Reconsttoctal oamd ip @k @ madenddoifxtdirhoen s
noeatsdhtant hgBass i sh Coéxmpmbeasi €anaf
Toarcian Q@Ervbounsii@nghmiotxky approach

by

Alexandra Kunert

A thesis
presented to the University of Waterloo
in fulfilment of the
thesis requirement for the degree of
Master of Science
in

Earth Sciences

Waterloo, Ontario, Canada, 20

© Alexandra Kunert 220



Aut hor s Decl arati on

| hereby declare that | am tkele author of this thesis. This is a true copy of the thesis,

including any required final revisions, as accepted by my examiners.

| understand that my thesis may be made electronically available to the public



Statement of Contributions

The content of this thesis is my own work. Preliminary data (2018 sample set XRD,
major & some trace elements, and carbon content) from this thesis was published in a
Summary of Activities technical paper for Geoscience British Columbia (Kunert, et¥9), 20
with my supervisor Dr. Brian Kendall, and collaborators at Petronas Canada (Dr. Tom
Moslow, Gerry Nyberg, Bernadette Pedersen) and Sasol Canada (Craig Smith). No portion of

the technical paper has been used in the writing of this thesis.



Abstract

TheToarcian Oceanic Anoxic Event{@AE) of the Early Jurassic is one of several
Mesozoic instances of expanded ocean anoxia, coupled with feedbacks and perturbations in
Earthdos systems. The drivers for thesghat f eedb:
the event is initially rooted in the emplacement of the Kidfeorar large igneous province.

The T-OAE is also linked to a secomder mass extinction in the marine and terrestrial
realms. Study of the-DAE aims to provide insight into the causesl consequences of the
environmental changes, which may be applicable at present given that some of the
characteristics of the-DAE (e.g. carbon inputs leading to global warming) are reflected in the
modern environment. The purpose of this study, whackhised on an Early Jurassic section
containing the JOAE in northeastern British Columbia, was to provide extensive insight into
the local depositional environment, as well as a glimpse at the global ocean paleoredox

conditions across the duration of theet.

In northeastern British Columbia, the Early Jurassic is divided into the Gordondale
Member and Poker Chip Shale of the lower Fernie Formation. The studied drill core contains
both members; the Gordondale is the basal member composed of gigardalcareous
mudstone, whereas the overlying Poker Chip shale is a siliceous mudstone to siltstone unit. To
provide context for the-DAE in the study core, organic carbon isotope compositions were
profiled in search of a telltale negative carbon isotopaieskon (NCIE) which signals the
event zenith. The event was identified by a€NE in the uppermost 7 meters of the
Gordondale Member below the contact with the Poker Chip Shale.

Local paleoenvironmental reconstruction was accomplished using elenaseiatal r
sensitive trace metal geochemistry to determine the redox regimes (oxic, suboxic, anoxic or
euxinic) and hydrography (open versus restricted) of the depositional basin. The Gordondale
Member was characterised as anoxic to euxinic. Elevated Mo analtd 8rOug/g and 2757
Kg/g, respectively) suggested some intervals were deposited in an euxinic environment. The U
and Re concentrations are also elevated in the euxinic intervals (upgdg3dnd 878 ng/g,
respectively). Intervals with lower Mo and drecentrations (< 5ag/g and < 28%g/qg,
respectively) but elevated U and Re content (up tpd3g and 287 ng/g, respectively)

indicated anoxic (nosulfidic) conditions. The Poker Chip Shale was characterised by suboxic
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conditions (moderate Mo, V, U, aite concentrations; < 3ig/g, < 248ug/g, < 6.3ug/g, 86

ng/g, respectively). The cored interval was characterised as having been deposited in an open
marine upwelling zone environment. This interpretation is based on &ud kuvariation trend
similar tothe modern North and South American Pacific coastal basins (e.g. California,
Mexico, Peru), and a Cio covariation trend indicating substantial primary productivity as a

result of upwelling nutrientich deep waters.

The T-OAE was a period where seaflaomoxia and/or euxinia is thought to have
expanded across the global oceans. An estimate of the global area of seafloor anoxia and
euxinia can be obtained from recentlgveloped mass balance models for elemental Re and
Mo. Samples deemed anoxic (enrichinfiactors of U > 3.6 and Re > 100) or euxinic (anoxic,
and enrichment factor of V > 3, S/Fe > 1.15) were grouped stratigraphically by those which
occurred beforethe®& 1 E {NACRrEed) , and-CUEr ( hgotpe€MED, 0l o
and A u®lpkEdadhe rdsuls of the mass balance model illustrated an expansion of anoxic
and euxinic seafloor areas at the onset of i@/l (PreN-CIE to lower NCIE) from ~1% to
6% of the total seafloor area. This was followed by a contraction of the anoxic and euxinic
seafloor areas from ~6% to 4% of the total seafloor area from the lower to upper portion of the
N-CIE.

An attempt to link the expansion of anoxic and euxinic seafloor areas toilkamoar
large igneous province activity was made using a sedimentaryd®y. (frevious study
indicated that the utility of the proxy may decrease with increasingly distal (deeper waters,
farther offshore) marine deposition. No distinctive Hg signature was associated witiCike N
in the study core. As the study core was imetgrd as having been deposited in a deep
water/offshore environment, the lack of a Hg signal for volcanic activity was possibly affected
by distal deposition. Thus, no conclusions were drawn from sedimentary evidence of enhanced

volcanic activity.

While nodirect link to the KarobFerrar province was made within the core, the mass
balance models suggest that thOAE was indeed a period of expanded anoxic/euxinic
seafloor area, at least in part. The maximum 6% total seafloor area covered by anoxia/euxinia
was most likely located along the continental margins, thus the deep waters of the abyssal

plains and central ocean likely remained oxygenated. These findings have demonstrated that



the TFOAE was a minor event relative to the wieln o wn A Bi g ®Boos, yetatsvas e Xt i n
still associated with biodiversity loss. By monitoring modern anoxic/euxinic seafloor area, it

may become possible to track the changes i n
ancient OAE events.

Vi



Acknowledgements

This project wasupported by a Mitacs Accelerate Internship and partner organisations,
Petronas Canada and Sasol Canada. Through the collaboration, | received enthusiastic support
from Gerry Nyberg, Bernadette Pedersen, Dr. Tom Moslow, Wayne Hovdebo, Audrey
Whitlock andStav Michailides at Petronas, and Craig Smith at Sasol.

While in Calgary for the 2 twaononth Mitacs internships, not only did | get to sit in a
very luxurious cubicle at Petronas (with a panoramic view of the Rockies), | also got to play
withmyrocks ie At he study coreo) at Weatherford La
| want to thank Jing Chen at Weatherford for her hospitality and providing me with all the tools

necessary to perform my work (including a fréstkedplateof chocolate chip cooks).

Geoscience BC supported this project through their Geoscience BC Graduate
Scholarship program. This ensured the publication of a technical report (Katredrf 2019) in
their annuaBummary of Activities: Water and Energynd presentation of eanlgsults at
GeoConvention 2019 in Calgary.

Technical support for carbon isotopes was provided by Bill Marks at the EIL, who
helped me out with sample prep and analysed the samples. Dr. Teddy Them at the GAMES
Lab is also thanked for his analysis of seditmearcury to enable comparison with outcrop

and core he previously studied on the Alberta side of the basin.

NSERC Discovery Grants to my supervisor Dr. Brian Kendall (RGEIN3435930
and RGPIN201904090), and funding from the Canada Foundation forvation and the
Ontario Research Fund supported activities at the Metal Isotope Geochemistry Lab, and travel

to conferences.

My committee members, Drs. Chris Yakymchuk and Thai Phan, are thanked for their
time and input on my researdhalways appreciateritical feedback on my work and was

given great advice and suggestions for improvement

Dr. Jen Parks is thanked for guiding me into more involved teaching roles in the

petrography lab, and for her curiosity surrounding my project.

vii



| want to profoundly thak my supervisor, Brian, for his unwavering support through
the project, both technically and personally. | am grateful that he saw a bit of potential in me
when we first worked together on my Honours thdsis discussions always provide clarity
on aspects of trace metal redox geochemistry, the world of academia, and they often helped to
steer me towards (or away from) somelafideas that poppeidto my headluring the
project | know that clicking with a sugyvisor does not happen for every grad student, so |
appreciaténow fortunate | am to worith Brian. | look forward to continuing as his PhD
student, and undoubtedly in future collaborations.

Finally, to my parents and little sister, Micheal, Debbie Brmma: thank you for

supporting me always, in whatever | choose to pursue.

viii



Table of Contents

Aut hor 0s .De.c.l.ar.at l. oD e I
Statement Of CONTHDULIONS.........uuuiiiiiiiiiiiii e ii
ADSTIACT ... ettt e e e e \Y
ACKNOWIEAGEMENLS.... .ot e e e e e e e e e e amannes Vil
Table Of CONTENLS......uuiii e e eeeees ix
S o T T SR Xil
S 0 ) =] T PSP Xiii
List Of ADDIEVIAtIONS.......cooiiiii e e e e e e e e e Xiv
LiSt OF SYMDOIS.....eueiiiiee e e XVi
N [ 170 To | 6T i o] o D PP PPP PR 1
1.1, StUdY ODJECHVES......uuieiiiiiiis e reee e e e e e e e e e e eeeeeeneeend 4
2. OceaniC ANOXIC EVENTS........ccooiiiiiiiiieceieee e 6
2.1. OceaniC ANOXIC EVENLS..........cooviiiiiiiiiiiimmmee et sereennnnn e 6
2.2. Potential Triggers of OAES.........uiiiiiiiiiie e eeeeee e 7
2.3. Expansion of Anoxia/Euxinia during theAE.............ccccceecvvviiiiiieemcnnennnd
3. GeologiCal SEttiNG.........cuuuuuuiiiiiie st eree e e e e e e 9
3.1. Stratigraphy of the Lower Fernie FOrmation.............cccovvvviiiccceee e 10
3.1.1. Gordondale MemDEL............uuuiiiiiiiiiiiieeeiiiiiiiieireee e 11
3.1.2. Red Deer and NOrdegg MBBTS...........uuriiiiiiiiiieieiieereeeee e 14
3.1.3. Poker Chip Shale..........oooriiiiiie e 15
3.2. Biostratigraphy and Geochronology...........cooooiiiiiiemmn e 15
3.2.1. AMMONITE AQES....coiieieeeieeiiiiee e e e e e e e e e e e ameniaa s e e e e e e e aaaaaees 15
3.2.2. UTPD and REOS AQES......uuuuitiiiiiiiiiiiiiiiieeeiieeeree et e ee e e e e e e e e e amme e e 17

3.3, PaAlEOLECIONICS. . .eeiiiiiiiiiiiiee e 18
3.4. Paleogeography and Paleohydrography..........ccccccoeeiiiiecciiieieinins 19
3.5. Carbon Geochemistry and Thermal Maturity...................ovvviceeeeeeeeennnns 20
4. Maring GEOCNEIMISILY.....uuuiiiiiiiiiiiiiii ittt e e 22
4.1. Carbon GEOCHEMUSIIY........uuuiiiiiee et eeee e e e e e e e e e 22
4.1.1. Global Carbon CyCle..........ccuuuiiiiiiiiiiiieeeiiiiiie e 22
4.1.2. FOrmS Of CarbOm.........uuuiiiiiiiiiiiiiiceeeiiieeeieeee e 22
4.1.3. Stable Carbon ISOtOPES.........cccciiiiiiiiiiieee e 23
4.1.4. Carbon ISOtOpe EXCUISIONS........ccceeeeiiiiiiiiiiieeee e 24
4.2. Marine Redox and Paleoredox ProXi€s............c.eveeevvvvimmmeeeeereeeeeeniennnnnnns 25
4.2.1. MolybdenuUm..........ooooiiiiiieee e 26
VY - 4 = o 1 [ o PSSR 27
A T U | - 111 o SO 28
S U= o 11 o o SR 29
A.2.5. TTON .o s 29
4.2.6. Cadmium and Cd/Mo Covariations..................eeuniiimcceeeeerennnnnnnnnnns 31
4.2.7. MO/U COVANAON......uuuiiiiiieee e eeeeeeee et nene e e e e eeeeeenees 32
4.2.8. RE/MO COVANAtION.......uvuueuiiiiiiiee e e e ceeeisse e e e e e e e e e e e e eeeeeanreseeeeeeeaaeeeens 34
e R \V [T ol 1 | Y P 35
4.3. Mass Balance MOAELS...........uuuiiiiiiiii e eeeeeeee e 37
5. MEENOAS. ..t e reee 40
5.1. Sample Collection and Preparatian..............cccccvvvveeeeiieeeeeeeeieeeeeeennnnnn 40

iX



8.

B5.1.1. 2016 COl@LION....ee e A0

5.1.2. 2018 and 2019 ColleCtiQn..........ceveveeriiieiiiimmmre e eeeeees 41
5.1.3. Physical Sample Preparation (2018/2Q19).........ccccoeeviviiieiceciinnnnn. 42
5.2. Whole Rock MUltEIement ANalYSIS...........ccuiviiiiiiiiiiiieeneeeee e 42
5.2.1. Sample Digestion and DilutiQn................ouvviiiiimrieeeeeeee e 42
5.2.2. Sample ANalySIS.........coooiiiiiiiiiiiireer e A3
5.2.3. Quality CONLIOL.....cccoiii et 45
5.3. Organic Carbon ISotope ANAlYSIS.......cceeviiiiiiiiiiiiieee e 46
5.3.1. Sample Acid Washing............ccceeevvviiiiiieeeeeeeeeeeeeeeeeevmeeeeeeeennn 40
5.3.2. Sample ANalySiS..........cooiiiiiiiiiiiieeeeeeee e AT
5.4. External Laboratory ProCcedures..........cccovviiiiiiiiceene e 47
5.4.1. Programmed Pyrolysis (Weatherford Labs)............cccccvvvvvieennnn 47
5.4.2. X-ray Diffraction (Argile Analytica)...........ccccceevveeeeeiiieecciiieeeeeeenn. . 48
5.4.3. Carbon Content (Agriculture and Food Laboratory)........................: 48
5.4.4. Sediment Mercury Concentrations (GAMES Laboratary)...............: 49
5.4.5. Total Sulfur Content (Activation Labs)...........cccccviiiiiiiccc s 49
RESUILS. ...ttt 50
6.1. Organic Carbon GEOCNEMISINY...........uuuuiiiiiiiiiieeeiiiiie e 51
6.1.1. Organic Carbon Content........ccceeeiieiieeiiii e e 51
6.1.2. Stable Organic Carbon ISOtOPES..........ccooiiiiiiiree e 51
6.1.3. Programmed Pyrolysis Tmax, Hl and.Ql..............ccccooviiieeenn . 52
6.2. X-ray Diffraction Mineralogy............oooiiiiiiiiiiiimmmn e 55
6.3. Elemental GEOChemMIStIY........ccooiieiiiii e, 58
6.3.1. Major Element ConCeNntrations...........cooeveeeiiiiiiiccceeee e 58
6.3.2. Trace Metal CONCENrationsS.............uuurrrririerimemirreieieeeeeeeeieeeeeeeseemees 61
DISCUSSION. ...ttt e e e e e e ettt eeee e e e e et e ettt mmmr e e e eeeeeesessnnnnn e s smmmrrnnnnnnd 64
7.1. Consideration of Thermal Maturity...............ccceieiiiiieeceiiiicie e 64
7.2. ldentification of the FOAE .........ooviiiiiiiiiiimemre e e 64
7.3. Local PaleoenVirONMENL............coiiiiiuiiiiieeee e et eenenssseeeeeeeeees 66
7.3.1. Sea level Changes........ccccoiiiiiiiiiieee e 66
7.3.2. Cordilleran TECIONICS........cooiiiiieiiiiiiirees s eener e 68
7.3.3. Bottom Water Redox Conditions.............ccovvvveeiiiimmmeeeeeeeeeeeeeeciiiiinnnns 69
7.3.4. Basin Connection to the Global Ocean..........ccccccceeviiiiecciiiieneneennn. 73
7.3.5. Consderation of a Particulate Shuttle................ccccoviemniiiiiiiiiiee 76
7.3.6. Local Environment Summary and Application of Globklss Balance
1Y Yo L R 81
7.4. Global Paleoredox ENVIFONMENL.............uuiiiiiiiiiieeeiiiiiiiiiieieeeee e e e e e e e e 81
7.4.1. Data Filtering and GroUPING .........ceeeereiiiiiiiiiieeeieeeeee e 82
7.4.2. Use of Published Models............ooouuiiiiiiiieeieeeiii e 87
7.4.3. Addressing Model Parameters 1: Bulk Mass Accumulation Rate...91
7.4.4. Addressing Model Parameters 2: Input FIUX..........ccoooiiiiiiiiimemnnnnnnnn! 94
7.4.5. Addressing Model Parameters 3: Sink Areas............eevveveevieeeennnee. 100
7.4.6. Addressing Model Assumptions: Steashate versus Noeateadystate 103
7.4.7. Discussion of Mass Balance Modelling Results...............ccvvvvieen. 104
7.5. Cause of Global Anoxic/Euxinic EXpansiOn...........cceeeeevviivimmmeiiiineeenenns 109
(0] o Tod 1§17 T0] o 1 PR 113



R BN CES. ..o et 116

APPENUICES ... eret e e e e e et e e e e e e e e amr e e e e e e e e e as 135
Appendix 1: Carbon Geochemistry and Pyrolysis Data................ccovvveeeen.... 135
Appendix 2: Xray Diffraction Data..............cceevveimiiiiieemiiiiiiiiiieeeeeee e 138
Appendix 3: Major Element Data................cceevviiiimmmeeieeiieceeiiie s 139
Appendix 4: Trace Metal Da.............cuuuiiiiiiiiiiiieeeiiiii e 142

Xi



List of Figures

Figure 1. Global Early Jurassic paleogeography and locations with@#ETidentified....... 2
FIQUIE 2. STUAY ATBAL.....eeiiiiiiiiiie et e e e 9
Figure 3. Jurssic Stratigraphy of the Western Canada Sedimentary Basin (WCSRB)....10
Figure 4. Early Jurassic Paleogeography..........ccoouiiiiiiieeniiiiieeeeee e 20
Figure 5. Cd/Mo Covariation DIiagralll............cccouiiiiiiiieemiee e e e e eeeeeeeeeeeeaanesmnmeeeeeeeeeereannnns 32
Figure 6. Mo/U Covariation DIagraml...........oooiiiiiiiiimmne e eeeea e 33
Figure 7. Re/Mo Covariation DIiagrai..........cccoeeeeeeeiiiiieeeies e e e e e e e eeeeeeeeeeeeasvnnneeeaeeeeeeeannne 34
Figure 8. Organic carbon geochemistry and thermal maturity indicator in the study.cds8
Figure 9. Pseudwan Krevelen diagram for kerogen type and thermal maturity............. 54
Figure 10. Xray diffraction (XRD) mineralogy for the study care.............ccceevvvvvvieeenennn. 57
Figure 11. Major elemental concentration profiles.............ccoovvvvieee i 60
Figure 12. Trace metal elemental centration and enrichment factor (EF) profiles........ 63
Figure 13. Study core organic carbon isotope profile..........ccccvviiiiee 66
Figure 14. Bottom water redox states based on trace metal concentrations and ratios for the
£S] (810 |V o 0] =R 70
Figure 15. Res Mogrcovariation plot for study core samples..........ccooovieiiiieeeninnnenenn. 71
Figure 16. Redox states based on trace metal enrichment factors for the study.core..72
Figure 17. Trae metal covariations for basin hydrography..............ccoooiiiiiccc s 75
Figure 18. FEMn covariation for Baltic Sea particulates...............cccvvvvvieeeeeeeeeveeeeveennnn A8
Figure 19. \ Mo covariation for Mn and F&In particulates from the Baltic Sea............. 79
Figure 20. \f Mo covariationwith Gordondale Member and PCS samples.............c....... 80
Figure 21. Filtered anoxic/euxinic sample profile............cccovuiiiiieemiiiiiiiiiiieeeeee e 83
Figure 22. White light photograph of Rger and turbidite interval.................ccccvvivieennnnns 85
Figure 23. RaithVs. Aanoxicfrom mass balance adels as published in Sheen et al. (201888
Figure 24. Mauthvs. Aeuxinic from mass balance models as published in Reinhard et al. (2013)
....................................................................................................................................... 90
Figure 25. Rgithvs. Aanoxicmodified to reflect local BMAR...........cccuvvviiiiiiiiieeniiiiiieiieeeee 92
Figure 26. Ma@uthVs. Aeuxinicmodified to refletlocal BMAR............cccuviiiiiiiiiiieeeiiiieeeeee 93
Figure 27. Mauthvs. Aeuxinicmodified to reflect a 2 increase in hydrothermal activity........ 96
Figure 28. RgithVS. Aanoxicreflecting a & increase in riverineif...........ooooeiiiiiinenn 98
Figure 29. Mauthvs. Aeuxinicmodified to reflect a 8increase in riverineif............ccccuvveee. Q9
Figure 30. RgithVS. Aanoxicmodified to reflect variations in gooxio ..««««.««oeeeeumeeermrrrmmmmnnnnns 101
Figure 31. MauthVS. Aeuxinic modified to reflect variations in fooxic««eeeeeeeeeeeeeeeeeeeeeeiiinnn. 102
Figure 32. Sediment HG Profil@S..........uuiiiiiiiiiiii et 111

Xii


https://uofwaterloo-my.sharepoint.com/personal/akunert_uwaterloo_ca/Documents/Masters/THESIS/thesis_ak4.docx#_Toc30604543
https://uofwaterloo-my.sharepoint.com/personal/akunert_uwaterloo_ca/Documents/Masters/THESIS/thesis_ak4.docx#_Toc30604544
https://uofwaterloo-my.sharepoint.com/personal/akunert_uwaterloo_ca/Documents/Masters/THESIS/thesis_ak4.docx#_Toc30604545
https://uofwaterloo-my.sharepoint.com/personal/akunert_uwaterloo_ca/Documents/Masters/THESIS/thesis_ak4.docx#_Toc30604556
https://uofwaterloo-my.sharepoint.com/personal/akunert_uwaterloo_ca/Documents/Masters/THESIS/thesis_ak4.docx#_Toc30604557
https://uofwaterloo-my.sharepoint.com/personal/akunert_uwaterloo_ca/Documents/Masters/THESIS/thesis_ak4.docx#_Toc30604557
https://uofwaterloo-my.sharepoint.com/personal/akunert_uwaterloo_ca/Documents/Masters/THESIS/thesis_ak4.docx#_Toc30604558
https://uofwaterloo-my.sharepoint.com/personal/akunert_uwaterloo_ca/Documents/Masters/THESIS/thesis_ak4.docx#_Toc30604559
https://uofwaterloo-my.sharepoint.com/personal/akunert_uwaterloo_ca/Documents/Masters/THESIS/thesis_ak4.docx#_Toc30604560
https://uofwaterloo-my.sharepoint.com/personal/akunert_uwaterloo_ca/Documents/Masters/THESIS/thesis_ak4.docx#_Toc30604561
https://uofwaterloo-my.sharepoint.com/personal/akunert_uwaterloo_ca/Documents/Masters/THESIS/thesis_ak4.docx#_Toc30604562
https://uofwaterloo-my.sharepoint.com/personal/akunert_uwaterloo_ca/Documents/Masters/THESIS/thesis_ak4.docx#_Toc30604563
https://uofwaterloo-my.sharepoint.com/personal/akunert_uwaterloo_ca/Documents/Masters/THESIS/thesis_ak4.docx#_Toc30604564

List of Tables

Table 1.Comparison of Lower Jurassic stratigraphic nomenclature from the literature 12

Table 2.Select geochemical compositions of Gordondale Member ssbunit................. 13
Table 3. Summary of sink parameters for Re and Mo mass balance models............... 39
Table 4.Elements analysed by QRIGP-MS at the MIGL..........cccccvvvviiiiiiiiieenennnnn 44
Table 5.Summary of geochemical reSults...............oouviiiiiiiii 50..
Table 6. Mean Rewnand Mauwt Of filtered sample data for mass balance madels..........86
Table 7.P-values between groups of filtereda@eand Mawthdata.............ccooeviviieeieivmeas 87
Table 8.Variations in Anoxicand Aexinic from PreN-CIE to lower NCIE, and lower to upper
N-CIE intervals during seral model CyCles . . ..o, 105
Table 9.Seafloor anoxic and euxinic areas updated to refleekibOAcuxinic..v.ververeeren... 108

Xiii



AFL
CCD
CIE
Cinorg
Corg
Ciot
DF
EIL

Fm

GAMES

HCI
HF
HNO;
HREE
HRL
LDPE
LREE
Ma
Mb
Ma/g
MIGL

List of Abbreviations

Agriculture and Food Laboratory (University of Guelph)
Carbonate compensation depth

Carbon isotope exirsion

Inorganic carbon

Organic carbon

Total carbon

Dilution factor

Environmental Isotope Laboratory (UW)

Formation

Grams

Geochemistry of Ancient and Modern Environmental Systems
Laboratory (College of Charleston)

Hydrochloric acid

Hydrofluoric acid

Nitric acid

Heavy rare earth elements

Hard Rock Laboratory (UW)
Low-density polyethylene

Light rare earth elements

Million years ago &ge)

Member

Micrograms per gram (ppm w/w)

Metal Isotope Geochemistry Laboratory (UW)

Xiv



ml Millilitres

Myr Million years (value)

N-CIE Negative carbon isotope excursion

ng/g Nanograms per gram (ppb w/w)

OAE Oceanic Anoxic Event

P-CIE Positive carbon isotope excursion

PCS Poker Chip Shale

PDB PeeDee Belemnite standard

Pli To PliensbachiainToarcian (ref. to boundary)
ppb Partsperbillion

ppm Partspermillion

QQQICP-MS Triple-quadrupolaenductively-coupled plasma mass spectrometer
REE Rare earth elements

RSD Relative standard deviation

SBG1 USGS Brush Creek Shale standard
SD,s Sample standarid,devi atiitoerd (falosm 14 t
SDO1 USGS Devonian Ohio Shale standlar
SGR1b USGS Green River Shale standard
T-OAE Toarcian OAE

USGS United States Geological Survey

Uw University of Waterloo

WCSB Western Canada Sedimentary Basin
wit% Weight percent

XRD X-ray diffraction

XV



List of Symbols

A Seafloor area of aigen sink,i (% total area)

bi Trace metal burial rate of a given sink arie@, cni? yr?)
BMAR Bulk mass accumulation rate (g émr?)

Ce Certified standard concentrations (wt6/g, ng/g)
C Final, converted element concentrations (Wi/g)
Cm Measured element concentrations (ng/g)

Ci True element concentrations (ng/g)

DFq Desired dilution factor

DF; True dilution factor

E Element atomic mass (g/mol)

Fin Input flux (mollyr)

Ma Aliquot mass (g)

¥ Analyte solution mass (g)

s Stocksolution mass (g)

Mar Whole rock sample mass (g)

o Duration (yr)

Va Estimated aliquot volume (ml)

b Mean

(004 Vertical interval length (cm)

Jb Bulk density (g cri¥)

XVi



1. Introduction

Transient episdes of expanded ocean anoxia (low to no oxygen) are observed in the
Phanerozoic geological record as coeval, globally distributed orgahiblack shales
(Sageman, 2009) Maj or Mesozoi c i nst anOceanicAnbxict hese coc
Event so ( OAEs) , are di st iolg)gonmtens brgadic abhdyinoriganig h o r ¢
carbon isotope excursions (CIEs), and enrichments of reelositive trace metals in black
shalegJenkyns, 2010)Further study of OAES is necessary to understand major changes in
Earthos climate, ocean and biological system:
extinctions that decimated marine amderrestrialife (Palfy & Smith, 2000) Current
anthropogenic activities may be contributing to similar changes in these Earth systems,
including a rise in atmospheric and ocean temperatures, ocean acidification, ocean
deoxygenation, andquatic nutrient loadin@reitburg, et al., 2018 50meof the scientific
communitypostulateshat these changes are leading to an Anthropocene extinction@xeent
Keller, et al., 2018; Bacon & Swindles, 2016; Ceballos, et al., 20d%¢h may have similar

features to past OAEs

Early Jurassic rocks host the globaliigntified Toarcian OAE (FOAE). The T-OAE
is identifiedover an estimated 300 to 500 kyr per{&ell, et al., 2014; Boulila, et al., 201i4)
Early Jurassic organigch black shales bgegativeCIEs (N-CIES)in inorganic(up toi 4 a
from baselne values; e.g. Hesselbo, et al., 200@) organii4toi8 a f r om basel i ne
e.g. Them I, et al., 2017aprbon fractions, embedded within a broader positive GIEIB.
Input ofisotopicallylight carbon {°C) causes the negative excursioithe carbon isotope
s i g n a'tC), and mdy be a result ohe or all of the following mechanisnrsethane
hydrate destabilization andjection into the shallow ocedmtmosphere systefhlesselbo, et
al., 2007) volcanic emissionfKuroda, et al., 2007thermogenic methane release during
igneous intrusions intacting with coal or black shalésIcElwain, et al., 2005)ecycling of
dissolved ilmrganic carbofirom bottom waters to the upper water column during upwelling or
seasonal overturfKispert Model'; van de Schootbrugge, et al., 2005¢ontinental
weathering of organidch soils and rockéHiggins & Schrag, 2006)'he RCIE is driven by
high primary productivity levels and subsequent organic carbon burial. -O¥%ETwas



accompanied by a marine extinction (5% fossil family loss) and continental extinctl@y4?2
fossil family loss)Palfy & Snith, 2000)

To fulfil the definition of an OAE, the event musdve occurredlobaly. Much
evidence of the IOAE is found in Europe (e.g. United Kingdom, Germany, Italy, Switzeyland
Portuga) where Jurassic outcrgmd subsurface sections areseh and preserveflenkyns,
2010) The European sections represent deposition along the margins of the Tethys sea
(precursor to Atlantic and Indian oceans), thus sections from the Panthalass# éerftd
ocean must also otain the TOAE (N-CIE) for the event to be classified as an OA&k(re
1). The N-CIE has been documented in Panthalassan sections from Gapake et al,
2011),Canada (Them, et al., 2017a; Caruthers, et al., 2011), Argenth&u@Adidi, et al.,
2010) and Chile (Fantasia, et al., 2018)

Early Jurassic
(~180 Ma)

PANTHALASSA

* Section with T-OAE
* Study section

Figure 1. Global Early Jurassic paleogeography and locations with the -DAE identified. The T-

OAE has been identified in sections by a negative carbon isotope excursion (CIE) embedded within a
positive CIE (white dots). The study section (yellow star) is located in British Columbia and was
deposited on the northeast margin of Palatssa (Prot®acific). Modified from Them et al. (2017a).

The Early Jurassic in North America is relatively unexplored with respect to the T
OAE, with the NCIE identified in three Alberta sectiofifhem I, et al., 2019; Them I, et al.,
2017a; Them I, 2016nd one coastal British Columbian (Haida Gwaii) secfidrem I, et



al., 2017a; Caruthers, et al., 201h)the Westen Canada Sedimentary Basin (WCSB), the

Early Jurassic is represented by the lower Fernie Formation; in northeastern British Columbia
(NEBC) this includes the organrch black shales of the Gordondale Member and Poker Chip
Shale (PCS). This study incluslé'*Corg Signatures of the Gordondale Member and PCS from a
drill core located 75 km west of Fort St. John, NEBC to confirm the presence ofGhe &hd

allow for further examination of the-OAE in the North American context.

With the T-OAE identified in the core, major element, reekensitive trace metal and
carbon geochemistry were employed to observe depositional conditions and changes before,
during, and after the event. Mercury (Hg) and sulfur (S) analysis were contluetgdblish a
possible link to volcanisrti.e. emplacement of the Kardeerrar large igneous province and
related activity; Palfy & Smith, 200@s the initial driver of the-DAE. It has recently been
demonstrated that with increasingly distal marine deposition, the Hg paleoproxy may be less
effective(Them I, et al., 2019)Because the study core is more didtan the sections studied
in Them Il et al(2019) a comparison can be made to confirm this trend. f&elt pyrolysis
provides kerogen type and thermal matudrifyarameters for organic matter source (marine or
terrestial) and extent of posiepositional processes (e.g. diagenesis, burial, hydrocarbon
production). Xray diffraction depicts mineralogical trends, with implications for paleolatitude
and detrital input (e.g. carbonate versus siliciclastic deposition).riagminor element and
redoxsensitive trace metal concentrations and covariations are used to identify local
paleoredox (e.g. Mo, Re, V, U, Re/Mo) and paleohydrographic (e.g. Mo/U, Cd/Mo) conditions.
If the depositional basin was open to water mass exghwith the global ocean, and reducing
conditions are indicated through local redox proxy analysis (e.g. anoxia or euxinia by elevated
Re or Mo concentrations, respectively) the cored section is a valid candidate to investigate
global paleeocean conditins. This combination of redesensitive geochemical analyses has

yet to be performed on any of the North America@AE sections.

Recently developed mass balance models for rhenium (Re) and molybdenum (Mo) are
used to approximate the relative area of artaobal seafloor covered by anoxic or euxinic
conditions, respectivel{Sheen, et al., 2018; Reinhard, et al., 2008ss balance models are
used for the FOAE section in the core to provide an estimated area tdrhovater anoxia
and euxinia before and during the event. Because these models were developed to observe

long-term temporal changes in anoxia and/or euxinia (through the entire geological record),
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rather than short temporal scales as discussed in thexcohtee TFOAE, the models are

adjusted to the beststimated local and temporal conditions. Other estimates of global seafloor
anoxia and/or euxinia over theQAE have been made using stable Tl and Mo isotgpi@sm

I, et al., 2018; Pearce, et al., 200B)it the elemental Mo and Re mass balance models have
not been applied to the WAE. The expansion of anoxic and/or euxinic bottom waters may
have exacerbated changes to the climateesyand/or promoted larggeale dieoff of marine
species. By quantifying the expansion, we can learn how even minor changes may affect the

modern marine environment.

1.1. Study Objectives

This thesis is centred around two main objectives, and several sub@sjeathich

combine geochemical results obtained from the study core samples:

(1) Characterise the local depositional environment over the period covered in the core;
(1.1) Determine bottorwater paleoredox conditions using reeseasitive trace metal
concentrationand ratios;
(1.2) Identify the paleohydrographic regime usingiMband Cd Mo covariation

diagrams, and answer the following questions:

(1.2.1) Was the basin connected tw restricted from global ocean water mass
exchang@

(1.2.2) Were organiaichness and tracmetal enrichment controlled by enhanced
productivity in an open ocean upwelling zone, or by enhanced preservation
in a restricted, highly anoxic basin?

(2) If the findings from subobjective 1.1 show deposition under anoxic/euxinic betaiers,
and subobjedove 1.2 implies open ocean conditions, then an estimation of the area of
anoxic/euxinic seafloor will be attempted using Re and Mo mass balance models. This will
answer the following questions regarding th®AE:
(2.1) What was the extent @hoxic/euxinic seor expansion?
(2.2) Did euxinic conditions prevail over nesulfidic (ferruginous) conditions?
(2.3) Within the T-OAE itself, was there an expansion, contraction or no change in the

area of seafloor anoxia/euxinia?



From the completion of these objectives, a graatelerstanding of the temporal and
spatial extent of anoxia and/or euxinia through tHeAE will be accomplished. Additionally,
because the study core is a new section containing-@&H'in an underrepresented area
(North America; versus Europe) the gaemical analyses and findings will allow for further
verification ofthe FOAEG6s gl obal nature. This will al so
sections studied in Alber{@hem Il, et al., 2019; 2018; 2017b; 2017a)



2. Oceanic Anoxic Events

2.1. Oceanic Anoxic Events

Schlanger and Jenky($976)f i r st proposed the term AOcea
(OAESs) to describe coeval, globaliistributed Cretaceous marine black shales. The term has
since been extended to include multiple events through the Mesozoic stratigraphic record.
Schlanger and Jenky($976)suggested that an increase in the area of warm, shallow marine
environments led to an increase in primary productivity and thus export of organic matter to
bottom waters. As organic matter respiration and deconnposiepletes the oxygen supply,
bottom waters become more anoxic allowing preservation of organic matter to become more
efficient. Therefore, a large quantity of organic matter is preserved in a laterally and vertically
expansive oxygeminimum zone from cean depths ranging from less than 300 m to over
1200 m.

Strata deposited during OAEs share many similar geochemical characteristics.
Typically, these strata are orgaich, exhibit carbon isotope excursions (CIEs), and have
high phosphorus (P) conteattheir onset which indicate enhanced burial and/or preservation
of organic matte(Jenkyns, 2010)Additionally, redoxsensitive trace metal enrichments, shifts
to lighter Mo and heavier thallium (Tl) isotope signaturesl, photic zone sulfdreducing
bacteria biomarker signatures reflect expanded bettater anoxia and/or euxin{@hem lI,
et al., 2018; Jenkyns, 2010; Cohen, et al., 2008ygen isotope minimums and Mg/Ca ratio
maximums in bulk carbonates imply temperature increases and/or greeiaotsperiods
(Jenkyns, 2010)Strontium (Sr), osmium (Os) and calcium (Ca) isotope signatures also reveal
an ncrease in continental weathering leading up to, or during many O4Aem I, et al.,
2017Db; Brazier, et al., 2015; Jenkyns, 2010; Jones & Jenkyns, 2001)

Several OAEs have been identified, thest prominent events being the Toarcian (T
OAE; Posidonienschiefer Event; Early Jurassic), Early Aptian (OAE 1a; Selli Event; Early
Cretaceous), and the Cenomainitmronian (C/T OAE or OAE 2; Bonarelli Event; Late
Cretaceous)Jenkyns, 2010)Less significant OAESs include the Late Valanginian Weissert
Event, Late Hauterivian Faraoni Event, Early Albian Paquier Event (OAE 1b), Late Albian



Breistroffer Event (OAE 1d), Coniacia8antonian Event (OAE 3) of the Cretaceous, aed th
PaleoceniEocene Thermal Maximum (PETM) of the Paleogglenkyns, 2010)

2.2. Potential Triggers of OAEs

The main drivers increasing global anoxic bottom waters during OAEs may include
climate feedback mechanisms such as wagiobal temperaturei®.g. Suan, et al., 2008)
increased nutrient availabilifyom continental runoff (e.g. Them II, et al., 201, 7dndreduced
ocean circulatiofiDera & Donnadieu, 2012However, debate remains theinitiating
mechanism behind théserved changes. One suggestion is the emplacement of large igneous
provinces (LIPs), which have been synchronously linked with most major @Ad=<he
Karod Ferrar LIP and the-DAE at~183 Ma(Burgess, et al. 2015; Sell, et al., 2014; Palfy &
Smith, 2000) Elevated Hgoncentrationand Hg/TOC ratios in -DAE sediments suggest
periods of enhanceatmospheric Hg input fromolcanic outgassing during LIP eveifi$iem
I, et al., 2019; Percival, et al., 201&Xxtrusive igneous (volcanic) activity emits greenhouse
gases such as methane, carbon dioxide and water vapour during eruptions, as will interactions
of intrusive igneous bodies with orgarich strata (e.g. coal, black shal@gdjignall, et al.,

2009; Retallack & Jahren, 2008; Kuroda, et al., 2007; McElwain, et al., .ZD&ge emission
processesesult in gldal warmingconditions akin to those anticipated during OAEs
Contributing factors to OAEs spurred by environmental changes may irdgadeasing
oxygen solubility with increasing ocean temperatkdsyer & Kump, 2008)destilisation
or decompositiomf methane hydrates from sedimetftat exacerbate greenhouse warming
effects(Them I, et al., 2017a; Hesselbo, et al., 2007; 2@@d)increased continental
weatheringhatelevaesnutriens inrunoff andthusprimary productivitywhere nutrients

become availabl@Pogge von Strandmann, et al., 2013; Jenk28%0)

2.3. Expansion of Anoxia/Euxinia during theQAE

Redox sensitive trace metals (e.g. Mo, Re) are typically enrioheatbxic and/or
euxinic sedimenidut thesdypes ofsedimentsvithin the N-CIE of theT-OAE show muted
enrichmentgThem Il, et al., 2017a; Them II, 2016; Jenkyns, 2010; Pearce, et al., 2068)

mutedconcentrations may be a result of enhanced global trace metal drafvdowseawater



into anincreased area ainoxic/euxinicseafloor(Pearce, et al., 2008)ather than a shift to less

anoxic conditions in the local depositional environment

Stable Tl isotopel§°°TI) and Mo isotop @**Mo) compositions can also be used to
infer expanded ocean anoxia and eux(iiiaem II, et al., 2018; Pearce, et al., 2008)allium
isotope fractionation occurs when Tl adsorbMtoparticulates, where the particulate is
enriched in heavie®>TI (§3°°Tl) and the surrounding seawater retains ligPt&H (23°°T1).
Fractionation does not occur when Tl is removed from seawater into euxinic sediments. Since
Mn particulates are pserved under welbxygenated bottom waters (where pore water is also
oxic), a decrease in oxic conditi@ghsnd thus an increase in anoxic conditéngill lead to
heavi er 2%8Tewhichastther rectitded in organich sediments. Them Il et §2018)
me a s UPTein thelBighorn Creek (Alberta) and Dotternhausen Quarry (Germa®AHE
sections. T3P peakkdattmedCIE ohsa, followed by a minor decrease in
the central NCIE and a moderate increase towards the conclusion of-kNh both
sections. These signatures indicated two expansion events (at the onset and conclusion of the
N-CIE) which they estimate to have reculra decrease in oxic Mn burial area of ~25 to 50%,
and therefore an equivalent increase in-orit (suboxic and/or anoxic) seafloor area to

replace the lost oxic area.

Euxinic sediments record seawat&iMo, which is controlled by preferential removal
of the lighter Mo isotopes into oxic sediments and seawater enrichment of the heavier Mo
isotopes. When areas of oxic seafloor decrease (and by inference the area of euxinic seafloor
expands), the resulting seawali&iMo also decreases, thus euxinic seshinii®®Mo will
decrease. Pearce et @008)note pulsedi®®Mo excursions to lighter compositions through the
N-CIE of the FOAE, coupled with pulses of isotopicalight carbon injections. These are

inferred to captw expansion of euxinic seafloor by a minimum tenfold areal increase.



3. Geological Setting

The studied sectioc{B6-A/94B-8; 56 A15aN, 122A04aW) is a 4
Early Jurassic strata in the Western Canada Sedimentary Basin (WApPBximately’5 km
west of Fort St John, British Columbigigure 2). The following section pertains to the local
to basinscale geology of the stratigraphic uniepdsited during the Early Jurassic of the

WCSB.

Fort Nelsonél\i’/y
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Columbia
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N

in (2006)
d-88-H/94-A-13
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Asgar-Deen et al. (2004)

c-B6-A/94-B-8 @®FSJ 7-31-79-10W6
Dawson{Creek@® Them et al. (2019)
6-32-75-20W5
Grarde Prairie®
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Figure 2. Study Area. The cored sectiorc{B6-A/94-B-8; yellow star) cuts through Early Jurassic strata

of the Western Canada Sedimentary Basin (WCSB) ~75 km west of Fort St John (FSJ), British Columbia.
The Early Jurassic of the WCSB includes the Gordondale Member l{lb;shadiny its southern
Alberta eqivalent (Nordegg Mbgrey shadingand the Poker Chip Shdlever most of the areas shaded

blue or grey) Known T-OAE studies(with N-CIE identified)areindicated by red star#\ selection of
nonT-OAE focused sections are included (grey stars); thesetdeave carbon isotope data to identify

the N-CIE of the FOAE. Modified fromKunert et al(2019)



3.1. Stratigraphy of the Lower Fernie Formation

In the WCSB, the Fernie Formation comprises all Jurassic strata and is divided into
several members across thesin. The lower Fernie Formation includes the Hettangian to
Pliensbachian Gordondale Member and Toarcian Poker Chip Shale (PCS) in northeastern
British Columbia Figure 3), and the Sinemurian to Pliensbachian Nordegg and Red Deer
members, and Toarcian Poker Chip Shale in central to southern Alberta.

Period/Epoch/Stage| Ma | Strata | W NEBC E| W NWAB E | Nw WCAB SE
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o 2 —=20Ean 704
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5 1744 L |
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Figure 3. Jurassic Stratigraphy of the Western Canada Sedimentary Basin (WCSBYpper Triassic,
Jurassic and Lower (L) Cretaceous (K) stratigraphic unitsoimtheastern British Columbia (NEBC),
northwestern Alberta (NWAB), and wesgntral Alberta (WCAB) after Poulton et al. (1994; 1990) and
AsgarDeen et al(2004) The Jurassic of thé&/CSBis complex owing to erosional or naepositional
hiatuses (grey areas). This study focuses on the Lower Jurassic Gordondale MempandMioker
Chip Shale of the lower Fernie Formation (J-m NEBC. The Poker Chip Shale exigs into central and
southern Alberta, howevahe deepemarine Gordondale Mb transitions to the shallowerrine facies

of the Red Deer and Nordegg members in Alberta.
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3.1.1. Gordondale Member

The Gordondale Member of the Fernie Formation is the basal Juragséxtending
from NEBC to westentral Alberta (5N to 54N) in the subsurface and from NEBC to
southern Alberta (5N to 51°N) in Rocky Mountain outcrop@-igure 2; afterAsgarDeen, et
al., 2004) The Gordondale Member unconformably overlies the Upper Triassic Pardonet and
Baldonnel formations in NEBC and progressively overlies older strata towards the eastern
extent of the basin due to plarassicsubaerial erosiofPoulton, et al., 1994Dverlying the
Gordondale Member is the Early Jurassic PCS, also of the Fernie Forradtien,
conformably or unconformably depending on the &fesmarDeen, et al., 2004; Riediger,
2002) The Gordondale Member varies in thickness and is aslesysed stratigraphic unit
when viewed in a northedsouthwest crossection. The member reaches a maximum
thickness of 40 m along a nortiorthwest trending depocenter parallel to the Rocky
Mountans (and paleshoreline) and thins both westward and east\Raodilton, et al., 1994)
To the west, the unit thins depositionally and is found outcropping with a thickness of ~15 m in
NEBC (AsgarDeen, et al., 2004hile eastward thinning and subcropping is related to

subaerial erosion prior to Cretaceous depos{frmulton, et al., 1994)

The Gordondale Member is a fugeained marine mudshe and is typically dark grey
to black from its high &g content(2i 28%; Kondla, et al., 2017; Ross & Bustin, 2006;
Riediger & Bloch, 1995; Riediger, 199TheGordondale Member is calcareous and variably
phosphatic, exhibiting fibrous calcite veifRiediger & Coniglio, 1992and phosphate nodules
(Riediger & Bloch, 1995)The type section is load in the subsurface in northwestern Alberta
(7-31-:7910W6 55 A53 g N, 1[0e6nAe38.2004) Asgar

Several informal subunits have been defined withenGordondale Member in
previous works; although nomenclature varies, these units areaml@®s equivalent. The
LowerUnid A Lower Radi endld, étal.20171)AsgatDeen, etal.,,2004) A UNi t
B dRoss & Bustin, 2006) i U rfAsgarDéeaq, et al.,, 2003) Al o w(Riediga& i t 0
Bloch, 1995; Riediger & Coniglio, 1992) or @ L o w Rredigere 1991 fseelkable
1)d is the most organidch interval with reported &g values of up to 28%Riediger, 1991)It
is recognisable on gamnnay petrophysical logs with values greater than 500 American
Petroleum Institute (API) unif@&ondla, et al., 2017)The Lower Unit ranges from 8 to 25 m in
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thicknesgAsgarDeen, et al., 2009nd averages approximately (Riediger & Bloch,
1995) Riediger and Block1995)and AsgaiDeen et al(2004)report interbedded green, ron

calcareous siltstones, shrinkage cracks, parallehktrons and barite nodules within this

subunit. It hosts the highest carbonate (calcite and dolomite) and phosphate (fluorapatite)

contents, intermediate pyrite and clay (illite and kaolinite) contents, and the lowest detrital

content (proxied by quartpf the three subunitd éble 2; Ross& Bustin, 2006; Riediger &

Bloch, 1995). Correspondingly, this subunit has the highest elemental calcium (as CaO) and

phosphorus (as2BPs) contents and intermediate contents of pyiotening elements iron (as
FeO) and sulfur (f»7), and clayforming aluminium (as AtOs) (Ross & Bustin, 2006;

Riediger & Bloch, 1995)Redoxsensitive trace metals vanadium (V) and chromium (Cr) have

elevated concentrations compared to other subunits; however, barium (Ba) colueest in
this subunifRoss & Bustin, 2006)

Table 1. Comparison of Lower Jurassic stratigraphic nomenclature from the literature. No
consensus on subunit or member naming conventions has beleedréarcthe Lower Fernie Fm. strata

in the WCSB. Various names are applied to each subunit throughout the published history on the units
(1990 to 2017 here).

Kondla et al. Ross & |Asgar-Deen et al. Riediger Riediger & Bloch Poulton et
This Paper| (2017), Asgar- Bustin (2003), Asgar- (200%) (1995), Riediger & al. (1990)
Deen et al. (2004)| (2006) Deen (2003) Coniglio (1992) '
PCS PCS PCS PCS B PCS PCS
S S
Upper Ragigg?::ive Unit | o Unit PCS A o upper
Unit . D | = 3A = unit
. . Unit o
[} [} 5}
o Qo o o = o
S S S o o
L |Middle| £ |  Middle | £ | unit| o Unit o |middle| o |  middle Lower
o | Unit | o | SityUnit | o | C | o 2 o | unit | o unit _Fernie
I © I o o o Limestones
5 5 5 & Shales
] 3 3 o © o
‘5 5 5 zZ - zZ
O o Lower O | unit Unit ° 1 |
Low_er Radioactive nit | « ni = | lower | ower
Unit - B 1 unit unit
Unit -
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Table2. Select geochemical compositions of Gordondale Member subuni@ompilation means from
several geochemical studies of the Gordondale Member which have reported values for the subunits.
Reported with #1 standard deviation €L Abbreviations: Gg = organic carbon, IGIS = inductively

coupled plasma mass spectrometry, NA = not available, PCS = Poker Chip ShatetdBal sulfur.

Component Lower!356 | Middle?36 | Upperl23456 PCS#5 Analyses Source(s)
Corg (%) 75+ 3.6 7.7+3.7 54+23 0.3+0.3 Rock-Eval 2,3,4,5,6,7
Stot (%) 24+1.0 1.7+x13 3.0+£1.8 50+1.8 Combustion
Carbonates* (%) 36 + 22 22+ 17 23+ 24
Quartz (%) 26 + 13 74 + 22 31+ 14 difﬁgﬁi’on
Clays** (%) 11+ 12 27+3.2 27+ 23 NA or
Fluorapatite (%) 7.6+9.2 0.1+0.2 3.6+£5.9 .

Pyrite (%) 3116 | 03%0.2 55+ 3.6 calculation 34,5
CaO (%) 23+12 16£6.5 16 £ 15 1.6+1.0

Al2O3 (%) 6.0+ 3.0 4.4+£23 9.3+4.2 15216 X-ra

P20s (%) 35+4.1 0.9+0.5 3.2+43 0.5+ 0.6 ﬂuorescé’nce

Fe203 (%) 21+0.9 1.7+x1.7 40+20 64+1.1

V (Ug/g) 2200 + 560 | 300 * 320 290 + 170 66 + 16 3
Re (ng/g) 200 + 91 NA 300 + 69 130 + 38 ICP-MS 1
*calcite + dolomite Pant. et al . ( 7 “Ross(2004) "Riediger et al. (1994)

2Kondla et al. (2017)
3Ross and Bustin (2006)

The Middle Uni® A Mi d d | e $Kordla,et all) 20iL7; Asgddeen, et al., 2004)
A Uni (Ros€&Bustin, 2006) A U fAsgarDeeaq, et al., 2003) f mi d qRiedigeu ni t 0
& Bloch, 1995; Riediger & Coniglio, 1992) or fi Mi d qRiedigeM¥98)(seell able

1)d is the thinnest and least radioactive of the three subunits, with thicknesses from 2 to 12 m

SRiediger (2002)
5Riediger and Bloch (1995)

**illite + kaolinite

when present and gamma ray values fitio 135 AP(Kondla, et al., 2017; Ross & Bustin,
2006; AsgaiDeen, et al., 2004)he Middle Unit is light greypeige to brown, and is similaw t
the Nordegg Member platformal cherty carbonates of central to southern AlhsgteDeen,

et al., 2004) The organic content in the Middle Unit is less than the underlying Lower Unit.
However reported Gg of up to 20% occurs in intervals associated with fractured z&teess

& Bustin, 2006)which may indicate hydrocarbon migration into this subunit rather than
depositional organic matter. Mineralodyaple 2) indicates a high detrital (quartz) component,
and low phosphate, pyrite and clay contents for the Middle (Bioi$s & Bustin, 2006)
Carbonate content is albogh (Ross & Bustin, 2006), but less than the carbonate content in the
Lower Unit. As in the Lower Unit, major element contents correlate closely with XRD
mineralogy: CaO in carbonatesin phosphates, E©3 and Sor in pyrite, and AlOz in

clays aredwest in the Middle Uni(Ross & Bustin, 2006)The Middle Unit has intermediate

V and Ba contents, and the lowest concentrations RGss & Bustin, 2006)

13



The UpperUnd i Upper Moder at el (fondhaetlal., @1¢;Asgare Uni t
Deen, et al., 2004) @ U n(Rosks &Bastin, 2006) @ U n (AsgarBekm et al., 2003)
APoker ChiReeddgeh2002 MAWpP p (Riediger & Bloch, 1995; Riediger &
Coniglio, 1992) or A Up p @iedighteldtijseeT@ble 1)0 has gamma ray values
ranging from approximately 150 to 250 API and thus is more radioactive than the underlying
Middle Unit, but less radioactive than the Lower UAsgarDeen, et al., 2004Maximum
reported Grgin the Upper Unit is 20%Riediger & Bloch, 1995)therefore it is organidch
but not to the degree reported for the Lower Unit. The Upper Unit contains similar carbonate
concentrations to the Middlénit and similar quartz content to the Lower Unit. Clay and pyrite
contents are much greater in this unit than in the Lower and Middle units, and the phosphate
content is intermediat& éble 2; Ross & Bustin, 2006; Riediger & Bloch, 1995). Hence, the
Upper Unit has similar CaO content to the Middle Unit, higheOkeSror and AbOszthan the
Lower and Middle Units, and moderatgds concentrationgRoss & Bustin, 2006; Riediger &
Bloch, 1995) The Upper Unit has the lowest V, intermediate Cr and the highest Ba
concentrationg§Ross & Bustin, 2006)

3.1.2. RedDeer and Nordegg members

The Red Deer Member is a westeim southerrAlberta ageequivalent unit to the
Gordondale Member and is similar in lithol@ynainly black shales and platy limestones
(AsgarDeen, et al., 2003; Frebold, 1969he type locality outcrops along Bighorn Creek in
the Alberta foothills west of the city of Red Dé@isgarDeen, et al., 2003Recent studies by
Themll etal. (2019; 2018; 2017a; 2017tahd Them 1(2016)on the East Tributary of
Bighorn Creekigure 2) correlated the Red Deer Member at this locality with the Gordondale
Member in the subsurface to the northwest.

Much of the lowermost Early Jurassic strata of the WCSB was originally agdsmne
the Nordegg Member of Spivgk949) The true Nordegg Member of central to southern
Alberta is composed of massive, platformal, cherty carbonates with blocky gamma ray
signatures and is of hydrocarbon reservoir gualitsome area.g. Gilby and Pine Creek oil
and gas fields; Poulton, et al., 199%he chert/limestone facies grades into radioactive black
shales to the north, and earlydies of the shale facies in northwestern Alberta and NEBC
began referring to {(inhgaotatioasse.gfiRiediged&eBipgh, 1985 mb e r 0
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Poulton, et al., 1994; Riedigell990) More recently, however, the black shale facies have been
re-assigned to the Gordondale Member (AsDaen, et al., 2004).

3.1.3. Poker Chip Shale

The Poker Chip Shale is found in central to southwestern Alberta overlying the
Nordegg/Red Deer membeesyd in central to northwestern Alberta and NEBC overlying the
Gordondale MembgRiediger, 2002)The type sections of the PCS are located in the
subsurface from Turner Valley (50 km westrthwest of Calgary) to Wildcat Hil (50 km
southwest of Calgary) and are composed of orgacic(Corg > 1%), calcareous, black shales
(Spivak, 1949)Riediger(2002)d e f i nes t he type PCS interval a:
A); the interval has also been definedia&or dondal e Member Upper Mod
U n i(Koadla, et al., 2017; Asgddeen, etal.,2004) A Gor dondal e (Rbbs&nber Un
Bustin,2006) and/ or fi O Nor d@AgggrDaede, ailale 2003)s desdrided 3 A0
above. Riedige2002)d escr i bed a second PCS i n-B)avhicha l (AP
unconformably overlies the Gordondale Member Upper Unit. Poker Chip Shale B is an
organicpoor (Grg < 1%), noncalcareous, gregreen shale containing pyrite apelveral ash
beds(Riediger, 2002)In this work,the PC& i s cal |l ed t he fAGordondal i
because its calcareous/carbonate geochemistry more closely resembles the Gordondale
Member mudstones, versus the +oaicareous/pyritic PGS which is herein referred to
simply as the APoker Chip Shaleo (PCS).

3.2. Biostratigraphy and Geochronology

Many of the original correlations and ages of the Early Jurassic in the WCSB are
derived from ammonite biostratigraphy. Recent gemublogy techniques such as uranium
lead (U Pb) dating of ash bed zircons and detrital zircons, and rhéngmium (R&Os)
dating of black shales provide absolute age constraints on Lower Jurassic strata that

corroborate ages from biostratigraphy.

3.2.1. AmmoniteAges

The Gordondale Member, extending from the voesttral Alberta (WCAB) subsurface
to NEBC subsurface and outcrop, contains ammonite genera dating from the Hettangian to

Toarcian stages. HettangiBsiloceras DiscamphicerasWaehnerocerg¥iammerkaries
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SchlotheimiaSunrisitesLagqueocerasBadouxia PseudaetomocerasdVermicerasare

found in NEBC outcrofHall & Pitaru, 2004; Poulton, et al., 199@pper Hettangian
Discamphiceas (Hall, et al., 2000jand Hettangiar\lsatites(Lower Unit; AsgafDeen, et al.,
2003)are found in subsurface sections ia WCAB subsurface. The Upper Hettangian
Discamphiceraseported in the lower Gordondale Member in northwest Alberta was found
with Upper Hettangian to Lower Sinemurian coccoliths, indicating an age as young as Lower
Sinemurian in that sectidqitall, et al, 2000). Lower Pliensbachian ammonite genera
ProdactyliocerasLytoceras and acanthopleuroceratid are found in NEBC outcrops (Poulton,
et al., 1990). The acanthopleuroceratid ammonites are known to occur regionally in the
member P a petal., 2018)Early Toarcian ammonite gen@sthodactylioceraand Middle
Toarcian ammonite speciegrpocerasct. subplanatunwere reporteét the top of the Lower

Unit (Unit 1b in their study) in onsubsurface sectiaf$-32-78-5W§ AsgarDeen, et al.,

2003). Thisfindingby Asgadbe en et al . (2003) is probl emati ¢
referred to as the Lower Unit, however it is possible that the nomenclature is mismatched. No
other studies are known to report Toarcian ages for the Gordgoviéaber Lower Unit,

however the Upper Unit may be of Toarcian age given that it is correlative with the Early to
Late Toarcian PC® of Riediger (2002)Ammonite biostratigraphy has therefore placed the
Gordondale Member in the Hettangian (outcrop saathlowermost Lower Unit) to Toarcian

stages (potentially Lower Unit [Asg@Yeen, et al., 2003], but most likely Upper Unit only).

Through the WCAB foothills, the Gordondale Member grades into the Red Deer
Member, which has recently reported biostrafuyry from the East Tributary of Bighorn
Creek, AlbertgThem II, 2016) Ammonite specieAmaltheus stokesindProtogrammoceras
kurrianum(Upper Pliensbachian]ltonicerascf. antiquumandP. paltum(Pliensbachian to
Toargan), andClericeras exaratunandHildaites cf. murleyi(Lower Toarcian) are described,

making the Red Deer Member agerrelative with portions of the Gordondale Member.

The Nordegg Member contains the Pliensbachian ammonite §emaltheusat
LimestoneMountain in WCAB (AsgaiDeen, et al., 2003). Additionally, the member contains
Oxytomabivalve beds dated generally from the Early Jurassic, similar to those found in the
Gordondale Member (Asg&een, et al., 2003). The presence of the Pliensbachian atemon
makes the Nordegg Member ag@rrelative with portions of the Gordondale and Red Deer

members.
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In addition to the Red Deer Member ammonites, Thef2d16)describes specimens
from the PCS in the same section onHast Tributary of Bighorn Creek. The lowermost PCS
at the East Tributary outcrop contains Lower Toarcian ammonite siideigseras exaratum
Hildaitescf. murleyi Dactyliocerascf. semicelatumandHarpocerasct. falciferum Lower to
Middle Toarcian ammonite speciBsictylioceras commurandD. athleticum and Middle
Toarcian ammonite specierpocerascf. subplanatumPseudoliocerasf. lythenseand
generaZzugodactylitesPeronocerasandPhymatocerasAsgarDeen et al(2003)report the
Upper Toarcian ammonite gendakouniak n A O Nor deggdé Member Uni't
PCSB in Riediger, 2002; and PCS in this work) in northwestern Alberta, and Poulton et al.
(1990)note Upper Pliensbachiam Toarcian to Aalenian palynomorph (pollen) assemblages,
Lower Toarcian ammonite gendrarpocerasandDactylioceras and Aalenian dinocyst
Jansonia jurassican NEBC PCS outcrops.

3.2.2. Ui Pb and ReOs Ages

Uraniuni lead (i Pb) dating of zircons from ash beds interbedded in sedimentary
successions is used to determine the absolute crystallization ages of those zircons and, by the
law of superposition, the approximate depositional ages of the sedimentary units immediately

overlying and underlying the ash beds.

Some Jurassic units of the WCSB contain interbedded ash or weathered ash (bentonite)
layers, which have providediBb ages consistent with reported biostratigraphic ages. The Red
Deer Member from the East Tributary®ifghorn Creek (Alberta) has a reported bentonite U
Pb age of 188.3 +1.:51.0 million years (Ma; & n = 5) approximately 1 m above the sub
Jurassic unconformitgHall, et al., 2004)Them et al. (2017b) pert ages for two bentonites in
a 13.5 m section of the Red Deer Member on the East Tributary section. The first bentonite is
situated approximately 1 m above the-Subassic unconformity and has an age of 188.58
0.17 Ma (Z; n = 5) that agrees with trege of Hall et al(2004) The second bentonite is
approximately 5 m above the unconformity and gave an age of 186.48 Ma (#; n = 5).

All three ages place the lower portion of the Red Deer Member within the Ricmsb stage,
consistent with the biostratigraphic age frémaltheusammonites found in thenit (Them 11,
2016)
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Recent WPb dating of Nordegg Member ash beds in three sedfidciseod River,
Prairie Creek Quarry, Shunda Creek bridgd) t he western Al berta foot
(2018b)yieldedages of 187.21 + 0.48 M2 ({in = 2),185.25+ 0.66 Ma (95%¢confidence
interval,Cl; n = 2)and 186.8 #.5 Ma (95%CI; n = 23). These ages place the Nordegg
Member in the Pliensbachian stage, and overlap the Red Deer Member ages tf (ROas)

and Hall et al(2004)within analytical uncertainties

ThePCShasincorporatedietrital zircors with a Ui Pb youngest peak age of 186.5 +
5.3 Ma @ = 10) and a youngest singigain age of 176 + 7 Maiving the membea maximum

depositional age the Pliensbachian to ToarcianstageBant, et al ., 2017)

No Ui Pb ages for the Gordondale Member are known to have been rephomeer
therheniuni osmium (R&0Os) isochron method to directly ddke deposition obrganicrich
black shales has been applied to the menibarn £ (2018a)adort a ReOs isochron age
near the base ofreorthwestern Alberta Gordondale Member subsurface sedtBp8&73-
21w 55A21aN, 10K A11.040 Wia o(f2)9,2 pl acing it in t
PCS has a Toarcian R@s isochron age of 182N 2 . 5 1328-78-21W9 atthe contact
bet ween the Gor dond a,letal., R0&8ambTdese raportkd dggee® ( Pan t
well with Ui Pb zircon and biostratigraphic ammonite ages of equivalent members. iThe Re
isochron ages in thE3-28-73-21W5section forthe kases of the Gordondale Member and PCS
provide a approximatésordondale Member depositional periocabfeastl0.0 + 3.9 million
years (210)

3.3. Paleotectonics

The WCSB experienced a change in tectonic regime during the Jurassic Period, moving
from a stable/assive margin to an orogenic/active subducting margin along the western coast
of ancient North Americalhesechanges resulted in the complex Cordilleran geology
currently observed: easternmost Rocky Mountains (Alberta and British Columbia), multiple
westely-derived allochthonous magmatic terranes through British Columbia, and westernmost
Coast Mountains (British Columbia). Upper Jurassic sedimentary units in western Alberta and
NEBC contain westersourced orogenic clastic material, making them the yaingest
obvious indication of orogenic initiation; however, much of the tectonic evidence for

determining a more precise timeline of initiation has been lost to er@3wtton, et al., 1994)
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Other lines of evidence habeen used to argue for an earlier initiation of orogenic activity.
Oxygen isotope signatures indicate meteoric water runoff from western terranes into the
depositional basin of the Early to Middle JuragBiediger & Coniglio, 892) Detrital zircons

found in Lower and Middle Jurassic WCSB strata are nearly euhedral (i.e. minimal transport)
and produce UPb youngest peak ages similar to the ages of their host sedimentafy Brésn £ ,
et al., 2017)The findings inPart et al.(2017)imply orogenic initiation by at least the Early
Jurassic as the Cordilleran magmatic arc to the west of the depositional basin began to supply
the syndepgsitional zircons.

3.4. Paleogeography and Paleohydrography

Early Jurassic deposition in the WCSB occurred on the western edge of the rifting
supercontinent Pangea in the northwestern corner of Laurasia (early North America) where it
met the Panthalassa (PrdRacific) ocean $cotese, 201Figure 4). At that time the region
straddled ~38\ to 5CN latitude(van Hindsbergen, et al., 201%)s evidenced by the presence
of a carbonate platform (Nordegg Member) which typically develops in tropical ttvaqibal
regions(Wilson, 1975) Deepeiwater, finergrained marine units of the Early Jurassic in the
basin(Gordondale Member, Red Deer Member, PCS) show characteristics of anoxic foxygen
free) deposition, e.g. highs6Css hopane (biomarker) ratigRiediger & Coniglio, 1992and
abundant preserved organic matiRiediger & Bloch, 1995)Oscillating laminations of
apatitebearing intervals (suboxic to oxic conditions) with pybearing intervals (anoxic)
(Riediger &Bloch, 1995)suggest intermittent periods of less anoxic deposition of post
depositional oxygenation. Riediger and Bl¢tB95)also note the presence of excess sulfur
associated with organic matter; this is likéte result of euxinic bottom water conditions
(anoxic and sulfidic) caused by bacterial sulfate reduction. Anoxia is suggested to be a result of
two mechanisms: (1) basin sills (submarine ridges oriented parallel to the shoreline) and (2) a
hypersaline pgnocline limiting water mass exchan@ediger & Bloch, 1995; Riediger &
Coniglio, 1992)

The Gordondale Member was likely deposited in an open ocean environment and may
have been separated from the more ictett Red Deer and Nordegg members by a sill
(Poulton, 1991)Thus, while all three members exhibit anoxic traits, the mechanism

responsible for those anoxic conditions may be different for each member.
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Figure 4. Early Jurassic PaleogeographyPaleogeography of the Early Jurad@éciod approximately

180 million years ago (Ma) of the area around and covered by modern North America; modified from
Scotesd2013) The Western Canada Sedimentary BadiCEB) depositional area is highlighted (red),

as is the study section (yellow star) within the basin. Paleolatitudes were approximated using the model
of van Hinsbergen et a[2015) Sea level is set at 0 m, with coloured areas represegitingles above
(greens and browns; assumed-sgbial) and below (blues; assumed-sudrine) sea level. Sumarine

depths greater thani?00 m are situated on the continental shelf, while those lessi #¥hm are
continental slope and abyssal plain.

3.5. Carbon Geochemistry and Thermal Maturity
The Gordondale Member is an excellent source rock with up to 28 wiXR&diger,

1991, Creaney & Allan, 1990Riediger(2002)descibed the PCS\ (equivalent to the Upper
Unit of the Gordondale Member) with excellent source potential from its elevatgaf Gp to

18.5 wt%, whilethe PGB8 ( or si mpl y A PCS0oy<liwd).iKerdgenda sour c
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precursor to hydrocarbonm the Gordondale Member is TypeS| indicating a marine origin
(AType 11 0) and inco$@orianti @ nt lnRiedpergarsisc sma tf t
Bloch, 1995) Programmed pyrolysis Tmax values, a proxy for thémreurity, increase from

northeast to southwest across the basin; therefore, the overmature areas are closest to the

Rocky Mountain deformation front, while the immature areas lie along the easternmost extent

of the basin(Riediger, 2002; Riediger, 1990)

Organic carbon isotope signaturé$®Corg) of the Early Jurassic in the WCSB show
baseline values averaging approximaie?$a in outcrop (East Tributary, Bighorn Creek) and
subsurface (northwestern Albertactons(Them II, et al., 2019)ndicating a marine
phytoplankton sourc@Boutton, 1991) The overall trend is that of a broad positive carbon
isotope excursion (EIE) of approximately +& beginnng in the midPliensbachian and
ending in the Upper Toarcigithem II, et al., 2019)However, in the earliest Toarcian, the
uppermost Gordondale and Red Deer members, and lowermost PCS strata exhibit an abrupt
negative carborisotope excursion (KCIE) of up toi 4a from baseline value@hem I, et al.,
2019; 2017a)The NCIE may be recording a global phenomenon rather than local variations,
as the trend is reflected in coevaltsats through North America, Europe and Jaag.

Them I, et al., 2017a; Grocke, et al. 2011; Schouten, et al., 2000; Jenkyns, 1988)
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4. Marine Geochemistry

4.1. Carbon Geochemistry

4.1.1. Global Carbon Cycle

The global carbon cycle is an important biogeochemical cycle due to its major role in
biological, geological, hydrological and atmospheric proce$sase, 1991)These
components of the Earth system outline the major reservoirs for carbon in its various forms.
Biological components include terrestrial plants and animals, and aquatic (riverine or marine)
plants, animals and plankton. Geological components includerebdasing rocks and
sediments (e.g. carbonates), organic matter buried within sediments, and hydrocarbons (e.g.
coal, oil, gas) stored in sedimentary basins. The hydrological domain is a transient reservoir;
particulate or dissolved carbon transfer to finch the aqueous environment occurs quickly

relative to other reservoirs.

4.1.2. Forms of Carbon

Earthds car bon ogandindbganicdarben (@ge @rganiacarbon i€
a product of biological processes and is therefore found in the biologealog as living
biomass. However, the hydrological and geological reservoirs also contain the remains of past
biomass as particulate organic matter, organic matter buried in sediments, and kerogen or
hydrocarbons i n r oc k salltefin@ordgsaribe accollecion df comglex i s a
carbonbearing molecules which make up organic matter; these molecules also include other
essential elements for life like phosphorus (P) and nitrogen (N). The Redfield Rediieeld,
1939 is the typical stoichiometry used to describe average organic matter composition where
the ratio of C:N:P is 106:16:1 denoted by the chemical formula@Qb(NH3z)16H3PQu.

Inorganic carbon is found in mineralogical, dissolved or gaseous compauthis
produced through abiotic processes. Carbon dioxide)(8@he most abundant gaseous form
of carbon in Eartho6s at mg bothlgasesare radiatbve and wed by
contribute to the greenhouse effect. In solid and dissolved formsathonate anion (G©) is
the main inorganic carbon phase, often precipitating to form the minerals calcite3jjGadO
dolomite (CaMg(CQ)2).
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4.1.3. Stable Carbon Isotopes

Elemental carbon in the natural environment is composed predominantly of two stable
isotopes (a third isotope, carbdd, is radioactive and will not be discussed). The lighter
carbon12 (*C) isotope is the more abundant of the two, averaging 98.89% of stable carbon on
Earth; the remaining 1.11% is represented by the heavier c¢aB@rC) isotope(West, et al.,

2006) This ratio is not constant due to maependent fractionation processes that vary the
proportion of'>C and®C by up to 10%Faure, 1991)Fluduations in the stable carbon isotope
ratio i*°C) of sedimentary material can be measured and reported&cgiragion 1.

1) 1 6D ——————— p PTNTT

In Equation 1, thesamples the material for which the isotope composition is sought,
thestandardis an internationally accepted reference material with a known isotopic
composition. For the stable carbon isotope system, Pee Dee Belemnite (PDB) was the original
reference standdmsed in analysis. However, no PDB material remains so a new standard,
Vienna PDB (VPBD), has been calibrated to the PDB reference scale and is used
internationally(Werner & Brand, 2001)

Massdependent fractionation of cambsotopes in nature is controlled by kinetic and
equilibrium fractionation effect@aure, 1991)Kinetic fractionation effects are those which
are controlled by the energy requirements of a reaction process (e.g. in blglogpesses,
the lighter isotope is favoured due to lower energy requirements). Equilibrium fractionation
effects are those which are controlled by the isotope bonding strength, where the heavier
isotope typically forms a stronger bond which is thus li&s$ylto break during reaction
processegFaure, 1991)Photosynthesis is the primary kinetic fractionation process for carbon
isotopes in nature and occurs when carbon dioxide is converted to organic compounds in
primary prodeers (plants, phytoplankton). Photosynthetic mechanisms (e gdi@@ion
from atmosphere to cells, internal Calvin or Ha8lack cycles, organosynthesis)
preferentially use the lightéfC isotope, so primary producers are enriched@nand depleted
in 13C resulting in a mor@egativel™*C composition(Faure, 1991)Subsequent heterotrophic
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consumption of primary producers transfers the isotopidiglht carbon up the food chain, so

all biological material has lowegatiwe (i*3C compositions.

The3C depletions are preserved in hydrocarbons (coal, oil, gas) due to their biological
origins as organic matter buried in sediments. However;gesisitional processes like
thermogenic hydrocar bon xhydrocabddnstognipler( r educt i or
compounds during burial and maturation) can redistribute the lighter and heavier isotopes
between partitioned hydrocarbon phases. Thermogenic methaneaittihs the most
negativeli**C compositioni(60 toi 403 ), whereas heavigrases (e.g. ethane, propane,
butane), oils and coal range betwé&db toi 20a (Fuex, 1977)Biogenic methane produced
during methanogenesis (disproportionation) of organic matter by decomposers in soils records

the lowestit*C compositions of known material to a minimuni 804 (Fuex, 1977)

Equilibrium fractionatio effects occur more often in abiotic processes, such as the
carbonate buffer system. Precipitated carbonate minerals (e.g. calcite;) @a€Qpically
enriched in the heaviéfC isotope compared to atmospheric2@d aqueous 0z, HCOs
and CQ? phases(Faure, 1991)Marine limestones typically hayé*C compositions nears0
because the PDB standard was itsel(Fuexa mari ne
1977)

4.1.4. Carbon Isotope Excursien

Globatscale carbon isotope excursions (CIES) recorded in the carbonate and organic
matter of marine sedimentary rocks represent major disturbances to the carbon cycle and are
caused by global environmental perturbation(s). Positive CHRIEB) are thee wherait*C
compositions increase to a maximum through a stratigraphic section, followed by a return to
lower baseline levels. These types of CIEs capture globally elevated levels of organic carbon
buriald i.e. where isotopicallight biological carbon is sequesterietb the inaccessible
sedimentary carbon bank (Jenkyns, 2010). Biological processes such as photosynthesis make
preferential use 0fC, so inorganic carbon remaining in the environment shifts to heavier
Ut3C. As the removal of lightet?C from the biospére continues, photosynthetic organisms
begin to incorporate more isotopicalgavy*C, which is subsequently buried and records
higheri*3C compositions. Once the external disturbance ceases and the rate of organic burial

slows, the carbon system-eguilibrates andi*3C shifts back to lighter values.
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In contrast, negative CIEs {NIES) are those whef&3C compositions decrease
(become more negative), followed by a return to higher baseline levels. These events are less
straightforward to interpret asdy are not controlled by the organic carbon burial rate, but
rather by injections of lighter carbon attributed to a pulsed release of gas hydrates or methane
clathrates (Them Il et al., 2017; Hesselbo et al., 2007; Kemp et al., 2008ret al, 2001
Hesselbo et al., 2000), emission of light volcanic@GQ@roda, et al., 2007)nagmatic
intrusion of coals and black shales (Wignall, et al., 26allack & Jahren, 20Q081cElwain,
et al, 2005) and/or upwelling ofsotopicallylight deep ocean waters (van de Schootbrugge, et
al., 2005; Schouten, et al., 2000; Kuspert, 1982).

4.2. Marine Redox and Paleoredox Proxies

Sediment trace metal concentrations are indicators of depositional pore water, bottom
water, and/or waterotumn redox conditions, and their use as redox proxies can be applied to
both modern and past environments. Aqueous oxygen conditions are divided intoxexic (O
2.0 mi/1), suboxic (@from 2.0 to 0.2 mi/l), and anoxic & 0.2 ml/l); anoxia is subdivided
into ferruginous (dissolved Ferich) and euxinic (bottorwater HS present; produced
through bacterial sulfate reductiofilyson & Pearson, 1991fome redossensitive trace
metals are soluble undep-@ch conditions andnsoluble under @poor conditions, therefore
sediments deposited under increasingly anoxic waters should be enriched in these elements
(Tribovillard, et al., 2006)Not all redoxsensitive tracenetals are enriched equally for a
specific redox state (e.g. euxinic versus ferruginous), therefore apruty approach for

reconstruction of the ancient marine environment is taken for this work.

Thermal maturation of organiich rocks has not beenahlin to disrupt trace metal
isotope systematics or decrease trace metal content in the sedimer{ljpinas®019) Yang
(2019) compares immature, mature and overmature samples from multiple cores in the Exshaw
Formation (Alberd). While no trend is observed between trace metal concentrations and
maturity, spatial variation may have been induced by local environmental effects rendering
comparison ineffective. Dickson et al. (2019) performed pyrolysis (timed heating) experiments
on known immature organicch mudrocks of the Posidonia Shale (Germany) and Kimmeridge
Clay (United Kingdom). Their results confirm those of Yang (2019) such that studied trace
metals (Mo, Zn and Cd) are not mobilized during maturation based on minictairiedion

25



into bitumen phases. However, it was suggested that the loss of organic mass during diagenesis
and catagenesis artificially increases the relative concentration of the metals and may double
the metal/Gq ratios in the bulk sampl®ickson, et al., 2019)This could be problematic when

using these metals for paleoenvironmental reconstruction in comparison to modern sediments
which have not undergone patgpositional maturation. With this csideration, Dickson et al.
(2019)do state that inference of changes to paleoenvironmental conditions on small spatial and
temporal scales (e.g. within a single section) with similar maturation histories are noegdvers

affected.

4.2.1. Molybdenum

Molybdenum (Mo)is present in the upper continental crugeddtivelylow
concentration$l.5 ug/g; McLennan, 2001but hagelativelyhigh seawater concentration
(107 nMa 10 ng/g; Collier, 1985hherefore Mo enrichments in organiich marine sediments
deposited from anoxic bottomaters typicallysuffer minimal detrital influence. Most marine
Mo is supplied through riverine inp(Reinhard, et al2013)and Mo exhibits conservative
behavior inoxic seawate(Emerson & Huested, 19913ediments deposited under oxic
bottomwater retain crustal Mo concentratioescept when manganese particulates are present
(Crusius, et al., 1996kfficient Mo sequestration to sediments occurs in euxinic environments
where oxidized Mo(VI) (typically as the molybdate oxyanion Mo)ds reduced to Mo(IV) in
Mo-polysulfides (Erikson & Helz, 200Q)producing sediment enrichmersmmonlygreater
than100ug/g (Scott & Lyons, 2012)The necessity dfeeH.S in bottom waters to precipitate
Mo-polysulfidesmakesMo useful in distinguishing suboxic amd/ferruginousconditions
from euxinic conditions. Scott and Lyo(®&012)note that an enrichment greater than crustal
concentrations and less than&¥g represents an intermediate Mo sink between oxic and
euxinic condiions. Thiscould bean environment with suboxic or anoxXferruginous)ottom
waters and an % chemocline within the sediment (pore wate®}dmolybdenum diffuses
through the sediment towards deepe®&ich porewaterwhere it is then removed from

solution.

Manganese (MnRpxyhydroxideparticulate activity can artificially enhance Mo
enrichment in sediments where an oxic water column overlies anoxic baitqorewaters

(Crusius, et al., 1996). The particulate shuttling process generates an increasing Mo

26



concentration gradient fromeahupper water column to the bottom waters. Molybdenum
oxyanions adsorb to Mn particulates in the oxic water column and are effectively shuttled
through the water column as the particulates sink. The Mn particles dissolve in the anoxic
bottom waters or wheimteracting with anoxic pore waters below the sediingater

interface During Mn particulate dissolutioMo is released into the anoxic environment where
it is captured and incorporatéto anoxicsedimentsCrusius et al., 199% The dissolved Mn

returns to the oxic water column where the cycling may continue

Sediment Mo concentrations between 25 andid)§ may have been deposited in a
euxinic environment involving one of several additional factors: (1) dilution due to rapid
sedimentation; (2) a#line waters causing reduced efficiency of Mo precipitation; (3) basin
restriction with initially enhanced drawdown and depletion of aqueous Mo from the water
column without repletion; and/or (4) seasonal redox varidtitandisty, et al., 2018; Scott &
Lyons, 2012; Helz, et al., 20115urther study has illustrated additional factibis can
complicateinterpretation of Mo concentrationScholz et al(2017)indicated that nitrogenous
suboxic settings like those of the Peruvian margin upwelling eanbave Mo enrichments
similar to those of euxinic deposition (~70 to 1a§)g), whileHardisty et al(2018)
demonstrated significant overlap in sediment Mo concentraitiomsic environments witlor

without porewater bb.

4.2.2. Vanadium

Upper continental crustanadium (V)concentrations anelatively high (107 pg/g;
McLennan 2001)compared to other redesensitive trace metals like Mo, U and Re. Due to its
high particle reactivityriverine particulate V concentrations are high (uglg) compared to
its dissolved riverine concentration (15 @M 0 . 7)4Manirg& Meybeck, 1979)

Vanadiun® seawater concentrationnst fully conservative and iglativelylow( 4 0 n M &
ng/g; Collier, 1984fompared to other trace metalwd to its riverine fluxtherefore

sedimentary contentis affected byiverine particulate (detritalhputs which must be
considered in the study of its authigenic enrichnfEmerson & Huested, 1991)

Vanadium is uniquenithat it has three commonly occurring oxidation states in the
marine environment. Under suboxic to weakly anoxic (ferruginous) bottom waters, V(V) as

vanadate oxyanions (HV® or HVOy) are reduced to V(IV) as the vanadyl oxyanion?vO
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which adsorbs tsolid phasesvanadiumenrichment alludgto the presence of43 in

sediments and bottom wate&cp6tt et al., 201Y. In euxinic bottom waters, V(IV) is reduced

to V(III) which forms a solitary precipitate phase (e.gOvor V(OH)s) (Tribovillard, et al,

2006) Ancient euxinia can be inferred from sediment V concentrations p@2Mdased on a
compilation of wellcharacterised Cambrian, Ordovician, Silurian, Carboniferous and Jurassic
black shalegQuinby-Hunt & Wilde, 1994)

While some modern sediments exhibit V enrichments up tq@&$(e.g. Cariaco
Basin; Calvert & Pedersen, 1998)any ancient organigch black shales feature V hyper
enrichmentgdefined as V > 500 pg/g; Scott, et al., 20fiaf)which there are no modern
analogues. This may indicate that V hyparichments are linked to excessSHNn bottom
waters beyond that whick bbserved in modern environme(ts. HS > 8 mM; Scott, et al.,
2017) Hyperenrichment may also be linked to the particle reactivity ofdgpaption of V to
iron (Fe} and/orMn-particulate shuttles is an effective means of transport through the water
column to the seafloqEmerson & Huested, 1991Additionally, due the association of V with
organic matter, hypegnrichments may occur in environmewigh extensive organic matter
deposition and anoxic to euxinic bottom waters where orgaoiad V cannot be oxidized
(Quinby-Hunt & Wilde, 1994).

4.2.3. Uranium

Uranium(U) is a redoxsensitive trace metal withralativelylow upper crustal
concentratior{2.8 pg/g; McLennan, 2001but arelativelyhigh seawater concentrati¢t3.4
nM & 3.1 ng/ g; Tr. Urdnum issippliadtodhe oceans naainljia, 2 00 6)
riverine input. Sediments deposited under oxic bottom waters retain crustal U concentrations,
while authigenic enrichmentgcur in anoxic organidch sediments. Sedimemégchment
occursby diffusion across the sedimémiater interfaceeducingU(VI) (as soluble uranyl
oxycarbonate anions W 0s)3*) to U(IV) (as soliduraniniteUO,) (Klinkhammer & Palmer,
1991) adsorption oubf solution onto Fesulfide surfacesor becomes complexed with organic
matter as mediated by bacterial sulfate reduction procéB8emasn, et al., 2018; McManugt
al., 2005; Klinkhammer & Palmer, 1998ediment U enrichmentgeater thari0 ug/g
indicate deposition under anoxic conditigRartin, et al., 2013lUnlike MoandV, uranium

enrichment is not dictated by the presenf HBS in pore or bottom wate(Partin, et al., 2013)
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andU is not readily adsorbed to Fer Mn-oxyhydroxidepartiaulates implying thatt is not a

valid proxy forthe presence d.S orenhancegbarticulate activityin the water column. Other
factors that influence the enrichment and preservation of U and other trace metals in sediments
are sedimentation rate, organic matter accumulation rajger@tration depth and diagenetic

processes or remobilisation undetore/genaed conditions (Tribovillardet al., 2006).

4.2.4. Rhenium

Rhenium(Re)is mainly incorporated into suboxic and anoxic sediments and is likely
reduced later in the diagenetic sequence than U (Crasiak, 1996). Upper crustal Re
concentrations areerylow (0.4 ng/g; McLennan, 2001) and seawater concentrations are
conservative and relatively higdQpM f 7.2 pg/g Anbar, et al., 1992, therefore detrital input
has minimal influence on Re content in orgamdf sedimentsSoluble Re(VII) as a
perrhenate oxyanion Re0n seawater is removed to sediment in the Re(VIl) state coupled
with an F&Moi S phasdHelz & Dolor, 2012)or reduced to Re(1V) and scavenged onto
organic matter in sedimen{Selby & Creaser, 2003Rheniumenrichment is not controlled by
the presence of 13 in pore or bottom watets the same extent as Mo or 86 it is not a
suitable proxy for euxiniéCalvert & Pedersge 1993) Depositional settings with anoxic pore
waters can be deduced by sediment Re concentratimve5 ng/g(Sheenet al., 2018).
Suboxic sediments can reach concentrations from 25 ng/42ven under nitrogenous (early)
suboxia (> 0.2M NO2, < 2eM 0O»), and anoxic sediments between 40 and@§ (Crusius,
et al., 1996)

4.2.5. Iron

Iron (Fe) is a major element with average upper continental crust concentrations of 3.50
wt% (McLennan, 2001jainly in sedimentary andytirothermal settings as oxide,
oxyhydroxide and sulfide compounds (e.g. hematiteOfegoethite, FeOOH; pyrite, FeS
and in mafic silicate minerals (e.g. hornblendex(Ra,Fe*)4(Al,Fe3")(SizAl)O22(OH)z;
biotite, K(Mg,Fé&*)3AlSiz010(OH).). Due tothe crystal structures and chemical bonding, Fe in
these silicate minerals are considered unreactive$o e in solution, oxides, oxyhydroxides
and sulfides are reactive toe$i(Lyons & Severmann, 2006; Raiswell & Camdie1996) Iron
is redoxsensitive with two oxidation states: oxidized ferric iron*tFand reduced ferrous iron

(FE*). Unlike other redossensitive metals discussed in this work which form soluble
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oxyanions in oxidizing environments, Fe tendsnecjpitate solid phases in both oxidizing

(e.g. as Fe@xides) and sulfidic (e.g. as fselfides) environments; therefore, the modern

seawater Fe concentration is very low and varies seasonally and spatially through location and
water depth{(230'640 pM = 12 35 pg/g; Tagliabue, et al., 2012)

In an oxic water column, Fe(IH)xyhydroxide particulate phases precipitate and sink
from surface waters to the sediniemater interface. If bottom waters raim oxic, the
particulates accumulate as a change in redox state is not encountered. If the particulates are
transported below the redox chemocline, reductive dissolution of the Fe(lll) particulates occurs
and any adsorbed metal anions desorb from theclgesturface and may be reduced to
sediments. However, under reducing conditions, Fe(ll) requgBsoHorm solid sulfide
phases so if ferruginous anoxia pervades in the sediments and bottom waters, dissolved Fe may
return to oxic surface waters and @gooe to cyclgPoulton & Canfield, 2011)f euxinic
conditions are present8 in bottom waters reacts with Fe to form pyrite and other soii Fe
compoundgCanfield, et al., 196).

The complex redox cycling of Fe informs the use of the element as@gdbx
indicator. Sediment Fe/Al ratios and/&L Sroti Fe relationships are used to infer oxic versus
euxinic conditiongLyons & Severmann, 2006; Arthur & Sageman, 1994; Dean & Arthur,
1989) Aluminium is anindicator of local siliciclastic (detrital) sediment flux to a basin (Lyons
& Severmann, 2006). In oxic environments, Fe/Al ratios are less than or similar to the average
shale ratio of 0.55, while euxinic sediments typically have Fe/Al ratios >DyaHis &
Severmann, 2006 he increase in Fe/Al ratio from oxic to euxinic sediments stems from the
higher siliciclastic input on the oxic shelf (closer to a detrital sogwsk;and low pyritization
(limited to no HS present for compounding with reactive Beg) versus lower detrital input
(Z A land increased pyritizatioffe) in deeper, more distal euxinic environments where
reactive Fe interacts with bottom watetf3HLyons & Severmann, ZB). A Corgi SroTi Fe
ternary diagram is also employed to differentiate oxic marine sediments which trend along a
constant $o1/Corgratio of ~0.4, from sediments where Fe is bound in pyrite which trend along
a constant stoichiometric pyrite&/Fe weght ratio of ~1.15Arthur & Sageman, 1994; Dean
& Arthur, 1989)
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4.2.6. Cadmium and Cd/Mo Covariations

In seawater, Cadmium (Cd) has a low concentration of 0.6 nM (~0.07 ng/g; Boyle,
1992) compared to a continental cruduesof 98 ng/gdMcLennan, 2001)Unlike previously
discussed trace metals, Cd is not redersitive as it exists in one oxidation state’(Tih the
marine environment. Cadmium is strongly associated with marine organic thatto its role
as a micronutrient in phytoplanktdmribovillard, et al., 2006)In anoxic environments where
organic matter is preserved, Cd content will be enriched. Cadmium also hasigy faffi
forming sulfide compounds (as CdS or coprecipitating with FeS) so in euxinic environments
where organic matter is deposited, Cd may be found in association with organic matter or in
sulfides(Tribovillard, et al., 2006)Additionally, Cd substitutes for calcium in the apatite
structure, therefore phosphatic intervals may exhibit strong Cd enricliimdyavillard, et al.,
2006, and references therein)

The Cd Mo covariation Figure 5) presented in Sweere et @016)is used to
distinguish upwelling environments from silled or strongly restricted environments recorded in
organicr i ch sedi ment s -mamberck senvliihresremdiretnsd ar e
distinguished by the rative importance of the productivity@d/Mo) versus preservation
(ZCd/Mo) enrichment mechanisms for organic matter and their influence on Cd/Mo ratios.
Sweere et al2016)compiled geochemical data from several modgwelling zones
(Namibian and Peruvian margins, Gulf of California and the Arabian Sea) and restricted basins
(the Black Sea, Cariaco Basin, Saanich Inlet and Mediterranean Sea). Cadmium was more
enriched in the productive upwelling zones (~0.4 tu&®) than the restricted basins (~0.15
to 15ug/g). Molybdenum was slightly more enriched in the restricted environments (~1 to 300
pg/g) than the upwelling zones (~1 to 3@§'g), but there was significant overlap in
concentrations between environments. The=eds are reflected by higher Cd/Mo ratios in the
upwelling zone than the restricted basins. From their study, Sweer¢2&tlfl)define an
empirical Cd/Mo cubff between these environments, where Cd/Mo ratios nditate
upwelling, and < 0.1 indicate restriction. Recent paleoenvironmental application of the Cd/Mo
covariation techniquévicArthur, 2019)is used to argue that the Toarcian black shales of
Europe were a response to resion (low Cd/Mo trend) of the Cleveland Basin (Tethys

Ocean), rather than global ocean anoxia.
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Figure 5. Cd/Mo Covariation Diagram. Cadmium Mo covariation modified from Sweere et §2016)
indicating fields for upwelling zonenad r estr i cimedbénéi enfiendnment s.
(2016) define an empirical cofff for the Cd/Mo ratio of 0.1 to distinguish between the environments.
Also noted are the seawat8W) Cd/Mo weight ratd (~0.007; Tribovillard, et al., 2006) amdean
plankton Cd/Mo rati¢6.0; Brumsack, 1986)

4.2.7. Mo/U Covariation

Covariation diagrams of enrichment factors (k)Mo versus U (Me</Uer, Figure
6) can be used to determine the mechanism of trace metal enrichments within a depositional
basin, and basin hydrograptigeo & Tribovillard, 2009) Enrichment &ctors Equation 2)
correct for detrital content of the trace meklin a sample versus a standard material like the
upper continental crust or average shale.
. j
(2) W j
Algeo and Tribovillard2009)suggest three mechanisms that can cause variations in
Moer/Uerratios of marine sediments: (1) redox variations from-o)@axinic across a basin or

depositional period; (2) F&In particulate shuttles delivering excess Mo, but not U to the
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sedimeritwater interface; and (3) evolving aqueous chemistry from seawater depletion of trace
metals during persistent anoxia or euxiniéhwimited repletion after trace metals are removed

to sediments. The first mechanism is typical of epee@an basins and upwelling zones (e.g.
Eastern Tropical Pacific) whereas the second reflects weeglsicted basins with euxinic

bottom waters and lagively rapid deepvater mass replenishment (e.g. Cariaco Basin). The
third mechanism is typical of strongly restricted basins (e.g. Black Sea), which have euxinic
bottom waters resulting in an initially enhanced drawdown of trace metals into sediménts, b
with little repletion of the water mass resulting in diminished bottom water trace metal
concentrations at steadyate conditions. Because the sequestration of Mo into euxinic
sediments is more efficient than U, this leads to a gradual decreasemesellio/U as the

local deep waters become severely depleted in Mo, and moderately depleted in U.

1000 -

100 -

Mo,

10 -
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Figure 6. Mo/U Covariation Diagram. Covariation of Mo and U enrichment factors (EFs) modified
from Algeo andTribovillard (2009) Inference of basin hydrography (open ocean or restricted) and
additional enrichment mechanismBe{Mn particulate shuttling) can be made using the diagram.
Seawater Mo/U weight ratio is noted (3.1; Tribovillard et al., 2006), as argetieral EF fields which
record euxinic, anoxinon-sulfidic and suboxic conditions.
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4.2.8. Re/Mo Covariation

The Re/Mo ratio is a tool to determine depositional redox conditions as both Re and Mo
are conservative and have high seawttarust ratios Crusiuset al., 1996). This trace metal
covariation is specifically useful in distinguishing between suboxic/ferruginous and euxinic
environmentgTurgeon & Brumsack, 2006; Crusius, et al., 19@8usius et al(1996)report
modern Re and Mo sediment concentrations at four sites (Japan margin, Pakistan oxygen
minimum zone [Arabian Sea], Saanich IfBtitish Columbia] and the Black Sea), the results
of which ae summarizetty a R& Mo covariation diagramAigure 7). Sediments deposited
under euxinic bottorwaters are typically enriched with both Re and Mo (up to 50 ng/g and
120ug/g, respectively)and trend along the modern seawater Re/Mo ratio ¥00%. Suboxic
and anoxic (ferruginous) environments are lesslaoive to Mo removal, therefore enrichment
in Re outweighs Mo, leading to Re/Mo ratios along a trend up»ad3(Turgeon and
Brumsack, 2006).
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Figure 7. Re/Mo Covariation Diagram. Re/Mo covariation diagram with modern redox ieowment
trends(Crusius, et al., 1996pashed line isuboxicRe/Moratio (~15) trend after Turgeon and Brumsack
(2006). Solid black line is modern seawater (SW) Re/Mo (&i63x103; Crusius, et al., 1996Note

that at elevated Mo content (here do ~100), the environment is assumed euxinic generally close to

SW ratio.
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4.2.9. Mercury

In nature, rercury (Hg)is delivered to the atmosphere as gaseous elemerftébHg
95%), oxidized inorganic Hg (< 5%) through quiescent volcanic outgassing (primary source;
46 tonnes annually) and volatilization of biom#ks and Hgbearing rocks and soils (e.g.
forest fires, subaerial weathering; secondary sources; 1.1 kilotonnes abr{&éttgerald &
Lamborg, 2005; Pyle & Mather, 2003Jhe atmospheric residence time oflgfrom several
months to 2 year@.indgvist & Rodhe, 1985)allowing for distribution on a global scale. By
contrast, reactive atmospheric Hg (particulates and compounds carryfif)chelgg a much
shorter residence time from a few days to weeksdqgvist & Rodhe, 1985)Elemental Hg is
distributed evenly across the planet and can be convertedtthimugh oxidation processes,
while reactive atmosphertdg®* expelled during volcanism is deposited at local scales. During
periods of elevated volcanic activity, there is a ~1d@ increase in atmospheric Hg flux from
the release of volcanic gases (up to 4.6 kilotonnes annually) based on modern eruptions
(Fitzgerald & Lamborg, 2005)

Mercury enters the ocean as#gnd is reintroduced into the atmosphere a% Hg
through exchange at the atmospherzan interface (net Hg flux to oceans of 1000 tonnes
annually; Driscoll, et al., 2@). Hydrothermal vents along submarine tectonic z¢2€@ 360
tonnes annually; Fitzgerald & Lamborg, 20@&) riverine inpuf60 tonnes annuaftyMason,
et al., 1994pre additional pathways through which Hg enters the ocean. Removal‘dfdty
the water column occurs through organic and inorganic mechanisms. When organic substrates
are present in bottom waters odsaents, H§" has a strong affinity to bind with organic thiols
(e.g. Mishra, et al., 2017Direct inorganic deposition of Hg into sediments occurs \tinen
chalcophilic H§" precipitates as HgS or coprecipitatethwietal sulfides (e.g. pyrite) under
anoxic conditiongMishra, et al., 2017)Therefore, long term removal of Hg from the water
column into sediments occurs via complexation with thiol groups on the cell surfaces of

organic natter and precipitation of H& phases.

Postdepositional processes affect the Hg content and solid phases preserved in

sediment. Encountering oxic conditions in sediments oxidizesulfgles, but the resulting

! Preanthropogenic flux
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pore water H' likely re-complexes withrisoluble humic substancissituin organierich
environmentgBeldowski & Pempkowiak, 2009Anoxic diagenesis transforms thiolated Hg
associated with organic matter into the insoluble sulfide HgS; however, highly sulfidic
conditions can dissolve HgS to form soluble polysulfides which may be recaptured by suitable
organic compounds, migrate tlugh the sediment column and reprecipitate under anoxie (non
hypetsulfidic) conditions, or reintroduced to the water column by diffusion at the sediment
water interfac€Beldowski & Pempkowiak, 2009; Paquette & Helz, 1995)

Recently sedimentary Hgrom organierich black shales wasuggested as a proxy for
pastintensified volcani@ctivity (e.g. Grasby, et al., 201%hem II, et al., 2019; Percival, et
al., 2015; Sanei, et al., 201Based on the modern 186ld increase in Hg volcanic source
flux from dormant to active periodbitzgerald & Lamborg, 2005)ncreased Hg
concentration in sediments are likely linked to increasettanic activity Ancient massive
volcanism is associated with Large Igneous Province (LIP) emplacement, which has occurred
episodically over (preoph,etals2004perictiaafltllhm 6 s hi st ory
emplacement last from 1 to 5 Myr with 10s to 100s of massive eruptions or intrusions
occurring during that perio@Bryan, et al., 201Qxherefore these periods shouldrbeorded

by the preservation of elevated Hg concentrations in sediments.

Because Hg integration into sediment is primarily controlled by the host phase,
normalisation to that host phase must be completed to avoid false positives with respect to
enhanced Moanogenic Hg fluxesTo avoid deceitfully high Hg concentrations due to
increased organic matter deposition, Them Il ef28l19)and Percival et a(2015)normalise
Hg to Grg. Sarei et al.(2012)acknowledge the likely incorporation of large amounts of Hg in
authigenic pyrite under euxinic conditions, but only normalised Hgto €hen et al. (2019)
compare Hg to &g and Sorand find they ar@oorly (? < 0.01) and welli¢ > 0.80)
correlated, respectively. Additionally, enerdigpersive xray spectroscopy was used to further
verify that pyrite, and not organic matter, was the host phase for Hg in their sa@sulesent
Hg may also be associated with clay ordxéde phases, so an Al or Fe normalisation is
suggestedGrasby, et al., 2019%ince sediment Hg retention is not fully understood,

examination of alpotential host phases may help to reduce the possibility of false positives.
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4.3. Mass Balance Models

Trace metal seawater concentrations are regulated by source fluxes from rivers and
seafloor hydrothermal activity and sink fluxes to oxic, suboxic and aeaxiciic seafloor
sediments. Trace metals like Re and Mo are removed most efficiently to the anoxic/euxinic
sinks, as indicated by higher trace metal burial rates. Therefore, an expansion of anoxic/euxinic
areas will result in a drawdown of metals from satn thereby depleting the global seawater
metal reservoir over time. Mass balance models take advantage of thé seanmadrsink

relationship to characterise ancient environments by their seafloor anoxic or euxinic sink areas.

The redox sensitive traanetals Re and Mo are conservative in seawater with residence
times of 130and440thousand years (kyrjespectivelyMiller, et al., 2011 ¥or the modern
ocead greater than average ocean mixing snieto 2 kyrd making them ideal candidates
for modelling global ocean redox conditions. In frestricted settings where ocean circulation
is not inhibited, or is only weakly restricted, these trace metals can be used to determine the
global areal exterdf seafloor anoxia by mass balance modetseen et al. (2018) developed a
model for general anoxidgrruginoust euxinic) seaflooareausingRe, and Reinhareét al.
(2013)for euxinic seaflooareausing Ma The modelsre firstorderin that sediment metal
enrichments are assumed to scale directly with seawater metal reservoir size. These models are
solved to determine the authigenic sediment enrichments at a given anoxic or euxinic seafloor
area followingEquations 3ato 3c, which are fully derived in Sheen et al. (2018) and Reinhard
et al. (2013).

(3a) b 0Q -—
(3b) o O —
(3c) 0Q —
Where:

Me = metal (Re or Mo)

[Me] 6= seawatemetalconcentration at a new steady state
[Me]m = modern seawater metal concentration

Fin = input flux
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A = area of seafloor covered by a given sink (

bi = characteristic metal burial rate for a given sink (

bacO= metal burial rate in the anoxic or euxinic sink at a new steady state
bae = metal burial rate in the modern anoxic or euxinic sink

[Me] auth = authigenic metal enrichment in anoxic or euxisediments
BMAR= bulk mass accumulation rate

These models assume riverine input of each element as the dominant source to the
ocean, as observed in modern ocediable 3, following page). Sinks included in the models
are oxic, suboxic and anoxic sediments (for Re), or oxic, suboxic, and euxinic sediments (for
Mo), with modern environments used in both cases to determine fluxes for sourseskand
(Table 3, following page). Additionally, scaling algorithms fagbwere considered to account
for decreasing burial rate due to lower mass actaiion rates as anoxic/euxinic seafloor area
expands from continental margins into deeper waters farther from the continents. Reinhard et
al. (2013)applied a fourtkorder polynomial fit to approximate ocean bathymetng 8heen et
al. (2018)expanded on this by calibrating burial rates to the eTOPO ocean bathymetry
databaséAmante & Eakins, 2009)hich allowed for finetuning of burial rate with depth as
anoxic expansion occurs. Bulk mass accumulation rates in the published models are those
recorded in the Cariaco Basin (largest modern anoxic basin with only weak restriction from the
open ocean) of 0.01 g ¢hyr . In addition to scaling using the polynahor bathymetric

functions,bacdscales proportionately to the global reservoir of Re or Madpyation 3b.

To perform these models, data is filtered to ensure only samples deposited under anoxic
or euxinic settings are used. Sheen et al. (2018) apysfivf Fe/Al > 0.5 and &g > 0.4 wt%
to infer anoxic samples for Re; Reinhard et al. (2013) apply filters of Fe, Al gagve Twit%,
Fe/Al > 0.5, and Rg/Feqr (py = pyrite; HR = highly reactive) > 0.7 or degree of pyritization
(DOP) > 0.6 to infer euxinic samples for Mo.
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Table 3. Summary of sink parameters for Re and Mo mass balance modelBercent area of the

modern seafloor (%4) for oxia and anoxia/euxinia are taken from best estimates, while suboxia is
calculated based on the estimated areas of oxic and anoxic/euxinic seafloor to achieve mass balance. Note
that the sum of oxic, suboxic and anoxic/euxinic seafloor sinks is n&t,1d@e to an ~11% area of the
authigenically neutral seafloor (area with no drawdown of Re or Mo from seawater). The Re and Mo flux
(F) is the quantity of mass flux into each sink from rivers. The percent source i (%dhe relative

amount of the t@l riverine flux into a given sink. The ratio of percent source flux to the area of seafloor

for a given sink (R/Asg in %) illustrates that the smallest sink areas (anoxic/euxinic) incorporate the
highest Re and Mo masses per unit area. Characténistad rates for each sinkif are noted.

Re® Mo®@
%Asr F bi F bi
(x 105 | %Fin | Fin/Asr (ng/ (x 108 | %Fin | Fin/Asr (no/
mol/yr) cméa/yr) | mollyr) cm?2/yr)
Source
(Rivers) 4.29 3.00
Oxic 83.89 0.26 6.1 0.07 0.0016 0.87 29 0.3 0.00275
9 | 4.670),
E Suboxic 1,920 3.75 87.4 18.7 0.415 1.94 64.7 33.7 0.27
9 ™ Anoxic 011 0.28 6.5 59.1 1.339
Euxinic ' 019 | 63 | 573 | 2
(1) Sheen et al. (2018) (2) Reinhard et al. (2013)
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5. Methods

Samples were taken from a core from northea®etish Columbia ¢-B6-A/94-B-8)
during three collection periodsebruary2016, January 2018, and January 2019. The core
measures 45.7 meters and covers stratigraphy from the uppermost Pardonet Formation,
Gordondale Member, PCS, and lowermost upper F&amnmation shales. Lithology varies
through the core, including dolomites (Pardonet), turbidite and/or debris flow sequences
(Gordondale), siltstones (Gordondale, PCS), volcanic ash beds (Gordondale, PCS), grey shales
(upper Fernie Formation shales), atack shales (Gordondale, PCS). The Gordondale
Member in its type section contains an upper, middle, and lower subunit. The middle unit is not
represented in all sections or is very thin (< 2 m; Adeen, et al., 2004). The middle unit
was not detected itne study core section; therefore, the Gordondale Member in the core is
subdivided into Lower and Upper Subunits based on major and trace element geochemistry.
The GordondalePCS boundary is defined by a sharp transition from calcareous (Gordondale)
to nan-calcareous (PCS) deposition. The PCS as described in the study core is analogous to the
PCSB of Riediger (2002), while the Gordondale Member Upper Subunit is equivalent to
Ri e di g eA. Ths prifdatySarget for geochemical analyses in this studyharelack
shales of the Gordondale Member and PCS.

5.1. Sample Collection and Preparation

5.1.1. 2016Collection

Samples from February 2016 were collected for corporate research (Progress Energy
Canada Ltd., now Petronas Canada) at Weatherford Laboratories Cangilédattherford
Labs; Calgary, AB) prior to this thesis project. Fefitye horizontal plugs were acquired at
approximately 1 m intervals with geophysical, geochemical, and mineralogical analyses
completed by Weatherford (spectral core gamma, source rogksepand Argile Analytica
(X-ray diffraction; XRD). Sampling captured a wide range of lithologies including fissile upper
Fernie Formation shalen € 6), grey to black organigch shales with and without calcareous
fossil material (PCS) = 16; Gordondie, n = 13), turbidites (Gordondala,= 7), displacive
fibrous calcite fracture zones (e.g. Riediger and Coniglio, 1992; GordondalB, and

Pardonet Formation dolomites£ 2). The samples of greatest interest in this project are the
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grey to black aganicrich shalesvithoutfossils or veins to best interpret the depositional
environment (authigenic mineral phases, sulfide minerals, and bulk organic matter), rather than
the fossil, detrital (turbidite), or diagenetic (calcite vein) signatures. Beéongling, the core

was subject to spectral gamma testing; following sampling the core was slabb#urghaaed
two-thirds), surface cleaned and photographed under white(Wgatherford Laboratories

Canada Ltd., 2017)

5.1.2. 2018and 2019 Collection

Core sampling occurred over three days in January 2018 at Weatherford Labs in
Calgary, Alberta. These samples were collected for multiple geochemical analyses at the Metal
Isotope Geochemistry Laboratory (MIGL) and Environmental Isot@®ratory (EIL) of the
University of Waterloo (UW), the Agriculture and Food Laboratory (AFL) of the University of
Guelph, the Geochemistry of Ancient and Modern Environmental Systems Laboratory
(GAMES Lab) of the College of Charleston, and Activatiobdratories (Actlabs; Ancaster,

ON). Previous core descriptiofigloslow, 2016)and direct observations were used as the basis
for sampling. Fortysix samples were collected at an average of approximately one sample per
1 m (Alrawi graphic resolutiono), most of whic
PCS (= 18 and 16, respectively). The remaining samples were volcanic asmbetiafd 2,
respectively), siltstonesiE& 1 and 1, respectively), and turbidites{(2 and 0, respectively)

from the Gordondale and PCS, as well as dolomites from the Pardonet Formati®); &nd

grey shales of the upper Fernie Formatior ). Several features within the core were

avoidal to ensure that the primary geochemical signal was that afeyyositional to earliest
diagenetic processes, rather than those of secondary environmental processes; these included
macroscopic pyrite nodules and calcite veins and/or veinlets-¢laigediagenesis), fossils,

and bedding contacts (intermixing). Samples were removed by stainless steel chisel,

photographed, bagged, catalogued, and transported to Waterloo.

Another sample set for geochemical analyses was collected over two days in January
2019at the Alberta Energy Regulator Core Research Centre in Calgary, Alberta. These
samples were collected from a portion of the core (26.3 m interval) based on the results of the

2018 geochemical analyses at an average of approximately one sample pefi4® cng(h
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stratigraphic resolutiono). The sampling pr oc

black shale samples of the Gordondale and PCS were takesb(and 7, respectively).

5.1.3. Physical Sample Preparation (2018/2019)

Physical preparation of sampledleoted in January 2018 and 2019 occurred in the
Hard Rock Laboratory at UW. Samples were trimmed by a diamond rock trim saw to remove
unwanted material; i.e. chisel marks, core paint, or sedimentary features (e.g. fossils, calcite
veins, macroscopic pydj that would interfere with efforts to infer depositional conditions
from the black shale geochemistry. Trimmed samples were manually crushed with a rubber
mallet, or, when necessary for samples with high physical competency, with a metal rock
hammer wraped in several layers of duct tape to avoid metal contact with the sample. Sample
chips were powdered in a Retsch automated ball mill with agate grinding jars. Sample powder

was stored in 20 nibw-density polyethylen@_DPE) vials.

From each powdered salg, five subsamples were taken for analysis of (1) multi
element concentrations (100 mg; MIGL), (2) total carba, @nd Ghorgcontents (35 g;
AFL), (3) Corgisotope composition (1 g; EIL), (4) sediment mercury (Hg) content (1 g;
GAMES Lab), and (5)otal sulfur (Sot) content (1 g, Actlabs). Subsample sets 1 and 3 were
retained for analysis at UW, while subsample sets 2, 4 and 5 were shipped to their respective

laboratories for further preparation and analysis.
5.2. Whole Rock MultiElementAnalysis

5.2.1. Sample Digestion and Dilution

Whole rock subsamples for mutlement analysis were weighad., grams), then
ashed in ceramic crucibles within a muffle furnace af630r 24 hours to oxidize organic
matter. Ashed subsamples were chemicallpared for analysis at the MIGL in a class 10 000
metaf r ee cl eanr oom. Fi sher Scient3di0wWwr ace Met
hydrochloric acid (HCI) at 35% w/w and hydrofluoric acid (HF) at 50% wawe used. Acid
concentrations are noted imetprocedure only if they differ from the Fisher stocks. Digestions

were completed under class 10 to 100 lamfleawr fume hoods within the cleanroom.

In the balance room within the cleanroom, ashed material was transferred from the

ceramic crucible to 22 ml Teflon beaker and wet with 10 drops of Mliultrapure water to
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avoid airborne sample powder within the main cleanroom. Wet sample material was digested
in 2.5 mI HNQ and 0.5 ml HF for 48 hours at 1’0 After the digestion period, the Teflon

bealer lids were removed, and digestions were left on the hot plate @@ id @vaporate

through the day until just dry. A second acid digestion in 4aguh regiasolutiord 3 ml HCI

and 1 ml HNQd was prepared and set at 1@Gor 48 hours. The evaporation pess was
completed following th@qua regiadigestion period. A final digestion in 2 ml 35% w/w HCI

at 110C for 24 hours was completed, followed by evaporation. Dry residues were dissolved in
6 ml of 6 mol/l HCI and 3 drops of 0.5% v/v HF, then transtéfrem the Teflon beakers to

15 ml LDPE vials. Mass of the LDPE stock solutioms) (vere recorded in grams.

Sample aliquots were produced from the stock solutions at dilution factors (DF) of
approximately 6000 (for major and most trace elements) and@00d, Re and heavy rare
earth elements). The estimated aliquot voluxhe fil) required for the desired DBF4) was
calculated byequation 4.

p i
PP fraa

The estimated volume is corrected by the anticipated mass of the final aliquot solution

(4) @

(10 g) and the approximate density of the sample solution (1.11 g/ml). The cal®latasl
pipetted from the stock solution to a 7 ml Teflon beaker. The aliquotswetgbed (n,,

grams) and evaporated at 2CGo dryness. Dry residues were dissolved in 1 ml of 2% v/v
HNOs, then evaporated to remove all traces of HCI. The final residues were transferred to 15
ml centrifuge tubes in ~10 ml of 2% v/v HN@nd 2 drops 00.5% v/v HF. The final mass of

the analyte solutionsr¢, grams) were weighed and recorded. Analyte solutions were stored for
up to 20 days before analysis. The true DR for each analyte solution was calculated by

Equation 5.
(5) 00 ——
5.2.2. Sample Analysis

Inorganic element concentrations of the diluted samples were measured at MIGL on an
Agilent 8800 triplequadrupole inductively coupled plasma mass spectrometer {{@QRQ

MS). Two analytical runs were completed, one for each oddhneple dilutions. The more
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dilute digestions (DF = 6000) were run first for major and most trace elemeniafded).

The more concentrated digestso(DF = 400) were run the following day for the heavy rare

earth elements (HREE), Cd and Re (§able 4). The order of the analyses from high to low

DF is necessary to avoid element build up or memory effects in theIQR®IS instrument

during the high concentration run.

Table 4. Elements analysed by QQQCP-MS at the MIGL . Major elements are those with average

upper continental crust concentratighCC; McLennan, 2001} 1 wt%, minor elements are those with

UCC between 0.1 and 1 wt%, aindce elements athose withUCC < 0.1 wt% The elements discussed

in this work are

and 400 is more concentrated.

presented;
are recorded in weight percent (wttjdtrace elements ipg/g, except for Re (ng/gJhe dilution factor
(DF) that was used to make analytes for a given element analysis are listed, where 6000 is more dilute

n o Magor elemeants iw this thasis

DF = 6000 DF =400
Major | Al, P, Ca, Fe n/a
Trace V, Mo, U Cd, Re

These analyses were performed in helium (He) mo@aning that He was the carrier

gas introducing sample solutions into the Q@P-MS system. Internal standard elements

scandium £°Sc), germanium’¢Ge), indium t+In) and bismuth®°Bi) were continuously

analysed to correct for instrument drift. Thedements were chosen to bracket the entire range

of element masses sought in the analysis. However, some of the major eléfént¥(and

44Ca) have masses lighter than Sc, while uranfif) is heavier than Bi. Calibration

standards were diluted faictors of 10 to 200 000 from stock solutions containing ~20 to 200

ug/g of the desired major elements, and ~1 /2 of the desired trace metals. The

calibration standards were analysed at the beginning of each analytical run and are used to

correct fo concentration offset between the known (calculated) and measured values for the

calibration standards.

Results of the QQQCP-MS analysis were transmitted from the instrument to the

accompanying workstation in the Agilent MassHunter software packagsuhkdeleelement

concentrationsGm) are stated in padserbillion (ppb) w/w (ng/g) from the dilute solution.

True whole rock element concentratioQs) (vere calculated biquation 6.
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(6) 6 o6 100

Major element concentrations were convertedifgpb to weight percent (wt%;
Equation 7d), and trace elements (excluding Re) were converted from ppb (ng/qg) tpearts

million (ppm, ug/g; Equation 7b).
(7a) 6 xOb 6 pm
(7b) 6 PPi 6 pm

WhereC; is the final converted element concentration, andaf 10° are used to convert

from ppb to percent and ppm, respectively.

5.2.3. Quality Control

From the analyses, element concentrations are reported with a percent relative standard
deviation (RSD), basechdhree measurements taken during an analytical run. Most individual
samples had RSDs less than 5% for all elements analysed. Some elements were analysed more
precisely than others; of 108 samples, P, Ca, and Fe had 106 with RSDs less than 5%, Mo had
93, Uhad 89, Al had 88, and V had 86, Re had 71, and Cd had 65. However, for those
samples/elements which exceeded 5% RSD, the majority still remained below a 10% RSD.

Along with core samples, three United States Geological Survey (USGS) black shale
standard¢SBCi 1, SDQ 1, and SGR1b) were digested and diluted following the same
procedure as core samples, and analysed at the beginning, midpoint and end of the analytical
run. Certified standard values are reported by Wilson (2012: BBSmith (1991; SD€1),
and Wilson (2014; SGR.b), except for Re concentrations which were reported by Yin et al.
(2017; SGR1b) and Li and Yin (2019; SBQ). Results of the standard analysis were used to
verify instrument accuracy based on the certified standard concentr&ipifisr each element
and monitor instrument drift by comparing reported concentrations from each standard value
across the analytical run. Most elements gave standard percent reéyaagign 8) within
100 +91 15% based on thém of the standard comparéal theC..

(8) 30AT RRAAT OAOW NP
Several total procedural blanks were produced with the sample set. Blank analytes are

used to monitor for contamination that could have occurred during the digestion, dilution, or
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measurement phase ottprocedure. Total procedural blank solutions should have element
concentrations near or below the detection limit of the instrument (i.e. concentrations
approaching zero), however a sample percent blank (% Biaqgtion 9) for each element in
each samg ofless than 18 was considered satisfactory.

9) p"i ATE—F8 _ pnmnbp

WhereCn plankandma piankare the measured concentration and mass of the blank analyte

solution.

Replicates of several whole rock samples weepared along with the main sample set
using the same chemical and analytical procedures. These were used to verify the precision of
the measurements based on the relative standard deviations (RSD) between the concentrations
of each element from the maindareplicate sample&quation 10).

(10) 2 ADi é@&ér/&pnnp

Wheres andx are the sample standard deviation and mean, respectively, between the main and
replicate samples. Precision of the measurement was considered excellent when replicate RSDs
were less than 5%, and satisfactory between 5% andHB@dation 10was also applietb

USGS standards, which were measured multiple times during analytical runs. Of all

replications, 3% were considered excellent, whil8% were considered satisfactory, therefore

most samples fell below a replicate RSD of 10%.
5.3. Organic Carbon Isotope Aryais

5.3.1. Sample Acid Washing

Subsamples for & isotope analysis were chemically prepared in a general wet
geochemistry laboratory at the EIL. These subsamples were bathed in approximately 5 ml of
5% to 10% reagent grade HCI at6Cor several hours to reme\Gnorg (as carbonate, CH).
Solutions were pHested to ensure that the alkaline carbonate had been sufficiently removed.
Acid was siphoned from the sample vial with a pumping tube with glass tip, and four rinses
with NanoPure water were completed asrseveral hours to remove all acid. Note that due to
their high Grg content, approximately half of the samples were hydrophobic (did not mix or

settle within the vial) and required delicate siphoning. After the final water rinse and siphon,

46



the sample \@ls were placed on a warm surface for 48 hours to dry. Dried sample material
formed a puck in the sample vials, which waposvdered and renixed. Between 1 and 10

mg of the acidvashed samples were weighed, placed in a foil cup and stored in a sampling
tray until analysed.

5.3.2. Sample Analysis

Sample analysis for dgisotope compositioni{*C) was completed at the EIL on a
Costech Instruments 4010 Elemental Analyzer combustion chamber to volatilize sample
material, coupled with a Therrféinnigan Delta Plus K continuousflow isotope ratio mass
spectrometer to measui’C. Carbon isotope ratios are reported as peranjl\alues against
a standard reference material with precisiost 6f24 , calculated byequation 1. The EIL
uses several international anehiouse standard reference materials that are calibrated to the

primary carbon isotope scale anchored by Pee Dee Belemnite (PDB).

5.4. External Laboratory Procedures

Samples collected and analysed in 2016 by Weatherford and Argile Analytica, and
subsamples of 2@land 2019 samples that were sent to the AFL, Actlabs and GAMES
Laboratory were not prepared or analysed by the author.

5.4.1. Programmed Pyrolysis (Weatherford Labs)

Weatherford Labs completed programmed pyrolysis on 45 horizontal plugs from the
2016 sample seising their proprietary Source Rock Analyzer Plus TOC instrument to obtain
Corg content, free hydrocarbon content)(Source potential g5 carbon dioxide yield &, and
thermal maturity (Tmax). Whole rock samples are powdered and passed througlna 250
mesh sieve prior to analysis. Programmed pyrolysis (stage temperature heating) of sample
powders volatilizes hydrocarboand oxygerbearing compounds which are directly measured
in the instrument. Further calculations can be made from measured a¢uemst useful for
this project being the hydrogen index (HI) and oxygen index (Ol). The HI is used to determine
organic matter source (marine or terrestrial) and a Van Krevelen diagram (HI versus Ol) is
used to determine kerogen type. The HI and Ol aleutated byEquations 11andEquation
12, respectivelWeatherford Laboratories Canada Ltd., 2017)
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5.4.2. X-ray Diffraction (Argile Analytica)

Bulk and clay mineralogy were determined for 45 horizontal plug samples from the
2016 sample set using XRD techniqgues at Argil
XRD instrument with copper-kay tube. For bulk mineralogy, 1.5 g of sample matevés
powdered in a Retsch ball mill for 3 minutes, and if necessary was further ground in an agate
mortar to homogenize grain size. Sample powders were packed in the sample holders to avoid
preferential orientation of mineral grains and scanned with an§lasidence fron2° to 30°.

For clay mineralogy (particles <j#n), material was weground in an agate mortar with
aqueous sodium bicarbonate and transferred to a glass tube. The material in the glass tube was
sonicated and centrifuged to separate deys the bulk material by sedimentation. The
supernatant containing the clay material was transferred to a plastic tube and rapidly
centrifuged for 20 minutes to allow clays to settle. The supernatant was poured off and the
remaining clay material packé&ato sample holders to adgiry at room temperature. Scans of

dry mounts occurred at incident anglesm 1.5°to 17.5°. Swelling clays (e.g. smectite group)
require further treatment for analysis; the same samples were placed in a glycol chamber at
75°C for 4 hours to expand the swelling clays. Finally, samples were heated®@tfo50

hour to differentiate further between swelling and-sarlling clays, as this dehydrates
(collapses) swelling clays while the structural integrity remains intact irswehing clays

(e.qg. illite group). This process will also destroy some clays (e.g. kaolinite). Method accuracy
was validated through analysis of a sample with known weights of kaolinite (10 wt%),
corundum (20 wt%), quartz (30 wt%) and calcite (40 wt%); mnemkvalues were 9.5 wt%,

20.9 wt%, 30.3 wt% and 39.3 wt%, respectivi@yefani, 2017)

5.4.3. Carbon Content (Agriculture and Food Laboratory)

Carbon analysis was completed at the AFL on the 2018/2019 sample sets. TOC is
measured indectly by subtracting feorg from total carbon Gt measured from two splits of the
same sample. To determingdg, samples are ashed at 4Z5or 3 hours to oxidize organic
matter. Ashed samples are processed on an Elementar Vario Macro Cube CN catalyt
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combustor at 96 and the resulting gases (carbon and nitrogen) are separated and measured
with a thermal conductivity detector. Total C is determined using the same analytical
procedure, excluding the ashing sféyang,2018) Shale standards USGS SBICand SGR

1b, and sample replicates were measured alongside the main samples to verify accuracy and
precision, respectively. Standard recovery was 96% on average, and replicate RSDs were less
than 3%.

5.4.4. Sediment Mercury @hcentrations (GAMES Laboratory)

Mercury concentrations were measured at the GAMES Laboratory on splits of 2018
and 2019 sample material. Approximately 50 mg of each subsample was pladéitest@ne
DMA-80evo and stagbeated to 75T to volatilize Hg.Volatile Hg was collected by gold
bead amalgamation, flushed from the beads, and then Hg concentrations were measured by
atomic absorbance spectroscopy. The DBAevo was calibrated using a liquid standard.
National Research Council Canada certifiedneziee materials TORB (lobster
hepatopancreas) and DORM(fish protein) were analysed to ensure method accuracy. Mean
percent recovery was 100t3L.5% (1s) for 21 measurements. Replicate RSDs were less than

2.2% for 25 replicate pairs.

5.4.5. Total Sulfur Corgnt (Activation Labs)

Total sulfur was measured at ActLabs in July 2019 through combustion analysis
(ActLabs, 2019). Sample powders (~0.2 g) were combusted in ceramic boats 4560 @
in a resistance furnace with a 99.5% pure oxygen atmosphere PBi&), Volatilized sulfur
species react with oxygen gas to form sulfur dioxidejJSthe SQ gas is filtered for
particulates with a ceramic filter and traces of water are removed in a glass tube containing
magnesium perchlorate (Eltra, 2019). Sulfuxdie gas is measured in an Eltra-230
infrared cell coupled to the furnace. The detection limit is 0.01%. Black shale standard USGS
SGR1b, a barium sulfate (BaSstandard, and Geostats PTY Ltd sulphide gold ore GS900
and PtPd-Au ore GS31#4 standeds were used to ensure method accuracy. Mean percent
recovery for all standards was 103.3.0% (1sn = 31). Seven replicate pairs were completed

with replicate RSDs less than 3%.
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6. Results

This sectiorpresentshe results of geochemical analyses pertatranthe study core

Compressdresults §amplemeans and standard deviatiari®lementconcentratioa for

stratigraphic intervals thecore) are shown ifable 5. The main observatiors these data

are described in the following subsectio@emplete data tables for eleme(dad carbon

isotopesHiscussed in this secti@me found insectionO.

Table 5. Summary of geochemical resultsMean* 1s for XRD mineralogy,major elements, trace

metals and organic carbparametersor all samplesmembers and subunits

. Gordondale PCS
Element / Unit All Samples Total Lower Upper
Upper Depth m 1560.06 1575.00 1584.95 1575.00 1560.06
Lower Depth 1595.51 1595.51 1595.51 1584.58 1574.85
> Corg wit% 58+2.2 6.3+2.2 81+22 52+1.3 43+0.8
S U3Corg a 1295+ 0.6 129.7+£0.5 129.7+04 | 129.6+0.6 129.1+0.8
Tmax °C 476 + 3 477 + 3 476 £ 4 477 + 4 475+ 3
Qtz 41 + 24 38 + 27 33+ 28 43 + 26 45+ 19
A Carb* 24 + 26 40 + 23 50+ 27 30+ 13 1.9+3.0
§ Clay** 26 + 26 11+ 19 6.5+ 14 17 + 23 45 + 22
Ap 48+ 12 8.2+ 15 8.6+19 7.7+12 00
Py 092+15 0.35+1.2 044 +1.4 0.26 £ 0.82 1.7+1.6
I Al Wt% 26+1.1 3.8+2.2 21+1.0 49+2.1 72+1.6
SlcCa 87+75 11+7 17+ 6 7.6+5.2 0.9+0.5
GE) Cinorg 24+20 3.0+1.9 47+1.6 20+1.2 0.4+0.2
mlp 0.8+1.7 1.0+1.9 0.7+0.8 12+24 | 0.09+0.14
.% Fe 21+14 1.8+1.3 1.0+0.5 23+14 28+15
= Stor 26+1.1 24+1.1 2.0+ 0.6 2.7+1.2 31+1.2
Mo 80 + 87 99 + 91 175 + 95 50 + 42 18 + 12
V ; 711 + 586 838+ 614 | 1163+624 | 623+510 | 309 + 164
U Ha/g 13+ 8 15+8 19+9 12+6 54+209
% Cd 15+ 16 16 + 14 24 + 15 11+ 12 9+21
@ | Re nal 188 + 123 209+ 120 202 + 90 214 + 137 121 +108
% Hg 9’9 154 + 78 143 + 68 138 + 57 147 + 75 185 + 98
g Mo 172 + 244 221 + 260 474 + 249 55+ 45 14 + 11
=1V 18 + 22 23+ 24 45 + 24 8.9+5.3 3.3+1.9
U EF 13+ 13 16 + 14 27+ 14 8.5+6.3 22+1.1
Cd 431 + 550 530 + 579 1050 + 587 187 + 187 117 + 268
Re 472 + 393 575 + 392 873 + 429 379 + 195 145 + 139

*Clays = illite + layered illitei smectite + kaolinite
**Carbonates = calcite + dolomite
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6.1. Organic CarboiGeochemistry

6.1.1. Organic Carbon Content

Organic carbon content {fg) varies within black shale samples in thB6-A/94-B-8
core from a minimum of 2.6 wt% to a maximum of 11.5 wEig(re 8, column 1). The mean
Corg content for all black shales, the PCS, and the Gordondale Member ar2.5.&t% 6 =
125), 4.4+ 0.9 wt% = 39),and6.5+ 2.1 wt% £ = 86), respectively. The Gadondale
Member Lower Unit exhibits the highes¢:gvalues with a mean of 8902.1 wt% @ = 33) and
contains four peak intervals where val@resn 9.6 wo to 11.5 wt%are attainedThe Upper
Unit has a mean 4 content of 5.5 1.5 wt% £ = 53); howeve there are two peak intervals

where Grgcontents reach similar values (9.2 wt% and 10.7 wt%) as the Lower Unit peaks.

Often, trace metal concentrations are normalizedi9d@e to their association with
organic matter in the water column. However, in this cmetal concentratiarCorg
correlations are weake , Moi, Vi, Ui, Ré, Cd and Hd Corg haver? < 0.24. Trace metal

EFi Corg correlations are also weaMoeri , Veri , Ueri , Reeri, Caeri Corghaver? < 0.42.
6.1.2. Stable Organic Carbon Isotopes

The mean organic carbon isotope compositiBfOrg) for all black shale samples in
the cores129.5£0.6a n(=96) Figure 8, column 2)Gordondale Member samples average
129.7+05a n(=73), while the Poker Chip Shale averag28.1+0.8a n(=23). The
Gor dondal éC.gmednsar Gigifigantly differenbased om-values < 0.05 froran
unpaired testassumingoothsample sets am@pproximatelynormally distributedp-value =
0.006). The morenegative Gordondale meanatiributed to a ~7 m interval at the top of the
member (1582.10 m to 1574.85 m, inclusiveerval marked by red lines Figure 8) where a
shar p ex &Qgvaliestaa miromui 6f3 0 . 5s edcountered (mean across the
interval isi29.8+0.34a;n= 38). The negat®Coysei gerxactuurrse o(no ri nir
carbon i sot o-gIE) liesxentred withiroan overall lJositive arc in éCorg
profile (or fpes i Xicwu-€IE;c-20mki98A.10ims001563.66)m
Samples before the ®IE (1595.51 to 1587.64 m) hagev e r @Qggvaluis ofi 29.9+ 0.5

a n(=19), followed by the onset of the broadCHE that, excluding the samples within the N
CIE interval, aveages 28.8+0.4a n(= 30). The samples after the@PE (1566.37 to
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1560.06 m) return to the more negative values similar to thB-@i& valueswith a mean of
30.0£0.3a n(=9).

6.1.3. Programmed Pyrolysis Tmakll and Ol

The Tmax (maximum temperature at the S2 peak in the programmed pyrolysis process)
values for organic matter in black shale samples in the core average&4gn = 35), and
do not vary statisticallyp-value =0.19) between the PCS (4253 °C; n = 15)and the
Gordondale Member (4743 °C; n= 20) Figure 8, column 3) Tmax values less than 485
are thermally immature, those between 435 and@3aee thermally mature, and greater than
470°C are thermally overmatuf@eters, et al., 2005)he Gordondale Member and PT®ax
values indicate that the core is thermally overmatline hydrogen andxygen indices (HI
and Ol, respectivelyare plotted on a pseud@n Krevelen diagranf{gure 9) andcorroborate
thermal overmaturityy their low value. Figure 9 alsoindicates that kerogertould beof
Type | or 1], as is observed by others (eRjediger & Bloch, 1995Riediger, 1991 However,
due toovermaturity kerogen type should not be interpreted frive pseudevan Krevelen plot

for thesecore samples
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Figure 8. Organic carbon geochemistry and thermal maturity indicator in the study core.Total
orgarnic carbon (G.) content, organic stable carbon isotop€,r;) composition and Tmax profiles for
the studied core. Séegure 10for stratigraphy.
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Figure 9. Pseudevan Krevelen diagram for kerogen type and thermal maturity . Plot of hydrogen
index (HI) versus oxygen index (Ofjom RockEval pyolysis on the PCJorange markersand
Gordondale Membeiblue markershlack shalesTrends depicted for types | to Ikerogensand their
typical organic matter typexfter Peters et al. (2005)
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6.2. X-ray Diffraction Mineralogy

Quartz (Qtz)YFigure 10, column 1)is a majormineralogicalcomponenthrougtout the
coreat a mean ol + 24 wt%.The Gordondale Member and PCS exhibit statisticathilar
Qtz contentg-value = 032), at means 088+ 27 wt% and45 £+ 19 wt%,respectively The
Gordondale Membddpper Unitis similar to the PCYfvalue =0.81) with a mean Qtz
content 043+ 26 wt% The LowerUnit is not significantlydifferent from the Upper Unffp-

value = 038) at a mean 083+ 28 wt%.

The Carbonate (Carbjraction (Figure 10, column 2)is the sm of calcite(Cal) and
dolomite(Dol) componentsCarbonatesire more abundant the Gordondale Membeait a
mean o#d0 = 23 wt%, relative to the PCS at a mearli &+ 3.0wt%. All PCS carbonatesre
dolomite Dol =1.9 * 3.0 wt%; Cal = 0 £ 0 wt%jvhile calcite is the dominant carbonate
phase in the Gordondale Member (D@.7 = 5.9 wt% Cal =37 £+ 26 wt%. The Gordondale
Member Upper and Lower Undarbonate contentge significantly differentg-value = 0.8),
where the Lower Unitontains much more carbonaf) ¢ 27 wt%) than the Upper Uni8Q £
13 wt%).Carbonate content iseaklyinversdy correlaedwith Qtz conten{r =1 0.45)and

clay contat (r =71 0.60).

The Clay fraction (Figure 10, column 3)is the sum ofllite, layered illitef smectite, and
kaolinite. The mean clay content in the cor&+ 26 wt%, indicatingts variability. lllite is
the most common clay minerdund in 56% of the XRD sampldsayered illitd smectite and
kaolinite are rarer in the core, found8# and 25% of the samples, respectiviliye and
layered illitéd smectite occurrences are exclusive of one anpittgte kaolinite occurs with
either llite or illitei smectite. Kaolinitenly occurs in the PCS amglthe most minor clagy
its concentrationwhere samples containing the mindrave 1.7 = 1.2 wt%n = 9). While
illiteT smectite is found in only 3 samplélsese contaid2 + 10 wbo. In the 20 samples
containing illite, the mean is 3924 wt%. Clay content is greate the PCShan the
Gordondale Membewvith significantly different §-value =0.00M03) means 0f45+ 22 wi%
and11+ 19 wt% respectivelyThe Gordondale Member Upper Unit has a higher nokan
content than the Lower UniL{ + 23 wt% and5.5+ 14 wt%, respectively), however these are

not statistically different-value = 0.2).
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Apatite (Ap)andPyrite (Py)(Figure 10, columns 4 and Sre minor mineralogical
components in the cadecompared to the 1@, carbonate and clay contsiiteitherbecause
theydo notoccur frequently (Ap) odo notreach values 5 wt% (Py). Only 7 of 450f the
XRD core samples contameasurableuantities ofAp, all of which aran the Gordondale
Member. When Ap is presemt the Gordondale Membghe mearsamplecontentis 25 £19
wt%. While the PCS does not contaimeasurable quantities 8p, it has thanost samples
with measurable Py conterity of 22 samples) compar® theGordondale Member2(of 23
samples)Samples in the PCS which contareasurabl®y havea mean concentration of 3.6
+ 2.2 wt%. The two samples in the Gordondale Member with measurabie Ryt

statistically differentg-value = 027) from the PCS; their mean is 3.7146 wt%.

56



“yb1l 8yl Uo pajage| ale suungns pue
18w [eaibojoab Bunouap sinojo) ‘(Ad) auAd pue (dy) aurede ‘(anuljoey + anoawsdli||I paiake| +181) sAe|o ‘(81Wojop + 810D ‘gJe)d)
100.1e9 ‘(210) zuenb aJe sjesauiw 8y ‘(G 01 T uwinjo2) Yybil 01 Ua| wolH 2109 Apnis ayi Joj ABojelauiw (Y X) uonoseiyip Ael-x 0T a1nbi4

G851 G8s1
08s} - .A 0851
o
GG F GiSL M
5
046Gl F 04S1
Jun Jemon .
Jaquiay
alepuoplog) yup Jeddn G951 1 - Gogl
(S0d) @leys diyp 1exod
0951 T T T T 1 T T T T T T T T T T T T T T T 09G1
S 4 € 4 L 0 09 oy 0¢ 0 00l Gl 0s 14 0001 Sl 0s 14 0 00l S/ 0S Ge 0
(%) A4 (%) dy (%Im) Ae1n (%Im) qied (%Im) 210

G661

0651

G651

0651

57



6.3. ElementalGeahemisty

6.3.1. Major Element Concentrations

MeanAluminium (Al)(Figure 11, column 1)or theblack shalesampless 4.6+ 2.6
weight percentwt%). There is astead increase irAl concentrationsip-core which can be
observedhrough comparison dhe Gordondale Membend PCSMean Al concentrations
the Gordondal®&ember and PCS a8+ 2.2 wt%(n=73) and7.2+ 1.6 wt%(n = 23),
respectivelyThe upcore increase corresponds most closely tortbeeasing XRD clay
content Figure 10, column 1), however a direct comparison cannot be made because these
analysgs were not completed on the same sampl@d®D samples not available feurther
geochemical analysg#Aluminium contentexhibits very minarstatistically significant-
value< 0.000§ inversecorrelatiors with Mo and U concentrations?(= 0.14 and 0.12,
respectively) aminor statistically significantg-value = 0.00009positive correlation with Hg
(r>=0.16)and no correlation with the other trace metals discussed in the foll@ettpn
6.3.2

Calcium(Ca) andCinorg contentgFigure 11, columns2 and3) arestronglycorrelated
in the corg(r? = 0.87), and both exhibit aharpdecreasatthe GordondaliePCSboundary
The mean Caoncentratios in the Gordondale and PCS are 1710 wt%(n = 73) and 0.9
0.5 wt%(n = 23), respectivelymeanCinorg contentsare3.0 + 1.9wt% (n = 73)and 04 £ 0.2
wt% (n = 23), respectivelyThe Ca and forg profiles most strongly eoespond to the XRD
carbonate profileKigure 10, column 2) Calcium and Gorg both exhibitmoderatenverse
correlations wit Al (r =70.70 and 0.67, respectivelyn = 96), andpoor positive correlation

with organic carbonrf = 0.34 and.28, respectivelyn = 96).

Phosphorus (PJFigure 11, column4) is one of the most variable elements in the core;
concentrations range from 0.02 to 14.9 wt%, with a mean af 0.8 wt% 6 = 96). All
GordondaleMembersamples give a meand®ncentration of.0+ 1.9 wt% @ = 73), butsix of
the includedsamplegat 1594.66, 1589.96, 1582.55, 1582.23, 1581.33 and 1580.&#hm)
concentratioaabove the meah 1srange betweeB.0 andl5wt%. The PCSnean P
concentrations two orders of magtude lower than the Gordondale Membe0 &9+ 0.14
wt% (n = 23). A single PCS sample (at 1574.85jost above the PG&ordondale Member
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contact) hagn outlying concentration (greater than the meag) f10.71 wt%meaning it is

likely more similar tahe Gordondale Member.

Iron (Fe) (Figure 11, columnb) increaseslightly up-corewith Gordondale and PCS
means ofL.8 + 1.3wt% (n= 73)and 2.8+ 1.5 wt%(n = 23), respectivelythe mean foall
sampless 2.1+ 1.4 wt%(n = 96). Correlatiors betweeriFeandAl areslightly convoluted by 4
samples witthigh Fe contents (> 4.5 wt%). With thesgtliers removedhere is a good
correlation betweeReand Al content§r? = 0.76 n = 92). Iron shows a strong correlation with
total sulfu content(Sror; Figure 11, column6) (r>= 0.84 n = 83). Like Feand Al, Sror
exhibitsan up-core increaseGordondaleMemberand PCS means a2e4 + 1.1 wt%(n = 61)
and 3.1+ 1.2 wt%(n = 22), respectivelyBoth Fe and ot show good positive correlatien
with Hg (r?> = 0.56 and 0.7lrespectivelynre Hg = 92,Ns g = 82), but do not correlate with any

other trace metaloncentrationsliscussed isection6.3.2(r? < 0.02)
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6.3.2. Trace Metal Concentrations

Molybdenun{Mo) (Figure 12, column 1)is highly enrichedn the Gordondale Member
Lower Unit with a mearoncentratiorof 175+ 95 pg/g and enrichment fact@voer) of 474+
249(n = 29) The concentratioandMoer decreaseip-core as shown bgomparing the
elevated Lower Unit content with thépper Unit andPCS means &0+ 42 ug/g (Mar =55
+ 45 n=44) and 18t 12 pg/g (Mar = 14+ 11; n = 23), respectivelyHowever the
Gordondale Member Upper Urgkhibitsaninitially low valueof 22+ 13 ug/g (Moer =31+
19; n=25) from 1584.58to 1578.93 mandincreases t&87 + 37 pg/g (M@r=87+ 49, n=
19) from 1578.34 to 1575.00.m

The Mo trends aremirrored byvanadium (V)Figure 12, column 2) Mo andV
concentrations and ERse well correlatedrf= 0.71) and strongly correlated’(= 0.87),
respectively(n = 96). Vanadum concentratioaand \tr in the Gordondale Membé&ower and
Upper Units, and PCS atd63+ 624 ug/g (Ver= 45+ 24, n = 29), 623+ 510ug/g (Ver= 8.9
+5.3 n=44) and309+ 164ug/g (Ver = 3.3 1.9, n = 23), respectivelyFor V, the Upper
Unit is subdividedas itis for Mofrom 1584.58 to 1578.93 and 1578.34 to 1575.00,which
haveV concentrations (andgy) of 262+ 160ug/g (Ver=4.8+ 2.1, n= 25 and1099+ 409
no/g (Ver =14+ 3; n=19), respectively.

There is an observable decrease inuttamium (U)(Figure 12, column 3)
concentratiosup-corefrom the Gordondale Member to the PCS, frdot:B pg/g (Uer = 16+
14;,n=73 and 5.4 2.9 g/g (Uer = 2.2+ 1.1, n = 23), respectivelyLike the Mo and V
content, the U concentratisaregreater in the Gordondale Member Lower UaR £ 9 ug/g;
Uer = 27 % 14, n= 29) than in the Uppednit (12 + 6 ug/g, Uer = 8.5+ 6.3 n = 44). However,
unlike the Mo and V contegtthe Upper Unit does not shovstisticaly significant
differencebetween the 1584.58578.93 m(12 + 7 ug/g;, Uer = 10£ 8; n = 25 and 1578.34
1575.00 m(13 + 6 pg/g; Uer= 7 = 3; n = 19) intervals.

Rhenium (Re(Figure 12, column 4)is highly enriched in the core with concentrations
of 188+ 123 ng/g (Rer =472+ 393) in the black shales. The Bencentrationslecrease up
core most notably from the Gordonda#ember @09+ 120ng/g; Rer =575+ 392, n=73
to the PCSX21+ 108 ng/g; Rer= 145+ 139, n= 23). A decreasén the mean Re
corcentrationfrom Gordondale Member Lower UnR@ + 90 ng/g; Rer=873+ 429 n= 29
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to Upper Unit 214+ 137ng/g; Rer= 379+ 195;n = 44) is alsoobservedhowever
concentrations are statistically alike\(alue = 063) while Re:r values are significantly
different (-value =1.3 x 10°).

Cadmium (Cd)Figure 12, column 5)content varies strongly through the coxmégh
concentrationsiveraging 15 16 pg/gand Cér of 431+ 550(n = 96). The Cd stratigraphic
trend mirrors those dflo and V,andCder correlagswell with bothMoge (r2 = 0.73 n = 96)
and \kr (r> = 0.74 n = 96). As with Mo and V, Cd conteastlecrease uporeg the highest Cd
corcentrations arebserved in the Gordondale Memia¢rl6+ 14 pg/g (Cdr = 530+ 579;n =
73) andthelowest and most variabléd corcentrationsare foundn the PCS at @ 21 g/g
(Cder =117+ 268 n = 23). The Lower Unit of the GordondaMember has a mean Cd
concentration 024 + 15 pg/g (Cder = 1050+ 587;n = 29) and the Upper Unit shows the
switch from low(3.6+ 3.5 g/g; Cder = 78+ 74; n = 25)to high(21+ 11 pg/g; Cdr =330+
195 n = 19)Cd contentin the same intervals &sr Mo and V.

Mercury (Hg)(Figure 12, column 6)concentrationin the black shale samplggeld an
average ofi54+ 78 ng/g(n=92)and is generally lowgbut only by a minor statistical
difference;p-value = 007) in the Gordondale Membet43+ 68 ng/g;n = 69)than thePCS
(185 98 ng/g;n = 23). Mercury contents not statisticallydifferent(p-value = 057) between
the Lower and Upper Units of the Gordondale Memb8B¢ 57 ng/gand147+ 75ng/g,
respectively. Peaks in the Hg concentrati{up to566 ng/g)above the meaoccurin several
samplesthe four mosapparenpeaks occur at 1581.38574.85157453, 1571.92 and
1568.68 m
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7. Discussion

7.1. Consideration of Thermal Maturity

Tmax values for the Gordondale Member and PCS ic-8@A/94-B-8 core lie within
a narrow range around 4 (Figure 8, column 3)indicating that the organigch units
through the entire section are overmature with respect to hydrocarbon gen@naior>
470°C; Peters, et al., 200%)ang (2019demonstrated that trace metals remain largely
immobile and are ndost from the sediment phase during maturatidre ReOs
geahronometehas produced precise and accurate depositional ages for overmature black
shale intervalswhich is only possible with limited pedepositional redistribution of the
metals Selby & Creaser, 20Q0%reaser, et al., 200d)ickson et al(2019)also nog trace
metalimmobility during maturation based éimited partitioning of the metals into fluid
phasesbutdo suggest that significaamountf the Grg phase may be lost, thereby
artificially inflating trace metal concentratiorisxpulsion of oil and gas compounds from the
Gordondale Member and/or PCSatherstratigraphic ungor geographical location is
unlikely based on limited correlation betweaomarker signatures ithese source roclesnd
migratedhydrocarbonshrough the WCSHERiediger, 1994)However potentiallocalized
degradation or smaficale migration of hydrocarbons has resulted in decouplingrgff@n
the elemental content of the surroundéggliments as observed by A@tation of Grg with all

trace metalgvery low linear regressior? values.

Carbon isotope systematicgy be affected bgompound partitioning during
maturation, as demonstratieythe range ofi**Corq compositions of thenogenic methané 60
to 1404 ) versus oils and heavier gasédq toi 20a ) (Fuex, 1977)However the i**Corg
values oftheseovermature samples represent the bulk organic m#af@s;composition
becausél) the compounds inhetihe Gisotope systematics of tisamepredecessor materjal
(2) reconfiguration ofCorg is localized rather thawhole-systemloss, and(3) bulk rather than

compounespecificCorg iSotope compositionare measured

7.2. ldentification ofthe T-OAE

The T-OAE is identified in the-b6-A/94-B-8 core by the telltal®&-CIE embedded
within an overallP-CIE in theit®Corg profile (Figure 13). Due to the nodinear baseline, a
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secondorder polynomial functiorir? = 0.57 is fitted tothe broad FCIE with N-CIE samples
removedand is used as the baseline to determine the extémt df CIE. The highest

pr edilisydudngthe PCIEisi2 8. 6 a8 at Thédifféren& between tHewest
measuredi*Corg value in the NCIE interval(i 30.52 ) andthe highestpredicted vale
provides anaximumexcursionof 1 1.9a from thepolynomialP-CIE baselineMeasured
differences at the @et and conclusion of theGIE arei 1.6a andi0 . 8a, r e 3hmeect i vel
onset of the FCIE defines the RITo boundaryand the onset of the mass extinction that
accompanied the-DAE, and the NCIE marks the classicalgefined OAE (Them I, et al.,
2018).Here, the TOAE is defined between the onset and conclusion of {6&ER with its
apex occurring through the-GBIE. The T-OAE was defined in comparison to other WCSB
(Alberta) sections from Them Il et al. (2019).
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Figure 13. Study core aganic carbon isotope profile.Stablebulk organiccarbon isotopeignature
(U*3Corg) reported irpermil relative to PeeDee Belemnite PDB). The profile follows a broadly positive
carbon isotope excursid®-CIE; black dashed line) punctuated with an abrupt negativieon isotope
excursion (NCIE) near the centre of the trend. The Toarcian Ocearogiditvent (FOAE) isidentified
by the NCIE, however the event begins at ;*€IE onsetandconcludes at the end of the-EIE.

7.3. Local Paleoenvironment

7.3.1. Sea LeveChanges

Theentire Jurassic system encompasses adiggreustaticsea level risewith
multiple embeddedecond and thirdorderglobaltransgressiviadegressive (AR) cycles
(Ruban, 2015)The Early Jurassic contaitise first of twoJurassisecondorderT-R cycles
(Ruban, 2015)Gordondale Membeteposition occurred duringsea level transgression of

severallOs of meterswith highstand at the top of tit@lciferum Zondearly Toarcian)
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(AsgarDeen, 2003)The transgression is followed by secearder regressiom which the
PCS is deposited.he highstand iswoted in the study core atop theQNE where trace metal
contentpeaks followed by a sharp decliaedmineralogy/major geochemistry switches from
carbonatiCarich/Al-poorto silicatéCapoor/Al-rich deposition High trace metal contents
sedimentst sea level highstands are a result of deeper water depasitidnned with
enhanced primary productiyi{e.g. driven by upwelling of nutriemich waters), and organic
matter remineralization, whiatreaesconditions folower-oxygensea floors whereedox

sensitivemetals are reduceahd removedo sedimentefficiently (LaGrangeet al., 2019)

Temporal variabilityin carbonatésilicate sedimentation as observed in the study core
may becontrolledby sea levebndbr sediment supplghange¢Boggs, 2006)A sea level
transgression may causediment dgositionlower thanthe carbonate compensation depth
(CCD), below which the rate of carbonate mineral digsoh outpaces the rate of supplyhe
CCD fluctuatesfrom ~3000 to 5000 m water depth and in the Jurasaglocatedt
approximately 4000 m watelepth(van Andel, 1975)However, the Gordondale Member was
unlikely to have been deposited below Ci3garDeen, 2003) and the P@&s deposited in
a moreoxygenated, regressive environment (Riediger, 2002) therebdineinits are assumed
to have been deposited above CBBcausearbonate sediment production is mainly a
organic procesgrersus abiotic precipitationdea level trasgression can also affect the
shallow water organisource fluxto deeper water€arbonate platformaredrowredif
transgression occurs too rapidly and outpaces shallater biological carbonate generation
Platform drownings are accompanied by elevateasphogenesis due to increased P
availability (Follmi, 1996) Gordondale Member deposition coincided with phesencef a
carbonate platform to the southwest (Nordegg Memndreatan elevated P content at the onset
of the N-CIE, sotransgressie platformdrowningis a candidate forausng the transition from
carbonate to silicate depositioh subsequent sea lewglgressiorwould haveled to deposition
in a proximal setting whereontinentakiliciclastic (detrital)input waselevated An increasing
Al concentration ugoreis likely reflective of this environmental change, as Al is a major
component of aluminosilicate continental material. It is likely that bathonatelatform
drowning duringransgresion andncreasing detrital flux during regressitau to the abrupt

shift from carbonate (Gordondale) to silicate (PCS) composition.
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7.3.2. Cordilleran Tectonics

Initial study of Jurassic strata of the WCSB led to suggdstgdnicmarginactivation
and devadpment of a foreland basam the west coast of ancient North America by the Late
Jurassi¢Kimmeridgian Oxfordian)when subsidence occurr@@rice, 1994)More recently
the timing of initiation has been pushetb the EarlyJurassic based on sgenetic detrital

zircon preservatiofrom contemporaneousestern igneous sourcfRanaet al.,2017)

The Gordondale Memban the study corés punctuated by highly competent, light
grey 2060 cm intervals of siltyormally-gradedbedding occasionally topped witimversely
gradedbedding Moslow (2016) describes these as turbiditbris flow couplets. Ross and
Bustin (2006) describe 180 cmthick microcrystalline argillaceous marlstones interbedded in
the Gordondale Member Lower Unit in a code88-H-94-A-13) ~70 km NNE of the study
core. AsgaiDeen et al. (2004) describe 10 cm thick erosmsistant, quartzose calcilutites and
calcarenitesnterbedded with the black shales of the Hettangian Black Bear Ridge outcrop
strata (~65 km WSW of the study core) and within the Gordondale Member Lower Unit in the
Gordondale Member type section (~160 km ESE of the study corehofimally-graded
intervals( i t u r bim theicaremnay detectonicinducedflows in a developing foreland
basin Together with the interbedded figgained black shaldkis intervalcould constitutehe
pre- to synrorogenicflyschtectofacieqafterthe AlpineFlysch of Euope Homewood&

Lateltin, 1988. Flysch sequences adeepmarine unitanterspersedavith terrestrial turbidites
developed on active margifldomewood, 1982and are typically overlain by a shallower
syn to postorogenicmolasseshale and sandstotectofacieqafter theEuropean Alpine
Molasse Homewood and Lateltin, 1988n the WCSB, the midurassic interval of the Fernie
Formation has beeahescribed as a molasse depdsitlés and Miall, 2007)therefoe

underlying sediments of the Early Jurassio be reasonably classified as flysch.

These turbidites arée the underlying Pardonet Formation detlineshased on the
major element geochemical results from this cohe geochemical similarity meanbkatflows
could haveoriginated on theastvard continental slope, rather tharwastwardallochthonous
terranealong the subducting margas invoked byvedernsourced meteoric putto the basin
(Riediger& Coniglio, 1992) However,slope destabilization triggerirfgpws may still have be

tectonic in natur@ e.g.subductiorinduced earthquake8dditionally, ash bed frequency
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increase$rom the Gordondale Membenm € 5) to the PCSr{= 13), indicating increased

proximalactive volcanis (subduction zone volcanic arc development?)

7.3.3. Bottom Water Redox Conditions

Redoxsensitive trace metal concentrations aathigenic enrichments (as EFs) in
ancient marine sedimerserepresentative dfottom water redogonditionsat the time of
sedinent deposition (Tribovillard et al., 2006ingleelement proxies provide some insight
into general conditionse.g. sediments with Mo > 1@0g iveyelikely deposited under euxinic
waters (Scott and Lyons, 22)1 However there ardimitationswith singleelement proes
becauseontrastingenvironments may produce lHarichmensignaturese.g. Mo from 25 to
100e g may have been deposited under euxiwieditions butlasticdilution decreased the
relative concentration, amder suboxic conditions with an active particulate shuttle delivering
excess Mo to bottom wateasid shallowpore water HS reduéng Mo into sediment$Scott
and Lyons, 2012)Combiningtrace metalshrougha multiproxy approactenhance

environmentainterpretations

The coresamplesexhibita rangean concentration$or all redoxsensitive trace metals
(Mo, V, U, Re)and their ratios (Re/Madvio/U) signallingfluctuatingbottom water redox
and/or local environmentabnditions over the depositional peri@igure 14). However trace
metal contentemairedenrichedaboveupper continental crust contantmostsamples
implying thatwell-oxygenatedottomwaterconditionsweregenerallynotrecorded.
Macrofossils allude to oxic conditions at leageriodically, bivalves andelemnites are the
most abudantmaao-organismsbservedn the core. Bivalvearebenthicorganisms and due
to theirrelativeimmobility would be unlikely to survive if oxygen levels decreased quickly,
butthin (<2 cm), discreteshellbedsmayindicateshort periods oflysoxic to oxidbottom:
wates assuming that these were depositesitu (Henderson2004) Belemnitesvere squid
like pelagic organisms and are falisporadically through the core; unliiizalves, due to
belemnoidmobility bothlaterally and vertically through the wataslumn, these organisms are
less diagnostic aledox conditionsn thewater columrdirectly overlying depositedediments
butdo indicatethat oxygen was present at some level within the column or geographical area.
Evidence fronthe Cleveland Basin (ntinwestern Europejuggest a shift from deeper

dwelling belemitesbeforethe T-OAE to surfacedwelling belemnitesluring the FOAE as
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bottomwater anoxia tookold (Ullmann, et al., 2014)If the bottomto-surface shifhappened

in the northeadPanthalasanbasin,then the occurrence of belemnites within the studied core
suggest that surface oxyglevels were high enough to support their existehaeng the T

OAE.
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Figure 14. Bottom water redox states based on trace metal concentrations and ratios for the study

core. Redox states are indicated by vertical grey bars (labelled at base). Upper continental crust average
concentrations (black dashed lin&cLennan, 200)Lare noted for Mo (1.5g/g), V (107eg/g) and U

(2.8€0/g). The Re scale does not extend to the crustal concentration of Q.Emmiggment factors for

Re and Mo are used for tRe/Mo ratio. Gordondale Member Lower Unit (dark blue), Upper Unit

(light blue), Poker Chip Shaler@nge) and negative carbon isotope excursion intelpeaiveen red

lines) are noted.

Suboxic conditions anaferredmainly within the PCShut also at the base of the
Gordondale Member Upper Unit. Suboxia is diagnosed in these sampiegh Re/Mer
ratios and plotting within the suboxic trerajpfroacheske/Maoer ~15 ppb/ppm; Turgeo&
Brumsack, 2006) on a Ré& Moger covariation diagramFigure 15). An increasing Re/Mgx
trend towards suboxia begins at the Gordondale Member Lblgper Unit contact, reaching
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a maximumat the onset of thei&IE where values lapse back to general anoiieRe/Ma:=r
in the PCSJoes not follow atricttemporal trenchsvalues fluctuate in thiewer halfof the
PCSbut appear to equilibrasmmewhatn the upper halfPoker Chip Shal&e and U
concentrations also dip into the suboxic ran@e=0.4i 42 ng/g,Crusius et al., 1996J = 2.8
10¢eg/g, Partin et al., 2013andinto the anoxic rangahereforethe PCS likely experienced

suboxicto weakly anoxidbottom water conditions.

o Poker Chip Shale

1© N-CIE
1000 1 @ Upper Gordondale /©’© ‘ eTIW,' .
1 ® Lower Gordondale 9 3 .Euxinic

Ree,

100 1

10

1 10 100 1000
Mo,

Figure 15. Resri Mogr covariation plot for study core samplesRe and Mo covariation for samples of
the Gordondale Memband Poker Chip Shale. Samples range fo@howsea water (SW) weight ratio
(0.8 ppb/ppm) to beyond thesuboxic weight ratio (1Bpb/ppn) interpreted by Turgeon and Brumsack
(2006).

Generally anoxig¢ferruginous + euxinicgonditions are interpreted to have prevailed
throughmuch of the Gordondale Memb&eneral anoxia is inferred from U > £0g (Partin
et al., 2013) and Re > 42 ng/g (Crusius et al., 199@niumcontentdecreases slightly from
the Gordondale Member Lower Uit the Upper Unijtbutboth unitsare inferredas
dominantly anoxic

Corrections fodilution of trace metal signals by detrital sedimentation can be made
using enrichment factors (EFs), which aséculated byEquation 2. In Figure 16, trace metal
EFs are depicted with redox tren@&cause EFs are not typicatfiven in the literaturéo
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defineredox stateangesand Al concentrations are not available for all studies;aBges for
redox states arthe concentrationranges from the literatu(®lo: Scott& Lyons, 2012; V:
Quinby-Hunt& Wilde, 1994; U: Partipet al., 2013; Re: Crusiust al., 1996 nhormalized to
upper continental crust averages (McLennan, 2@drjchment factoprofiles improve the
ability to interpret the trace metal signaspecially for Uand Vin this core which must have
been somewhat influenced by the increasing deinipaitin the PCS.
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Figure 16. Redox states based on trace metal enrichment factors for the study coRedox states are
indicated by verticalgrey bars (labelled at base) and drased onliterature concentration ranges
normalized to upper continental crasterage concentrations (McLennan, 2001). Gordondale Member
Lower Unit (dark blue), Upper Unit (light blue), Poker Chip Shale (orange) and negative carbon isotope
excursion interval (between red lines) are noted.
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Concentrationsf Mo > 100¢ g [Sgott& Lyons, 2012 Mogr > 67) andV >320e g / g
(Quinby-Hunt & Wilde, 1994 Ver > 3), strongly correlated S1/Fe O1.15(pyrite ratio)and
Re/Mao:r < 4 (Turgeon& Brumsack, 20064listinguish euxirg from nonreuxinic samples in
anoxic intervalsThe Gordondale Maber Lower Unit is greatly enriched in all trace metals
meanMo and Vconcentrationsre 175 95¢ g angl 1163 #624¢ g /raspectivelyRe/Mo:=F
ratios are2.1+ 0.9 and Sor/Fearestrongly correlatedr? = 0.80)above thepyrite ratio at2.0
+ 0.8indicatingthat conditions were predominantly euxinitie Upper Uniwhich contains
the T-OAE as identified by a MCIE, is less enriched in redesensitive trace metals than the
Lower Unit butis still enriched above upper continental crust emationsTheentire Upper
Unit is generally anoxicout there is a transition from low Mand Vcontentin the bottom
portion of the unit (1584.58578.93 m)suggesting generally neguxinic conditionsto high
Mo and V content and low Re/Meratiosin the top portior(1578.34 1575.00 m)indicating

a shift to strong euxiniaithin the NCIE interval.

The Sor/Fe ratio remains at or above the stoichiometric pyrite weight ratio in most
Upper Unitsample, sosulfidic conditions remained in povgaterseven during noseuxinic
periods(corroborated by Mo concentrations betweeri 25qu9/g; Scott& Lyons, 2012)
allowing for pyrite formationwithin reactive Feich sedimeneven when bottom waters were
noneuxinic. This is likely the case for the lsoxic to weaklyanoxic(non-euxinic) PCS, as Mo
concentrations remain betweenikz50g/ g and the unit is often ch
(Riediger, 2002)which iscorroborated by increased XRD pgritontent

7.3.4. Basin Connection to the Global Ocean

Relationshipbetween trace metal content dnalrographic regimes of modern
environments have been observedSmeere et al. (2@) for Cdi Mo, Algeo and Tribovillard
(2009)for Moeri Ugrand Algeo and Lyons (200&)r Moi Corg. Using these relationships,
trends on trace metal covariation plbts/e been used to infer paleohydrographic
configurations for paleoredox reconstructions (e.g. McArthur, 2019; Algddrowe, 2012;
Tribovillard et al., 2012; Algeo and Tribovillard, 2009 hese applicatioids except fa Moi
Corgd are used here for the Early Jurassic samples to determineg3btdendale
Member/PCSasin was open to or restricted frovater mass exchange withe global ocean

during the TOAE. The Md Corgcovariation of Algeo and Lyons (2006) is not apglto the
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study core samples, as the overmature conditiams likely caused a decoupling of the trace
metals from the organic conteBasin hydrographys an important paleoenvironmentattor

to define for these sampglbecause th&-OAE was by definitiona global event, therefore any
interpretations made on the global marine paleoredox envirorcaemnly be inferred if the
basin wagphysicallylinked to that environmenlf the basin wastronglyrestrictedfrom

exchange with the global ean only local paleoenvironmental characteristics can be inferred.

TheMoi U covariation Figure 17a) for the Gordondale Member and PCS core
samplesover anoperunrestrictednarine trendnfluenced byredox variatior(Tribovillard, et
al., 2012;Algeo & Tribovillard, 2009).The open marine trend occurs adrecreasingvio/U
ratio from suboxic Mo / U1 33beldw seawater weight rajiof er r ugi no Wl® ( Mo/ U
across the seawater weight ratamd euxinic (Mo/UF 10+ above the seawater weight ratio
A redox variation occurgp-core fromstronglyeuxinic toeuxinic in the Gordondale Member
Lower Unit, from strongly ferruginouso euxinicin theUpper Unit, androm weakly
ferruginous to strongly suboxic in the P®e N-CIE samplesdentifying the T-OAE all lie
within theferruginous to euxini€ordondale Member Upper Unit
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Figure 17. Trace metal covariatiors for basin hydrography. (A) Moer Uer covariation(after Algeo
& Tribovillard, 2009)within the open marine (reldan and particulate shuttle (upper grey b@aends
(overlap identified by yellow ovalNo samples lie within the restriction trend (lower grey;g8) Cdi

Mo covariation after Sweere et al. (201@}h mostsampledying in the open marineupwelling zone
trend (green)Lines indicataveight ratiosof the trace metals in seawater (SW; Tribovillatal., 2006)
and factors thereofverage moderplankton (Brumsack, 198@&nd empiricakedimentCd/Mo ratioof
0.1based onthe threshold between modern upwelling and restricted environiiSavesre et al., 2016).
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The Cd Mo covariation plofor Gordondale Member and PCS samplagire 17b)
corroborates thgenerally unrestricted trerabserved in th&loer Uer covariation A power
regression through all samples yietodcorrelation ¢? = 0.75) along Ca= 0.14Mo'*which
Is approximated to a linear relationship where Cd/MbX} indicating that rastsanples lie
above the empiricald/Mo ratio of 0.1 as defined in Sweere et al. (2@&ich distinguistes
between a continental margipwelling setting (Cd/Mo ®.1) and a hydrographically
restricted basin (Cd/Mo 8.1). Phosphorusontent in the GordondaMember is substantially
elevated P up to 15 wt%y)which also indicates the probability that upwelling was a significant

process occurring at t(Holni, 1996me of the unitds

Taken together, the Ma Ugr and Cd Mo covariations implythat the Gordondale
Member and PCS were deposite@imopen marine environmegbng a continental margin
upwelling zonewith agenerallytemporal (stratigraphid)ottom wateredox variation from
strongly euxinidn the lowe Gordondale Membébo suboxicn the PCSbottom water redox
interpretatios agree with thosebased orther proxies (Mo, YU, Reconcentration&Fsand
Re/Maer, Srot/Fe ratios)

7.3.5. Consideration of a Particulate Shuttle

A confounding factor in the intergagion of theGordondale Membdrower Unitand
euxinic Upper Unit samplesn the Meri Uer covariation Figure 17a) arisesdue to an
overlap in the open/unrestrictethrine trend and the particulate shuttle trend along-tiraes
seawater wight ratio High Mo and V concentrations also allude to the il#y of a
pariculate shuttle as both gparticlereactive If a particulate shuttle operated during the
deposition of the Gordondale Member and/or PCS, paleoredox conditions meggdoerated
by the enrichment of Mo and V, and high Mo/U ratios.

The prticulate trenebn an Mer Uer covariationoccursdue tothe strongaffinity for
Mo (and V) but not Uto adsorito Mn-(oxy)hydroxide particlegh an oxic water column
(Ostrander et al2019) Uponsinking acrosshe redox chemocline antklivery to the
sedimeritwater interface the Mn particulatesdergo reductivdissolition, releasingadsorbed
Mo thereby increasing its bottom watard/or pore wateroncentration with respect to the
average seawater concentratiDue to thancreased availability of Mo in bottom waters,

reduction to sediments under weakly suboxic to anfetwginousconditions with shallow
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pore water HS mayprodue a falseeuxinic(very high)Mo/U signatureHowever true

euxinic conditionsn an open ocean setting where water mass exchange occurs contiduously
thereby providing a continuous replenishment of trace mietalseducing bottom water
environmentd also producekigh Mo/U ratioswhenMo reduction to sediments is more

efficient thanU reduction

Particulate Mn(and F@ are not preserved in naxic environmentsind therefore
directly accounting for their activity in ancient nowic sediment is not possibl€o resolve if
the elevated Mo/U ratios are a result of particulate actorityighly efficient Mo removal to
sedimentsinder euxinic conditionwithout a particulate shuttle, | propose the use of K&
covariation plotMolybdenum and V are alike in that they are partielactive and require 39
for reduction tssedimentsVanadium is much more efficiently adsorbedtth MnandFe
(whereas Mo is only effectively adsorbed to NwayticulategTribovillard et al., 2006)by
more thara factor of 3vhen normalized tdissolved concentratiorf®©strander et al., 209
but Mo and V ardothefficiently reducedo sedimentsinder euxinic conditiong.herefore, if
only weakparticulate shuttlactivity is occurringin awater column over euxinic bottom
waters the authigenicV/Mo ratio should approach the average seamatMo ratio. If a
particulate shuttle is activand HS is present in bottom or pore watexs,enrichment of
authigenicVv with respect to Mo is anticipate particulates deliver egss V, and to a lesser

extent Moto the bottom waters and sediments.

To quantify particulatenrichment, particulate V and Mo concentrations frk@mnous
locations, depths ardhtesin theBaltic Seavater columnBauer et al., 2017) arenvoked
Bauer et al. (2017) also report particulate Mn and Fe concentrafiwoggraupsof samples
weredistinguishedased orparticulate Fe and Mn concentratiqi$gure 18): (1) samples
with low Fe content.52 8.3 ng/g), wide-rangirg Mn concentrationsQ(12 78 ng/g), poor Fel
Mn correlation ¢? = 026) and low Fe/Mnweightratios (< 6) and (2)sampleswith high Fe
content(6.91 362ng/g), low to moderate Mn conten®.22 8.0ng/g) and good~& Mn
correlation(r? = 0.74) and high Fe/Miweight ratiog> 16). Group 1 is interpreted toonsist of
Mn-(oxy)hydroxide particlesvith minimal Fe incorporation, and group 2 is interpreted as

ferromanganesparticles
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Figure 18. Fei Mn covariation for Baltic Sea particulates. Particulate Fe and Mn data frdBauer et
al. (2017) illustrad two groups of particulate samples: (1) thegth low Fe and a wide range of Mn
concentrations, interpreted as Nwxy)hydroxides (greemarkers); ad (2) those with correlated Fe and
Mn concentrationsvith higher Fe and amallerrangeof Mn concentrationsinterpreted as Fbin-
(oxy)hydroxides (red markers).

Mean V/M@articuateWeight ratiosare calculated for the two grougs0.39+ 0.29(n =
45) for group 1 and 18.+ 6.8 (h = 51) for group 2 which are representedlineartrendson a
Vi Mo covariation plo{Figure 19). Several group $amplegleviate from thie V/Mo average,
climbing towards the group 2 trend and falling below the average seailisteratio. On
average, V is much less concentrated in seawater than Mo (V/Mo weight ratio of 0.2;
Tribovillard, et al., 2006)The samples which ehib towards higher V/Mo ratios are those that
were collected from the upper water col umn (f
are elevated and there is ngSresent. These samples may have attained the higher V/Mo
ratiosif V (V) oxyanions wee more efficiently adsorbed to particulatean MdVI) oxyanions
under the fully oxic conditions. Samples which fall to lower V/Mo ratvese collected from
the lower water columf i Bowia ¢ er appoaching)the sedimémiater interfaceln
the Bdtom-water Zoneguxinia is encountered ¢8; no Q) triggering reductive dissolution of
the particulates and subsequent desorption of trace metal oxyarhense/Mn ratio igreater
in these samples than in other manganese particulates, perhaps besactsee dissolution

under euxiniaenders Mn soluble, while Fe reacts witfSHo form pyrite While sulfur
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concentrationare notreported in Bauer et al. (2017), if Fe reacted to form pyrite it is possible
thattheseareFe$S particulates rather tharefin oxyhydroxides. Under euxinic conditions,

Mo tends tdorm sulfides unaccompanied (Mg%r in the presence of Fm¢orporated into
pyrite) so if the particulates apgyritic, they wouldretainMo more than \producing the
decreased V/Mo ratios obsex Therefore, whilessomegroup 1 samples deviate fraime

mean, these are not representative of the\Mfivio ratios associated with Mn particulates
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Figure 19. ViMo covariation for Mn and Fe-Mn particulates from the Baltic Sea.V and Mo
concentrationsn Mn and FeMn particulates from various locations, water depths and times in the Baltic
Sea (data from Bauget al., 2017)DepictedV/Mo trends for Mn and F&In particulates arbased on
means for group 1 and groupr@spectivelyi Sur f ace Zon-wat an d2 deBnedbly o m
depths above and below the water column redox zone (Bauer et al., 2017), wiehggBest in the

surface zone with no43, and no @and high HS concentrations an@portedn the Bottomwater Zone
SW = seawater (V/Mo weight ratio).

In Figure 17a, the issue opossible particulate shuttle activiayisesfor the
Gordondale Member Lower Unit and euxinic Upper Unit samples where theirgvi@tibs
lie in both the open marirendparticulate shuttle trerglaround the8-times seawater weight
ratio. A Vi Mo covariation plotvasconstructed t@onfirm or eliminate the possibility of the
particulate activity. The V/Mgr of thesamples in questiofapproximated by yellow oval)
demonstrate that the samples that experieatmdited Mo/gr were not Meenriched by

particulate activity because they fall at or below the seawater Waight ratio(V/Mosw),
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indicatingnon-particulate euxinialt is possible that neruxinic Upper Urtiand PCS samples
may have been affected pgrticulate activity because V/Melies above V/IMgwand
approaches the mean Mn particulate V/Mo werghib from the Bauer et al. (2017) samples.
These samples are interpreted as ferruginous to suboxic tieeffédtn-particulateshuttles

were operating2S would have been present in pore wa#ig shallow enough depth to
capture V and Mo delivered by particulatel®wever, because interpretation of these samples
by trace metal enrichments and MeAdovarations indicatederruginous to subogisettings
there is nassue with falseeuxiniacaused byarticulatesandif there wasvin particulate

activity it was tm weak tomask paleoredox conditions.
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Figure 20. Vi Mo covariation with Gordondale Member and PCS samplesGordondale Member
Lower Unit (dark blue), Upper Unit (light blue) and PCS (orange) samples plotted in relation to modern
seawater (SW) V/Mo weight ratio of 0.20, and Mn andVfeparticulate trendsdm Bauer et al. (2017)
particulate trace metal V/Mo weight ratios.

To furtherunderstand and utilize the V/Mo ratio as a paleoredox proxy, validation of
thetrends suggested in this work should be completed on modern botitansedimeist
underlying regns of active particulate shuttling (e.g. Baltic Sea, Cariaco Basogediment

from areas withweakparticulate activity to provida baseline.
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7.3.6. Local Environment Summary and ApplicatmirGlobal Mass Balance Models

The local depositional redand hydographic conditions weriaferred using a muki
proxy approachPaleoredox conditions were interpreted from concentrations of Mo, V, U, Re
and ratios of Re/Mo ando#Fe.The Gordondale Member was subdivided into Lower and
Upper subunits which were infgeted asnainly euxinic and ferruginotguxinic,
respectively. Th&@CSwasobserved as a single unit and interpretsohainly suboxic to
weakly ferruginous. Both the Gordondale Member and PCS likefhg deposited in an
environment which was open to global water mass circulation based on trends froni the Mo

and Cd Mo covariation plots.

The T-OAE, which occurred during ¢hdeposition of these unitsas likely a period
whenbottom watelanoxia and euxinia expanded to cover a greater area of the global seafloor.
To quantify thenypothesise@xpansion, global mass balance models for Re (Sheen, et al.,
2018) and Mo (Reinharet al., 2013an be applied to locally anoxifor Re model)r
euxinic(for Mo model)samples which were deposited in a basinnectedo theglobal
ocean. Thus, most sampkeom the Gordondale Membean be used in the mass balance
model calculation$o reconstruct the global area of anoxic or euxinic seafloor in the Early
JurassicDue to its suboxic to weakly ferruginous deposition, the PCS is not a candidate for

global ocean reconstruction using the Re or Mo models.

7.4. GlobalPaleoredox Environment

In the global ocean$race metateawater concentratioaseregulated bynput fluxes
from riversandseafloorhydrothermal activityandoutput fluxesto oxic, suboxic and
anoxic/euxinicseafloorsediment sinksThe anoxic/euxinic sinkare where trace metals like
Re and Mo are removed most efficienthg indicated by higher trace metal burial rates
Therefore, a expansiorof the anoxic/euxinisink areas will result in an increased drawdown
of the metals fromhte seawater, therelgducing theiglobalseawater concentrations over
time. First-order trace metal mass balance moétmifke and Mdake advantage of the souice
seawatdrsink relationshigo characterise ancient environments byrteeafloor anoxiand
euxinicsink area (Aanoxicand Aeuxinic), respectively (Sheen et al., 2018; Reinhard et al., 2013)
Thesemass balance models are used here to determine the possilalitgxqfansion oA anoxic
and Aeuxinic during the TOAE recorded in the study core.
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7.4.1. Data Filtering and Grouping

Samples used in the mass balance models must have been deposited under locally
anoxic (for Re) or euxinic (for Mo) conditions in an environment where global ocean water
mass exchange occurred continuouslgnsure thaany changes in Re or Mo concentrations
are not caused by basin restriction effeBssed on MoU and Cdl Mo covariations,hie
Gordondale Member/PCS basin was deposited in an open marine environment where water
mass exchange with the gloleelean could occur freely, therefore paleoredox interpretations
of these strata reflect global ocean trace metal systematics.

Sheen et al. (2018) appliedilter of Fe/Al > 0.5 for anoxia whicks not used here. The
Fe/Al filter suggested by Sheen et 2018) is based on the global average shale Fe/Al ratio
(~0.5; Lyons & Severmann, 20Q@ut local oxic backgrouncan range from 0.3 to Q.80
may not reflect tb averageatio (Clarkson, et al., 2014If the local oxic background iess
than the average shale Fefatio, thenusing this global average will maskrichments. Thus,
the Fe/Al ratio is not used to filter for anoxia in the study céheen et al(2018) use a &
filter (Corg > 0.4 Wt%) that prevents spurious Rgf@alues in organipoor rocks, but the
Gordondale Member and PCS are both organlt (Corg> 2.6 Wt%) so the filter does not
eliminate sampleshe filters that are applied to @etmine sample anoxia this studyarethe
same ashose used to determine local anoxia as discussstiion7.3.3 these aré&Jer > 3.6
(after Partin, et al., 2013nd Rer > 100(after Crusius, et al., 1996)

Reinhard et al. (2013) apply filters of Fe, Al angyC 1 wt%, Fe/Al > 0.5and
Fen/Feqr> 0.7 orDOP > 0.6 to infer euxinic samples. The 1 wt% threshold for Fe and Al is
not applied here as its original use in Reinhard et al. (2013) was to identifyrdimed
siliciclastic sediments from a large ¥ 3000) datasefs discussé aboveClarkson et al.
(2014)illustrate a wide range in Fe/Al at local levels (0.3 to 0.8), and thus using the average
shale ratio of 0.5 may maskmple enrichments so the Fe/Al filter is not applidte study
core samples do not have-Bpeciation data available to determingyf@4r or DOP.In
addition to the anoxic proxies discussed in the above paraghadogctl euxinic proxies
discussed irsection7.3.3are used here to filter samples; thesevase> 3 (after QuinbyHunt
and Wilde, 1994) andig1/Fe > 1.15 (stoichiometric pyritgeightratio).
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Sample filtering resuidin a subset of sam@dor Re (1 =69) and Mo 6 = 56) mass
balance model@-igure 21). Two PCS samples passed anoxic sample filtard,one passed
euxinic filters,butthesenot discussetiecause while therepresent short anoxewxinic
periods, they are not representative of the entire int@ivadnge = 67, Nmo = 55).
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Figure 21 Filtered anoxic/euxinic sampleprofile. Samples which passétk filtering criteria for anoxia

or euxinia are represented by blaicles. Samples which failed to meet filtering criteria are represented

by unfilled circles.One outlier sample inthe Repr of i | e i s marked by an 6X5o
text. Samples are growgul stratigraphically into those which were deposited before H&INE {(NA Pr e
ClE0O) and -Gr(iili og-€t EE &nd-ClBROupper N

One outlier sample is present in the filteReEldata (Reutier = 878 ng/gversusk&ittered
= 233+ 148 ng/g). The outlier was sampled from a black shale interval (1578.34 m) deposited
closely between two turbidites (sampled at 1578.08 and 1578.83gu)e 22). The
enrichment of Re in the outlier compared to the background in the immediate core interval may
be attributed to the deposition of the turbiditBse turbidites aresubstantiallyenriched in Mn
(849+ 181 ug/g) versus backgrnd levels {67+ 121 pg/g. Manganese precipitatesder
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oxic conditiongCalvert & Pedersen, 19960 Mnenrichmeninay be indicative ofraoxic,
Mn-rich turbidite source environmer{fMcKay & Pedersen, 2014 turbidity-induced bottom
water oxygenatiomwith postturbiditeaccumulation oMn-carbonatehasegCalvert &
Pedersen, 1996J urbidite depositioimay have resultechioxygenation of théop portion of
underlying, previoushanoxic sedimentsThismayhave led to oxidtive mobilisatiorand
redistributionof trace metals (e.g. Re, Mg, U) throughdiffusion into thenewly emplaced
turbidite sedimentind furtheinto the water columror concentratede-precipitaton at the

oxici anoxic boundary within thenderlying marinesedimentlinitial oxic conditions would be
replaced by anoxia as oxygen veahausted by organic matter decomposition within the
sedimentfurther immobilising trace meta{dcKay & Pedersen, 2014l is at theinitial pore
wateroxici anoxic boundary underlying the turbidite where dhbstantiaRe enrichment in
the outlier samplés postulated tthave occured Thus, the outlier wouldhave been a result of
the upper turbidite (1578.08 m) depositibio sample point was acquired within close enough
proximity to the base of the lower turbidite (1578.53tondletermine if this scenario occurred
with every turbiditeemgacementvent. ThereforeRe enrichment in the outlier samjse
likely a result of turbiditanducedReredistributionandReyutier IS Not included in the Re mass
balance modeln(= 68). The Raiitered becomes 213 91 ng/g. The Ma@oncentration of the
outlier sample is alsenrichedhowever, the sample was eliminated duruginic data

filtering due to a very low f&7/Fe ratio (0.38).
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1578.00 m —,
Re =104 ng/g
Turbidite Mn =977 po/g
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Figure 22. White light photograph of Resuiier and turbidite interval . Photos on the right aee5 cm
centred around sample location andgnified by a factor of @ith respect to the continuous core photo
on the left.The turbiditeat 1578.53 nmay represent a mixture of turbiglaind black shale material.
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The mass balance models are used to determfgoficandor Aeuxinic expanded or
contracted through thee WAE. To observe changes, samples are grouped stratigraphically
(Figure 21). ThefiPreN-CIEO group includes samples of the Gordondale Member Lower Unit
and lower portion of the Upper Unit (deeper than 1582.10 m)ANKEIEO group includs
samples of the Upper Unitithin the N-CIE interval (1582.10 to 1575.00 nijhenium and
Mo variationfrom lower concentrationsit the onset of the MCIE (1581.85 tal576.82m) to
higher concentrations in the latter portion of th€NE (157659to 1575.00 m) is observed, so
the interval is splitnto flower N-C | EuddfupperN-C | EBeéctiors. Table 6 denotes mean
authigenicRe and Mo concentratiofiRe.wuth, Moaus Equation 13) of the filtered samples in

the stratigraphic groups.
(13) @ @ — oa

WhereXauth is theauthigenic enrichment of the met))( XsamplelS themeasured concentration
of Xin the sample, th¥/Alycc ratio is the trace metal to aluminium ratio in the Upper
Continental CrusfMcLennan, 2001)andAlsampleis thealuminium concentration measured in

the sample.

Table 6. Mean Reaun and Moaun Of filtered sample data for mass balance model®reN-CIE group
includes samples frorh59466i 1583.89 mjower N-CIE from 1582.101580.27 m and upper &IE
from 1576.411575.00 mMeans reported th standard deviation.

N-CIE
Lower Upper
Rewn (nglg) | 192%86 | 187%74 [ 27870
auth (NQ'Q (n=35 | (n=21) | (n=10)
Mown (uglg) | 156 %104 | 32%14 | 1049
auth (HQ/Q n=32) | (h=15) | (n=8)

Pre-N-CIE

Unpaired ttestsassuming equal variance for Re. standard deviations between
groups lie within a narrow range between 70 and 86 rg/d)unequal variance for Moe.
standard deviations between groups lie within a wide range between 9 angldO#ere
performed on the sample groupgésolve statistical distinctivenesiignificant difference
between thgroupmeans are inferred froprvalues< 0.05, whereap-values > 0.05mply no
statisticaldifferencebetween the groupResultingp-values(Table 7) indicate thaReuuth
concentrations are not significantly different betwdenPreN-CIE and lower NCIE groups
(p-value= 0.83), while the upper NCIE group differs from both the Pi-CIE and lower N
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CIE groups j-values < 0.06). All groupingsof Moauth Show significant differencepfvalues<
0.0).
Table 7. p-values between groups of filtered Ran and Moauh data. Results for Re are listed in the

upper right(blue shadingind Moin the bottom lef{red shading). The R@.means between the Pke
CIE and lower NCIE are the only pair which are statistically similar.

p-values Pre-N-CIE | Lower N-CIE | Upper N-CIE
Pre-N-CIE 0.83 0.006
Lower N-CIE 1.42 x 107 0.003
Upper N-CIE 0.009

7.4.2. Use of Published Models

Rheniumconcentrations 187 ng/g forthe samplegroupsdo not plot on the Renaxis
as presented i8heen et al(2018) so theaxisis extendedo include enrichments up to 200
ng/g(Figure 23). The PreN-CIE Aanoxic 0f 0.12% is followed by &l.3x increasdo thelower
N-CIE where Anoxicis 0.16%; this isnot likely a significant change given that the group means
are not statistically differenpfvalue = 083). There is a contraction frofower to upper N
CIE, as inferred from an increase in thexRehowever, because the model as presented in
Sheen et al2018)only captures values up to 205 N¢AS Aunoxic- 0), the Aanoxicfor the
upper NCIE cannot be quantified.
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The Mo mass balance model as presented in Reinhard et al. (B@LB¥ 24) does
better to express thange andariationof Aeuxinicfor thec u r r e n tsamplé gradiy néean
Mo values than did the Re modgigure 23). The PreN-CIE group is the only one with a
substantial enough Mo enrichmentetxtend beyond the scope of the presented médel.
extension of the M@maxisindicatesthe 156 ug/g Mo carresponds to an éinic of 0.18%. The
decrease in M@win thelower N-CIE groupcorresponds to anefxinicof 3.2% at Cariaco Basin
BMAR. This representan increas®y a factor of ~18rom PreN-CIE Aeuxinic Theuppea N-

CIE groupcorresponds to anefinicof 0.53% and adecrease to + lower N-CIE Aeuxinic
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7.4.3. Addressing Model Parameters 1: Bulk Mass Accumulation Rate

Sheen et al. (2018) and Reinhard et al. (2dL&}rate their models usingCariaco
Basin bulk mass accumulation rate (BMAR)10® x 102 g cni? yrtand factors of 1.5 above
and below. While this providesi@mple rangedf possible Anoxicand Aeuxinic, @ closer
approximation of théocal depositionaBMAR canbe calculatedor an intervaby Equation
14 assumingcontinuous sedimentatiowherej » is mean bulk density (g c#, gz is vertical

intervallength (cm) and is theintervalduraion (yr).
(14) 600Y—

Thej » for samples within the MNCIE interval is2.42+ 0.16g cni® which is recorded in
the study core between depths of 1575.00 m and 1582.&0gmof 710 cm.Bulk densities
were determined at Weatherford Lab2016 duringoutinecoreanalysis bydetermining
sample weight (g) and using a mercury pump to detertitievolume (cm). The N-CIE has
an estimatedyt of 300to 500kyr (Sell et al., 2014Boulila et al., 2014)By Equation 14 with
the standard deviatiqiis) propagated from, and averagd betweenyd endmemberghe N-
CIE intervalBMAR is 4.6+ 0.2 x 103 g cm? yr! (=% Cariaco BasiBMAR). The} , for
samples within thentire Gordondale Membaertervalincluding the NCIE is 2.4 £ 0.14 g
cmi3 which liesin the study core between depths of 1575.00 m a8835m or gz of 2051
cm. Gordondale Membagd is estimated as0+ 3.9Myr (Pana et al., 20H3. By Equation 14
with 1s propagatedrom } » andgd, the BMAR of the Gordondale Membeanterval is5.0+ 2.0
x 10* g cm?yr't (~ 20 Cariaco BasiBMAR). It is unlikely that thevery lowBMAR
calculated over the entire Gordondale Membeejsesentativeasdiscontinuitiesand
sediment starvatiofAsgarDeen, 2003jvould not have recorded the entimae interval
Thus,the Sheen et al. (2018) and Reinhard et al. (2013) models are modified to reflect the
BMAR range of the NCIE intervalin Figure 25 andFigure 26, respectively

Additionally, Reinhard et a(2013)suggest that BAR and authigenic burial ra{)
shouldnot be decoupled arbitrarilifowever,becausehe model burial rates are a global
average at a given depth (calculated from an initial state and varying with edceB@
bathymetry) and the BMAR is a local property, the burial rates are not varied from the values

used in the published models.
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