottsmeya Member
show a somewhat similar distribution with samples from the Oppdalen Member in the Fe-S-TOC
diagram but have a lower iron proportion, which indicates a less oxygenated condition than that
of the Oppdalen Member. Ce anomalies from the Slottsmeya Member plot between the samples
from the Oppdalen and Lardyfjellet members. Thus, the redox condition of the Slottsmeya might
be suboxic. The highest values of the initial Os ratio and Sr isotopic ratio indicate the enhanced
influence of radiogenic Os and Sr sources compared to the past, which was possibly induced by
increased temperature. Additionally, lower values of §'3C in the Slottsmgya Member are consistent
with the occurrence of the Volgian isotopic carbon excursion (VOICE) (Galloway et al., 2020),
which may be the result of hydrocarbon seep (Hammer et al., 2011) which could have intensified
global warming. In terms of sources, PCA results show that the samples from the Slottsmeya
Member are loaded with negative PC1 and positive PC2 between the clusters of the Oppdalen and
Lardyfjellet members, indicating a higher proportion of riverine input compared to the Lardyfjellet

Member.
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Fig. 3.9 Scenarios of environmental evolution during the deposition of the Agardhfjellet Formation.
(a) Oxic conditions prevailed during the deposition of the Oppdalen Member, with terrestrial
inputs influencing sediment composition mainly. Sea levels were possibly at their lowest in the
Late Jurassic, with lower sulfur isotope values indicating sulfate ion supplies from the open ocean.
(b) Anoxic/euxinic conditions characterized the Lardyfjellet Member, with PCA results suggesting
a reduced impact of continental runoff on the depositional environment. Extremely low Mo/TOC
values and higher Uer compared to Mokr indicate a restricted depositional environment, potentially
hindering the replenishment of oxic water from open oceans. (¢) The Slottsmgya Member is
associated with suboxic conditions, with Ce anomalies highlighting a suboxic redox environment.
This period likely experienced the enhanced influence of radiogenic Os and Sr sources, with lower
8'3C values correlating with the VOICE event. Sea levels during this stage may have been at their
highest due to increased methane content. The detailed descriptions are in the main text.

3.6.3 Paleoenvironmental characteristics during the Late Jurassic in the Boreal

realm

3.6.3.1 Paleogeography, Paleoceanography, and Paleo-atmospheric circulation

Disturbed ocean circulation and restriction from the open ocean have been raised as
contributing factors to distinct depositional settings of the Boreal (Bjerrum et al., 2001; Korte et
al., 2015; Hovikoski et al., 2023). A modeling study of the Early Jurassic paleoceanography
suggests a southward ocean current through the Viking corridor, which connected the Boreal
Ocean and Tethys (Fig. 2.1a; Bjerrum et al., 2001). However, an ammonite ecological study of the
Middle Jurassic proposes a northward-flowing current (Callomon, 2003). Although definitive
evidence for a Late Jurassic ocean around the Boreal realm currents remains elusive, the
contemporary paleoclimate may have been influenced by paleoceanographic characteristics that
impacted the climate (Korte et al., 2015). Hovikoski et al. (2023) reported the restricted condition
of the Viking corridor during the Late Jurassic to Early Cretaceous. Prolonged rifting potentially
influenced oceanographic circulation and seafloor deoxygenation in the Boreal realm (Bjerrum et
al., 2001; Hovikoski et al., 2023), and the rifting-driven topography facilitated spatially distinct

distributions of anoxic and oxygenated pockets (Hovikoski et al., 2023).
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Armstrong et al. (2016) simulated the Hadley circulation during the Late Jurassic period
based on paleogeography (155.5 Ma) since this atmospheric circulation, with its ascending and
descending air movements, potentially determines dry, subtropical climate conditions in
paleoclimates through precipitation proxies. The Late Jurassic Hadley circulation seemed to be in
high latitudes, indicating a subtropical climate (warm and wet) in 30°N — 40°N where the
Kimmeridgian Clay Formation occurred, suggesting a warmer climate in the Boreal realm than the
present-day Boreal realm (Armstrong et al., 2016).

Although the depositional condition of the Late Jurassic Boreal realm is still debating, the
geochemical features of the Agardhfjellet Formation may indicate similar conditions described
above. The exceptionally low §*S values in the Oppdalen Member indicate the influence of sulfate,
implying substantial connectivity with the open ocean, but the higher 5°*S values observed in the
Lardyfjellet Member suggest that sulfate replenishment from the open ocean ceased (Fig. 3.4e).
Thus, it can be inferred that during deposition of the Lardyfjellet Member, any oceanic currents

linking the Boreal basin and open ocean were likely severely restricted (Fig. 3.9b).

3.6.3.2 Warming World

One of the critical climatic disturbances during the Late Jurassic would have been global
warming (Price and Rogov, 2009; Dera et al., 2011; Nozaki et al., 2013). Analyzing §'%0 in well-
preserved Oxfordian—Volgian belemnites from the Russian Platform, Price and Rogov (2009)
reported steadily negative oxygen isotope, indicating a prolonged episode of gradual warming.
Compiled oxygen isotope data from belemnite and bivalve fossils with a statistical approach
revealed low temperature in the Callovian, followed by a gradual increase during the Late Jurassic
(Dera et al., 2011). Similarly, the initial osmium isotope ratios from Late Jurassic organic-rich

black shales show a gradually increasing trend (Markey et al., 2017; Georgiev et al., 2019; Park et
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al., in-review). Initial Os isotope ratios represent contemporaneous Os isotopes of seawater, which
depend on how the input material differs between unradiogenic and radiogenic sources (mantle-
derived vs. continental runoff) (Stein and Hannah, 2015). Os isotope in the seawater of the Boreal
basin during the Late Jurassic gradually increased from ~160 Ma to ~147 Ma, signifying enhanced
continental runoff (radiogenic Os), possibly due to increasing temperature (Markey et al., 2017;
Georgiev et al., 2019; Park et al., in-review).

The causes of global warming during the Late Jurassic remain uncertain; however, several
potential contributing factors have been proposed. Nozaki et al. (2013) reported notably low
1870s/'%80s ratios (as low as 0.10) in sulfide deposits from southwest Japan, which was part of the
open ocean of the Panthalassa around 150 Ma. They argued that intense hydrothermal activity may
have instigated global warming. On the other hand, the studied Boreal black shales do not show a
remarkably low unradiogenic Os isotope ratio (Markey et al., 2017; Georgiev et al., 2019; Park et
al., in-review), suggesting considerable restriction during the Late Jurassic, which could have
isolated the Boreal realm from open oceans like Panthalassa. Greenhouse gases, including methane
or carbon dioxide, have been associated with global warming and OAEs (e.g., Jenkyns, 2003).
Methane release from gas hydrate during the Oxfordian has been inferred based on negative carbon
isotope excursion (CIE) in carbonate successions (Padden et al., 2001; Louis-Schmid et al., 2007).
During the Volgian, seep carbonate bodies were discovered, with carbon isotope data from both
carbonate and organic matter exhibiting negative CIEs (Hammer et al., 2011, 2012); this
phenomenon is also referred to as the VOICE event (e.g., Galloway et al., 2020). Furthermore,
regarding prolonged anoxic conditions during the Late Jurassic, anaerobic decay could be one of
the major effects on the water columns. The major decay of OM Is bifurcated between

methanogenesis and sulfate reduction, depending on the available electron acceptor. If sulfate acts
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as the main electron acceptor, sulfate reduction can be dominated, and if carbon compounds, such
as carbon dioxide, act as the main electron acceptors, methanogenesis can be dominated during
the decay of OM (Oremland and Polcin, 1982). When an anoxic/euxinic condition has been
initiated in the studied basin, sulfate seemed available for sulfate reduction during the anaerobic
decay of OM. However, the development of water mass restriction and subsequent limitation of
sulfate replenishment might have led to a shift in anaerobic decay dominance from sulfate
reduction to methanogenesis. In addition, the methanogenic anaerobic decay of OM could have
been boosted by the increase in temperature (Maltby et al., 2018).

The geochemical findings from black shales of the Agardhfjellet Formation are not
explicitly associated with temperature changes, even though §'%0 from fossils or carbonates has
been used as a paleoproxy for temperature (e.g., O’Connor et al., 2019). §'30 values range from -
16%o to -8%o (Fig. 3.5f), which may result from diagenesis or fluid metasomatism (Kaufmann and
Knoll, 1995). Nevertheless, Hermoso et al. (2013) argued that lower §'QOcarb up to -7%o in the Early
Toarcian black shale from the southern Paris basin could be associated with enhanced riverine
input. Since 8'%0 against 3'*Cinorg shows a significant positive correlation (R = 0.6) (Fig. A6c),
meteoric fluid could have influenced §'30 in carbonates (Algeo et al., 1992). Still, it is difficult to
correlate lower 8'30 from the Agardhfjellet Formation with enhanced continental input due to the
possibility of diagenesis.

3.6.4 Comparison between SDAE and OAEs

The Late Jurassic SDAE and typical Phanerozoic OAEs share several characteristics, such
as massive organic-rich black shale deposit, positive 6°**S, and considerable drops and rebound of
the initial Os isotope ratio. Also, the transition between bioturbated and laminated layers observed

in black shales from OAEs is also observed here in the SDAE (Koevoets et al., 2018, 2019).
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Contrary to the general Phanerozoic OAEs, carbon isotope negative excursion generally associated
with the onset of OAEs has not been observed during the SDAE, although the VOICE is observed
in the late stage of the event (Jelby et al., 2020). There is no record of large igneous provinces
(LIPs) around the onset of the SDAE, which may have caused the anoxia event.

In particular, the hydrographic restriction of depositional basins during the Mesozoic OAEs
has been investigated in common with Mo/TOC ratios (Tribovillard et al., 2012; Fernandez-
Martinez et al., 2023). Fernandez-Martinez et al. (2023) reviewed debates over the low Mo
concentrations in Lower Toarcian black shales, introducing both the "local restriction model" and
the "global drawdown model." The former highlights the vital role of restricted basins in limiting
Mo replenishment from the open ocean, also referred to as the "basin reservoir effect" (Algeo and
Lyons, 2006), while the latter proposes that global Mo drawdown may occur to some extent.

Fernandez-Martinez et al. (2023) reported Mo/TOC ratios of T-OAE sections from the
Western and Eastern Tethys, Northern and Southern Panthalassa, noting patterns of low Mo/TOC
ratios during T-OAE (below the ratio of the Black Sea, ~ 4.5) and higher Mo/TOC ratios
before/after the event. The authors concluded that the T-OAE resulted from global carbon
distribution, likely triggered by the Karoo-Ferrar-Chon Aike LIP eruption, which influenced global
Mo drawdown. However, regional and local factors such as basin restriction and hydrological
cycles were probably superimposed (Fernandez-Martinez et al., 2023). On the other hand,
Mo/TOC ratios of OAE2 sections from the Western Tethys and North Atlantic reported
comparable ratios (average Mo/TOC of four sections ~ 4.9 except for extremely high ratios by
samples with < 1% of TOC) to those of the Black Sea (Westermann et al., 2014).

Mo/TOC ratios of SDAE from our study show an extremely low ratio trend in Fig. 3.2

except for the samples from the Oppdalen Member (Mo/TOC ~ 1). The Lardyfjellet, Oppdalsséta,
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and Slottsmeya Members were deposited under a highly restricted basin compared to T-OAE and
OAE2 described above. Other organic-rich black shale sections from the Jeren High within the
North Sea and Loppa High within the Barents Sea around the J/K boundary were plotted in Fig.
3.2 and show relatively higher Mo/TOC ratios (Markey et al., 2017; Georgiev et al., 2019). The
Mo/TOC of many samples are distributed between 4.5 and 9, but some samples of well 7/7-2 from
the Jaeren High are clustered below Mo/TOC ~ 4.5. Georgiev et al. (2019) mentioned that shales
from well 7/7-2 were deposited under less euxinic conditions than other shale and higher thermal
maturity of shales from well 7/7-2 than others. Thermal maturity may impact Mo speciation in
organic-rich black shale, which may redistribute Mo in the sedimentary rocks (Ardakani et al.,
2016). Some of the Wollaston Forland results showed extremely low Mo/TOC ratios (Hovikoski
etal., 2023). Hovikoski et al. (2023) proposed that tectonic evolution may have strongly influenced
paleoenvironmental conditions, including hydrographic restriction. Nevertheless, the shales from
the Agardhfjellet Formation during the SDAE indicate that local/regional basin restriction played
a crucial role in prolonging the anoxic event beyond the duration of general Phanerozoic anoxic
events.

Therefore, the Late Jurassic SDAE featured by the Agardhfjellet Formation shares several
commonalities with typical Phanerozoic OAEs, including the deposit of massive organic-rich
black shale, positive 8°*S shifts, and substantial fluctuations in the initial Os isotope ratios.
However, it distinguishes itself through a lack of carbon isotope excursion at its onset and an
absence of associated LIPs. The Mo/TOC ratios indicate that the Agardhfjellet Formation during
the SDAE was deposited under highly restricted basin conditions compared to T-OAE and OAE2.
While global factors like LIP eruptions may trigger events like T-OAE and influence global MO

drawdown, our study emphasizes that local/regional factors such as basin restriction play a pivotal
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role in shaping the SDAE uniquely. This may disentangle the complexity of the SDAE as a first

step.

3.7 Conclusion

The Late Jurassic — Early Cretaceous shelf dysoxic-anoxic event (SDAE), which
potentially influenced the deposition of the Agardhfjellet Formation, is not yet completely
understood. This study presents the distinct geochemical characteristics of the Agardhfjellet
Formation, which was deposited during the SDAE. Trace element concentrations, including rare
earth elements in the lowermost Oppdalen Member reveal a relatively oxic basin well-connected
to the open ocean, which facilitated the replenishment of chemical components within the water
mass. Continental inputs during the deposition of the Oppdalen Member may have ranged from
ultramafic to felsic sources. With the onset of the Lardyfjellet Formation, the basin environment
transitioned to anoxic-euxinic conditions, possibly due to nearly closed connectivity with the open
ocean. Authigenic minerals prevailed the sediments during this time. In the Slottsmeya Member,
negative carbon isotope values consistent with the VOICE event were observed. Subsequently, the
degree of basin restriction reverted to a similar level as in the Oppdalen Member, and the redox
conditions transitioned back to suboxic. SDAE shares similarities with the Phanerozoic OAEs such
as black shale deposition and/or basin restriction. However, differences also exist, including a
more prolonged duration and distinct spatial scales. The causative factors underlying the SDAE
remain undetermined, but hydrographic restriction may have played a significant role in massive
black shale deposition for ~ 15 Myr in the Agardhfjellet Formation based on extremely low

Mo/TOC and Ugr enrichment over MOEF.
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Chapter 4 Project 111

Degradation of Hg signals on incipient weathering: Core versus
outcrop geochemistry of Upper Permian shales,

East Greenland and Mid-Norwegian Shelf

4.1 Summary

Mercury (Hg) enrichment and elevated ratios of Hg to total organic carbon (Hg/TOC) in
sedimentary rocks have often been linked to volcanism from large igneous provinces (LIPs).
Primary Hg and TOC contents of sediments can be altered by secondary processes like extreme
weathering. These effects must be evaluated before tying Hg anomalies in weathered rocks
directly to LIP events. However, the effects of incipient weathering on Hg contents and Hg/TOC
ratios are not known. In this study, we elucidate the behavior of Hg during incipient weathering
by investigating visually pristine black shales from outcrops of the Ravnefjeld Formation in East
Greenland (GRL) and comparing them to drill core equivalent intervals acquired from the same
outcrop area and correlative shales from the mid-Norwegian shelf (MNS). By using geochemical
investigations and principal component analysis, we characterize the main host phases of Hg and
relate the different Hg contents of pristine samples from GRL and MNS to different Hg inputs
during shale deposition. Compared with pristine drill core samples, incipiently weathered
outcrop shales have up to 77% lower Hg contents and up to 64% lower Hg/TOC ratios. Incipient
weathering causes the early degradation of Hg signals, which masks the primary Hg and Hg/TOC
signals in sedimentary rocks. Therefore, we suggest that the presence and effects of weathering

in sedimentary rock should be evaluated before discussing Hg signals.
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4.2 Introduction

Large igneous provinces (LIPs) have been regarded as the main trigger of global
environmental perturbations or even mass extinctions (e.g., Percival et al. 2015; Shen et al.
2019b). Because volcanic emissions are the largest known source of atmospheric Hg prior to
significant anthropogenic inputs, mercury (Hg) concentration or Hg/TOC ratio anomalies in
sedimentary rocks are commonly interpreted as tracers of massive volcanism (e.g., Percival et al.
2018; Clapham and Renne 2019).

Characterization of the input sources of Hg is important for interpreting Hg contents. The
size and type of volcanoes and proximity to landmass have been identified as the main factors to
affect Hg contents in sedimentary rocks (Percival et al. 2018; Them II et al. 2019). Recognition
of true anomalies in Hg input requires that Hg concentrations be normalized to total organic carbon
(TOC), reported as Hg/TOC ratios because organic matter (OM) is the acclaimed primary host
of Hg in sedimentary rocks (e.g., Fitzgerald and Lyons 1973; Gehrke et al. 2009. Sulfide and clay
minerals, however, may also contain significant amounts of Hg. For example, Shen et al. (2020)
show that sulfide can be the primary host phase of Hg in sedimentary rocks deposited under
strongly euxinic conditions, and Kongchum et al. (2011) report a substantial relationship between
Hg contents and the amount of clay minerals in modern sediments. Therefore, understanding
depositional settings and the host of Hg in sedimentary rocks are essential for geochemical
interpretations.

Measured Hg contents and Hg/TOC ratios in sediments are affected by the post-
depositional history of the rock as well as the depositional setting. Charbonnier et al. (2020)
investigated the impact of intense weathering on Hg/TOC anomalies compared to relatively

pristine samples. Total organic carbon was almost completely removed from their weathered
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samples and, as a result, Hg/TOC appeared anomalously high. This exaggerated Hg/TOC signal
can be mistakenly interpreted as an indicator of LIP activity if the oxidation of sedimentary rocks
is not considered. Such misinterpretation should be easily avoidable, as extreme weathering can
be identified with the naked eye, for example by the color-change in weathered samples

(Charbonnier et al. 2020).

The mobility of Hg during incipient weathering has not yet been studied. Unlike extreme
weathering, incipient weathering of shale is harder to identify visually, especially in black organic-
rich shales (Marynowski et al. 2011; Georgiev et al. 2012; Tuttle et al. 2014; Marynowski et al.
2017) and is usually defined by chemical means. Peng et al. (2004) define “incipient” weathering
as oxidation of sulfide, but limited oxidation of OM. It is well-known that sulfide is oxidized
rapidly and earlier than the oxidation of OM (Petsch et al. 2000; Wildman et al. 2004). Incipient
weathering is known to alter primary elemental contents significantly (e.g., S, Pb, Sc), the oxygen
content of OM (oxygen index; OI), and Re-Os isotopic ratios in shale (Georgiev et al. 2012).
Significant reductions in TOC, S, Mo, and changes in stable isotope compositions have been
reported in partially weathered black shales (e.g., Marynowski et al. 2017). Similarly, any
differential mobility of Hg and TOC during incipient weathering has the potential to alter primary
Hg/TOC ratios in sedimentary rocks, which may lead to misinterpreted signals. It is essential,
therefore, to evaluate Hg behavior during incipient weathering so that the geologic significance
of Hg signals and Hg/TOC ratios can be accurately interpreted.

In this study, we report the effects of incipient weathering on Hg contents and Hg/TOC
ratios in incipiently weathered organic-rich shale from East Greenland (GRL) outcrops, adjacent
correlative pristine drill core, and coeval pristine shale from the mid-Norwegian shelf (MNS)

drill core. We discuss the main host phases of Hg and the fate of Hg during and after incipient
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weathering by using principal component analysis (PCA) and newly acquired Hg concentration
data. We suggest incipient weathering plays a pivotal role in the early degradation of Hg contents

in sedimentary rocks.

4.3 Geological settings and samples

The shales of the Upper Permian Ravnefjeld Formation of East Greenland reflect anoxic-
euxinic conditions immediately preceding the Permian-Triassic (P-Tr) extinction, marked by high
organic matter and sulfur contents, and absence of bioturbation (Piasecki and Stemmerik 1991;
Georgiev et al. 2011). We sampled eleven 1-cm-thick vertical drill core intervals (core
GGU303102, drilled onshore on a plateau above the valley cut by Triaselv (“Triassic River”) of
East Greenland, 20 m total depth). The studied samples belong to two organic-rich shale units
recognized within shallow drill core, known as the upper and lower laminated intervals of the
Ravnefjeld Formation, respectively (GRL-UL and GRL-LL; Fig. 4.1). Correlative samples from
the Ravnefjeld Formation in GRL were collected from an outcrop in the Triaselv valley on the
east side of Schuchert Dal, East Greenland, 6.7 km northwest of the drill core location (Fig. 4.1).
The 29 collected outcrop samples were subdivided into four groups based on their stratigraphic
position within the outcrop: GRL-Ol-a, GRL-O1-b, GRL-O2-a, and GRL-O2-b. The Lower
Turbidite Unit from offshore drill core 6611/09-U-01 in MNS, which penetrates a sandstone- and
siltstone-rich turbidite sequence, is considered a stratigraphic equivalent of the Ravnefjeld
Formation in GRL in terms of geochemistry and palynology (Bugge et al. 2002; Hochuli et al.
2010). The GRL and MNS depositional localities were close to each other before the opening of
the North Atlantic during the Permian-Triassic (Miiller et al. 2005). Twenty-four samples from
four vertical intervals from the MNS core were studied. From top to bottom, these are the

laminated intervals (MNS- UL1, MNS-UL2, and MNS-LL), and the Bottom Shale interval (MNS-
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BS; Fig. 4.1). Additional details on the geological setting and samples are provided in Georgiev
et al. (2012).

Re-Os dating of GRL and MNS shales using drill core samples yield precise latest
Permian ages (253-252 Ma), and Re-Os and other trace element concentration data were used
to argue for simultaneous anoxia, temperature increase, and rising acidity (Georgiev et al. 2011).
In stark contrast, incipiently weathered black shale from the Ravnefjeld Formation in GRL outcrop
showed poor isochroneity (Georgiev et al. 2012). Further geochemical study of the pristine
samples using Cd and N isotopes and trace metal data suggests that the Greenland-Norway

seaway, in which GRL and MNS samples were deposited, had strong upwelling and high nutrient

utilization (Georgiev et al. 2015).
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Fig. 4.1 (a) Locations of the two sections, East Greenland (GRL) and mid-Norwegian shelf (MNS);
(b) View of GRL Ravnefjeld Formation shales (upper left); (c) Lithostratigraphic cross-section
between GRL and MNS from Upper Permian to Lower Triassic formations. White stars indicate
shale sections in this study. (d) Detailed lithostratigraphy and chemostratigraphy of TOC for the
Ravnefjeld Formation in GRL and Lower Turbidite Unit in MNS. The six sampled shale intervals
are marked with different symbols and abbreviations on their locations with Re-Os ages. Modified
from Georgiev et al. (2012).
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4.4 Methods

Shale powders were prepared as part of previous studies (Georgiev et al. 2012). Mercury
contents were obtained using the direct mercury analyzer (Milestone© DMA-80 Evo) in the
AIRIE Program labs at Colorado State University. About 100 to 250 mg of black shale powder is
weighed and transferred into a nickel boat which is autonomously loaded into the DMA
combustion chamber. The sample undergoes combustion, catalyzation (conversion to native
mercury), amalgamation, and spectrophotometry.

Measured mercury intensity is compared to a calibration curve derived from systematic
measurements of serial dilutions of a liquid mercury standard (SCP Science AA Standard).
Instrument and Ni boat backgrounds are monitored during each run and geological reference
materials (SDO-1 and NIST 1632e¢) are routinely analyzed to track instrument accuracy and
precision. The average Hg value of SDO-1 measured here is 7% higher than the expected
reference value, which is within the reported uncertainties (Kane 1993). All measurements are

within 10% variance of the average.

The average Hg value of NIST 1632e measured here is 4% higher than the expected
reference, and all measurements are within 10% variance of the average, excluding a single
measurement showing 12% higher Hg content than the average. Table 2-1 shows the detailed
results of standards monitored during measurements. All samples except two with limited powder
were measured twice in two duplicate runs; we used the average value of the two duplicate runs
as representative Hg contents of these samples (Table 2-2). Most duplicate runs reproduced
within 10%. Duplicates of two samples in MNS-UL1, 241.12-241.14 and 241.19-241.20 are
reproducible within 14% and 11%, respectively. Mercury concentration data are discussed

together with published geochemical datasets for the same GRL and MNS samples (Georgiev et
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al. 2011, 2012).

Principal component analysis, also known as empirical orthogonal functions or factor
analysis, is a statistical method that reduces the dimensionality of data through use of a new
coordinate system. PCA chooses an eigenvector having the highest eigenvalue as the first
coordinate, called the first principal component (PC 1). PC 1 explains the greatest variance of
the dataset among all the eigenvectors. Then, among all other eigenvectors that are orthogonal
to PC 1, the second principal component (PC 2) explains the second most variance of the dataset,
and the total number of principal components is determined by the dimensionality of the dataset
(Jolliffe 2002).

Other geochemical studies show that PCA is a valuable tool when numerous data must
be dealt with simultaneously. For example, Dypvik and Harris (2001) extracted the principal
components from 33 elemental contents and ratios of 244 rock samples from Svalbard and the
Barents Sea; they related Factor 1 (PC 1) — explaining 42% of the elemental distribution in the
samples — to organic carbon, and Factor 2 (PC 2) — explaining 16% of the variance — to
carbonates. Tripathy et al. (2014) utilized PCA to elucidate the main source of elements for black
shales from the Cambrian-Ordovician boundary and to evaluate the paleo-redox conditions.

We coded up PCA using Python 3.7 and conducted PCA on two different datasets. The
first PCA run focused on drill core samples with 23 chemical variables (Re, Os, Hg, V, Mo, TOC,
Ca, Sr, Cu, Cr, Ni, Mn, Zn, Co, S, Sc, Fe, Mg, Al, Rb, Th, P, and Cd contents; Table 4.2) to
identify the difference in sediment inputs. The second PCA run focused on both GRL outcrop
and GRL drill core samples with five variables (Hg, S, Sc, Hydrogen Index — HI, and Oxygen Index
— O Table 4.4), which are all likely affected by weathering, to verify the behavior of Hg during

incipient weathering.
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Table 4.1 Hg values of standard materials, SDO-1 and NIST 1632¢, measured as quality control

No. SDO-1 (ppb) 1632¢ (ppb)
1 206 141
2 202 135
3 195 138
4 208 141
5 202 145
6 184 132
7 205 134
8 203 151
9 209 147
10 208 158
11 205 141
12 189 136
13 209 145
14 210 144
15 223 130
16 - 139
17 - 140
18 - 141
19 - 132
20 - 138
20 - 139
Mean 204 141
Reference *190 **135
Difference 7% 4%
*Kane (1993)

**Cao et al. (2021)
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4.5 Results

All data in this study are available in the supplementary data file (Tables 4.2, 4.3, and 4.5).
Mercury contents for the GRL and MNS samples vary between 10 and 144 ppb (Fig. 4.2a and b),
and ratios of Hg/TOC for GRL and MNS samples vary between 10 and 59 (Fig. 4.2c and d). In
MNS shales, Hg contents systematically increase up-section from MNS-BS to MNS-ULI (15 ppb
to 81 ppb on average). In GRL shales, Hg contents are notably higher than for MNS shales,
reaching mean values of 110 ppb Hg for GRL drill core samples and 75 ppb Hg for GRL outcrop
samples. The Hg/TOC ratios vary similarly to Hg contents, with two distinctions: (1) Hg/TOC
ratios in the MNS-BS are higher than Hg/TOC ratios in the remaining, organic-rich MNS-BS units,
and (2) the difference between Hg/TOC ratios of GRL core and GRL outcrop samples decreases.
Hg contents of MNS core and GRL core samples plotted against TOC, S, Ca, and Al, as proxies
for OM, sulfide, carbonate, and clay minerals, respectively, reveal several important features (Fig.
4.3). The suboxic MNS-BS samples deviate from the trends defined by most other anoxic samples
from MNS and GRL, suggesting that the presence of dissolved oxygen in the water column affects
Hg speciation. When the MNS-BS samples are excluded, Hg concentrations in all remaining
anoxic and euxinic shales show the strongest positive correlation with Ca (p <0.01 and r = 0.83, n
= 27; Fig. 4.3a), followed by a relatively good positive correlation with TOC (p <0.01 and r =
0.59, n = 24; Fig. 4.3b; note that the three GRL-UL samples are excluded from these statistics, as
discussed below). Interestingly, the MNS data generally form curvilinear arrays in Fig. 4.3, unlike

GRL samples that define relatively tight, high Hg clusters.
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Results from the first PCA for MNS and GRL core samples are shown in Fig. 4.4a and b.
Most of the elements are bisected by the first principal component (PC 1), which can explain
53% of the elemental distribution (Fig. 4.4a). PC 1 is ascribed to a contrast between two
different element groups: Re, Mo, S, Os, V, and TOC have strong positive signals (>0.5 for PC
1), whereas Al, Rb, Fe, and Th show strong negative signals (<=0.5 for PC 1). The second
component, PC 2, explains 21% of the elemental distribution and includes Ca, Mn, and Cr as
positive PC 2 and TOC, S, and Fe as negative PC 2. When individual groups of samples are
plotted in this two-component space (PC 1 vs. PC 2), GRL and MNS sample groups are clearly
separated (Fig. 4.4b). Outcrop samples from GRL were compared with their equivalent core
samples to directly examine weathering effects on Hg concentrations in black shale by the second
PCA (Fig. 4.4c and d). Here, PC 1 explained 72% of the elemental distribution and isolated OI
from other variables (Fig. 4.4¢c). Outcrop and core shales have distinct PC 1 (Fig. 4.4d). Only

Hg shows a highly negative PC 2 value (=0.75).

4.6 Discussion

4.6.1 Weathered outcrop and pristine black shale samples

GRL outcrop samples all show poor Re-Os isochroneity, whereas the GRL-LL core produced a
precise Re-Os isochron (Georgiev et al. 2011, 2012). Importantly, the GRL outcrop samples do
not have significant weathered features such as a yellowish-reddish color; rather, the disturbed
Re-Os isotope systematics, the lower S contents compared to correlative GRL core samples, and
the higher oxygen indices from Rock-Eval analyses found in GRL outcrop samples mark their
state of incipient weathering (Georgiev et al. 2012). The uppermost studied core interval from
GRL, GRL-UL, also exhibits geochemical signals indicative of more subtle weathering and
produced a disturbed Re-Os isochron (Georgiev et al. 2012). These authors suggested that a
notably shallower depth for GRL-UL (~4.5 m) might have put these shales in contact with

oxidizing surface water or groundwater, whereas GRL-LL (~10 m depth) was below the reach
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of oxidizing water. Thus, GRL outcrop shales, and, to a lesser degree, the GRL-UL drill core
interval have been affected by oxidation.

The lowermost shale interval in MNS, the MNS-BS, plots away from other drill core shale
samples (Fig. 4.3, Fig. 4.4b). Low concentrations of redox-sensitive trace elements (RSTE: U,
V, Se, Re, Os, and Mo) and sulfide-bound trace elements (SBTE: Ni, Zn, Cu, As, Co, and Cd)
and low Mo/TOC ratio for MNS-BS shales suggest deposition under more oxygenated
conditions, which is also reflected in the larger scatter of the Re-Os isochron data for this interval
(MSWD = 14; Georgiev et al. 2011). Here, we focus on estimating Hg behavior in organic-rich
black shale during incipient weathering by comparing pristine organic-rich shales with their
weathered counterparts (weathered GRL and pristine GRL). As the MNS-BS has no weathered
analogue among the studied samples, MNS-BS data are not used to evaluate the effects of
weathering. However, all pristine samples, including MNS-BS, are used to evaluate the

depositional environment and the hosts of Hg within the GRL-MNS shales.
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Table 4.2 Principal component loadings for the first PCA with drill core samples from GRL and

MNS.
Sample PC1 PC2
ORG-454 6.29E-01 1.54E+00
ORG-455 5.47E-01 1.33E+00
ORG-456 5.51E-01 1.33E+00
ORG-428 1.80E+00 2.89E-01
ORG-429 1.54E+00 1.98E-01
ORG-430 1.39E+00 1.29E-01
ORG-431 1.53E+00 5.92E-01
ORG-432 1.25E+00 4.62E-01
ORG-452 1.04E+00 9.05E-01
ORG-433 1.34E+00 6.56E-01
ORG-453 1.57E+00 6.40E-01
ORG-405 -2.95E-01 -8.25E-01
ORG-475 1.52E-01 -8.28E-01
ORG-407 5.96E-01 -9.47E-01
ORG-476 -6.16E-01 -4.83E-01
ORG-477 1.85E-01 -5.23E-01
ORG-478 -4.94E-02 -8.31E-01
ORG-321 -2.11E-01 -7.84E-01
ORG-322 -1.75E-01 -9.13E-01
ORG-323 5.28E-01 -9.96E-01
ORG-324 -1.38E-02 -1.03E+00
ORG-344 -1.58E-01 -1.15E+00
ORG-345 -1.22E-01 -8.87E-01
ORG-363 -7.75E-01 -6.70E-01
ORG-364 -9.60E-01 -8.05E-01
ORG-365 -8.47E-01 -1.30E+00
ORG-366 -6.35E-01 -9.53E-01
ORG-367 -5.16E-01 -1.18E+00
ORG-368 -5.81E-01 -1.12E+00
Elements PC 1 (52.5%) PC 2(19.9%)
Re 0.88 -0.16
Os 091 -0.07
Hg 0.84 0.21
v 0.86 0.23
Mo 0.83 -0.43
TOC 0.72 -0.62
Ca 0.05 0.90
Sr -0.82 0.20
Cu 0.33 -0.31
Cr 0.21 0.71
Ni 0.89 0.03
Mn -0.30 0.61
Zn 0.90 0.27
Co 0.05 0.04
S 0.45 -0.80
Sc -0.75 -0.20
Fe -0.67 -0.57
Mg -0.80 0.37
Al -0.88 0.27
Rb -0.84 -0.04
Th -0.62 -0.76
P -0.82 -0.44
Cd 0.95 0.11
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Table 4.3 Principal component loadings for the second PCA with drill core and outcrop samples

from GRL.
Sample PC1 PC2
ORG-210 4.38E-01 -1.46E+00
ORG-169 -1.63E-01 -5.12E-01
ORG-170 1.24E-01 -1.12E+00
ORG-171 1.15E-01 -1.60E+00
ORG-172 3.49E-01 -9.72E-01
ORG-173 8.32E-02 -4.46E-01
ORG-207 1.30E-01 -2.62E-01
ORG-208 2.67E-01 -4.34E-01
ORG-209 -6.94E-01 -1.72E+00
ORG-212 7.94E-01 1.16E+00
ORG-310 6.88E-01 4.54E-01
ORG-309 7.87E-01 2.51E-01
ORG-308 9.45E-01 5.51E-01
ORG-307 9.68E-01 1.54E+00
ORG-311 8.98E-01 8.92E-01
ORG-312 8.24E-01 9.04E-01
ORG-400 2.52E-01 -3.25E-01
ORG-401 9.53E-01 -4.95E-01
ORG-402 2.72E-01 -1.54E-01
ORG-403 -2.26E-01 3.35E-01
ORG-300 1.48E+00 7.79E-01
ORG-301 9.37E-01 9.32E-01
ORG-302 1.53E+00 1.08E+00
ORG-305 9.70E-01 1.57E+00
ORG-285 1.78E-01 -2.68E-01
ORG-286 6.76E-02 -8.30E-01
ORG-287 3.18E-01 -5.18E-01
ORG-288 1.35E-01 -1.19E+00
ORG-289 2.14E-01 -3.01E+00
ORG-454 -6.87E-01 -2.44E+00
ORG-455 -5.52E-01 -2.42E+00
ORG-456 -9.05E-01 -2.38E+00
ORG-428 -1.70E+00 7.96E-01
ORG-429 -1.85E+00 5.88E-01
ORG-430 -1.80E+00 5.96E-01
ORG-431 -1.56E+00 1.02E+00
ORG-432 -1.74E+00 6.93E-01
ORG-452 -1.53E+00 6.27E-01
ORG-433 -1.77E+00 3.48E-01
ORG-453 -1.68E+00 2.09E-01
Elements PC 1 (72%) PC 2(13%)
Hg -6.6E-01 -7.5E-01
S -9.4E-01 2.3E-01
Sc -8.9E-01 1.9E-01
HI -8.1E-01 1.1E-02
Ol 9.2E-01 -1.1E-01
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Fig. 4.2 Box plots of Hg contents from different groups in GRL and MNS. (a) Box plot of all
groups in GRL outcrop, GRL core, and MNS core. The GRL samples have higher Hg contents
than the MNS samples. MNS-BS has a much lower Hg concentration compared to other groups.
Outcrop samples show the highest variability in Hg concentrations. (b) Merged box plot of GRL
outcrop, GRL core, and MNS core. Mercury contents of the three groups are statistically
different in each group at 95% confidence (p < 0.01). The average Hg value of the continental
crust of 50 ppb is from Rudnick et al. (2003). (c) and (d) Normalizing Hg to TOC reduces the
spread among sample groups; in particular, MNS-BS overlaps all other MNS groups.
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Fig. 4.3 X-Y plots of Hg versus selected elemental proxies for possible hosts in GRL and MNS
core samples — (a) Ca for carbonate, (b) TOC for organic matter, (c) S for sulfide, and (d) Al for
clay. Note that MNS-BS is a suboxic shale deposited prior to the overlying anoxic MNS and GRL
shales that are characterized by high contents of redox-sensitive metals like Mo, Re, Cd, and Se

(Georgiev et al. 2011, 2015).
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Fig. 4.4 The results of the first PCA with pristine GRL and MNS drill core samples (a, b) and the
second PCA with pristine GRL samples and incipiently weathered GRL outcrop samples (c, d); (a)
Principal components (PCs) with major and trace elements; (b) The distribution of core samples
by PC 1 and PC 2. GRL and MNS shales are grouped by PC 1 and PC 2, indicating different
depositional environments; (¢) PC 1 and PC 2 of the second PCA with variables vulnerable to
incipient weathering (Note that HI is hydrogen index and OI is oxygen index from Rock-Eval
analyses); (d) Hg contents vs. PC 1 of the second PCA, indicating the degree of the weathering.
The good correlation between Hg contents and PC 1 indicates that Hg is vulnerable to incipient
weathering. Note that GRL-UL unit shows chemical evidence for incipient weathering, whereas
all remaining units in GRL core samples are considered pristine and unaffected by weathering
(Georgiev et al. 2012).
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4.6.2  Depositional environments and hosts for Hg

GRL drill core shales have twice the average Hg content of MNS drill core shales (Fig. 4.2,
Fig. 4.3), even though shales at both localities are time equivalent, deposited at 252 Ma near
each other prior to the opening of the North Atlantic Ocean (Georgiev et al. 2012). When PCA
was performed with pristine black shales only (GRL-UL, MNS-UL1, MNS-UL2, MNS-LL, and
MNS-BS; Fig. 4.4aandb), Fig. 4.4a shows that the majority of the elemental variations (51%) are
explained by PC 1 representing authigenic (positive PC 1) and detrital minerals (negative PC
1). Although GRL and MNS Upper Permian shales both reflect anoxic conditions (Georgiev et
al. 2012), pristine MNS shales show more detrital input (PC 1 between —1 and + 1) than pristine
GRL with PC 1 > 1 (Fig. 4.4b). The difference in the detrital vs. authigenic phases apparently
exerts a primary control of Hg contents in GRL and MNS. This observation is consistent with the
interpretation from heavier C isotopes in MNS black shales, suggesting a higher proportion of
terrigenous OM compared to GRL black shales (Bugge et al. 2002). Sanei and Goodarzi (2006)
pointed out that terrigenous OM is too refractory to concentrate Hg in its structure chemically.
Thus, the differences in Hg concentrations between MNS and GRL could be attributable to the
changing balance between two distinct sources: the supply of terrigenous materials and the
formation of authigenic phases.

The MNS data are aligned along a curvilinear line towards the tight cluster of GRL samples
(Fig. 4.3), suggesting that the depositional environment in MNS gradually evolved towards an
environment similar to GRL. Of all MNS samples, the MNS-UL1 shales are most similar to
GRL-LL samples in Hg contents (Fig. 4.2, Fig. 4.3). Our first PCA results show that detrital
inputs decrease (PC 1 increases) from MNS-LL towards MNS-UL1 and MNS-UL2 (Fig. 4.4b),
which again suggests that the balance between detrital supply and authigenic precipitation is the
major control on Hg content of these shales. Georgiev et al. (2015) argued that the strength of
upwelling in MNS was steadily developed from MNS-BS to MNS-LL and MNS-UL, and the

upwelling in GRL is stronger than in MNS. Thus, linear arrays of MNS data towards GRL data
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in Fig. 4.3 may also reflect this gradual increase of the upwelling strength in MNS.

The main potential hosts for Hg in shale are OM, sulfide, and clay minerals (e.g., Shen et al.
2020), with carbonate minerals representing an additional possibility in modern sediments
(Orecchio and Polizzotto 2013). The inverse relationship between Hg and Al in all studied shales
clearly shows that the detrital influx (marked by high Al contents) into the anoxic-euxinic
depositional basin dilutes Hg contents (Fig. 4.3d). Interestingly, Ca contents display the best
positive correlation with Hg (p < 0.01 and r = 0.83; Fig. 4.3a), suggesting that carbonates may
host significant Hg in shales. To assess whether carbonate in MNS shales holds Hg or not, we
analyzed the solutions and shale residues following HCI treatment of selected MNS shales.
Black shale powders were soaked in 1 mol/L HCI until all CO2 was degassed. Residual shale
was separated from the acidic solution, rinsed with Milli-Q water, and dried. Precipitates of the
acidic solution may contain any Hg held by carbonates unless lost during the experiment. We
analyzed both the precipitates (to evaluate is Hg was released during carbonate dissolution) and
the residual shales (to confirm the extent of Hg removal during carbonate dissolution). The
similar contents of original powders and de-carbonized powders (the residual shale after being
treated by HCI1) show that carbonate does not hold Hg in MNS shale (Fig. 4.5 and Table 4.4).
Therefore, we exclude clay and carbonate minerals as a significant host for Hg, noting that

further research is needed to identify the relationship between Hg and Ca in other settings.
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Fig. 4.5 Hg contents before (x-axis) and after (y-axis) the HCIl treatment of shale powders.
De-carbonized shales after the HCl treatment have similar contents to the original untreated
powders, indicating that carbonate is not a significant host of mercury.

Like Al S contents also show an inverse correlation with Hg, indicating that sulfide minerals
are not the main host of Hg in shale (Fig. 4.3c), although Shen et al. (2019a) argued that
syngenetic pyrite would take in Hg under intensely reduced/euxinic conditions. In contrast, TOC
has a positive correlation with Hg in studied shales (Fig. 4.3b). The coefficient of determination
— 1 value — of the Hg vs. TOC regression (r = 0.59) seems too low to firmly establish that OM
is the principal host for Hg. However, the correlation is significant based on the p-value (p<0.01).
Also, other possible hosts such as clay, carbonate, and sulfide were excluded as significant Hg
hosts, as shown above. Collectively, these observations suggest that OM is the significant host

of Hg in the studied samples.
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Table 4.4 Hg contents in shales before and after the HCI treatment.

Low Ca

(4.47 - 4.6 wt%) ORG# original Hg after the HCl Hg in carbon- mass balance
treatment ates

#1 ORG-323 48 54 4 47

#2 ORG-366 32 31 7 29

#3 ORG-367 35 40 4 37

#4 ORG-368 36 41 4 36

Mid Ca

(5-5.21 wt%)

#5 ORG-324 49 53 5 48

#6 ORG-345 41 51 2 45

#7 ORG-363 33 38 5 35

#3 ORG-364 31 33 7 32

High Ca

(5.8-6.11 wt%)

#9 ORG-475 86 102 7 89

#10 ORG-407 79 104 4 89

#11 ORG-476 93 130 8 115

#12 ORG-477 88 107 1 91

The Mo/TOC ratio in shales is often used to estimate the degree of basin restriction during

shale deposition, where low ratios imply a more restricted basin, and high ratios imply a less

restricted basin (e.g., Algeo and Lyons 2006). Studied shales in GRL and MNS were deposited

in a less restricted basin based on their relatively high Mo/TOC ratio (~16.7) compared with the

Black Sea (~4.5). However, the GRL-MNS basin was more restricted than the present-day

Saanich Inlet (Mo/TOC of 45), indicating moderate water restriction for GRL-MNS (Georgiev

et al. 2011). Also, the high TOC contents of studied organic-rich shales resulted from a high

paleoproductivity caused by intense upwelling (Georgiev et al. 2015). The high correlation

between TOC and Hg contents, high paleoproductivity by upwelling, and moderate restriction

with limited dissolved oxygen supplies might cause OM to be the principal host of Hg in the

Late Permian MNS-GRL basins.

99



Shen et al. (2020) proposed a cross-plot between S and TOC to classify OM-hosted and
sulfide-hosted Hg (Fig. 4.6), noting that the diagram needs further work and development. Our
study suggests that this plot has limited applications. Mercury in the studied shales is hosted
mainly by OM (Fig. 4.3b in the manuscript), and sulfide does not show any positive correlations
with Hg (Fig. 4.3c in the manuscript), but our shales plot in a tight cluster in the sulfide-hosted
area. Clearly, the TOC-S plot does not well distinguish the Hg host. Between the 1:1 and 1:0.35
lines a large number of sulfide-hosted and OM-hosted data overlap (Fig. 4.6). As a starting
point to examine the utility of this TOC-S plot, the sedimentary rocks in this band of overlap

should be revisited in detail to more quantitatively identify the main host for Hg.

4.6.3  Effects of incipient weathering on Hg contents

In the second PCA, based on weathered and unweathered GRL samples only (Fig. 4.4c and
d), negative values of PC 1 are related to higher HI and S, Sc, and Hg contents, which collectively
indicate weaker weathering or no weathering. In contrast, positive values of PC 1 related to higher
OlI indicate stronger weathering (Fig. 4.4c). Hydrogen index is a proxy of the hydrogen content
of kerogen, and Ol is for the oxygen content (Peters 1986). These results are consistent with the
conclusions of previous studies that show HI decreases and OI increases in black shales during
post-depositional processes such as oxidation or maturation (Vandenbroucke and Largeau 2007,
Georgiev et al. 2012; Marynowski et al. 2017; Charbonnier et al. 2020). As a result, PC 1 in the
second PCA can be used as a reliable indicator for the degree of weathering in outcrop-derived
shale samples (Fig. 4.4d). Of the five key parameters defining PC 1, only Hg shows a notable
(negative) relation to PC 2, which is mainly determined by various Hg contents from GRL samples.
PC 2 accounts for only 13% of the elemental distribution, which is much less significant than
PC 1 (72%).

The weathering indicator PC 1 shows a significant correlation with Hg in weathered shales (r
=0.81,p<0.01). The average TOC content in weathered GRL shales is 9% lower than in pristine

GRL (3.28 wt% vs. 3.63 wt%, respectively). However, outcrop shales lost up to 77% of Hg during
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Fig. 4.6 Modified TOC-S plot to identify the main host for Hg as suggested by Shen et al. (2020).
Yellow and black dots represent sulfide-hosted Hg and OM-hosted Hg sediments (excluding
modern day), respectively (Shen et al. 2020; Them II et al. 2019; Zheng et al. 2018; Shen et al.
2019a). Shen et al. (2020) suggested the 1:0.35 line could be a threshold between OM-hosted and
sulfide-hosted sediments, but the studied shales here are all located above this threshold. The area
between the 1:0.35 and 1:1 lines, as designated here (pink), includes sediments with both sulfide-
hosted and OM-hosted Hg. Notably, the shales in our study, whether pyrite-bearing or not, plot
closely together, in a space that is perhaps more appropriately labeled “ambiguous.” In sum, use
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of a TOC versus S plot does not well describe the host association for Hg.
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incipient weathering from an average of 103 ppb Hg in the pristine samples down to a low of
24 ppb Hg in weathered samples (Fig. 4.4d). The ratios of Hg/TOC in outcrop shales also show
up to 64% lower values compared to pristine samples (from 28 down to 10; Fig. S3a). Similar
decreasing trends are shown in variations of other weathering vulnerable elements (Mo and Re)
with PC 1 of the second PCA (Fig. 4.6).

Three possible processes might explain the OM-hosted Hg loss during incipient weathering.
First, partial degradation of OM, which causes minimal to small TOC loss, could play a critical
role in Hg retention during incipient weathering if Hg-rich entities are degraded. Mercury data
on modern sediment from eutrophic lakes indicate that soluble organic matter (SOM; the easily
degradable lipid fraction) concentrates Hg and other OM-related metals, even as SOM accounts
for 2.5 wt% of the whole rock on average (Sanei and Goodarzi 2006). In addition, transformations
of the kerogen and SOM structure by the oxidation process may release Hg hosted by OM. Low
molecular weight organic compounds like methylnaphthalenes, dibenzofuran, or
dibenzothiophene are susceptible even during incipient weathering (Marynowski et al. 2011),
and some of these may account for part of the Hg loss. Loss of Mo and altered Mo stable isotope
ratios were also reported from partially weathered black shales (Marynowski et al. 2017). In
addition, destruction of specific components in kerogen that may preferentially hold Hg may
play the main role in releasing Hg. Preferential destruction of aliphatic kerogen compared to
carbonyl and aromatic components during weathering has been reported, although the degree of
weathering of the studied samples was higher than incipient weathering (Petsch et al. 2001). Thus,
Hg loss in samples during incipient weathering could be caused by partial degradation or
transformations of OM. In our study, sulfide oxidation is unlikely to be the main reduction
process for Hg in the studied shales because sulfide is not a primary host of Hg in pristine
samples (Fig. 4.2c). In sedimentary rocks with sulfide-hosted Hg, the Hg concentrations will be
more vulnerable to incipient weathering because oxidation of sulfide is faster and occurs earlier
than that of OM (Petsch et al. 2000; Wildman et al. 2004; Georgiev et al. 2012; Marynowski et
al. 2017).
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Our results show that incipient weathering may dampen and conceal originally higher Hg
and Hg/TOC ratios in sedimentary rocks (Fig. 4.4d and S2a). Peaks of Hg signals in sediments
have been highlighted as a LIP tracer for decades, but concealed Hg signals in sedimentary
sections came to be highlighted recently. For example, the Toarcian Oceanic Anoxic Event (T-
OAE; 183 Ma) is a well-studied anoxic event that was probably caused by eruptions of the
Karoo-Ferrar LIP (e.g., Percival et al. 2015). Elevated Hg contents and Hg/TOC ratios would
be expected in Toarcian sediments, but some T-OAE sections do not show Hg anomalies (Them II
et al. 2019). The authors ruled out the possibility of diagenesis (including weathering) to explain
the lack of Hg/TOC signals because they assumed that Hg is mainly hosted by OM (Them II et
al. 2019). Nonetheless, results in this study, in which TOC (representing OM) and Hg are
impacted at different stages of weathering, suggest that dampened Hg/TOC signals may be
caused by incipient weathering. Also, the magnitude of Hg/TOC peaks in some ancient organic-
rich shales may depend on how euxinic the depositional environment is (Shen et al. 2020).
Under strongly euxinic conditions, sulfide is a more prominent host for Hg, and incipient
weathering may indeed affect sulfide-hosted Hg concentrations more profoundly than our
samples, in which Hg is mainly hosted by OM.

Overall, we suggest a schematic diagram of Hg, S, TOC, and Hg/TOC changes with the
degree of weathering (Fig. 4.7). The ratio is established at a certain point when the rock is
pristine. During incipient weathering, TOC and Hg content decrease with different slopes while
S content decreases severely. As aresult, the Hg/TOC ratio decreases, even though TOC content
remains relatively constant. During extreme weathering, loss of TOC is dramatic, and the
Hg/TOC ratio may increase sharply as TOC contents decrease to 1% or less (Charbonnier et al.
2020). Thus, incipient weathering may release Hg, masking possible positive Hg anomalies even
as TOC contents remain constant. Extreme weathering, in contrast, can degrade organic matter,
resulting in loss of TOC and an increase in Hg/TOC, potentially misinterpreted as a positive Hg
anomaly. Given these results, caution is necessary for the interpretation of Hg concentrations

and Hg/TOC ratios, particularly when positive anomalies are expected, but not observed, even
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if the shales look fresh and TOC values do not seem to be strongly reduced by weathering.

Degree of

Incipient weathering Extreme weathering theri
weathering

Fig. 4.7 Schematic illustration of Hg/TOC ratio, TOC, Hg, and S changes in organic-rich shales
during weathering. Degradation of Hg signals occurs even with incipient and invisible weathering,
while degradation of OM is limited as shown in this study. This lowers the Hg/TOC ratio, a parameter
in use to characterize paleo-environments. In contrast, loss of organic matter during extreme
weathering dramatically increases Hg/TOC ratios (Charbonnier et al. 2020). The loss of S
proceeds OM loss (Petsch et al. 2000; Georgiev et al. 2012).

4.7 Conclusion
Detailed analysis of mercury contents using statistical tools and an expanded geochemical dataset
from previous studies of GRL and MNS Upper Permian shales clarify the effect of incipient
weathering on shale Hg contents. Mercury contents from the GRL and MNS drill cores average
110 ppb and 55 ppb, respectively; the difference between the two sites is attributed to the degree
of detrital influx, including kerogen types (OM sources). A detailed comparison between Hg and
possible host elements demonstrates that organic matter is the main Hg host in Upper Permian
shales from GRL and MNS drill cores. Those shales were deposited in a setting with a high
paleoproductivity by upwelling and moderate basin restriction. Up to 77% Hg loss and up to 64%
lower Hg/TOC ratios were observed in incipiently weathered GRL outcrop shales that appear
visually fresh (based on Re-Os isotopic characteristics and other chemical criteria). Destruction of

soluble organic matter or specific kerogen entities and transformation of kerogen components are
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the likely causes of lower Hg contents of partly weathered samples, although further research is
needed to constrain the exact cause. The observed Hg loss upon incipient weathering calls for
prudent interpretations of Hg data in outcrop shales. Identification of weathering is an essential
prerequisite that needs to be applied prior to interpretations of paleoenvironmental conditions

based on the Hg geochemistry of outcrop samples.
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Chapter 5 Conclusions and Future Work

These studies explored the Middle-Late Jurassic black shales through the Re-Os
radiometric dating method in loosely constrained Boreal sections and assessed depositional
environments using geochemical parameters. One study examined Hg degradation during incipient
weathering by examining both weathered and pristine drill cores from latest Permian black shales.
Chapter 2 presents seven new Re-Os ages from the Agardhfjellet Formation and discussed the
source of initial Os in the ocean during the Late Jurassic. Chapter 3 provides a detailed examination
of the geochemical characteristics of organic-rich shale from the Agardhfjellet Formation,
including C, S, O, and N stable isotopes, to reveal basin environment evolution from 160 Ma to
147 Ma. Chapter 4 specifically scrutinizes mercury (Hg) in organic-rich black shale concerning
how weathering impacts Hg signals in sedimentary rocks widely used as a volcanic proxy.

In Chapter 2, we dated the Agardhfjellet formation—one of the most hydrocarbon-prolific
source rocks—using Re-Os ages due to the limitation of the biostratigraphy by prevalent
provincialism among ammonite species hindering realm connections. The Re-Os radiometric
method offers benefits for dating the depositional ages of organic-rich shales—major hosts for Re
and Os—and estimating paleocean geochemistry with initial Os ratios.

Key findings included:

1. Seven new Re-Os ages derived from Late Jurassic black shale samples ranging between 160.1
Ma and 146.8 Ma.

2. These new ages serve as cornerstones for correlating Boreal sections with other realms such as
Tethyan or Andean regions.

3. The rise in initial Os ratios during the studied period suggests increased terrestrial runoff or

reduced unradiogenic Os input from mantle-derived sources.

106



Chapter 3 conducted comprehensive geochemical investigations on Agardhfjellet
Formation, evaluating depositional setting evolution during the shelf anoxic-dysoxic event based
on major/trace elements and stable isotopes; principal component analysis distinguished sediment
sources.

Key findings included:

1. SDAE recorded in the Agardhfjellet Formation mainly initiated Oxfordian between Oppdalen
Member and Lardyfjellet Member.

2. Terrestrial sediment source decreased at the boundary between Oppdalen & Lardyfjellet
Members, favoring hydrogenous (authigenic) sources.

3. Basin restriction degree based on Mo/TOC and Mokr related to Uer was significantly high
during Lardyfjellet Member deposition compared to other members.

4. Compared to other Phanerozoic OAEs such as Toarcian OAE & OAE2, organic-rich black shale
from the Agardhfjellet Formation may have been deposited under more restricted conditions where
local/regional isolation played a critical role rather than global deposition.

Chapter 4 examined Hg degradation within well-studied Upper Permian black shale section
from the East Greenland/Mid-Norwegian Shelf, identifying early-stage weathering—incipient
weathering—impact on Hg concentration loss; principal component analysis quantified
weathering degree based on vulnerable geochemical values with Hg contents such as HI, OI, TOC,
S, and Sc.

Key findings included:

1. Despite similar location/age of lower turbidite black shale from the Mid-Norwegian Shelf
(MNS) & black shale from the Ravnefjeld Formation in East Greenland (GRL), PCA results

revealed greater terrestrial input impact on MNS black shale.
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2. Mercury in both GRL & MNS pristine samples is primarily hosted by organic matter rather than
sulfide or clay minerals.

3. Incipient weathering recorded by sulfide loss but not organic matter (TOC) loss affects Hg
concentrations in sedimentary rocks based on PCA results. This necessitates caution when
investigating Hg signals of sediments as a volcanic activity proxy, even if rocks appear visually
pristine.

The International Commission on Stratigraphy (ICS) has regularly updated radiometric
ages for Stages, Periods, or Eras in its INTERNATIONAL CHRONOSTRATIGRAPHIC CHART
since 2013 (Cohen et al., 2013), also known as GTS (Geologic Time Scale). However, the Late
Jurassic to Early Cretaceous remains complex in terms of defining precise ages due to the absence
of global boundary stratotype sections and points (GSSP) that determine stage boundaries as
international standards (Cohen et al., 2013).

Most radiometric ages have been derived from U-Pb and Ar-Ar dating methods; however,
these methods are often limited due to a lack of ash layers containing mineral grains for the specific
radiometric methods. This dissertation, for some stratigraphic intervals, has contributed accurate
and precise Late Jurassic ages to better constrain the GTS. In particular, the Oxfordian stage was
updated in the latest International Chronostratigraphic Chart from 163.5 - 157.3 Ma to 161.5 -
154.8 Ma, which is consistent with the Re-Os ages results in Chapter 2. Furthermore, this
dissertation has taken initial steps towards characterizing geochemical features during a Shelf
Dysoxic-Anoxic Event (SDAE), a relatively new concept (Rogov et al., 2020) related to ocean
anoxia but crucial for understanding one of the most prolific petroleum source rocks deposited
during the Middle Jurassic — Early Cretaceous. The study also highlights the need for extreme

caution when interpreting Hg signals derived from samples of outcropping sedimentary rocks that
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may appear fresh and pristine, but in fact are incipiently altered; thus this work provides a
contribution valuable for working groups using Hg signals as paleoproxies.

Despite progress made through this dissertation, many questions remain about how large
amounts of organic matter could have been deposited during the Middle Jurassic — Early
Cretaceous. Future research plans include refining Re-Os ages around the J/K boundary with more
data from upper intervals of the Agardhfjellet Formation. Additionally, collaboration with
researchers working on biomarkers for ancient methane release is needed as volcanic activities
may not fully explain warming and environmental disturbances during this enigmatic period.

Furthermore, [ plan to develop a numerical model study for reconstructing
atmospheric/oceanic circulation patterns that might have affected depositional environments but
remained unstudied until now. Such modeling will validate geochemical interpretations through
sedimentary rocks by controlling environmental factors like temperature or carbon/sulfur cycles.

Lastly, I aim to explore additional aspects concerning Hg geochemistry, including Hg
isotopes, which can provide unique insights into Hg deposition within highly restricted basins
predominantly influenced by terrestrial runoff—most previous literature on Hg or Hg isotopes is
associated with volcanic activities. The proposed research may unravel secrets behind massive
organic matter deposition during the Late Jurassic by evaluating changes in photic zone euxinia
and Hg sources via Hg isotope analyses—ultimately contributing to paleoclimate and
geochemistry communities by providing new insights for interpreting Hg signals as indicators of

paleoenvironment.
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Appendix

Fig. A1 CT scan images for intervals, DH2 724.24 — 724.34 m (a) (Koevoets et al., 2019) and DH5 607.00— 607.10
m (b) and images of intervals, DH2 680.28 — 680.47 (c) and DH5 658.00 — 658.10 m (d). The CT scan images are in
black and white, showing brighter color for denser material. In black shale samples, brighter parts generally indicate
sulfide minerals, especially pyrite. In (a), cylindrical pyritized burrows penetrate the black shale drill core vertically
and horizontally. Pyritization occurred after the conditions were sufficiently reducing. The vigorous bioturbation here
implies oxygenated bottom water. On the other hand, there is no bioturbation in (b), but a horizontal pyrite band in
the upper part of the interval. No bioturbation and the occurrence of the pyrite band imply anoxic—euxinic conditions.
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(c) is an example of indurated intervals, and (d) is an example of shattered intervals.

data-point error ellipses are 2c
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Fig. A2 An isochron of 18 samples of DH2 680 m. The regression line of all data (black dotted) shows the model 3
age with 152.9 + 9.0 Ma with 0.486 £+ 0.096 of initial Os ratio. The measured 187Re/1880s and 1870s/1880s
seemingly have two starting points (initial Os ratios) at the same time within their age uncertainty. The orange dashed
line is the regression from ORG-2640, 2641, 2642, 2695, and 2753, and the cyan solid line is the regression from the
remaining 13 samples. The regression results of each are included in the orange and cyan boxes, respectively. The
rapid variation of initial Os during the deposition is one of the main reasons why the Re-Os clock may be disturbed
(Stein et al., 2015). The variation of initial Os ratios might be affected by cyclicity or limited input from the open
ocean by basin restriction (Matsumoto et al., 2022; Dickson et al., 2022).
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Fig. A3 5°*S,, profiles from the Lardyfjellet Member in DH2 (a, b, and ¢) and DH5R (d, e, and f). The S isotopic ratios
of pyrite in the Lardyfjellet Member are lighter than that in the Oppdalen Member. In particular, DH5R 600 and 607
show c. 30%o of fractionation in each interval (~ 10 cm and ~ 15 cm, respectively).
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Fig. A4 Six samples of negative Pr anomalies. All samples exhibit positive Nd anomalies.
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Fig. A5 REE patterns normalized to PAAS of three intervals (DH2 673, DH2 680, and DH5R 607), which include
some outliers.
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Fig. A6 The scatter plots of sulfur isotopes with sulfur contents (a), TOC (b), and inorganic carbon isotope and oxygen
isotope (c).
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Fig. A7a Re-Os isochron of DH5R 633. Seven points yield 165 + 18 Ma with 31 of MSWD. When samples were
separated by two groups (red and blue), they yielded more plausible ages and uncertainties.
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Fig. A7b Re-Os isochron of DH5R 655. Seven points yield 167 + 22 Ma with 78 of MSWD. Thick dotted lines
represent initial Os ratios of 0.4 and 0.3.
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Fig. A8 Zr and Hf concentrations of 134 shale and mudstone samples from EarthChem database. Mudstone versus
shale designation is specified in the references.
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Fig. A9 The biplots between Zr and Ti (a) and Hf and Ti (b).

145



Table A1 TOC, HAWK pyrolysis, and 613C and 634S stable isotope results

DH2 dill core
Percent
Slottsmgya Member TOC (wt.%) 51 (mg HC/g) S2 (mg HC/g) 53 (mg CO,/g) Tmax (°C) $2/53 HI (52 x 100/TOC) O (S3 x 100/TOC) P1(51/(51+52)) PP (S1+52) Carbonate Eanrg,V—F’DB 5*Sy.cor
(wt.%)
DH2 497.153 - 157 m" 222 0.82 209 0.39 452 5 94 18 028 291 7.42 -20.74 -26.23
DH2497.170- 173 m 2.08 0.68 198 0.32 455 6 95 15 0.26 266 6.87 -29.69 -23.99
DH2 497.180 - 185 m® 2.74 1 274 0.38 443 7 100 14 027 374 4.61 -29.80 -22.19
DH2 497.192 - 195 m® 2594 1.06 383 0.25 451 15 130 9 022 489 7.63 -29.91 -21.35
DH2 497.200 - 205 m 295 109 279 0.28 449 10 95 9 028 388 5.22 -29.83 -23.97
DH2497.215-220m 349 125 4.3 0.25 450 17 123 7 023 5355 4.83 -29.89 -19.47
DH2 497.228 - 233 m° 3.38 115 3.82 0.41 449 9 113 12 0.23 497 8.77 -29.91 -26.54
DH2 497.235 - 240 m 3.16 1.23 417 o4 449 10 132 13 023 5.4 547 -29.92 -24.42
DH2 497.247 - 252 m" 336 131 452 0.29 450 16 135 9 022 583 5.76 -29.81 -20.44
DH2 497.260 - 265 m* 287 0.98 333 048 451 7 116 17 023 431 6.79 -20.74 -17.00
DH2497.283 - 287 m 275 102 3.04 04 443 8 111 15 025 4.06 5.57 -29.75 -2277
DH2 497.290 - 295 m 261 0.88 264 0.35 443 8 101 13 025 352 6.07 -29.59 -17.74
Lardyfjellet Member
DH2660.820- 830m 6.11 23 557 0.28 467 20 91 5 029 787 6.96 -26.01 -13.53
DH2 660.850 - 860 m 8.4 313 754 0.24 467 31 90 3 029 10.67 6.14
DH2 660.880 - 830 m 6.92 25 547 0.25 468 22 79 4 031 797 5.44
DH2 660.925-933 m 8.19 3.49 745 0.39 472 19 91 5 032 10.94 4.88
DH2 660.953 —960 m 8.17 3.26 731 0.36 466 20 89 4 031 10.57 4.59 - -
DH2 660.965 —970 m 7.73 3.3 6.79 0.35 471 19 88 5 0.33 10.09 5.04 -26.06 -16.53
DH2 660.982 —990 m 10.7 4.3 10.84 0.37 465 29 101 3 0.28 15.14 3.77
DH2 661.010 —015 m 8.26 3.19 854 0.32 467 27 103 4 0.27 11.73 3.50
DH2 673.005- 010 m 7.59 2.02 592 0.34 463 17 78 4 025 794 6.86 -25.94 -14.81
DH2673.031-036m 347 0.97 173 0.63 449 3 50 18 036 2.7 33.24 -26.14 -24 54
DH2 673.070 - 074 m‘ 5.9 1.63 349 0.39 461 9 59 7 032 512 17.34 -25.99 -22.05
DH2 673.087 - 090 m* 10.3 2.58 .04 03 464 30 88 3 0.22 11.62 5.50 -25.85 -20.46
DH2 673.108 - 113 m 8.67 2.36 7.23 0.43 464 17 83 5 0.25 959 441 -25.88 -15.52
DH2 673.136- 141 m 7.74 229 5.86 0.36 462 16 76 5 0.28 8.15 6.34 -26.03 881
DH2 673.157 - 162 m 755 2 496 0.33 459 15 66 a4 0.29 6.96 7.45 -26.11 9.85
DH2 674.080 - 030 m 8.37 218 749 0.34 466 22 89 4 023 9.67 1050 -26.36 -17.03
DH2 674.093 - 098 m" 7.28 187 6.99 0.49 466 14 96 7 021 886 1030 -26.21 -14.07
DH2 674.105-110 m 9.95 .77 10.02 0.34 466 29 101 3 0.22 12.79 9.78
DH2 674.115-120m 114 3.09 125 04 465 31 110 4 020 15.59 7.50 - -
DH2 674.130-133m 9.04 2.08 884 0.38 466 23 98 4 019 10.92 8.62 2617 -19.52
DH2674.140 - 144 m 7.59 181 644 0.38 464 17 85 5 022 825 5.88 -26.05 -13.98
DH2 674.145 - 150 m 945 2.55 963 0.34 467 28 102 4 021 12.18 3.60 -26.24 -16.73
DH2 674.156 - 160 m* 9.15 2.27 9.63 0.35 464 28 105 4 019 119 5.09 -26.10 -17.04
DH2 674.166 - 170 m 8.68 21 8.67 0.37 464 23 100 4 019 10.77 4.88 -26.03 -17.24
DH2 674.175 - 180 m 11.6 3.02 12.27 0.44 466 28 106 4 0.20 15.29 6.60
DH2 680.295 - 300 m’ 783 261 785 0.28 468 28 100 4 025 10.46 6.57 25.31 1853
DH2680.303-310m 7.76 220 5.13 0.16 465 32 66 2 030 7.33 6.1 -25.58 -12.58
DH2 680.315 - 320 m® 654 2.28 476 0.21 461 23 73 3 032 704 5.85 2543 -30.78
DH2680.324-328m 6.56 1.76 465 0.16 467 29 71 2 027 641 68 -25.40 ~28.54
DHZ2 680.335- 340 m 6.91 218 5.73 0.29 465 20 83 4 0.28 791 6.19 -25.37 -26.05
DH2 680.345 - 349 m 6.3 2.03 6.02 0.32 466 19 96 5 0.25 8.05 5.90 -25.31 -24.99
DH2 680.357 - 362 m 6.36 2.08 596 0.34 466 18 94 5 0.26 8.04 5.68 -25.26 -24.47
DH2 680.373 - 376 m" 741 2.53 7 035 466 14 94 7 027 953 7.87 -25.26 -26.26
DH2 680.389 - 393 m" 8.94 271 792 0.32 466 25 89 4 025 10.62 4.77 2513 -27.39
DH2680410-415m 8.74 272 877 0.35 468 25 100 4 024 11.49 5.24 2511 -23.91
DH2680427-431m 8.03 2.62 8.09 0.44 468 18 101 5 024 10.71 3.02 2513 -21.30
DH2 680446 - 451 m 9.7 3.32 9.96 0.46 468 22 103 5 025 13.28 2.59 -24.96 -25.60
Oppdalen Member
DH2724.243 - 247 m’ 0.753 0.14 018 0.31 441 1 24 a1 044 032 5.73 24,87 42,07
DH2 724.255 - 258 m® 0.737 0.15 021 0.32 446 1 28 a3 042 036 4.19 2543 -39.38
DH2 724.263 - 267 m° 0.773 0.18 015 0.29 446 1 19 38 055 033 6.31 2521 -38.49
DH2 724.275-279 m 0.86 0.17 0.26 0.37 446 1 30 43 040 043 5.13 -25.06 -35.62
DH2 724.282 - 285 m 0.843 0.21 0.24 03 450 1 28 36 0A7 045 5.72 -25.10 -41.45
DH2 724.294 - 298 m 0.937 0.22 0.29 o4 449 1 31 43 043 051 6.07 2512 -40.86
DH2 724306 - 310 m 0.928 0.18 0.27 0.43 450 1 29 46 o040 045 5.56 -25.29 -41.30
DH2 724.315- 319 m’ 0.905 02 0.2 041 453 1 33 45 040 0.5 5.73 -25.26 -40.76
DH2724324-328m 0.963 0.19 031 0.27 451 1 32 28 038 0.5 5.32 -25.34 -41.36
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Continued to Table A1

DHSR drill core

Slottsmgya Mem ber

DH5R 489.330- 340 m 1.69 1.187 1.77 0.39 457 5 105 23 040 296 7.52 - -
DH5R 489.340 - 345 m 1.98 0.99 2.2 0.23 457 10 111 12 0.31 3.19 4.01 -29.63 -18.43
DH5R 489.358 - 365 m 2 104 253 0.22 458 12 127 11 0.29 357 1.18 -29.71 -28.17
DHSR 483440 - 450 m 183 113 132 0.24 458 8 105 13 0.37 3.05 3.74

DH5R-483.485 - 490 m 213 108 222 0.2 453 11 104 9 033 3.3 1.57

Oppdalssita Member

DHSR 542.205 —210m 471 156 4.16 0.18 461 23 88 4 0.27 5.72 047 -26.89 -29.03
DHSR 542.267 —273 m 7.59 313 762 02 464 38 100 3 0.29 10.75 0.28
DHSR 542.305 -310m 543 197 593 0.19 461 31 109 3 0.25 7.9 123 - -
DHSR 542.375 — 380 m 5.76 2.05 597 0.29 461 21 104 5 0.26 8.02 3.28 -26.95 -26.40
DH5R 542.445 —450 m 567 2.01 541 0.27 458 20 95 5 0.27 742 0.29
Lardyfjellet Member
DH3R 600.320-327 m 6.36 231 5357 0.21 468 27 88 3 0.29 7.88 332
DH5R 600.333 - 336 m‘ 641 150 4.63 0.25 469.00 19 72 4 0.24 6.13 51 -26.24 -18.55
DH3R 600.342-350m 6.39 23 5.1 0.27 465 19 80 4 031 74 36 - -
DH5R 600.351- 356 m 6.23 1.56 491 0.15 470 33 79 2 0.24 647 48 -26.21 -20.84
DH5R 600.360 - 365 m 641 1.69 455 0.14 463 33 71 2 0.27 6.24 55 -26.22 -21.42
DH5R 600.370 —375m 6.93 3.14 6.76 0.25 463 27 98 4 0.32 9.9 50 - -
DH5R 600.384 —390 m 6.65 2.35 541 0.32 466 17 81 5 0.30 7.76 4.1 -26.21 -22.29
DH5R 600.395 —400 m 715 2.57 6.29 0.33 465 19 88 5 0.29 8.86 39 -6.44 -21.79
DH5R 607.007 - 010 m* 6.74 213 482 0.28 464 17 72 4 031 6.95 635 -25.92 598
DH5R 607.022 - 027 m° 1.68 0.27 0.09 0.52 439 o 5 31 0.75 0.36 13.0 -26.00 8.83
DH5R 607.060 - 065 m* 792 2.58 6.13 0.42 464 15 77 5 0.30 8.71 5.7 -25.93 062
DH5R 607.096 - 100 m 7.15 25 5.86 03 463 20 82 4 0.30 8.36 62 -25.86 0.31
DH5R 607.114 - 118 m 6.59 2.28 6.07 0.25 465 24 92 4 0.27 8.35 6.5 -25.79 -1.51
DHS5R 607.143 - 147 m* 8.7 2.84 756 0.27 464 28 87 3 0.27 104 54 -25.95 -156.15
DH5R 607.155- 159 m 8.69 2.65 6.92 0.35 463 20 80 4 0.28 957 6.1 -25.86 -19.04
DH5R 607.166- 171 m 732 2.54 533 0.31 463 18 76 4 0.31 8.09 57 -25.81 618
DH3R 613.540—-545m 891 2.66 8.4 0.27 468 31 94 3 0.24 11.06 113
DH5R 613.555 —565 m 8.53 2.47 8.58 0.24 468 36 101 3 0.22 11.05 1.98
DH3R 613.609-620m 8.88 3.01 753 0.38 463 20 85 4 0.29 10.54 3.81
DH5R 613.625- 629 m" 753 1.93 443 0.95 465 5 59 13 0.30 6.36 36 2566 1117
DH5R 613.640- 645 m 8.34 1.82 547 0.15 467 36 66 2 0.25 7.29 47 -25.91 -11.00
DH5R 613.653 - 657 m 7.81 1.82 6.56 0.32 467 21 84 4 0.22 8.38 4.8 -25.71 £.96
DH5R 613.660 - 664 m 8.4 171 8.13 0.36 471 23 97 4 0.17 9.84 45 -25.65 5.45
DH5R 613.667 —674 m 10.3 2.81 9.95 0.39 473 26 97 4 0.22 12.76 1.7 -25.81 -156.95
DH5R 613.674 - 678 m 7.06 1.72 5.27 0.31 466 17 75 4 0.25 6.99 49 -25.72 474
DH5R 613.687 - 690 m* 6.08 167 517 0.45 466 11 85 7 0.24 6.84 19.8 2574 -12.03
DH3R 613.695-705m 11.7 35 10.14 0.35 469 29 87 3 0.26 13.64 20 - -
DH5R 613.705- 708 m 844 186 6.83 0.16 487 43 81 2 0.21 8.69 47 -25.92 -6.88
DH5R 613.719 — 728m 8.86 29 767 0.42 470 18 87 5 0.27 10.57 37 - -
DH5R 613.729- 733 m® 8.01 179 652 0.43 468 15 81 5 0.22 8.31 44 -25.60 587
DH5R 613.737- 742 m 8.02 164 7.62 05 470 15 95 6 0.18 9.26 7.6 -25.69 371
DH5R 613.745 - 755 m 9.05 2.63 8.07 0.25 470 32 89 3 0.25 10.7 19 -25.96 -11.91
DH5R 613.750 - 755 m' 845 0.18 7 0.12 471 58 83 1 0.03 7.18 45 -25.93 -11.53
DHSR 613.763 - 767 m’ 7.9 177 7.7 0.32 468 24 97 4 0.19 947 56 2573 278
DH5R 613.78 m 8.93 2.47 6.94 0.21 468 33 78 2 0.26 941 12 -25.91 737
Oppdalen Member
DHSR 658.012 — 016 m 137 0.24 049 0.08 466 6 36 6 0.33 0.73 4.96
DHS5R 658.028 - 035 m 138 0.26 054 0.27 as8 2 39 20 0.33 0.8 5.72 2517 -35.33
DH5R 658.040 - 045 m 1.25 0.24 04 0.37 455 1 32 30 0.38 0.64 5.40 -25.20 -36.11
DH5R 658.054 —059 m 142 0.23 046 0.1 464 5 32 7 0.33 0.69 2.37
DH5R 658.085 —090 m 1.18 0.21 047 0.52 459 1 40 a4 0.31 0.68 5.16 -25.25 -25.81
DHSR 658.105 —110m 1.19 0.21 0.39 0.12 461 3 33 10 0.35 0.6 2.03 -25.26 -27.76
DHSR 658.150 —160 m 135 0.24 052 0.12 464 4 39 9 032 0.76 3.02
DHSR 658.163 — 170 m"> 1.31 0.24 056 0.41 460 1 43 31 0.30 0.8 5.51 -25.28 -28.23
DH5R 658.185 - 130 m 1.34 0.2 042 0.1 463 4 31 7 0.32 0.62 2.80

"means the averaged value by duplicate of carbon isotopes

*means the averaged values by duplicate of sulfur isotopes
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Table A2 Re-Os measurement results

[ DH2 drill core ]
Slottsmoya Member ORG run # Re Error 0s Error 1¥ge/ 05 Error 18705/ 0s Error rho Re% 0s%
DH2 497.153 - 157 m ORG-2699 219 0.13 0.343 0.002 359 5 1.40 0.03 0.5794 0.9% 0.3%
DHZ2 487.170—-173 m ORG-2700 111 0.07 0.292 0.002 205 3 1.03 0.02 0.5528 1.9% 0.3%
DH2 497.180 — 185 m ORG-2721 12.5 0.05 0.214 0.001 323 3 1.28 0.02 0.5101 1.1% 0.6%
DHZ2 487.182-195m ORG-2701 19.3 0.04 0.399 0.002 265 3 1.18 0.02 0.5670 1.1% 0.2%
DH2 497.200 - 205 m ORG-2630 8.77 0.03 0.202 0.002 236 4 1.12 0.03 0.6109 1.3% 0.5%
DH2 497.215-220m ORG-2631 15.7 0.05 0.238 0.002 373 5 1.46 0.03 0.5773 0.8% 0.5%
DH2 497.228 -233 m ORG-2702 19.1 0.04 0.425 0.002 245 2 1.14 0.02 0.6324 1.1% 0.5%
DH2 487.235-240m ORG-2632 11.7 0.04 0.221 0.001 292 4 1.25 0.02 0.5742 1.2% 0.5%
DH2 487.247 - 252 m ORG-2633 114 0.05 0.221 0.001 287 3 1.24 0.01 0.5430 1.3% 0.5%
DH2 497.260 — 265 m ORG-2634 10.0 0.01 0.213 0.001 257 2 1.17 0.02 0.5676 1.3% 0.5%
DH2 497.283 — 287 m ORG-2703 17.3 0.02 0.392 0.002 240 3 111 0.02 0.6376 1.2% 0.2%
Lardyfjellet Member
DH2 673.005-010 m ORG-2644 447 0.08 0.485 0.003 544 6 1.84 0.03 0.6544 0.6% 0.3%
DH2 673.031 -036m ORG-2645 76.6 0.22 0.517 0.002 977 8 2.95 0.03 0.6115 0.3% 0.3%
DH2 673.070—-074 m ORG-2646 61.9 0.12 0.534 0.009 714 20 2.26 0.09 0.6563 0.4% 0.3%
DH2 673.087 — 090 m ORG-2647 61.2 0.28 0.730 0.003 487 5 1.69 0.02 0.5371 0.4% 0.2%
DH2 673.108-113 m ORG-2048 42.2 0.30 0.610 0.008 391 10 1.45 0.05 0.6332 0.6% 0.2%
DH2 673.136-141m ORG-2649 36.6 0.11 0.533 0.002 389 4 1.45 0.02 0.5815 0.7% 0.3%
DH2 673.157-162m ORG-2650 424 0.15 0.536 0.034 455 54 1.61 0.27 0.6965 0.7% 0.3%
DH2 674.080-090m ORG-1707 424 0.12 0.491 0.004 506 8 1.78 0.04 0.6427 0.5% 0.1%
DH2 674.083 - 098 m ORG-2715 26.5 0.08 0.445 0.002 330 3 1.28 0.02 0.6339 1.1% 0.4%
DH2 674.105-110m ORG-1708 46.5 0.12 0.600 0.004 416 5 1.61 0.03 0.6336 0.4% 0.1%
DH2 674.115-120m ORG-1709 55.5 0.13 0.698 0.004 460 5 1.65 0.03 0.6566 0.4% 0.1%
DH2 674.130-133 m 0ORG-2716 31.0 0.04 0.517 0.002 348 3 171 0.02 0.6512 0.9% 0.4%
DH2 674.140 - 144 m ORG-2717 29.7 0.05 0.438 0.002 383 3 1.46 0.02 0.5928 1.0% 0.4%
DH2 674.145-150m ORG-1710 48.9 0.20 0.550 0.002 482 4 171 0.02 0.4975 0.4% 0.1%
DH2 674.156 — 160 m ORG-2718 441 0.05 0.570 0.002 424 3 1.59 0.02 0.6424 0.6% 0.3%
DH2 674.166 — 170 m ORG-2719 34.4 0.04 0.515 0.002 377 2 1.44 0.01 0.6461 0.9% 0.4%
DH2 674.175-180m ORG-1711 55.5 0.14 0.732 0.003 435 3 1.59 0.02 0.5789 0.4% 0.1%
DH2 680.295-300m ORG-2637 32.3 0.06 0.375 0.005 504 12 1.77 0.06 0.6732 0.5% 0.2%
DH2 680.295 — 300 m dup. ORG-2711 31.6 0.08 0.361 0.003 516 6 1.82 0.03 0.6380 1.1% 0.5%
DH2 680.285 — 290 m* ORG-2753 319 0.59 0.335 0.001 563 15 1.86 0.02 0.1685 0.8% 0.3%
DH2 680.303 - 310m ORG-2754 50.2 0.06 0.395 0.001 806 4 2.55 0.02 0.5952 0.6% 0.3%
DH2 680.315 - 320 m® ORG-2695 66.6 0.13 0.473 0.005 911 16 2.75 0.07 0.6546 0.3% 0.2%
DHZ 680.315 — 320 m dup. ORG-2712 66.0 0.43 0.478 0.003 897 12 2.79 0.05 0.4751 0.5% 0.4%
DH2? 680.324 - 328 m ORG-2755 41.5 0.12 0.397 0.002 635 6 2.13 0.03 0.6100 0.7% 0.3%
DH2 680.335-340m ORG-2639 46.4 0.22 0.427 0.005 666 13 221 0.06 0.6356 0.4% 0.2%
DH2 680.345 - 349 m ORG-2686 38.2 0.06 0.382 0.001 603 3 2.05 0.02 0.5874 0.8% 0.3%
DH2 680.357 — 362 ms ORG-2640 38.5 0.22 0.491 0.003 423 6 1.52 0.03 0.5648 0.5% 0.2%
DH2 680.357 — 362 m dup. ORG-2696 36.3 0.08 0.379 0.002 572 6 1.98 0.03 0.6196 0.5% 0.3%
DH2 680.357 — 362 m trip. ORG-2713 35.5 0.11 0.370 0.002 574 5 1.98 0.03 0.5376 0.9% 0.5%
DHZ 680.373 - 376 m® ORG-2641 50.0 0.12 0.461 0.004 658 9 211 0.04 0.6565 0.3% 0.2%
DH2 680.389 — 393 m® ORG-2642 46.8 0.26 0.440 0.002 644 7 2.09 0.03 0.4858 0.4% 0.2%
DH2 680.410 - 415 m ORG-2687 47.4 0.14 0.478 0.002 597 4 2.03 0.02 0.5126 0.6% 0.2%
DH2 680.427 —431m ORG-2688 39.9 0.06 0.386 0.002 626 5 2.10 0.03 0.6177 0.6% 0.2%
DHZ2 680.446 —451m ORG-2689 46.0 0.14 0.441 0.002 632 6 211 0.03 0.5552 0.6% 0.2%
DHZ 680.446 — 451 m dup. ORG-2697 46.1 0.05 0.440 0.004 636 9 2.12 0.04 0.6725 0.4% 0.2%
Oppdalen Member
DH2 724.243 - 247 m ORG-2652 6.78 0.03 0.231 0.002 153 3 0.75 0.02 0.6070 3.8% 0.4%
DH2 724.255-258 m ORG-2653 6.65 0.04 0.201 0.001 174 2 0.81 0.01 0.3720 3.9% 0.4%
DH2 724.263 - 267 m ORG-2654 10.6 0.04 0.236 0.001 240 3 0.98 0.02 0.4835 2.3% 0.3%
DH2 724.275-279m ORG-2693 12.0 0.02 0.196 0.001 336 4 1.22 0.03 0.5607 1.1% 0.4%
DH2 724.282 -285m ORG-2707 19.2 0.06 0.230 0.001 482 4 1.62 0.02 0.5407 1.2% 0.5%
DH2 724.282 — 285 m dup. ORG-2655 13.9 0.16 0.213 0.002 362 8 1.30 0.03 0.4503 1.9% 0.4%
DH2 724.294 - 298 m ORG-26584 20.0 0.04 0.226 0.001 516 6 1.70 0.03 0.6221 0.7% 0.3%
DH2 724.306 —310m ORG-2720 9.06 0.02 0.231 0.001 207 1 0.88 0.01 0.5068 2.3% 0.6%
DH2 724.315-319m ORG-2708 13.7 0.04 0.254 0.001 292 2 1.11 0.01 0.4895 1.7% 0.5%
DH2 724.315 — 319 m dup. ORG-2709 13.6 0.05 0.253 0.001 293 3 1.11 0.02 0.5741 1.7% 0.5%
DH2 724.315 - 319 m trip. ORG-2657 13.3 0.06 0.227 0.004 323 9 1.21 0.05 0.6130 1.9% 0.4%
DH2 724.324-328 m ORG-2658 16.3 0.12 0.240 0.004 379 11 1.34 0.06 0.6430 1.6% 0.4%
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Continued to Table A2

DH SR dill core |
Lardyfjellet Member

DH5R 607.007 — 607.010 m ORG-2672 19.2 0.03 0.328 0.004 327 8 134 0.05 0.6817 1.3% 0.3%
DHSR 607.022 — 607.027 m ORG-2673 4.15 0.01 0.086 0.001 263 8 1.18 0.06 0.5788 7.6% 1.3%
DH5R 607.060 — 607.065 m ORG-2662 24.2 0.04 0.399 0.003 340 4 1.37 0.02 0.6164 1.2% 0.4%
DHSR 607.096 — 607.100 m ORG-2663 221 0.05 0.370 0.001 333 3 135 0.02 0.5732 1.3% 0.4%
DHSR 607.114 — 607.118 m ORG-2664 19.2 0.03 0.319 0.002 336 5 1.36 0.03 0.6446 1.4% 0.5%
DHSR 607.143 — 607.147 m ORG-2665 48.4 0.23 0.510 0.003 566 7 1.94 0.03 0.5672 0.6% 0.3%
DHSR £07.155 - 607.159 m ORG-2670 50.5 0.07 0.518 0.003 583 5 1.98 0.03 0.6524 0.6% 0.2%
DHSR 607.166 — 607.171 m ORG-2671 24.0 0.04 0.376 0.001 359 2 142 0.01 0.6000 1.0% 0.2%
DHSR £13.540-613.545 m ORG-1571 23.5 0.09 0.427 0.002 304 3 1.26 0.02 0.5434 0.9% 0.2%
DHSR £13.555-613.560 m ORG-1570 215 0.05 0.398 0.001 299 2 1.25 0.01 0.5865 1.0% 0.2%
DH5R 613.609 — 613.620 m ORG-1870 233 0.19 0.450 0.001 285 4 1.21 0.01 0.3039 0.7% 0.1%
DHSR £13.625-613.629 m ORG-2667 19.3 0.03 0.369 0.001 287 2 121 0.01 0.5887 1.5% 0.3%
DHSR 613.640 - 613.645 m ORG-2756 22.7 0.03 0.433 0.002 288 2 1.22 0.01 0.6416 1.2% 0.3%
DH5R 613.653 — 613.657 m ORG-2683 201 0.04 0.374 0.002 297 3 1.25 0.02 0.6280 1.1% 0.2%
DHSR 613.660 — 613.664 m ORG-2691 204 0.03 0.398 0.005 282 7 1.21 0.04 0.6582 0.8% 0.2%
DHSR £13.667 — 613.674 m ORG-156%9 40.0 0.09 0.336 0.002 426 4 1.55 0.02 0.5974 0.5% 0.1%
DHSR 613.674 — 613.678 m ORG-2668 18.7 0.03 0.345 0.003 300 4 1.25 0.03 0.6604 1.5% 0.3%
DHSR 613.687 — 613.690 m ORG-2669 20.0 0.03 0.372 0.001 296 2 1.24 0.01 0.6160 1.4% 0.3%
DHSR £13.695 - 613.700 m ORG-1568 47.1 0.10 0.726 0.004 363 4 136 0.02 0.6330 0.5% 0.1%
DH5R 613.705 - 613.708 m ORG-2757 223 0.04 0.415 0.002 295 3 1.24 0.02 0.6349 1.1% 0.3%
DH3R 613.719 - 613.728m ORG-1871 27.5 0.21 0.460 0.001 334 4 133 0.01 0.2636 0.6% 0.1%
DHSR £13.729-613.733 m ORG-2692 18.6 0.06 0.389 0.006 261 8 116 0.05 0.6629 1.1% 0.3%
DH5R 613.737 -613.742 m ORG-2684 18.6 0.04 0.413 0.001 244 1 111 0.01 0.5488 1.1% 0.2%
DH5R 613.745 - 613.755 m ORG-1567 28.6 0.26 0.500 0.002 318 5 1.29 0.02 0.3550 0.7% 0.1%
DHSR £13.750-613.755 m ORG-273%9 28.6 0.05 0.498 0.003 319 3 1.29 0.02 0.6692 0.7% 0.2%
DHSR £13.763 - 613.767 m ORG-2685 20.2 0.06 0.416 0.003 266 4 116 0.03 0.6202 1.1% 0.2%

DH5R 613.78 m ORG-1566 234 0.07 0.494 0.001 259 2 114 0.01 0.4884 0.9% 0.1%

Oppdalen Member

DH3R 658.012 - 658.016 m ORG-1549 3.68 0.01 0.207 0.001 91 1 0.64 0.01 0.5102 3.2% 0.3%
DH3R 658.054 — 658.059 m ORG-1550 5.26 0.01 0.219 0.001 125 1 0.73 0.01 0.6287 2.3% 0.3%
DHSR £58.085 — 658.090 m ORG-2704 7.79 0.02 0.182 0.001 230 2 1.01 0.02 0.6038 1.5% 0.3%
DH5R 658.105 - 658.110 m ORG-1551 9.05 0.02 0.227 0.002 212 3 0.95 0.02 0.6325 1.3% 0.3%
DH3R 658.150 - 658.160 m ORG-1552 7.48 0.01 0.208 0.002 191 4 0.30 0.03 0.6250 1.6% 0.3%
DHSR 658.163 — 658.170 m ORG-2705 4.32 0.01 0.192 0.001 117 2 0.71 0.02 0.5417 3.2% 0.3%
DHSR 658.185 — 658.190 m ORG-2710 11.8 0.04 0.240 0.001 268 2 111 0.01 0.4956 1.1% 0.3%

*Re-0s isotopic results were not used for isochron.
dup. and trip. denote duplicate and triplicate for the sample.
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Table A3 TOC, trace elements, and C, N, O, and S stable isotope results

DH2 drill core
Slottsmeya Member TOC (wt.%) Ti P Cd
unit > Wt % wt% wt% wt% wt% wt% wt% wt% ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm
limt 00 001 001 100 05 0001 02 02 0.05 0.02 001

Dh2 487153 - 157 m 222 848 051 423 309 118 051 268 0482 56 106 538 1% 111 108 0075 133 122 112 120 058 145 26 032 02 92
Dh2497.170-173m 208 8866 053 377 32 117 052 195 0.481 70 104 425 130 113 834 0.074 140 124 169 122 054 104 26 03 04 8
Dh2 497.180-185m 274 2.06 0.56 449 298 117 0.55 258 0.442 65 169 60.7 134 163 752 0.078 130 129 17 127 068 15.1 25 0.31 0.3 101
Dh2 497.192-195m 294 833 0.56 34 299 i1 054 166 0.463 g4 181 445 139 115 829 0.092 131 123 128 118 061 108 24 0.33 04 -5
Dh2 497.200-205m 295 883 059 497 288 117 052 3.28 0.438 48 167 61.8 134 115 815 0.0%4 130 126 143 123 081 18.1 24 03 04 1
Dh2 497.215-220m 349 9 064 3861 323 12 057 163 0.465 131 173 516 145 110 65.2 0.111 140 131 153 129 099 102 25 03 04 89
Dh2497.228-233m 3.38 844 0.68 42 218 114 05 243 0452 62 182 511 141 104 115 0.146 148 122 163 121 094 13.8 24 0.31 04 94
Dh2 497235-240m 3.16 311 08 435 324 121 057 222 0455 34 181 555 146 123 765 0.168 161 133 165 133 103 155 27 032 04 89
Dh2 497247 - 252 m 336 as 072 3865 335 121 058 161 0453 13 169 431 142 110 687 0.133 150 132 169 129 0895 122 24 0.3 05 93
Dh2 497 260 - 265 m 287 31 061 348 329 12 057 151 0463 80 186 50.1 134 106 63 0093 142 129 163 126 068 104 26 0.8 03 81
Dh2 497283 -287 m 275 789 056 3% 27 109 052 244 0439 56 186 678 12 110 127 0076 135 115 154 120 068 138 24 032 03 ]
Dh2 497.290-295m 261 301 058 38 126 12 056 196 0443 69 176 484 13 110 627 0072 130 125 147 124 058 134 28 03 02 88
Lardyfjellet Member

DH2 660.820-830m 6.11 6.38 0.76 231 1863 0.92 038 175 0.455 135 104 477 806 128 572 0.073 132 163 243 75 198 134 21 02 18 59
DH2 660.850 - 860 m 84 672 059 257 162 087 034 218 0.502 61 122 627 785 116 n7 0.063 129 187 166 51 234 193 25 0.z 12 69
DH2 660.880-830 m 692 656 059 243 258 089 037 191 0507 68 118 56.2 787 106 553 0.068 123 192 122 81 127 16.3 24 0.8 07 6.8
DH2 660.925-933 m 813 6% o7 235 16 08 03 198 04392 137 135 673 487 111 673 0.081 135 170 227 136 21 151 18 03 15 78
DH2 660,953 — 960 m 817 689 057 283 185 086 033 258 0487 57 120 66.8 787 118 711 0071 128 198 122 81 257 468 27 0.7 08 75
DH2 660.965-970m 773 72 0.7 25 21 0.9 0.3 218 0513 93 141 584 509 118 655 0.079 134 174 139 142 18 167 2 03 0.8 -5
DH2 660982990 m 107 6.75 054 285 254 0.82 032 242 0.469 68 132 818 813 99 90.7 0.06 132 207 523 87 3.89 292 25 0.7 5.7 6.9
DH2 661.010 - 661.01 B.26 702 053 235 287 0.81 0.35 188 0.498 85 132 66.3 831 115 0.7 0.071 126 212 151 rel 3.08 183 27 0.9 1 7
DH2 670.005- 008 m 6.44 868 0.55 226 3.03 103 0.46 159 0514 132 182 40 3 115 112 0.046 201 193 156 114 12 118 25 0.5 11 9
DH2670.015-018 m 5.89 851 0.66 275 316 105 0.46 205 0.492 105 206 37 &0 147 152 0.047 190 182 143 109 1 13.8 24 0.3 09 9
DH2 670.032-035m 747 859 051 245 344 1 045 178 0539 148 139 47 &5 118 110 0043 198 215 148 118 15 129 27 0.7 08 ]
DH2 670.043-047 m 437 827 044 252 343 081 044 2 0544 a3 133 54 3 104 142 0.046 198 212 277 17 18 153 28 0.8 21 10
DH2 670.056 - 060 m 7.06 841 055 243 335 101 047 185 0542 87 152 52 &5 122 140 005 205 205 133 118 14 133 26 0.6 08 ]
DH2 670.070-075m 709 875 054 162 35 105 047 201 0554 63 155 47 86 125 151 0.053 224 216 152 121 11 144 29 0.7 08 ]
DH2 670.085-089 m 7.05 302 054 283 346 106 045 237 0547 58 176 47 86 14 150 0043 218 213 137 116 14 178 29 0.8 08 10
Dh2 673.005-010m 759 129 121 213 126 083 04 191 0.393 90 135 481 631 51 855 0.246 175 74 145 18 186 165 29 0.8 26 67
Dh2 673.031-036 m 347 375 31 35 137 1 031 289 0117 84 7% 473 387 298 292 218 768 175 2290 8 17 2538 34 02 159 18
Dh2 673.070-074m 59 557 435 261 171 135 032 214 0.131 18 109 521 238 174 171 0.895 463 225 242 a 177 195 32 o 32 77
Dh2 673.087 - 090 m 103 74 102 236 278 084 037 27 0422 67 148 645 588 124 115 0.151 172 299 382 127 252 202 25 0.7 7 79
Dh2 673.108-113m B67 775 078 253 296 081 0.42 24 0436 55 143 881 543 9 932 0.103 148 304 185 127 235 229 28 0.2% 24 85
Dh2 673.136-141m 774 681 084 3.08 252 078 0.43 311 0.402 35 129 595 531 75 95.9 0.104 136 277 379 128 252 213 24 0.2 63 71
Dh2 673157 -162m 7.55 6.67 111 3.82 234 073 0.42 372 038 18 121 553 638 87 108 0.213 185 257 207 112 294 221 24 02 6.5 7
Dh2 674.080- 090 m 837 591 194 236 211 13 038 216 0.408 99 108 56.7 588 163 845 0.203 197 271 282 70 281 202 22 0.1 6.8 3
Dh2 674.093-098 m 7.28 6.64 178 186 209 111 038 148 0378 87 128 415 558 119 105 0.221 209 258 887 28 189 125 25 0.5 11 3
Dh2 674.105-110m 995 567 159 208 184 108 034 200 0426 83 113 711 50 149 88 0.188 167 275 363 86 387 185 22 0.2 53 58
Dh2 674.115-120m 114 6.99 126 208 224 104 037 19 0.455 98 147 833 61 121 103 0.168 162 336 561 25 2481 17.2 26 0. 9 6.5
Dh2 674130-133m 504 711 137 184 25 103 036 138 0411 18 150 487 571 147 705 0.128 197 286 107 118 247 132 29 0.5 17 6.3
Dh2 674140- 144 m 759 732 089 228 275 082 041 208 0431 68 151 476 605 7% 693 0.15 153 282 727 121 247 16.3 29 0.5 08 6.8
Dh2 674145-150m 845 676 074 224 235 078 037 232 0473 66 124 635 638 112 933 0.141 147 303 246 74 328 1586 28 0.6 3 67
Dh2 674156-160m 815 717 064 183 7 075 038 162 0439 58 168 50.2 637 70 834 0.109 147 300 180 125 24 144 28 0.6 27 71
Dh2 674.166-170m 8.68 83 0.67 206 3.02 0.89 0.44 162 0.441 58 185 G4 625 118 975 0.0%4 131 337 147 128 24 134 6 0.26 13 79
Dh2 674175-180m 116 613 1 234 154 0.87 0.36 234 0473 89 128 776 637 128 99.2 0.159 179 310 457 74 4 296 28 0.8 6.6 6.3
Dh2 680.295-300 m 7.83 739 055 174 208 081 038 127 0441 208 121 376 652 107 587 0.201 240 141 14 28 088 59 25 0.3 08 58
DhZ 680.303-310m 776 658 087 346 215 079 038 353 0435 31 112 40 56 110 54 0.207 312 139 744 61 1 81 21 02 38 6
DhZ 680.315-320m 6.54 77 063 278 281 086 038 255 0448 51 116 46 686 75 812 0.081 169 154 185 121 131 17 27 0.8 24 86
DhZ 680.324-328 m 6.56 917 076 246 383 112 046 193 0542 81 98 48 86 109 77 0.082 185 175 177 112 13 148 29 0.3 17 10
DhZ 680.335-340m 691 828 065 181 306 054 04 139 0469 101 115 432 701 86 641 0.066 185 160 226 122 116 89 28 0.3 3 82
DhZ 680.345-349 m 6.3 836 061 183 306 083 042 122 0478 120 118 427 708 100 633 0.057 176 159 151 122 118 71 29 0.7 24 82
Dh2 680.357 - 262 m 6.36 796 0.55 181 3.08 0.87 039 139 0.505 101 108 405 678 85 575 0.055 175 152 200 120 116 7 27 03 28 -5
Dh2 680.372-276m 741 81 042 222 329 0.83 038 179 0.488 69 124 511 711 rel 80.1 0.048 179 163 317 123 151 111 27 0.31 46 94
Dh2 680.389-293m 894 807 037 203 316 0.78 0.35 166 0.495 69 119 46.8 739 72 711 0.047 180 166 243 128 132 111 3 0.32 34 88
Dh2 680.410-415m 874 748 04 172 256 0.76 038 13 0.485 152 116 424 711 80 59.7 0.045 168 156 187 125 117 6.8 26 0.9 25 73
Dh2 680.427 -421m 8.03 7.06 0.35 189 237 0.7 037 17 0.455 131 115 408 638 rel 57 0.046 159 139 182 133 103 6.8 23 0.26 22 6.5
Dh2 680.446- 451 m 9.7 127 032 191 281 071 0.36 158 0.465 92 119 414 693 75 56.1 0.052 202 155 111 142 119 9.8 26 0.9 09 6.6

Oppdalen Member

Dh2 724.243-247 m 0.753 822 02 32 261 071 036 218 052 92 a7 289 114 79 66.6 0.037 151 141 979 163 049 264 25 0.37 0.1 93
Dh2 724.255- 258 m 0737 814 0.19 244 226 0.67 036 105 0522 238 a7 236 110 7% a2 0.042 147 131 133 173 029 157 22 0.32 0.2 109
Dh2 724.263-267m 0773 8.42 0.19 334 268 074 036 2 0.543 92 25 22 115 79 519 0.04 148 140 89.9 180 03 33.1 25 0.37 0.1 166
Dh2724275-279m 0.86 80 0.18 221 235 071 034 072 0517 a2 67 232 113 et 36 0.038 144 135 101 171 032 9.7 24 0.38 <0.01 79
Dh2 724282 -285m 0.843 752 02 217 235 o7 035 0.65 0526 488 70 353 110 71 335 004 154 133 112 185 028 181 23 0.3 02 11
Dh2 724294 -298 m 0937 805 021 215 22 o7 034 064 0536 451 88 218 m 71 368 0044 145 133 132 171 025 162 22 037 02 85
Dh2 724306-310m 0928 734 018 1 222 068 033 07 0478 452 68 324 107 77 337 0037 142 127 88 170 026 162 22 0.36 <0.01 98
Dh2 724315-319m 0505 774 018 214 227 069 034 069 0.545 a7 77 244 m 68 342 004 154 133 110 184 026 247 23 037 01 121
Dh2 724324 -328 m 0963 934 024 223 20 069 035 068 0537 450 67 368 m 136 376 0041 151 136 103 183 028 181 23 o7 02 16
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Continued to Table A3

Cs Ga HF Hg Mo Nb Pb Rb Sb Sc se sn Th Ti u Y Ta W Re 0s La Ce Pr Nd

ppm Pem ppm ppb ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppb ppb ppm ppm ppm ppm

0.05 0.1 0.1 1 005 0.1 05 0.2 0.1 1 0.1 1 0.1 0.05 0.1 0.05 0.1 0.1 0.01 0.001 0.1 0.1 0.1 0.1
07 3 36 182 651 173 20 148 12 7 5 3 108 033 z7 27 11 16 7153 0343 328 731 82 333
111 239 37 159 5.62 186 183 149 12 17 52 2 113 077 44 245 11 16 1110 0.292 328 704 82 328
9.96 23 35 138 597 186 211 138 13 16 7.5 3 10 0.85 46 269 11 2 1245 0.214 352 726 87 338
102 225 36 152 44 17.8 19.4 137 11 16 53 2 106 0.76 42 282 06 16 1933 0.399 354 745 89 363
9.51 223 33 172 677 19.1 218 134 13 16 87 2 89 0.89 42 305 1 14 877 0.202 349 714 87 357
101 231 34 135 3.26 197 194 144 1 18 76 2 17 078 45 322 11 15 1565 0.238 383 766 9.4 376
101 223 36 193 445 183 204 115 12 18 73 2 103 082 28 388 12 16 1911 0.425 391 845 104 27
105 2356 36 153 407 173 195 145 11 13 73 2 113 083 51 451 03 16 1171 0.221 433 923 117 4639
102 231 36 125 308 205 176 144 1 18 64 2 13 074 45 363 11 16 1145 0.221 396 836 105 414
105 234 36 121 284 203 16.7 147 11 17 54 2 116 073 4 307 12 16 10.00 0.213 351 722 9 362
9.8 217 35 176 419 17.8 18.8 132 12 16 64 2 10 0.76 39 258 11 14 1733 0.392 313 66.6 82 325
103 225 36 140 284 193 18.2 117 1 16 53 2 106 072 37 253 11 15 7.83 0.179 326 66.4 82 301
6.2 123 32 116 465 58 144 66 1 14 6.5 3 104 077 28 262 07 11 2260 0.257 313 536 75 313
717 168 35 157 56 112 183 63 12 14 83 3 56 092 28 53 08 12 3017 0.401 315 537 77 30
787 172 33 160 377 113 184 86.2 12 14 7.1 3 105 0.6% 42 263 08 13 1818 0.302 323 532 76 22
6.95 133 3 145 49 116 16.8 96.3 13 14 7.7 3 95 08 38 46 08 09 33.05 0.416 348 517 6.6 316
7.61 166 33 202 56 113 18.4 753 14 14 89 3 04 0.85 49 2756 08 12 2613 0.402 333 555 82 313
72 141 3.1 157 46 122 19.1 85.3 13 15 7.3 3 95 07 38 247 08 1 2467 0.362 367 596 6.5 315
7.14 17.1 34 166 645 106 175 84 16 13 118 3 93 154 46 264 07 12 39.13 0.551 s1 513 8.1 322
8.03 182 33 150 527 113 18.6 87.2 13 13 82 3 87 084 37 278 08 13 30.81 0.420 329 517 g 314
8.01 193 35 157 5 133 13 124 12 13 6 3 115 0.69 5 347 08 16 1748 0.329 391 678 93 358
7.28 182 33 173 7 134 13 118 14 13 66 2 11 0.67 48 342 08 16 1536 0.322 375 677 9.4 356
8.98 217 36 159 5 123 12 138 15 14 7.6 3 121 087 52 36.6 09 17 2111 0.577 412 724 9.9 382
898 218 35 182 5 15 16 133 15 13 88 3 116 1 51 356 03 18 2880 0.458 411 733 95 389
872 205 36 180 6 154 13 133 14 13 81 3 123 078 51 364 03 18 19.40 0.368 415 75 103 393
9.28 218 37 178 6 16.2 14 145 14 14 78 3 132 08 57 384 11 18 1913 0.370 241 794 114 437
8.85 2 35 193 7 157 14 133 15 14 82 3 127 087 56 353 1 17 2275 0.357 423 745 107 407
7.45 169 02 178 116 88 16.5 96.7 2.3 14 139 2 88 183 69 55 01 13 2475 0.485 394 69.5 101 413
3.18 107 03 254 239 09 145 55.9 3.6 23 37.2 1 111 106 33.2 74 <0.1 05 76.64 0.517 151 206 348 146
572 13 01 205 145 02 15.2 79.2 12 19 199 1 95 5 15.1 143 < 0.1 05 6186 0.534 817 125 213 916
7.64 13 34 168 122 123 183 113 3 14 175 2 53 243 6 383 08 13 6121 0.730 352 618 8s 352
8.25 192 35 130 17 123 20 113 3.1 13 194 2 11 153 58 303 03 15 4223 0.610 334 638 86 35
713 172 34 201 137 118 183 105 24 12 185 2 52 234 53 332 08 13 3663 0.533 307 582 8 3z
632 153 31 221 154 105 173 95 23 13 212 2 12 246 53 56.8 07 12 4239 0.536 423 81s 126 542
6.19 139 29 141 1.2 3 14.8 el 2 15 106 3 111 166 102 19.8 07 12 4236 0.491 249 679 112 45
69 158 03 152 803 o1 15.3 88.3 L9 14 105 2 88 088 82 56.5 01 13 26.49 0.445 425 69 9.7 417
5.85 137 26 151 116 89 15 64.2 2.1 15 113 3 93 161 2.2 426 07 11 46.55 0.600 387 58.1 9.7 385
744 163 03 141 103 54 16.8 805 21 15 128 3 11 184 58 458 05 13 5551 0.638 422 63 106 428
777 172 33 147 707 113 153 104 18 13 105 2 82 104 57 387 08 14 3056 0.517 341 583 75 331
8.0z 176 35 175 795 123 183 113 23 13 14 2 86 082 53 211 03 14 2971 0.438 341 598 83 333
7.67 154 3.1 167 2.08 103 183 84.8 L9 14 126 3 103 12 74 379 07 13 4894 0.5%0 394 626 10 401
8.51 183 36 169 7.56 124 18.1 113 22 13 122 2 o1 116 5.1 344 08 14 4415 0.570 326 58 76 323
834 187 34 174 845 133 19.2 113 21 12 141 3 52 11 5 322 05 14 3445 0.515 34 612 75 287
718 158 31 167 545 10.2 17.1 57.2 21 15 137 3 114 132 15 426 07 12 5550 0732 408 684 118 493
777 184 02 128 405 58 157 95.4 1 15 63 2 107 0.6% 88 782 02 13 3162 0.361 532 897 135 565
5.96 159 09 121 8 79 10 89.2 0.9 13 81 2 10 104 103 786 06 12 50.16 0.395 547 923 154 619
9 209 33 159 7.16 135 7 119 15 13 103 2 8 125 55 379 08 15 65.97 0.478 365 65.2 83 341
9.15 213 35 138 8 151 15 138 11 14 74 3 121 094 6 343 1 17 4152 0.397 [ 70 93 346
9.97 26 35 112 6.87 13.8 203 128 12 14 3 3 118 136 6.1 209 09 15 4637 0.426 378 711 9 348
9.69 224 35 97 607 121 203 128 11 14 85 3 103 103 53 283 05 15 3823 0.382 37 675 8 313
9.56 215 34 110 6543 133 2 133 12 14 86 3 103 107 55 2638 03 15 3553 0.370 354 66.6 82 322
102 231 34 133 581 123 2428 141 15 13 118 3 111 166 57 271 03 16 4738 0.478 368 695 85 328
103 223 36 135 773 123 2356 133 14 14 108 3 103 13 58 275 1 16 4938 0.471 355 683 8s 342
95 208 35 122 555 13 205 124 11 13 3 3 106 084 55 255 09 14 4745 0.443 357 657 83 325
8.67 186 38 110 298 126 18.2 106 1 13 7.6 2 04 087 55 b 08 15 39.90 0.386 355 64.8 87 331
9.39 204 39 154 457 133 203 124 11 13 83 2 95 072 64 32 09 15 4599 0.441 391 769 1 a4
108 206 28 231 74 156 208 135 0.5 15 14 3 S5 114 35 233 1 18 6.78 0.231 325 794 85 331
979 192 52 115 144 124 32 120 0.6 15 14 3 118 075 36 2356 1 16 6.65 0.201 333 7 83 327
104 203 52 137 155 153 30 135 07 15 18 3 54 0.86 37 27 1 17 1058 0.236 344 81s 88 337
9.85 177 52 99 141 146 18 120 0.5 15 08 3 1.3 0.83 36 229 1 17 1198 0.196 344 817 85 342
9.53 185 55 60 0.83 147 20.8 115 0.5 15 1 3 127 087 37 243 09 17 1924 0.230 364 844 88 343
9.21 177 51 70 151 12.2 18.8 109 0.5 15 08 3 12 082 36 33 03 18 2004 0.226 348 823 84 346
9.18 173 28 81 105 131 18.6 117 0.5 14 12 2 113 075 36 2338 03 16 9.06 0.231 352 822 8s 342
9.62 177 55 60 084 153 205 113 0.6 14 03 3 125 075 37 27 1 17 1366 0.254 361 841 8s 351
9.66 195 54 65 104 134 23 107 0.6 15 12 3 126 073 38 253 09 18 16.29 0.240 388 881 93 358
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Sm Eu Gd Th Dy Ho Er Tm Yb Lu 5"Cinorg &0 B5C% N [ [
ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm
01 0.05 01 01 01 01 01 01 01 01
55 117 48 07 3 03 27 04 31 04 -106 -106 -287 02 41 -26.2
5 114 47 07 43 03 27 04 3 04 -10.2 -10.7 -28.7 02 33 -240
66 124 51 07 48 1 23 04 32 04 -10.7 -10.5 -29.8 02 40 -232
6.3 134 56 08 48 1 3 04 33 04 -10.1 -10.8 -299 02 42 -213
67 141 61 08 53 11 33 04 33 04 -106 -104 -29.8 02 43 -240
7 152 6.3 09 59 12 3.4 05 36 04 -104 -104 -29.9 02 42 -195
83 187 76 11 7 14 39 05 41 05 -104 -11.2 -29.9 02 42 -265
95 222 93 13 81 16 24 06 45 06 -106 -106 -29.9 02 43 -28.4
84 181 7.7 1 67 14 38 05 2 05 -10.5 -10.8 -29.8 02 42 -204
6.9 143 59 08 53 11 33 04 34 04 -102 -106 -29.7 02 41 -17.0
64 125 53 07 48 1 28 04 31 04 -10.1 -106 -29.7 02 40 -228
62 122 5 07 46 03 28 04 3 04 -10.1 -10.1 -29.6 02 41 177
56 118 53 038 46 1 28 04 26 05 54 -12.1 -26.0 02 45 -135
57 112 5 07 45 09 29 04 27 05
55 109 48 07 44 08 28 04 27 05
2 125 5 07 41 1 25 03 25 04
58 115 52 08 47 03 3 05 28 05
4 13 51 07 42 1 27 03 25 04 96 -128 -26.1 -16.5
5 117 54 07 47 03 3 04 28 05
58 116 55 08 48 1 3 04 27 05
68 151 64 03 56 11 35 05 31 04 -114 -13.2 -258 03 41 27
68 159 67 1 56 11 34 05 31 04 -114 -13.2 -258 02 43 -51
64 166 6.9 1 62 13 38 05 34 05 -11.2 -13.3 -260 03 41 -10.1
62 159 65 09 57 12 39 05 34 05 -11.0 -12.8 -260 03 41 -14.8
64 167 6.8 1 3 13 38 05 34 05 -113 127 -25.8 03 42 -61
73 183 75 11 66 13 39 05 35 05 -111 -13.1 -259 03 42 99
7.7 167 66 09 57 12 37 05 33 05 -113 -13.3 -25.8 03 36 -124
84 175 78 11 76 16 28 06 a7 06 -12.2 -13.1 -259 03 43 -14.6
281 6.37 292 a1 289 5.2 186 24 172 21 -118 -14.0 -26.1 02 45 -245
163 388 184 25 166 35 103 13 54 11 -13.0 -14.0 -26.0 02 42 -221
62 141 6.1 03 58 11 35 05 37 05 -126 -13.5 -258 04 42 -205
7 132 58 08 51 1 31 04 33 04 -12.3 -13.3 -258 03 44 -155
6.3 119 53 08 51 1 31 04 35 04 -118 -124 -26.0 03 45 -85
102 206 97 14 87 17 a7 06 45 05 -12.1 -13.3 -26.1 03 44 98
8E 181 85 12 76 15 28 0.7 41 08 -13.6 -14.5 -264 03 49 -17.0
78 168 78 11 75 16 5 07 51 06 -13.5 -14.6 -26.2 03 43 -14.1
77 155 73 1 65 13 a2 06 37 07
84 168 3 12 71 15 a5 07 4 07
66 129 57 08 56 12 36 05 38 05 -13.2 -15.5 -26.2 04 43 -185
5 137 58 03 57 13 37 05 4 05 -12.2 -14.0 -26.1 03 41 -14.0
82 152 7 1 6.3 12 4 06 35 06 -118 -138 -26.2 03 48 -16.7
55 123 54 08 51 11 33 05 37 05 -118 -14.5 -26.1 0.4 42 -17.0
43 109 46 06 48 1 3.1 05 32 05 -115 -14.3 -260 0.4 41 -17.2
94 19 ] 13 75 14 23 06 35 06
12 264 117 17 111 23 65 08 58 0.7 -116 -126 -25.3 03 37 -185
121 312 139 19 121 24 7 08 49 0.7 -113 -13.8 -256 03 42 -126
66 133 58 08 57 12 37 05 38 05 -104 -12.3 -254 03 40 -30.8
6.3 145 58 08 53 11 37 05 34 05 25 -120 -254 03 55 -285
58 12 52 07 5 1 31 04 35 04 -10.1 -12.0 -254 03 41 -26.1
58 112 45 07 43 03 28 04 33 04 -10.2 -116 -25.3 03 41 -250
55 107 46 05 44 03 28 04 32 04 -10.2 -12.0 -25.3 03 33 -245
58 108 48 07 44 03 3 04 33 04 -10.3 -12.0 -25.3 03 33 -26.3
65 113 47 07 47 03 23 04 33 04 -10.1 -128 -25.1 03 37 -274
53 105 46 07 44 03 27 04 31 04 -11.1 -14.1 -25.1 03 40 -238
56 114 48 07 46 1 3 04 32 04 -10.2 -118 -25.1 03 33 -213
78 147 66 09 57 11 33 04 35 04 -104 -126 -250 03 38 -256
49 113 5 07 47 1 28 04 31 04 7.1 -10.2 -24.9 0.1 35 -42.1
56 118 48 07 48 03 27 04 3 04 8.1 93 -254 0.1 35 -38.4
62 116 5 07 5 1 23 04 32 04 83 -10.7 -25.2 0.1 32 -385
6.1 115 48 07 44 03 27 04 3 04 71 -10.7 -25.1 0.1 36 -35.6
71 118 51 08 48 1 28 04 32 04 83 -113 -25.1 0.1 33 -415
6.8 122 53 07 46 1 27 04 3 04 75 -119 -25.1 0.1 33 -40.9
67 12 55 08 49 09 28 04 31 04 -80 -107 -25.3 0.1 34 -413
3 121 55 08 49 09 29 04 33 04 82 -104 -25.3 0.1 37 -40.8
61 122 52 08 49 1 29 04 33 04 75 -104 -25.3 0.1 37 -414
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THSR drill care
smpya Men TOC (wt) Al Fe Mg Na T Cu 1] Ni P s n o
DHER 489, Tes 77 07 35 27 13 [ 153 056 287 120 EX3 G 136 545 0058 146 130 122 141
DHSR 489, 198 891 064 266 327 147 057 159 0551 & 137 492 101 142 598 0053 150 138 132 161
DHSR 489, 2 238 063 EE] 138 153 06 099 0599 259 159 458 105 152 a9 0057 154 41 120 167
DHSR 489, 183 206 067 4 323 147 08 198 0533 55 116 482 6.1 1 607 0054 160 137 159 164
DHSR 489, 213 899 045 309 3 135 064 11 0528 m 132 528 %63 125 586 0048 156 136 124 164
DHSR 491, 174 886 057 617 341 2 042 131 0495 219 126 50 8 02 52 153 16 128 110
DHSR 491 105 907 043 499 356 157 042 236 0521 &0 102 60 a4 184 68 146 7 135 111
DHSR 491 212 1 038 a3 378 163 047 201 0542 & 218 s9 99 17 65 147 150 143 15
DHSR 491 212 s 045 an 383 167 051 156 0547 182 99 s7 97 128 61 163 155 143 18
DHSR 491 221 10 048 339 354 156 o051 108 0545 298 134 a £} 142 52 7 160 134 128
DHSR 491 231 10 042 368 366 149 046 147 0554 158 104 54 a3 143 61 155 153 146 123
DHSR 491 242 937 043 353 353 154 048 143 0587 566 142 52 9 152 80 m 158 135 122
dalssita Member

DHSR 542. a7l 909 038 341 367 106 053 257 052 a7 132 54 634 ) 706 0078 145 159 816 161
DHSR 542 759 858 022 394 348 085 052 326 0498 2 198 n 676 104 916 0058 147 1w 196 203
DHSR 542 543 922 03 291 308 097 051 197 0516 74 185 s24 644 % 625 0051 141 162 137 178
DHSR 542 576 791 043 248 211 108 o0s 243 0.498 & 166 625 63 16 72 0081 164 139 an 166
DHSR 542, 567 873 029 209 n 034 052 236 0534 3 181 517 616 ) 669 o078 158 146 m 179
ivfiellet Member

DHER 509, 509 727 055 259 277 094 041 21 0.466 m2 206 3 56 107 180 0075 74 123 1 119
DHSR 599, 586 74 051 an 285 086 038 247 0438 e m sg 56 3 F) 063 182 132 138 120
DHSR 599, 13 437 388 985 181 296 [5) 700 0261 18 27 2 Ed 552 614 0078 203 113 618 81
DHSR 599, 615 738 05 ar 304 087 039 374 0469 2 m a7 57 103 280 0076 200 134 14 116
DHSR 599, 619 884 047 22 352 098 04 179 0527 96 183 57 6 86 13 0061 189 157 269 118
DHSR 599, 621 818 051 262 356 102 041 200 0528 & 224 a7 6 m 300 006 186 163 s 119
DHSR 599, 584 81 051 258 349 100 o1 207 0518 57 207 a7 62 100 23 0058 183 155 190 14
DHSR 00, 636 231 05 246 i 101 051 188 0566 E 166 27 0 107 68 0.085 200 167 101 168
DHSR 600. 641 893 046 28 392 1 044 217 0632 8 106 a & 152 100 0.087 218 78 9% 121
DHSR 600. 639 812 032 267 209 093 039 252 0524 6 m 529 7 102 71 71 153 161 £ 82
DHSR 600. 623 894 046 276 ENES 11 041 217 054 58 a8 55 63 107 64 0.078 198 pe %0 119
DHSR 600, 641 853 043 292 332 101 044 233 0508 %0 182 a1 59 £l 129 0076 i 165 148 123
DHER 600, 693 72 04 26 29 08 03 231 0527 113 118 511 413 157 703 0.058 152 143 146 133
DHER 600. 665 757 038 259 208 088 038 229 0509 3 105 269 79 91 662 0057 182 160 987 7
DHSR 600. 715 79 037 249 228 091 04 208 0524 7 116 525 805 a7 ns 0068 185 w0 124 %
DHSR 607, 674 692 043 229 288 081 035 17 0466 7 122 199 629 7 621 0058 197 180 674 126
DHSR 607, 163 162 008 23 066 015 007 20 o111 76 a3 133 128 7 748 o012 a7 4 173 33
DHS5R 607. 782 7 045 247 278 08 035 248 0438 70 138 292 641 8 75 0057 26 198 894 131
DHSR 607, 715 683 045 224 243 081 034 207 0435 7 133 479 623 n 645 0058 215 189 587 124
DHSR 607. 659 658 044 182 220 08 033 151 0431 106 131 EDS €23 n 5.7 0083 m 185 665 123
DHSR 607. a7 676 038 an 237 om 032 225 0454 & 135 537 602 66 76 0056 20 208 24 123
DHSR 607. 869 654 04 262 253 o7 033 27 0441 a7 134 571 611 i) 856 0051 15 198 547 124
DHSR 607. 732 741 045 am 241 087 037 261 0428 5 134 72 547 & n2 0054 27 198 891 129
DHSR 613, 891 844 042 288 28 084 047 0538 38 178 628 704 103 n 0091 241 268 1 161
DHER 613 853 902 047 244 289 103 048 0544 53 129 537 7 108 654 0098 257 275 12 154
DHER 613 888 67 04 29 26 08 03 0507 & 136 608 851 94 s 0103 201 28 98 132
DHSR 613, 753 656 031 235 257 073 034 0447 8 13 395 659 65 816 058 28 210 122 17
DHSR 613, 834 854 033 29 293 033 037 0439 56 185 s1 65 &8 129 0061 26 73 161 123
DHSR 613, 781 7.18 028 182 wn on 033 0457 80 2 a19 657 81 529 0,058 m 28 507 116
DHSR 613, 84 82 031 20 289 078 036 0465 £ 126 466 7 62 551 0065 256 269 133 127
DHSR 613, 103 926 036 249 295 100 0.8 0591 ) 159 631 75 u8 0,058 m 05 343 169
DHSR 613 706 663 037 198 257 on 037 0.445 & 116 w7 67 7 0083 239 225 [ 17
DHSR 613, 608 784 031 218 294 08 035 0459 8 125 462 694 =] 0052 268 259 5 123
DHSR 613, 17 82 038 an 269 093 045 0521 7 189 814 7 m 0078 257 8 731 160
DHSR 613, 844 833 036 234 295 092 04 0501 i) 182 50 & 140 0054 242 261 254 119
DHSR 613, 886 7.1 03 2 28 07 03 0548 138 135 58 461 a1 0053 183 237 173 128
DHSR 613. 801 698 025 188 263 065 034 0455 115 121 08 625 ” 0,057 181 29 1 116
DHSR 613, 802 7.75 03 233 308 076 036 0458 74 128 469 692 57 0059 2 268 %62 128
DHER 13, 205 895 034 27 205 097 046 0531 36 4 7 75 ” 0058 27 266 202 187
DHER 613, 845 897 033 283 320 084 039 0527 & 120 57 & & 0.062 264 282 m 116
DHSR 613, 79 701 028 18 258 067 03 0471 £ 124 28 645 66 0067 205 254 152 119
DHSR 613, 893 87 037 314 273 092 049 0524 33 pEE] 568 n L] 0082 227 258 24 151
@dalen Member

DHER 655, 118 741 025 215 246 076 04 071 0531 355 78 21 & 125 D 0.042 131 1 8 144
DHER 855, 116 747 025 239 247 074 041 092 0507 188 122 24 8 115 27 0.04 17 110 7 142
DHSR 655. 111 682 025 2m 228 072 036 062 0509 a6 168 2 62 104 154 004 17 106 82 135
DHSR 655, 112 66 032 219 252 069 037 071 048 238 179 2 60 114 262 038 21 105 94 151
DHSR 655. 107 673 034 23 228 073 036 077 048 352 209 2 50 129 363 0038 18 102 125 153
DHSR 655 12 666 026 236 238 07 037 085 o051 434 223 2 62 120 225 004 133 104 95 169
DHSR 655, 115 695 031 23 251 07 039 066 0503 483 229 2 62 134 354 004 134 105 £ 150
DHSR 658, 137 s 033 16 296 118 057 135 0593 147 71 17 128 169 ar1 0052 166 173 130 183
DHSR 658, 133 888 028 EEZ] 178 088 042 129 0546 7 0 74 120 3 a4 0052 164 158 103 142
DHSR 658, 125 877 03 459 208 088 04 3 0536 62 50 29 u3 15 504 0052 165 153 106 138
DHSR 658, 142 >0 033 448 316 117 057 23 0573 53 798 82 126 208 539 005 15 168 123 179
DHSR 858, 118 875 027 281 15 086 04 08 055 a5 61 241 m 109 07 0051 m 8 19 M1
DHSR 658. 119 10 034 aa 279 117 055 246 0602 40 i 405 123 3 404 0053 163 66 130 174
DHSR 658, 135 998 033 327 306 116 055 104 064 148 8 367 125 151 a7 0.057 161 167 145 180
DHSR 658, 131 885 029 28 19 087 041 066 0541 540 6 218 116 12 06 0052 143 149 %06 146
DHSR 658, 134 >0 03¢ 241 314 116 056 232 0595 a6 86 ar 126 197 552 0054 166 159 150 179
DHSR 663 04 598 027 174 219 049 035 04 0433 364 179 15 4 @ 189 0037 10 7 56 131
DHER 663 0469 641 028 264 22 0s1 033 168 0423 m 192 2 a1 @2 333 0037 121 75 62 17
DHER 663, 0485 631 021 156 220 044 035 039 0.408 451 199 1 a2 b 23 034 143 62 53 110
DHSR 663, 0.481 567 021 15 218 0.46 034 031 0.401 m m 14 a =) a19 035 €7 62 sa 108
DHSR 663, 0523 58 023 163 215 042 033 047 0.459 Erd 208 19 a2 ” 50 035 104 80 53 122
DHSR 664, 0449 5.88 022 157 12 04 035 045 0442 430 175 14 20 13 326 0035 165 I 54 137
DHSR 664, 0454 58 o2 156 211 038 033 041 043 365 223 1 38 &5 281 0035 100 7 51 143
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AL cd e He Mo Nb Rb sb se e sn
07 221 22 03 02 114 98 15 a3 75 23 206 1.7 129 05 18 24 3 125 07 42
074 161 32 03 03 108 9.94 246 6.9 74 226 374 193 165 06 19 29 3 113 0.84 34
0.64 105 32 03 03 a7 104 172 72 62 153 406 195 170 05 20 18 3 125 081 34
0.68 231 31 028 04 114 9.79 248 69 ” 291 384 198 163 0.6 18 24 3 105 0.85 as
075 108 29 029 04 105 9.87 20 7 59 162 378 184 164 0.6 17 27 3 118 0.85 34
o5 169 29 023 015 9 103 2 34 72 3 181 14 157 05 17 28 3 184 083 £
07 256 28 03 01s 12 .99 229 34 54 2 179 17 141 06 16 38 3 106 096 34
08 175 3 031 04 12 104 201 35 87 2 19 16 162 06 16 3s 3 101 096 39
07 15 3 031 03 1 105 233 36 87 1 188 15 160 06 16 a 3 146 099 39
06 105 3 03 03 10 108 234 38 60 0s 202 12 155 05 16 28 3 146 093 a
07 158 3 031 04 12 11 238 37 7 05 194 15 160 05 16 38 3 144 1 39
11 143 31 033 015 1 12 209 39 7% o0s 202 14 176 06 16 38 3 149 096 s
075 351 32 028 07 10.2 9.22 25 6.7 145 5.85 267 19.4 158 0.9 17 48 3 104 106 5
172 264 29 032 25 102 8.76 2 76 141 916 253 239 152 1 17 71 3 87 143 ss
122 25 32 03 12 B 8.41 23 69 102 488 2 186 131 08 17 a6 3 83 099 a1
183 206 25 028 52 88 797 216 66 81 838 236 202 132 09 15 76 3 87 136 a9
127 381 28 028 41 s 796 221 69 8 574 247 187 123 08 17 46 3 81 114 as
o7 18 21 0.22 04 8 6.9 16 3.8 145 7 1.7 9 111 11 1 48 2 1 0.68 45
0.9 221 24 0.23 05 9 7.7 17 3.8 167 5 127 13 116 12 1 59 2 108 079 47
05 143 12 0.14 43 5 411 105 22 124 10 8 9 69 0.7 27 61 2 65 05 a7
12 315 23 0.22 04 8 747 17 36 187 10 128 12 115 12 1 72 2 10.6 0.85 53
13 182 25 027 21 3 8.86 154 38 141 3 151 12 135 13 12 63 3 135 102 a3
14 184 26 027 07 10 8.93 199 3. 152 12 148 12 136 13 12 75 3 127 093 5
11 226 28 026 11 10 8.49 188 37 141 12 139 14 131 14 12 68 3 134 104 a9
122 182 32 027 04 &84 881 226 69 128 597 252 159 137 13 17 53 3 103 079 51
12 162 28 027 04 9 9.49 212 37 143 7 254 12 148 12 14 6.2 3 131 092 54
2 184 29 028 (41 75 8.82 174 36 146 5.98 116 182 796 12 14 6.2 3 1 095 54
11 159 29 027 04 9 9.63 21 36 146 5 153 13 143 11 13 6 3 126 0.89 5
1 204 25 025 07 3 89 205 36 128 8 145 11 139 12 13 64 3 116 092 51
11 155 19 03 06 a1 83 144 29 135 56 124 177 109 11 15 59 3 57 07 37
15 161 28 027 05 7 88 17 3s 138 513 114 177 804 1 14 57 3 11 077 s4
153 167 29 028 07 75 a58 185 36 135 466 12 185 833 1 14 65 3 125 083 &
118 164 28 025 03 71 891 185 36 248 313 124 193 124 18 13 83 2 a4 o088 a3
037 143 05 0.06 03 3 224 46 08 363 525 37 82 308 2.2 3 56<1 27 079 11
2.44 149 25 023 07 74 871 185 36 226 492 122 181 120 22 13 109 2 04 099 as
156 146 24 025 04 7 896 181 36 191 s0s 121 189 110 2 13 95 2 a3 092 a8
133 108 24 025 07 68 874 178 s 102 278 121 176 107 16 13 78 2 102 077 a3
218 141 25 027 28 786 88 183 34 163 498 12 184 102 18 13 17 2 26 128 a6
215 216 23 025 78 81 838 186 s 168 s8s 18 187 109 21 12 17 2 52 182 a7
201 163 25 024 09 71 s 185 s 176 599 124 19 106 2 13 11 2 54 11 a9
18 20 31 027 14 81 834 222 64 159 a2 233 185 123 2 17 n 3 89 o7 a9
161 183 32 0.27 07 78 877 228 6.2 193 4.05 243 13 133 18 17 10 3 9.9 075 5.5
2 237 21 03 06 8a 7.6 142 29 188 48 123 193 955 2 12 106 3 72 08 4
176 154 25 025 1 7 828 183 33 183 583 18 207 109 27 13 16 2 85 075 a8
18 234 29 027 1 B 21 204 s 236 6 14 15 124 2 13 15 3 29 o83 58
11 115 26 026 0s 64 265 189 3.4 157 105 119 196 110 16 1 96 2 %6 062 s1
137 131 28 028 1 72 10 204 a7 103 151 129 206 125 2 15 102 2 19 o84 56
26 211 33 029 s B 213 242 56 159 sa9 25 19 137 22 18 1 3 101 102 B
126 114 25 022 09 68 8.04 177 34 147 3.68 117 16.6 104 17 13 87 2 81 0.66 46
138 135 27 027 06 72 9.85 201 36 i 4.05 133 209 125 2 13 101 3 106 0.84 5.5
313 283 32 0.28 9.6 101 8.06 233 6.1 203 17.2 227 19.2 125 6 16 15 3 9 159 6.1
18 148 a7 0.26 19 9 841 193 35 176 6 132 13 119 18 13 9.9 3 111 075 5.4
18 143 21 03 14 86 84 147 29 163 44 125 20.7 100 17 15 9.2 3 79 o7 ER
098 108 27 0.29 05 68 £.96 193 35 178 285 122 19.4 102 17 12 %4 2 16 o7 34
126 152 28 028 07 75 5.87 207 36 188 a1 132 188 120 2 12 1 3 53 075 55
205 213 33 023 18 81 811 241 62 180 541 241 205 138 22 17 17 3 58 081 57
19 197 3 0.29 19 10 9.84 214 35 209 & 148 18 138 2 14 116 3 109 099 63
123 106 25 0.26 16 69 8.66 195 35 154 298 121 18 102 17 13 97 3 85 06 42
211 248 32 028 27 &84 82 23 6.1 235 4.96 228 20.1 122 23 16 128 3 a1 0.87 5
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Table A4 New Hg contents in GRL and MNS shales by DMA with the previously published geochemical data from Georgiev et al.

(2011) and Georgiev et al. (2012)

| Rock-Eval pyrolysis

I IMajor and trace element data

depth in
AIRIE Run # Sample # outcrop Avg. Hg TOC HI [e]} Al Ca Fe Mg S Cr Cu Mn Ni P Sr V Zn Cd Co Mo Rb Sc Th Re Os
or core ppb wt % mg HClg TOC mgCO2gTOC  unit —> Wt % Wt % wt% wt % wt% ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm  ppb ppb
(m) [S2/TOC | [S3TOC]  detection limit 0.01 0.01 0.01 0.01 0.01 1 05 2 05 50 05 1 1 0.01 01 01 02 01 01
East Greenland lGRLI Ravnefield Formation, outcrops samples, Triaselv area
GRL-0O1-a - Southeast side of Triaselv, Upper layers
ORG-210  GRO08-SD9 0.00 106 109 108 241 157 43 146 362 348 117 05 40 322 520 576 320 113 44 232 18 176 268 396 64 79 2495 03291
ORG-169  GR08-SD1 -1.20 % 97 %5 303 202 22 13 515 297 115 106 42 303 454 587 350 159 62 304 424 135 356 352 58 7.7 28333 08385
ORG-170  GRO08-SD2 -1.40 104 107 105 3.04 180 35 13 621 304 112 078 40 319 514 658 400 156 64 270 377 168 453 348 65 77 10060 06353
ORG-171 GR08-SD3 -1.60 112 114 113 3.00 201 36 146 403 331 124 05 43 367 447 691 400 127 72 302 408 192 402 385 66 86 9515 06103
ORG-172  GRO08-SD4 -1.80 L] 102 100 257 153 43 15 411 346 129 081 43 339 428 685 400 134 77 314 364 182 413 399 68 79 115675 06085
ORG-173  GR08-SD5 -2.80 88 % 91 287 201 33 148 519 328 131 089 41 349 399 815 490 147 78 303 376 146 318 375 65 74 15619 08037
ORG-207  GR08-SD6 -3.10 85 88 86 250 194 37 15 607 33 135 112 41 333 400 72 460 143 77 202 365 166 341 369 62 7 14884 06911
ORG-208  GR08-SD7 -3.30 88 % 91 251 168 i 15 607 336 135 112 41 333 400 72 460 143 77 292 365 166 341 369 62 7 14588 05860
ORG-209  GRO08-SD8 -3.60 131 134 132 6.04 276 31 127 501 317 116 165 45 388 368 101 440 151 130 414 599 183 753 322 61 79 32823 14448
GRL-O1-b -Southeast side of Triaselv, 10 meters lower in section
ORG-212  GR08-SD11  -13.60 34 36 35 17 225 36 053 202 155 047 08 20 152 258 40 220 759 20 368 265 109 132 149 3 31 4010 02611
ORG-310  GR08-SD17  -14.80 58 59 58 4.05 164 42 13 13 353 11 061 45 365 314 683 430 633 54 158 1.8 191 242 406 61 87 5955 06603
ORG-309  GR08-SD18  -14.85 60 62 61 393 166 47 127 212 326 102 055 51 345 332 672 410 866 51 157 195 17.6 225 375 59 83 4833 06159
ORG-308  GR08-SD19  -14.90 52 55 53 349 156 53 125 186 322 102 061 49 305 316 693 400 705 51 220 189 183 231 383 61 78 4672 05796
ORG-307 GR08-SD20  -14.95 25 27 2 149 195 44 068 108 181 065 051 23 164 566 309 310 177 29 110 228 94 123 201 49 42 2076 02614
ORG-311  GR08-SD21  -15.02 45 43 44 216 142 47 128 225 324 102 066 35 203 381 53 350 685 47 201 185 188 215 405 64 B8 3034 0347
ORG-312  GR08-SD22  -15.07 45 49 a7 22 156 4 128 18 320 103 064 37 30 372 617 340 603 46 163 158 19 235 396 59 77 4336 03517
GRL-02-a - Triaselv, opposite (north) side of creek
ORG-400 GR08-SD23  0.00 84 2 87 319 185 # 141 436 338 091 101 57 331 555 658 310 145 49 705 413 189 275 397 65 77 7131 04011
ORG-401  GR08-SD24  -0.07 74 80 77 294 159 55 161 4690 374 102 032 40 335 540 588 300 154 50 976 309 182 236 373 6 74 3350 0359
ORG-402  GR08-SD25  -0.17 79 83 81 234 182 34 122 51 295 08 08 35 275 560 538 270 170 38 689 384 171 186 339 58 64 8053 03237
ORG-403 GR08-SD26 -0.22 76 80 78 255 218 21 124 475 294 083 13 35 28 581 556 330 149 37 513 375 197 218 358 6 71 12279 03444
ORG-300  GR08-SD27  -5.22 36 3 38 319 146 67 082 38 247 048 038 26 379 253 582 330 156 39 1220 106 127 269 259 53 53 2015 05463
ORG-301  GR08-SD28  -5.27 38 2 40 291 215 49 086 229 262 051 04 41 419 255 669 340 981 34 1450 17.3 12 229 263 5 55 1456 04410
ORG-302  GR08-SD29  -5.67 29 30 30 290 152 59 085 25 173 032 087 75 274 328 815 240 666 22 773 802 9 135 176 34 37 1110 03738
ORG-305 GR08-SD30  -5.72 24 25 25 185 219 2 06 39 172 038 047 33 239 444 477 260 806 23 648 88 83 159 204 38 41 11818 02634
GRL-02-b - Triaselv, opposite (north) side of creek
ORG-285 GR08-SD31 -10.72 73 74 74 553 3n 32 055 146 202 048 05 50 221 520 823 590 320 119 775 198 129 109 158 39 4 16499 1.4297
ORG-286 GR08-SD32 -10.76 88 94 o1 6.84 318 34 057 134 212 048 056 63 261 467 107 720 320 141 935 231 149 134 163 4 46 198.08 1.9534
ORG-287 GR08-SD33 -10.79 76 78 77 6.05 335 46 055 148 1.83 049 054 24 232 455 723 630 385 114 709 232 122 894 1% 39 38 15356 1.5164
ORG-288 GR08-SD34 -10.84 95 98 9% 6.57 310 37 099 678 306 061 034 30 328 481 106 700 189 160 808 145 206 941 242 45 62 13019 15809
ORG-289 GR08-SD35 -10.94 139 144 141 414 259 51 116 601 359 07 03 123 373 606 173 820 160 123 35 92 261 679 297 55 73 8460 1.3532
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Continued to Table A4

East Greenland ( GRL) Ravnefjeld Formation, shallow drill-core GGU 303102, Triaselv area

Upper Laminated Unit of the Ravnefjeld Fm.

ORG-454
ORG-455
ORG-456

ORG-428
ORG-429
ORG-430
ORG-431
ORG-432
ORG-452
ORG-433
ORG-453

ORG-405
ORG-475
ORG-407
ORG-476
ORG-477
ORG-478

ORG-321
ORG-322
ORG-323
ORG-324
ORG-344
ORG-345

ORG-363
ORG-364
ORG-365
ORG-366
ORG-367
ORG-368

ORG-384
ORG-385
ORG-450
ORG-386
ORG-387
ORG-451

4.562-4.572 127
4.587-4.603 119
4.626-4.633 134
Lower Laminated Unit of the Ravnefjeld Fm.
9.898-9.901 93
9.916-9.925 108
9.976-9.980 102
10.064-10.072 92
10.113-10.122 98
10.122-10.135 95
10.136-10.148 106
10.158-10.164 12

Upper Laminated Interval 1 (UL1)
241.10-241.12
241.12-241.14
241.14-241.16
241.16-241.17
241.19-241.20
241.92-241.94

Upper Laminated Interval 2 (UL2)
243.63-243.66
243.66-243.68_vp la
243.66-243.68_vp Ib
243.68-243.71
243.89-243.92
243.92-243.94

Lower Laminated interval (LL)
254.92-254.94
254.94-254 .96
255.02-255.05
255.06-255.08
255.13-255.16
255.18-255.20

Bottom Shale (BS)
279.35-279.37
279.39-279.42_vp la
279.39-279.42_vp Ib
279.42-279.45_vp |
279.45-279.47
279.50-279.53_vp Ib

*not measured

ore IKU 6611/09-U-01

17

135
127
143

96
113
109

99
108
102
105
122

12
no remnant
16
17
no remnant

131
123
138

o
108
105

93
103

98
106
17

80

79
93

61

8k

48
51
51
43

20
12
10
15

17

229
220
233

431
383
358
361
3.50
3.18
378
327

3.34

389
291
367
3.09

321
312

293
298
275

297
314

310
313
3.31

0.62
0.95
074
0.55
0.77
1.15

m
169
179

345
333
338
333
336
323
334
338

BRBIBS

BaB8REY

157

2.64
2.58
258
2.73
285
251

7.14
6.68
7.4

6.57
719
6.92
6.34
6.36
8.30

376
347
37

4.14
4.38
382

467
392

413
406
372
447
439
379

1.54
148

14
1.38
142
142
142
1.33
1.35

1.3

1.86
173
171
1.86
1.87
1.66

301

023
041
0.21
020
027
054

528283888

559888

12
1

32498

8555835

38
384

37.9
36.8
31.7

343

357
377
37.3
294

361

366
367
353

381
24
311
431
300
237

612
677

381
407

418
424
397

431
420

423
425
367

513
510

429
426

493
535
490
481
485
511

724

59.6
766
81.4

704
71.2

57.4
65.2
519
60.9
593
524

330
290
340

370
350
360
370

8838

28

[
S

1
1

S
3

750
670
620
620
660
590

161
148
158

219
224
222
247
225
222

196

2383

=

TLEBILRE S

TXLIRBRS

2833833

S66&581%

156
14
175
132

120

29
268
279

1.08
177
221
0.85
214

262
213
261

1.79
1.54

0.75

061
069
0.81
0.82

017
0.19
0.12
013
0.17
0.16

235
243

216
258
255
236
254

25.1
246

235
245
237
252

222

249

247
255
256
254

204
31.7
19.7
215
219
256

233

272

459

60.2
478
56.7
433
457
453

248
38.7
332
339
352
349

287
186
257

384
327

02
03
0.1
02
01
02

57.1
55.8
459
515
515
486

56.3
586
59.8
574
586

519
65.9
60.9
57.6
62.9
69.2

1.2
1.6
"7

14
129
127
1.9
123
10.6
126
"7

127

126
132
"7
1.8

144

121
134
127
139

141

15.1
147
149
14.6

136
153
135
135
146
153

15.2
14.9
133
155
135
149

1486
125
14.1
144
142

15.3
16.3
16.3
15.2
15.2
154

98
1186
111
107
17
17

79.34
69.30
72.84

32332
246.21
218.05
226.77
156.18
146.70
214.60
210.01

48.16
133.41
281.92

2827

99.33
156.44

104.13

156.35
170.85
122.02
109.33

25.15
15.82

48.66
79.42
65.97

310
8.08
3.26
2.93
208
5.73

0.3618
0.3435
0.4571

0.1736
0.1239
0.1754
0.2466

0.2934

0.1231
0.1388
0.0852
0.0883
01012
0.1573
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