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Abstract

Biomarkers are established facets of paleoenvironmental study, yet significant untapped
potential remainsConventional methods (e.g. @¥@S) fail to characterize large, polar molecules,
which often possess greater biological specificity than saturateatomatizechydrocarbons,
while approaches leveraging the expanded analytical windwinsic to LGMS are frequently
focused on a single compound class. Here, applicatiomo¥a LC-qTORMS methodenabled
simultaneous monitoring of numerous biomarkers, leading to the concept of a biomarker inventory
populated with biosynthetic derivatives of marine microbial communities spanning the epipelagic
to benthic realms. This comprehensive approa@ntgd unparalleled insight into microbial
ecological dynamics surrounding OAE addressing outstanding enigmas relatedthe
spatiotemporal evolution of organic carbon burial drivers. An extensive reassessment of previously
discounted biomarkers revedlsignificant paleoreconstructive potenbgitracking pelagic redox
fluctuations in a menagerie of depositional settiregpeially useful fordelineatng periods of
marine deoxygenation (i.e. OAES) in the geologic record. Critical evaluat@paiériial OAE-

2 trigger revealed both transient and enduring biochemical shifts relevant to an apparent
association with enhanced organic carbon burial. However, the relationship between cause (i.e.
trigger) and effect (OAR) was substantiated by currently onsidered mechanismihat
fundamentally alter the invocation of thigygerin paleoenvironmental researdtnis dissertation
documenting thencipientfindingsof method application, highlighthe immense potential of L-C
gTORMS as a cipher to decode the molecular signatures bound in the sedimentary archives.
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Introduction

Why study the rock record?

The Earth is in a constagmtaturalstate of changdriven bygradualprocessepunctuated
by geologcally instantaneousnd catastrophic eventg&arth systems (geosphere, biosphere,
atmosphere, hydrosphere, cryosphere) operate in tandem to maintain the semblance of an
equilibrium amidst the backdrop of s)mpesamg er f o
an overriding control on the planetary state through time. The relativelyaraghidcipienclimate
changeinitiated during thendustrial Erain the 1830s (Figure 1; Abram et al., 2016) has been
exacerbated by continued societal demands today. Model simulgtaorisnvaluable insight into
projections of future climatic states, but represent a composite sigmailtible scenarios with a
range of outcomes undermined by inherent biases (e.g. Liang et al., 2008) and uncertainties (e.g.
Knutti and Sedlacek, 2013). This is compounded by the brevity of thagwstrial and historical
records used in model parameterization tur@ghmidt et al.2017) which may compromise
output relevancen a warming world as highlighted by inaccurate mdaeded reconstructions of
past periods ofvarmclimate (e.g. early Eocene; Huber and Caballero, 2011). Thus, one answer to
the question, éwbyd3dudgmehgesock r

The sedimentary archives are vast, recording a wide variatiinaditic states spanning
millions of yearsTher educti oni st phrase O0the prestent i s
principle of uniformitarianism(Hutton, 17®; Lyell, 1830; Whewell, 1832) may also be reworded
as Othe past is thed k(eho d StudfofitBe3pgstrmaysgeant insigatn d f u
into how various Earth systems operated and responded to raiamgebefore and [potentially]
will in the fuure. The temporal heterogeneity of paleoclimates, affording an abundance of

potential analogs for theoretical climate scenarios, is underscored by the imohierete
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variability observed over the last 100 Ma (Figurel&rney et al., 2020). From trextremes of

the mid-Cretaceous hothouse to the late Pleistocene Last Glacial Maxiamurmbundance of
distinct paleoclimatic scenaridés at the disposal of scientists today. Significantly, the results of
these natural climate experiments are encoded into the rock record, and are readily accessible via
geoscientific investigations which generate valuable context and/or proxy data to at mod
calibrations.Continued integration of model and prédsgntextual informations paramount to
improve climate forecasts and mitigate attendant impacts, with improved interpretations of the
rock record equally as important as computational advancesriaghmodel sophisticatiohis

work focuses on the former, empowering the past as an analog for the future by reimagining the
application of an established geochemical proxy for ancient microbialrdfierred toas

6bi omar kers. 6
Biomarkers

Biomarkersare molecular fossils gpast [predominantly] microbial life preserved in
sediments and rockalthough intimidating to those unfamiliar with the concept, biomarkers can
be thought of apartially degradedeological fossils of biosynthetic products justaacrofossils
represent the recalcitrant remains (e.g. bones) of defugahisns (Figure 3) The concept of a
O0bi omar ker 6 in or gan banwhe moldtidamsigoatutes of exdusiely c h  w
biological origin were characterized isedimentary organic mattemd oils (Treibs, 1936).
Subsequeninstrumentaladvancementsed to the advent of gas chromatograph (GC) mass
spectrometers (MS) interfaced with anlore computer system (e.g. Hites and Biemann, 1967;
Burlingame and Schnoes9@9), which greatly accelerated the detection and identification of
biomarkers in the geospherghis was further propelled by the petroleum industry (@alp,

1985; Seifert and Moldowan, 1986; Peters et al., 2005) following the discovery of molecular
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evidence for the biogenic origin of petroleum (Whitehead, 1973). The allure of biomarkers
extended into academic pursuits as well, part
fossil sé do not require t hetsoporgansses (Eginton and o f
Calvin, 1967), leading to significant insight into early life on Earth (e.g. Summons et al., 1988;
Brocks et al., 2005). Later analytical advances, such as liquid chromatognagkyspectrometry
(LC-MS), enabled the detectiaof larger, morgolar compounds (e.g. glycerol dialkyl glycerol
tetraethers, GDGTs) of [potentially] greater biological, and by extension, environmental
specificity (Hopmans et al., 2000; Sturt et al., 20@Hntinued progression has arisen via the
integration of organic geochemistry with other disciplines, such as molecular biology and
phylogenetics, which has fostered the application of lipidomics (Pearson, 2014) in geochemical
study that is challenging and refining the proposed, potential originsauoy triomarkers (e.g.-2
methylhopanoidsRashby et al., 2007; Elling et al., 2020hese advances are conceivable due to
the highly conserved nature of membrane lipid biosynthesis through time (Summons et al., 2006)
which hasenabled many of these moleaulfossils to be correlated to extant litdtimately
enhancing their inherent paleoreconstructive potential.

Life is a function of the surrounding environment [and vice versa to an extent], which is
why biomarker distributions are powerful tools in peevironmental reconstructions. Biological
specificity may vary, with some biomarkers linked to a certain taxonomic family (e.g.
isorenieratane and the green sulfur bact@idorobiaceaelLiaaenJensen et al., 19B54and others
ubiquitously produced by a specific domain of life (e.g. hopanoids and Bacteria; Rohmer et al.,
1979; 1984, Ourisson et al., 1987). This imparts varying degrees of paleoenvironmental insight to
individual biomarkers or biomarker classes. Eaample, isorenieratane is a widely observed

fossil pigment in marine deposits spanning the Phanerozoic (French et al., 2015; Cui et al., 2020),
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signifying the relatively pervasiwvecurrencef photic zone euxinia (PZE; Summons and Powell,
1987) in the gelogic record. Environmental deductions of PZE may be inferred from sedimentary
occurrences of isorenieratane due to the clear derivation from isorenieratene biosynthesized by
Chlorobiaceaethat require light and hydrogen sulfide (i.e. PZ&9 obligately maerobic
phototrophic sulfur bacteri@ruper and Genovese, 1968; van Gemerden, 1983). Thus, detection
of isorenieratane in sediments and rocks provides strong evidence for the presence of PZE during
deposition. Biomarkers may record both qualitative (e.gredox conditions,water column
chemistry and structurenicrobial community compositiongnd quantitative (e.g. sea surface
temperatures SST$ information of paleoenvironmental relevanc&reater perspectives on
biogeochemical cycling, the origins didj and the biotic response following major climatic and/or
extinction events may be achieved using biomarkerm@ans to reanimate past interactions
between life and the environmeliet, a variety of processes may alter the molecular signal post
senescece(e.g. diagenesis, catagenesis, contamingtwaitt) the conversion of living biomass to
fossilized organic mattgrarticularlypoorly constrainedyhichmust be considered and minimized
when possibleto limit misinterpretation of biomarker record¥hermal maturity is easily
determinedvia pyrolysis methods (e.g. Rock Eval; Espitalie et al., 1941, contamination by
living organisms, exogenous migrated hydrocarbons, and anthropogenic sourcesubeah det

using applied logiand appropriate handling proceduriésr example, the presence of intact polar
lipids or branched alkanes with quaternary carbores/ indicate contamination from living
communitiesand plastics (Brocks et al., 2008; Liu et @011), respectivelywhile assessing the
regional structural and stratigraphic history of a basin may identifyotential risk for
allochthonoushydrocarbon charge contaminating the indigenous biomargeature However,

the poorly defined diagenetpathways remain aoncern for any organic geochemical study, as
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biased degradation may mask the genetic environmental sigmhlundermine subsequent
interpretations (e.g. Wakeham et al., 199He subsequent section will address how | attempted
to mitigate potential preservation biases through applicaifaa structurally diverse biomarker

inventory.

Study noveltyobjectives, and outline

The chapters in this work were produced by implementing a novel analytical method and
approach toprovide an updated perspective on biomarkers in paleoenvironmental study.
Development of a new liquid chromatograpghguadrupole timef-flight T mass speabmetry
(LC-gTORMS) method outlined in Chapted, enabled two common shortcomings in many
biomarker studies to be addressed exploredMost biomarkestudies employ a GMS and/or
GC-MS/MS that limits investigations to defunctionalized molecules, aflyi¢ully saturated and
aromatic hydrocarbonsand is appropriate for many settings subjected to-gesbsitional
processes (e.g. thermal stress, weathevwhgyeby only carbon skeletons remain. However, if any
large, polar[potentially] functionalizedcompoundswere present (e.g. crenarchaeol), then the
relatively narrow analytical window of GEIS ionization methods (e.g. electron impacGC-

MS vs. electrospray in L®IS; Figure 4) would preclude detection and result in an incomplete
characterization of the moleculsignaland underrepreseation of biomarker diversityThis is
especially relevant in pristine samples (drgegrated Ocean Drilling Program, I0D&gyres)
characterized by exceptional biomarker preservation as demonstrated by the preservation of
functionalized chlorins in ~100 Ma black shales (Junium et al., 2Qdilization of LC-MS
circumvents this inherent limitation of G@S, but many studies using KIS are highly focused

on a single compound class (e.g. GDGTajgeting a specific question (e.g. sea surface
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temperature history)hus, thepotentialof LC-MS and biomarkers in paleoenvironmental study
remains to be realized and forms the core objedititkis work.

The development of a novel ETORMS method greatly expanded the targeted analytes
in this study, overcoming analytical limitations intrinsic to GIS. In addition, an attempt was
made to identify as many biomarker classes as possibléndetdthe population of a diverse
biomarker inventory that contrasts the narrow scopes of conventiondM3 ®iomarker
investigations. It should be noted that the novelty of the analytical method outlined here afforded
a more comprehensive biomarker assessment to be conducted. All compounds were measured in
a single run, simultaneously, which has not been actiibedore and partially explains why a
paucity of comprehensive l-Based biomarker studies existethod novelty was amplified by
minimal sample requirements and preparation that accelerated sample processing and data
acquisition.

The initial objective ofhis study waso assess L& TORMS viability in biomarkerdriven
paleoenvironmental reconstructions. Preliminary screeni@eonbmaniasTuronianblack shales
from ODP Site 1258 on the Demerara Rise revealed exceptional biomarker preservation and
spawned he t er m & b i o Whisteknebiomarker ineentdrys used throughout this
work to encapsulate the diverse biomarker classes detected -@ratateous strata across the
globe At its core, it is intended to signify tliemprehensive biomarkerofiling ability enabled
by this new method and how it affords the organic geochemist unparalleled insight into microbial
ecological dynamics in the past. Simultaneous detection of distinct microbial derivatives, and in
some cases unaltered biosynthpticducts (e.g. tocopherols, see Chapter 2), hailing from specific

marine habitats (e.g. epipelagic vs. bentli@ new, potent tool for paleoenvironmental research.
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Demonstrating the effectiveness and investigative capacity of this method and appcoiichlis
for further adoption and application to be realized, and forms the core objective of this work.

The midCretaceous was marked by one of the largest carbon cycle perturbations of the
Phanerozoic referred to as Oceanic Anoxic BE2(AE-2; Schole and Arthur, 1980; Owens et
al., 2018). Extensive study of the most widely observed OAE @ABEas revealed additional,
coeval changesacross multiple Earth systemsuch as biogeochemical cyclimtisturbances
(Kuypers et al., 2004; Mort et al., 2007iggins et al., 2012; Raven et al., 2019), trace metal
drawdown (Hetzel et al., 2009; Owens et al., 2016), rapid SST fluctuations (Forster et al., 2007,
Ob6 br i en 17§ andradional devel@pment of PZESifininghe Damsténd Koster, 1998;
Kuypers et al., 2002)This pronounced environmental dynamicity surrounding €Akkely
imparted significant effects that cascaded through marine microbial communities, which was
ultimately preserved in the biomarker record. Thus, €ABNd its lasting egmas, despite
decades of study, provided an ideal testing bed to assess the viability of¢ff@dEIMS method

and biomarker inventory approach in paleoenvironmental sKedyquestions were:

1. What initiated the progressive deoxygenation preceding-Q#&g&defined by the positive
carbon isotope excursion?

2. How do proposed triggers for enhancedganic carbon burial impact marine
environments? What is the extent and duration of these effects as inferred from
stratigraphic trends in biomarker inventories?

3. Howdo organic carbon burial drivers, principally productivity and preservation, vary over
time and across space? What are the implications for the positive carbon isotope excursion,

OAE-2, andotherperiods ofwidespreadleoxygenation in Earth history?
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Chagper 1 forms the foundational work of this studym which all other chapters stem. It
confirmedthe anticipated potential of the EETORMS methodunderscored bthe discovery of
an expansive biomarker inventogapturing microbial ecological dynamics spanning the entire
water column and sediments. The recognition of an extended period of enhanced primary
productivity in the southern profdorth Atlantic, termed the pr®AE biotic perturbation (pre
OAE BP), proviled the first direct evidence of a causal mechanism initiatingdpie marine
deoxygenation. Furthermore, a distinct compositional shift in microbial communities coincident
with the OAE2 interval was identified and tied to evolving organic carbon bunakis at
Demerara Rise. This presented some of the first evidence that these processes may operate along
a continuum locally, setting up the megite study in Chapter 4.

Chapter 2 leveragahe greater analytical window inherentlt86-MS to detect anédssess
the paleoenvironmental significance of tocopherols (i.e. Vitamin E)agedciated derivatives,
frequently overlooked and discounted by past organic geochemical $tadyhe first time
methylphyylbenzoquinones (MPBQs)products of tocopherol recling, were reported in
geologic samples inexceptionally high abundancelhis chapteralso explores the rare
cooccurrence of tocopherols and MTTG@$scussingpotential implications for MTTC origin,
which is timely given the increasingppularity of MTTCs in paleoenvironmental studiylost
significantly, a series of tocalerivative ratios were developédat bracket the OAR interval
exceptionally vell due to an apparent sensitivity to shallow water (i.e. photic zone) anoxia, and
situatonally, may record aphytoplanktonic stressesponse These findings are applied to
subsequent chapters diadm a key part of later interpretations.

Chapter 3 assesses the biotic and chemical impacts of subaerial volcanism on marine

environments in themid-Cretaceous Western Interior Seaway of North Amer@eowing
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invocation of volcanism asmechanism to enhance carbon budiating OAE2, as well as other
periods of widespread black shale deposition, provided an impetus to evaluate the duration of
volcanogenic effects on marine systems. Higholution sampling across three r@idetaceous
ash beds enabled both shahd longterm trends to be evaluated following major eruptions.
Transient increases in primary production wéreited to the immediate aftermath of ash
deposition, challenging current thinking reliant on enduring stimulatory effects (eamp
fertilization). However, a pronounced and lasting transition towards anoxia/euxinia near the
sedimemwater interface was observedeaafthe two largest eruptive eventdius, a linkbetween
volcanism and enhanced organic carbon bwé&sd confirmedbutvia a different mechanism (i.e.
enhanced preservatiotijan currentlyproposedi.e. enhanced productivity)

Chapter 4 represents tepatial extrapolation of Chapter 1, incorporating aspects of the
preceding chapters to address fundamental questions surrounding Qii&tion, perpetuation,
and termination. A latitudinal transect spanning distinct depositional settings across the prot
North Atlanticrevealedasinwide microbial ecological dynamics elucidating spatial character
of the preOAE BP and diachroneitpf organic carbon burial drivers surrounding G2E
Spatiotemporal evolution of depsipecific microbial communities hidjghted how nutrient
distributions were governed by water column redox gradients, ultimately affecting the production
and preservation of organic carb@ifferential propagation of oxygen minimum zones across the
proto-North Atlantic through timeimposed significantontrol on predominantorganic carbon
burial driverslocally, exposing undocumented complexities generalized by the positive carbon

isotope excursioand detailing the lifecycle of OAE.



Introduction G. T.Connock 2021

References

1. Abram, N. J., McGregor, H. V. idrney, J. E., Evans, M. N., McKay, N. P., Kaufman, D.

S., & the PAGES 2k Consortium. (2016). Early onsehdiistriatera warming across the
oceans and continents. Nature, 536,-418.

2. Burlingame, A. L., & Schnoes, H. K. (1969). Mass spectrometry iarocggeochemistry.
Organic Geochemistry, Springer, Berlin, Heidelberg180.

3. Brocks, J.J., Love, G.D., Summons, R.E., Knoll, A.H., Logan, G.A., & Bowden, S.A.
(2005). Biomarker evidence for green and purple sulphur bacteria in a stratified
Palaeoproteramc sea. Nature, 437, 86870.

4. Brocks, J.J., Grosjean, E., & Logan, G.A. (2008). Assessing biomarker syngeneity using
branched alkanes with quaternary carbon (BAQCs) and other plastic contaminants.
Geochimica et Cosmochimica Acta, 72, Bg&8.

5. Cui, X., Liu, X.-L., Shen, G., Ma, J., Husain, F., Rocher, D., Zumberge, J. E., Bryant, D.
A., & Summons, R. E. (2020). Niche expansion for phototrophic sulfur bacteria at the
ProterozoiePhanerozoic transition. Proceedings of the National Academy of Sciences,
117, 1599-17606.

6. Doe, B. R. (1983). The past is the key to the future. Geochimica et Cosmochimica Acta,
47, 13411354.

7. Eglinton, G., & Calvin, M. (1967). Chemical fossils. Scientific American, 263432

8. Elling, F. J., Hemingway, J. D., Evans, T. W., Kharbush, J. J., Spieck, E., Summons, R. E.,
& Pearson, A. (2020). Vitamin iB-dependent biosynthesis ties amplified 2
methylhopanoid production during oceanic anoxic events to nitrification. Proceedings of
the National Academy of Sciences, 117, 3233604.

9. Espitalie, J., Laporte, J. L., Madec, M., Marquis, F., Leplat, P., Paulet, J., & Boutefeu, A.
(1977). Rapid method for source rock characterizatind for determination of their
petroleum potenti al and degree of evol utic
Annales des Combustibes Liquides, 32423

10.Forster,A., Schouten S, Moriya, K., Wilson, P. A., & Sinninghe Damsté].S. (2007).
Tropical warming and intermittent cooling during the Cenomanian/Turonian oceanic
anoxic event 2: Sea surface temperature records from the equatorial Atlantic.
Paleoceanographg2, PA1219

11.French K. L., Rocher D., Zumberge J. E. & Summons R. E. (2015). Assebsn
distribution of sedimentary 4 carotenoids through time. Geobiology, 13, 1'B31.

12.Hetzel, A., Bittcher, M. E., Wortmann, U. G., & Brumsack,-#H. (2009). Paleoedox
conditions during OAE 2 reflected in Demerara Rise sediment geochemistry (ODP Leg
207). Palaeogeography, Palaeoclimatology, Palaeoecology, 2732802

13.Higgins, M. B., Robinson, R. S., Husson, J. M., Carter, S. J., & Pearson, A. Dominant
eukaryotic export production during ocean anoxic events reflects the importance of
recycled NH*. Proceedings of the National Academy of Sciences, 109,-22%4.

14 Hites, R. A., & Biemann, K. (1967). Mass spectrometmnputer system particularly
suited for gas chromatography of complex mixtures. Analytical Chemistry, 4012217

15.Hopmans, E. C., Schten, S., Pancost, R. D., van der Meer, M. T. J., Sinninghe Damsté,
J. S. (2000). Analysis of intact tetraether lipids in archaeal cell material and sediments by
high performance liquid chromatography/atmospheric pressure chemical ionization mass
spectrom@y. Rapid Communications in Mass Spectrometry, 14| 588.

10



Introduction G. T.Connock 2021

16.Huber, M., & Caballero, R. (2011). The early Eocene equable climate problem revisited.
Climate of the Past, 7, 66&33.

17.Hutton, J. (1788). Theory of the Earth. Transactions of the Royal Sotietirburgh, 1.

18.Junium, C. K., Keely, B. J., Freeman, K. H., & Arthur, M. A. (2011). Chlorins in- mid
Cretaceous black shales of the Demerara Rise: The oldest known occurrence. Organic
Geochemistry, 42, 85859.

19.Knutti, R., & Sedlacek, J. (2013). Robustmesid uncertainties in the new CMIP5 climate
model projections. Nature Climate Change 3,-389.

20.Kuypers, M. M. M., Pancost, R. D., Nijenhuis, I. A., & Sinninghe D&n&t S. (2002).
Enhanced productivity led to increased organic carbon burial in thei@Morth Atlantic
basin during the late Cenomanian oceanic anoxic event. Paleoceanography, 17, PA0O005609.

21.Kuypers, M. M. M., van Breugel, Y., Schouten, S., Erba, E., and Sinninghe &dmSt
(2004). N-fixing cyanobacteria supplied nutrient N for Ciegaus oceanic anoxic events.
Geology, 32, 85856.

22.LiaaenJensen, S., Hegge, E., & Jackman, L. M. (1964). Bacterial carotenoids XVIII, The
carotenoids of photosynthetic bacteria, Acta Chemica Scandinavica, 1811783

23.Liang X. Z., Kunkel K. E., Meehl GA., Jones R. G. & Wang J. X. L. (2008). Regional
climate models downscaling analysis of general circulation models present climate biases
propagation into future change projections. Geophysical Research Letteiiss.35, 1

24.Liu, X.-L., Lipp, J. S., & Hinricls, K-U. (2011). The distribution of intact and core GDGTs
in marine sediments. Organic Geochemistry, 42; 368

25.Lyell, C. (1830). Principles of Geology. John Murray, Albemarle street, London.

26.Mort, H.P., Adatte, T., HIimi, K.B., Keller, G.,Steinmann, P., Matera, V., Berner, &.
St¢ben, D.(2007). Phosphorus and the roles of productivity and nutrient recycling during
oceanic anoxic event 2. Geology, 383-486.

27.006 Br, €C.e.nRobinsonS. A., PancostR. D., Sinninghe Damstd. S., Schoten S.,
Lunt, D. J., AlsenzH., BornemanpA., Bottini, C., BrassellS. C., FarnswortlA., Forster
A., Huber B. T., Inglis G. N., JenkynsH. C., Linnert C., Littler, K., Markwick, P.,
McAneng A., Mutterlose J., NaafsB. D. A., PuttmannW., Slijs, A., van HelmongN.
A. G. M., Vellekoop J., WagnerT., & Wrobel N. E. (2017)Cretaceous sesurface
temperature evolution: Constraints from TEX 86 and planktonic foraminiferal oxygen
isotopes. Earttscience Reews,172, 224247.

28.0urisson G., Rohmer, M., & Poralla, K. (1987). Prokaryotic hopanoids and other
polyterpenoid sterol surrogates. Annual Review of Microbiology, 41,3331

29.0wensJ. D., ReinhardC. T., RohrsseM., Love, G. D, & Lyons T. W. (2016)Empirical
links between tree metal cycling and marine microbial ecology during a large perturbation
to Earthés carbon cycl eidlr7Earth Pl anet. Sci

30.0wens, J. D., Lyons, T. W., & Lowery, C. M. (2018). Quantifying the missing sink for
global organic carbon burial dog a Cretaceous oceanic anoxic event. Earth and Planetary
Science Letters, 499, 3.

31.Pearson, A. (2014). Lipidomics for Geochemistry. Treatise on Geochenfi$tgifion,
12, 291336.

32.Peters, K.E., Walters, C.C., & Moldowan, J.M. (2005). The biomaykete (Volume 1).
Cambridge university press.

33.Philp, R. P. (1985). Fossil fuel biomarkers. Methods in Geochemistry and Geophysics, 23,
1-294.

11



Introduction G. T.Connock 2021

34.Rashby, S. E., Sessions, A. L., Summons, R. E., & Newman, D. K. (2007). Biosynthesis
of 2-methylbacteriohopanepolyols by an anoxygenic phototroph. Proceedings of the
National Academy of Sciences, 104, 1509104.

35.Raven, M. R., Fike, D. A., Bradley, A. S., Gomes, M. L., Owens, J. D., & Webb. S. A.
(2019). Paired organic matter and pyiitéS records reveal mechanisms of carbon, sulfur,
and iron cycle disruption during Oceanic Anoxic Event 2. Earth and Planetary Science
Letters, 512, 2-88.

36.Rohmer, M., Bouvier, P., & Ourisson, G. (1979). Molecular evolution of biomembranes:
structural equivalets and phylogenetic precursors of sterols. Proceedings of the National
Academy of Sciences, 76, 88B1.

37.Rohmer, M., BouvieNave, P., & Ourisson, G. (1984). Distribution of hopanoid
triterpanes in prokaryotes. Journal of General Microbiology, 130,-113@.

38.Schmidt, G.A., Bader, D., Donner, L.J., Elsaesser, G.S., Golaz, J.C., Hannay, C., Molod,
A., Neale, R.B., & Saha, S. (2017). Practice and philosophy of climate model tuning across
six US modeling centers. Geoscientific Model Development, 10,-3203

39.Scholle, P. A., & Arthur, M. A. (1980). Carbon isotope fluctuations in Cretaceous pelagic
limestones: potential stratigraphic and petroleum exploration tool. American Association
of Petroleum Geologists Bulletin, 64,-87.

40. Seifert, W. K., & Moldowan, JM. (1986). Use of biological markers in petroleum
exploration. Methods in Geochemistry and Geophysics, 242961

41.SinningheDamste J. S, & Koster, J. (1998). A euxinic southern North Atlantic Ocean
during the Cenomanian/Turonian oceanic ance¥ent. Earth and Planetary Science
Letters, 158, 168.73.

42.Sturt, H. F., Summons, R. E., Smith, K., Elvert, M., Hinrichs|JK(2004). Intact polar
membrane lipids in prokaryotes and sediments deciphered bypéifdrmance liquid
chromatography/electrosgpy ionization multistage mass spectrometeyv biomarkers for
biogeochemistry and microbial ecology. Rapid Communications in Mass Spectrometry,
18, 617 628.

43.Summons, R. E., & Powell, T. G. (1987). Identification of aryl isoprenoids in source rocks
and cru@ oils: Biological markers for the green sulphur bacteria. Geoch et
Cosmochimica Acta, 51, 5566.

44.Summons, R.E., Brassell, S.C., Eglinton, G., Evans, E., Horodyski, R.J., Robinson, N., &
Ward, D.M. (1988) Distinctive hydrocarbon biomarkers fromifiiesous sediment of the
Late Proterozoic Walcott Member, Chuar Group, Grand Canyon, Arizona: Geochimica et
Cosmochimica Acta, 52, 26P8637.

45.Summons, R. E., Bradley, A. S., Jahnke, L. L., & Waldbauer, J. R. (2006). Steroids,
triterpenoids, and moleculaxygen. Philosophical Transactions of the Royal Society B,
361, 951968.

46.Tierney, J. E., Poulsen, C. J., Montafiez, I. P., Bhattacharya, T., Feng, R., Ford, H. L.,
Honisch, B., Inglis, G. N., Petersen, S. V., Sagoo, N., Tabor, C. R., Thirumalai, K., Zhu,
J, Burls, N. J., Foster, G. L., Goddéris, Y., Huber, B. T., Ivany, L. C., Kirtland Turner, S.,
Lunt, D. J., McElwain, J. C., Mills, B. J. W., Otiliesner, B. L., Ridgwell, A., & Zhang,
Y. G. (2020). Past climates inform our futuBzience370, eaay3701.

47.Treibs, A. (1936). Chlorophyll and heme derivatives in organic mineral materials.
Angewandte Chem, 49, 6&36.

12



Introduction G. T.Connock 2021

48.Truper, H. G., & Genovese, S. (1968). Characterization of photosynthetic sulfur bacteria
causing red water in Lake Faro. Woods Hole Oceanograpdtitution, 225232.

49.van Gemerden, H. (1983). Physiological ecology of purple and green bacteria. Annals of
the Institut Pasteur / Microbiology, 134,-93.

50.Wakeham, S.G., Hedges, J.l., Lee, C., Peterson, B.Hernes, P.J1997. Compositions
and transport of lipid biomarkers through the water column and surficial sediments of the
equatorial Pacific Ocean. Deep Sea Research Part II: Topical Studies in Oceanography, 44,
21312162.

51.Whewell, W. (1832). Review of Lyell's Principles Geology. Quarterly Reviews, 103
132.

52.Whitehead, E. V. (1973). Molecular evidence for the biogenesis of petroleum and natural
gas. Proceedings of Symposium on Hydrogeochemistry and Biogeochemistry24,1158

13



Introduction G. T.Connock 2021

Figures

a Onset of warming b 100-yr trend distributions

T T T T T T T T T T T T

Arctic [

Europe
Asia |l

North America

Western Atlantic Ocean

Western Pacific Ocean

Australasia M

South America |

Antarctica [T

1500 1600 1700 1800 1900 2000 -1.5 -1.0 -0.5 0 05 10 15

Year Temperature trend
(°C per century)

Figure 1. Regional changes inemperature over the past half millennium.(A) Averaged 15

year (thin lines) and 5Qear (thick lines) trends. The vertical black rectangle denotes the onset of
warming coeval with the Industrial Era. (B) Histograms depicting thengkestrial temperature
change (gray) to the pestdustrial temperature change (colored) over each century. From Abram
et al., (2016).
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Figure 2. Comparison of reconstructed paleoclimates in the past0O0 Ma and potential
climate scenarios of future Earth.From Tierney et al., (2020). For information on origin and
calculation of temperature and g@ata, as well as future projections, please see Tierney et al.,

(2020).
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Figure 3. A simplified illustration of the biomarker concept. Biological products (.
chlorophyll c) are degraded during diagenesis producing biomgekegrsGo-17-nor-DPEP)that
retain sufficient structural information to be correlated back to biosynthetic precursors.
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Figure 4. Analytical windows of ionization methodsusedin GC-MS and LC-MS. Note the
greatly expanded analyte range of-qCORMS (purple) relative to GBAS (brown). This is not
intended to imply method inferiority, as both instruments are exceedingly valuable to organic
geochemical studies, with targeted analyte ertgs (e.g. size and polarity) governing instrument
selection.
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Chapter 1: Biotic induction and microbial ecological dynamics of Oceanic Anoxic
Event 2 (OAE2)

Authors: Gregory T. Connock, Jeremy D. Owertsand XiaoLei Liut

Affiliations: 'School ofGeosciences, University of Oklanoma, Norman, Oklahoma 73019, USA.
’Department of Earth, Ocean, and Atmospheric Science, Florida State University, and National
High Magnetic Field Laboratory, Tallahassee, Florida 32306, USA.

Abstract: Understanding the mechanisms for past marine deoxygenation are paramount as
consistencies between projections of global climate and oceanic anoxic events (OAES) emerge.
Still, the events preceding widespread carbon burial coincident with OAEs remainrmdate

and must be constrained to better predict the-teng Earth systems response to climate change.
Here, we report a biomarker inventory enveloping GAE-94Ma), a global carbon cycle
perturbation, generated by a novel-gCTORMS (liquid chromatogaphyi quadrupole timef-

flight i mass spectromefrynethod capturing microbial communities spanning the entire water
column in the southern protdorth Atlantic Ocean (ODP Leg 207 Site 1258, Demerara Rise).
Detection of tetrapyrroles (free base chlofsphyrins and metalloporphyrins), glycerol ether
lipids, and a diaromatic carotenoid (isorenieratane) enabled reconstruction of the variations in
specific microbial communities through time, elucidating undocumented paleoceanographic
dynamics. Our recordevealed an abrupt, sustained increase in primary productivity preceded
OAE-2 by ~220 + 4 kyr, well before other geochemical proxies register biogeochemical
perturbations. This destabilized carbon cycling and initiated the progressive marine deoxygenation
recently found to antedate OAE revealing how organic carbon burial drivers operate along a
continuum in concert with microbial ecological changes. During @AEecurring photic zone
euxinia, supported by high rates of microbial sulfate reduction amgitdestratification, triggered

a major marine microbial reorganization defined by a decrease in primary production and
proliferation of taxa tolerant to the expanding euxinic environment. Recognition of the antecedent,
protracted biotic induction of OAE fundamentally alters how OAEs are assessed and may serve
as a presage to assess the trajectory of modern oceans subjected to continued anthropogenic
forcings.

1.1 Introduction

Global climate change, principally driven by increasing atmospheridug@dby societal
sustainment, is a widely accepted phenomenon afflicting modern Earth. Anticipatory efforts
seeking to characterize the oceanographic response to anthropogenic forcings may benefit from an
improved understanding of analogous periods in Eadtotyi. Oceanic anoxic events (OAEs;
Schlanger and Jenkyns, 1976) areenftployed models of future climate, given the haf?0»

(Witkowski et al., 2018 and references therein) and temperatures (Schouten et al., 2002; Forster et
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al ., 200 7; O0Oand refexemcesetherein)lfacilitating the development of expansive
marine deoxygenation (Owens et al., 2016; Ostrander et al., 2017).

OAE-2 is the most well studied and widely observed OAE, as defined by a global positive
carbon isotope excursion (+QlEmmediately preceding the Cenomanifuronian boundary
(~93.9 Ma; Scholle and Arthur, 1980; Erbacher et al., 2005). The +CIE, observed in both organic
and inorganic carbon reservoirs, represents a major perturbation to the global biogeochemical
carbon cyle whereby enhanced productivity and/or preservation led to significant organic carbon
burial (Scholle and Arthur, 1980; Owens et al., 2018). However, the causal mechanisms initiating
and sustaining rampant deoxygenation of the marine realm remain poostrained. Recent
investigations revealed progressive deoxygenation, potentially associated with large igneous
province (LIP) activity, presaged OAE (Ostrander et al., 2017; Raven et al., 2019). Yet direct
evidence of heightened primary productivitypachanism producing progressive deoxygenation
via organic carbon remineralization, prior to O£HEs lacking.

Biomarkers, molecular fossils of past microbial life, possess the potential to elucidate the
microbial ecological response bounding the GAmterval. Previous biomarker studies provided
critical insight into OAE2, such as the spatiotemporal extents of photic zone euxinia (PZE;
Kuypers et al., 2002; van Bentum et al., 2009), and primary producer composition (Kuypers et al.,
2004; Higgins et al2012; Junium et al., 2015; Owens et al., 2016;), or estimates of sea surface
temperature (SST,; Schouten et al., 2002; Forster et al., 200 pCamde.g. Witkowski et al.,

2018 and references therein), but all primarily reflect surface ocean processesnivbrently
limited paleoenvironmental reconstructions. Likewise, organic geochemical surveys of the
Demerara Rise have been limited in scope, unable to capitalize on the unprecedented, continuous,

and exceptionally preserved (Junium et al., 2011) deeaveloping OAE2 due to deposition in
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relatively persistent reducing bottom waters (Owens et al., 2016). Coarse sampling (Kuypers et
al., 2002; Owens et al., 2016), the narrow analytical window ofMSBC(gas chromatography
mass spectrometry) limiting ietpretations to relatively nondescript biomarkers (Kuypers et al.,
2002; van Bentum et al., 2009; Owens et al., 2016), and a singular focus restricted to a specific
biomarker class representativeaagpecific regiomf the water column (e.g. porphyrins or archaeal
lipids; Forster et al., 2007; Junium et al., 2015) precludes a comprehensive understanding of the
potential process(es) influencing microbial communities, and by extension, proxies reliant on
specific biomaker distributions (e.g. TEgé-derived SST). Thus, the impact of dynamic climatic
states on the total marine microbial ecology, pillars of biogeochemical cycling, is-under
constrained and remains critical for local and global interpretations of2DAE

Here we present unparalleled results generated by a noveTIGF~MS (liquid
chromatography quadrupole timef-flight T mass spectromefrynethod comprising a holistic
biomarker inventory of OAR, capturing the temporal evolution of microbial communities
spanning the entire marine water column (i.e. surface to sediment). This new record allows us to
leverage marine microbial variations to clarify the biotic response to and [potential] function in
progressive deoxygenation antecedent to €AEas well as tocharacterize the microbial

ecological reorganization during, and recovery after, the event.

1.2 Materials and Methods

1.2.1 Site description and novelty

Ocean Drilling Program (ODP) Leg 207 recovered Qrétaceous (Albian) to mid
Paleogene (Lutetian) steafrom 5 sites (12571261) on the Demerara Rise, a gently dipping®§1.5
submarine plateau ~3#mn north of Suriname (Erbacher et al., 2004). At present, the Demerara

Rise is submerged ~700 mbsl, but the northwestern edge wteel258 was drilled traitgons
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to a ramp reaching depths of nearly 4000 métd. 1258, the source of samples in this study,
captures the entirety of OAE (~426422 mcd) as delineated by carbon isotope stratigraphy
(Erbacher et al., 2005), and is comprised of predominantiynkted black shales deposited in the
equatorial proteNorth Atlantic at intermediate water depths (8EDO m). Organic matter is
abundant, thermally immature, and marine in origin within the Cenomdmigmian interval
(Erbacher et al., 2004; Forster et 2004; Meyers et al., 2006). Pervasive deposition of laminated
black shales is not exclusive to OA&E signifying highly reducing bottom water conditions were

a consistent feature ate 1258 (Erbacher et al., 2005). A constant redox state favorimgiorg
matter preservation is rarely observed in coeval localities, providing an advantageous framework
for geochemical interpretation.

The molecular fossil record is presumed to primarily reflect a microbial signal given the
locally anoxic to euxinic contlons that enveloped OAE. Relatively invariant carbonate
corrected total organic carbon (TOC) values prior to, during, and afterZY8kvens et al., 2016;
Figure S1-1) highlight a consistent balance between production, preservation, and sedimentary
dilution of organic matter. Black shale deposition at other localities (e.g. Furlo, Italy) is restricted
to solely the OAE due to a combination of dynamic,-sfiecific bottom water redox conditions
and sedimentation rates. Contrasting redox states prec@48iag at these sites may compromise
the integrity of the microbial signal, underlining the novelty of the exceptional biomarker
preservation observed at the Demerara Rise (e.g. Junium et al., 2011). Therefore, the biotic
response to dynamic oceanographanditions preceding OAR is likely not ubiquitously
encoded in the sedimentary archive, with the Demerara Rise an extraordinary resource for OAE
research. As a result, our interpretations are not intended to be global in extent due te locality

induced preervation biases, but rather global in effect.
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1.2.2 Sample preparation

Forty-three composite core samples from ODP Leg 207 Site 1258 (cores A, B, and C,
Demerara Rise) were provided in fpleaned micrecentrifuge tubes to the Geobiology Lab at the
University of Oklahoma as powdered sample splits with methods for sample processing previously
outlined (Owens et al., 2016for ease of communication, a visual is provided depicting the
preparatory procedure (Rige S1-2).

Approximately 150 mg of powderedi® sample was transferred from the centrifuge tube
to a glass 4 mL vial. Two internal standards, 100 ngsfgG/cerol trialkyl glycerol tetraether
( GTGT) a n-darofenegwere mtfodulbed to the sediment powder for relative quantification
of targe compounds integrated from ETORMS scans. A 1.5 mL 1:1 azeotrope of DCM:MeOH
was added to the 4 mL vial, which was then vortexed prior to 20 minutes of ultrasonication for
sample extraction. Pasbnication, samples were centrifuged at 3000 rpm forirfutes. The
supernatant of each sample was transferred to a 2 mL vial and dried under a gentle steeam of N
The introduction of 1.5 mL of DCM:MeOH (1:1), sonication, centrifugation, transferring, and
drying were repeated twice more for a total of three extractions. The final combined extract of
each sample was blown to complete dryness and massed to yieldagjuarresults of the total
lipid extract (TLE). The weighed TLE was brought up in 1 mL of 200% MeOH, ultrasonicated for
5 minutes, and centrifuged at 3000 rpm for 5 minutes. The supernatant was transferred to a new 2

mL vial for LC-qTOFRMS analysis.
1.2.3 LGQTORMS

LC-MS was performed with afrgilent 1290 series UPLC system coupled to Agilent 6530
gTOF mass spectrometer through an Agilent jet stream dual electrospray ionizatieBSAJS

interface. The ESI drying g4bl,) temperature was set at 300°C, theflaw rate was & min?,
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and the neblizer gagN2) pressure was 35 psi. The qTOF parameters were set to: cayoliaye
3.5kV, fragmentor voltage 179; skimmer voltage 6% and octupole voltage 750 in auto
MS/MS scanning mode with MSange ofm/z100-2000 and M3 mass range af/z50-2000.
Separation of compounds was achieved by dissolving the TLE in methanol and injectihg 10
onto two Agilent Poroshell 120 EC18 columns (1.8 um, 2.1 x 150 mm) in series maintained at
35°C. The LC program was set at a flow ratd®.2 mL min?, first from 100% A to 90% A and
10% B in 5 min, followed by a gradient to 35% B at 30 min, and to 50% B at 70 min, and finally
re-equilibrated with 100% A for 10 min, where the eluent A was 95: 5. 0.04 :0.10 of
methanol/HO/formic acid/14.8M NHs(aq.) and B was 50: 50: 0.04: 0.10 of hexane/2

propanol/formic acid/14.8 M Nifaqg.).
1.2.4 Biomarker identification and quantification

Biomarkers discussed in the text are identified based on accurate masses, chromatographic
behavior (retention timeompared with authentic standards), and characteristic fragmentation
patterns of M& Extracted ion chromatograms (EICs) and representative molecular structures of
major compounds shown in ke 1-1 are presented in Figure 1SA-D.
Hydroxychlorophyllonesa and mesdnydroxychlorophyllones are Gz chlorins, each containing
two isomer peaks (Fige S1-3A), detected in all analyzed samples. The exceptional preservation
of mesehydroxychlorophyllones in Demerara Rise black shales has been previously
documeted (Junium et al., 2011). Major free based porphyrins inclgglBiCAP, Gs2 Etio, G2
DPEP, and & DPEP (Figire S1-3A). Metalloporphyrins associated with vanadyl (VO), nickel
(Ni), zinc (Zn), and iron (Fe) are recognized in analyzed samplesr@Sg-3B). The VO?*, Ni?*,
and Zrt* chelated to porphyrins are divalent, and these metalloporphyrins are detected as

protonated ions, [M+H] while Feporphyrins occur as Mdue to the presence of the trivalent
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metal ion, F&". The Chic specific Go-17-nor-DPEP, Go-VO-17-nor-DPEP and &-Ni-17-nor-

DPEP are assigned to the latest isomer peakdREP, Go-VO-DPEP and &-Ni-DPEP based

on the retention time of 1@or-DPEP standards (generously provided by Dr. Kashiyaihthe

Fukui University of Tehnology see initial identification of 2ho-DPEP in Kashiyama et al.,
2008a). Glycerol ether lipids (Rige S1-3C and D) including the tetraethers (isoGDGTSs,
brGDGTs, obGDGTs, BDGT and PDGT) and diethers (archaeol, extended archaeol, and DAGES)
are idetified by MS? fingerprints reported in previous works (Liu et al., 2012; Zhu et al., 2014;
Coffinet et al., 2020)The OH-GDGT and SGDGT were not discussed in the text hteshown

in Figure S1-3C to illustrate the distinct retention time of isoGDG.TThe soitderived 5methyl
brGDGTs and aquatic bacterial @nd #methyl brGDGTs isomers were distinguished by
comparing results of a soil extract containing only thredghyl brGDGTs and a modern marine
sediment sample with all isomers. The distributio7-ofiethyl brGDGTSs is not discussed in this
work. Extended archaeols synthesized by cultured halophilic archaeal species are known to contain
a phytane and ax(Czo25€ext. Ar), or two Gs isoprenoids hydrocarbons 4£>sext. Ar; DeRosa

et al., 1983). Nosl extended archaeol derivatives with up te Goprenoid are tentatively
identified based on their M$ this study (Figre S1-3D). The occurrence of isorenieratane in the
Demerara Rise black shales is confirmed by’ IR retention times of garomatic carotenoids

previously identified in the Woodford Shale extracts (Connock et al., 2018).
1.3 Results andDiscussion
1.3.1 Biomarker inventory

Biomarkers were analyzed in 43 samples over a ~10m depth transect@ARr©AE,
and postOAE strata at ODRSite 1258 on the Demerara Rise. Application of a novelqIOF

MS method revealed a diverse molecular fossil recordu(Bid-1) comprised of cyclic

24



Chapter 1Biotic induction and ecological dynamics of O&E G. T.Connock 2021

tetrapyrroles (herein referr edblorihnspporphyrinshanét r apy
metalloporphyrins), isorenieratane, dialkyl glycerol ethers (DAGES), extended archaggls (C
Coo30 Coorzs, and Gosag), butanetriol/pentanetriol dialkyl glycerol tetraethers (BDGT/PDGT), and
glycerol dialkyl glycerol tetraders (GDGTSs), including isoprenoidal GDGTs (isoGDGTSs, such
as crenarchaeol), branched GDGTs (brGDGTs) and ochealyched GDGTs (obGDGTSs; see
Figure S1-3 for biomarker identifications).

Microbial ecological reconstruction of the epipelagic to benthienreabas possible given
the depthspecific biological origins of individual biomarkers (Brg 1-2). Generalized residence
depth was used to categorize biomarkers for e
t he tetrapyrr ol apslagic)toicrenarehaeunleishreraeta@arie, afdroleGDGTSs, and
060deepbd (bathypelagic to benthic) to DAGEs, ext
derived from chlorophylls present in photoautotrophs (Treibs, 1936; Junium et al., 2011), record
depthsextending from the sea surface to the top of the chemocline or base of the euphotic zone.
Crenarchaeol, produced by the ammonia oxidizing archheamarchaeot&Sinninghe Damsté
et al., 2002; Zeng et al., 2019), primarily monitors the zone immediatelyedbe chemocline or
base of the photic zone. Isorenieratane, a degradation product of isorenieratene biosynthesized
predominantly by the anoxygenic photosynthetic stdiidizing bacteriadChlorobiaceadLiaaen
Jensen et al., 1964), reflects the relatigpth of the chemocline within the photic zone (Summons
and Powell, 1987). The development of an oxygen minimum zone (OMZ) or expanded bottom
water anoxia is captured by the obGDGTSs, sourced from unidentified anaerobic bacteria within or
below the chemouie (Liu et al., 2014). At greater depths beyond the photic zone and extending

into the sediments, DAGEs (Grossi et al., 2015), extended archaeols (Bale et al., 2019), and

25



Chapter 1Biotic induction and ecological dynamics of O&E G. T.Connock 2021

BDGT/PDGT (Coffinet et al., 2020) track deep water microbial compositions of stdf@teing
bacteria, halophilic archaea, and methanogenic archaea, respectively.

A series of principal component analyses (PCA, see Supplementary Information)
highlighted the utility of our biomarker inventory to discern differences imposembiyasting
biogeochemical regimes. Biomarkers derived from intermediate and deep waters were most
effective at delineating OAE from neéDAE strata (Figre S1-4). Tetrapyrroles were the
predominant biomarker class followed by crenarchaeol and isorenera&asharp drop in
tetrapyrrole fractional abundance, primarily due to a relative increase in crenarchaeol and
isorenieratane contribution, occurred immediately before the +CIE and was sustained through
OAE-2 (Figure1-3). Other features defining OAEindude relatively low, invariant tetrapyrroles
and crenarchaeol concentrations accompanied by elevated amounts of isorenieratane, obGDGTS,
DAGEs, and extended archaeols (Figl-4). The initial deposition of pr®AE (429.91427.63
mcd) and posOAE strata vas relatively similar based on PCA results, biomarker profiles and
fractional abundances, excluding a period from 42828.04 mcd where an abrupt increase of
isorenieratane was observed. Spikes in tetrapyrroles, crenarchaeol, obGDGTs, and DAGEs at
427.54mcd defined the latter phase of the-@rAE interval. The DAGEs declined rapidly, but a
gradual decrease in the tetrapyrroles, crenarchaeol, and obGDGTSs, punctuated by brief positive
excursions, extended into OAEas isorenieratane concentrations pragvesy rose (Figrel-4).

This signifies a previously undocumented-@AE biotic event predating the +CIE commonly

used to demarcate OAEI nitiation.

1.3.2 The biotic induction of OAE

The rapid proliferation of select microbial communities at 427.5d likely represents a

pre-OAE biotic perturbation (pr©AE BP) presaging the protracted period of widespread marine
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deoxygenation during OAE, and progressive deoxygenation predating the +CIEI(E}4;
Ostrander et al., 2017). At the beginning of the @QAE BP, abruptly elevated tetrapyrrole and
crenarchaeol concentrations signify a spike in primary production by photoautotrophs and
chemoautotrophs residing above the chemocline. Increased volumes of precipitating biogenic
snow concordantly consumed g@gn, expanding the preexisting oxygen minimum zone (OMZ)

as anaerobic bacteria thrived based on accelerated obGDGTs synthesis. Microbial sulfate
reduction (MSR), inferred from the DAGEs profile, temporarily facilitated organic carbon
oxidation as accelerad biomass production exceeded the degradation capability of the pelagic
OMZ. However, euxinia did not penetrate the photic zone at the outset of the productivity bloom
as isorenieratane was not detected and heightened rates of MSR were transient |preiedE

BP initiation. The lack of a webBtratified water column, evinced by absent to low concentrations

of halophilic archaeal lipids (extended archaeols), relatively low rates of MSR, and a dense
oxygenic microbial plataitially precluded the del@pment of PZE.

Establishing a definitive causal mechanism for the@#d& BP is difficult, but the
concomitance of large igneous province (LIP) activity with the productivity spike is intriguing.
Application of a linear sedimentation rate from O2Ho he preOAE BP interval following
previous works (Owens et al.,, 2016; Ostrander et al., 2017) approximated {OApr&P
occurring 220 * 4 kyr before OAE, lasting for ~100 kyr (427.5426.88 mcd). Event duration
was estimated based on the onset of tbdyptivity spike (427.54 mcd), nearly synchronous with
a minor ¥ggexcuwvei @qin (0. 83 uleShIl Erbhchdr etdlg 2005} d , Fi
observed until tetrapyrrole concentrations return tepgareurbation values at 426.88 mcd (g
1-4). Givenelevated primary production played a role in produtiveg+CIEof OAE-2 through

enhanced organic carbonburiale at t r i but e tXCsexsursiantdteeprOpb si t i v«
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BPinvoking a similar rationaland | ever age t h3€gredord to eonstraingpgeo | ut i
OAE BP duration. Importantly, this event was roughly coincident with the ongP aictivity
(~200-300 kyr before OAR2) inferred from marine osmium isotope stratigraphy (Du Vivier et al.,
2014). Similarities in the modern plitonic community response to the 2018 Kilauea eruption
(Wilson et al., 2019) and the p@AE BP, such as elevated primary production and microbial
ecological shifts, reinforcgéhe inference of a potential magmatiriver (see Supplementary
Information foradditional details).

A constant, yet overall lower, nutrient and trace metal inventoryu(&igl-5; Hetzel et
al., 2009; Owens et al., 2016) and rediviven shift in fixed N species leading to a fixed N
shortage (Lam et al., 2007) were probable cidpnithe failure to sustain prolific rates of primary
production beyond 100 kyr at Demerara Rise. The gradual decline in biomass production, indicated
by decreasing tetrapyrrole and crenarchaeol profilesy(&ig4), was accompanied by a notable
shift in deep water communities. Sulfateducing bacteria exerted increasing predominance over
methanogenic archaea, a trend coeval with the primary productivity spike and extending well into
the OAE (Fgure 1-3). A collapse of autotrophic communities to 4perturbation levels was
concordant with the progressive shoaling eStthden waters fueled by elevated rates of MSR.
Continued vertical migration of the chemocline intruded the photic zone, producing PZE which
spawned anoxygenic photosynthesi<dijorobiacea& (Figure1-4). Unlike the overall oscillatory
character of PZE throughout the studied section, this protracted phase peR&Eedintil the
onset of OAE2 (426.43426.00 mcd, Figres1-3 & 1-4) and is approximately contemporaneous
with the thallium (T) isotope excursion (426.4426.30 mcd; Ostrander et al., 2017).

The positive Tl isotope excursion captures a progressive expansion of bottom water anoxia

predating OAE2 by 43 + 11 kyr (Ostrander et al., 2017). However, evidence for a causal

28



Chapter 1Biotic induction and ecological dynamics of O&E G. T.Connock 2021

mechanism bpre-OAE deoxygenation remains indeterminate. Our holistic biomarker inventory
provides an interpreted sequence of events culminating in the regional to global expansion of
anoxia predating OAR. Protracted enhanced primary productivity began ~220 # $rkgyr to

OAE-2, increasing localized production and export of organic carbon at Demerara Rise. Similar
productivity spikes likely occurred in settings of comparable paleogeographic configuration (e.g.
equatorial, continental margins/shelves), seeding dbeans with fixed carbon. Continued
scavenging of marine oxygen via organic carbon remineralization resulted in OMZ expansion
locally, and likely initiated oxygen drawdown in much of the pidtwth Atlantic Ocean.
Stratigraphic records of sulfur isotopesf p y3fSiyit) Fom (thé proteNorth Atlantic and

Tethys Oceans (Raven et al., 2019) validate the areal extrapolation of our interpretations. A gradual
d e c | i 3SgueVialnes dat Demerara Rise begins at 427.50 mcd, nearly identical to th@fonse

the preOAE BP (427.54 mcd, Figel-4 ) . Cor r ¥Syain a global teafsecti(Western
Interior Seaway, protdor t h At l antic, Tet hys)¥*Siepicetatheed con
+CIE, indicating increasingly expansive marine deoxygenation on a global scale (Raven et al.,
2019). Over ~100 kyr, increased regional biomass production induced pervasive marine anoxia,
inhibiting Mn-oxide formation, producing the observedsipioe TI isotope excursion, and
ultimately, the globally observed +CIE reflecting enhanced organic carbon burial signaling the
onset of OAE2. Thus, the local biotic signal recorded at C&ite 1258 underlines the significant

role the Demerara Rise, anicdhfar undocumented settings, played in initiating deoxygenation of

the global ocean.
1.3.3 Microbial ecological dynamics during and after GAE

Changes in microbial community compositions during GA®&ere apparent, signified by

an abrupt reorganizatiorf the normalized total biomarker pool (Eig 1-3) and variations in the
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absolute concentrations of individual biomarkers (Féd-4). In general, OAR2 was defined by
an expansion and diversification of intermediate and deep water communities {4280
mcd), followed by a period of instability leading to the termination of the OAE (4222700
mcd). Phote and chemoautotrophs residing above the chemocline were adversely affected,
evinced by relatively low, invariant tetrapyrrole and crenarchaedilgs (Figure 1-4). Based on
these observations, we divided O&HEnto two periods defined by contrasting paleoenvironmental
conditions modulating the microbial inhabitants of Demerara Rise.

The first period of OAE2 (426.00423.07 mcd, Figre 1-4) was narked by the intrusion
of a euxinic OMZ into the photic zone (fige 1-5). Elevated, yet fluctuating isorenieratane
concentrations suggest shallow, relatively persistent PZE of varying vertical extent, in agreement
with previous work at nearby sites (Kuypeet al., 2002; van Bentum et al., 2009). During this
interval, high rates of MSR were sustained as DAGEs continually increased, aligning with
estimates of expanded seafloor euxinia (Owens et al., 2013). FThecooence of abundant
extended archaeols dnsorenieratanéndicatesthe role that density stratification served in
maintaining the protracted PZE of OAE substantiating concurrent findings based on
neodymium (Martin et al., 2012) and oxygen isotopes (Friedrich et al., 2008). Vertical nutrient
advection via upwelling (Trabucho Alexandre et al., 2010) led to preferential exposure to and
consumption by expanding intermediate water communities tolerant to sulfidic conditions in the
OMZ. Scavenging of an already depleted fixed N inventory (Lam ,e2@07) and inhibition of
efficient nutrient transfer by pronounced density stratification likely induced severe N deficiency
in surface water communities, explaining the relatively muted productivity of oxygenic
photoautotrophs (i.e. tetrapyrroles) anemioautotrophs (i.e. crenarchaeol) observedufEid-

4). The concentration and predominant utilization of fixed N in the OMZ led to the proliferation
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and diversification of intermediate and deep water microbial taxa, challenging previous
interpretations ohighly productive, predominantly eukaryotic primary producers reliant on the
upwelling of isotopically depleted Nfi(Higgins et al., 2012). Instead, the decline efC7-nor-

DPEP (Figire S1-1), a sourcespecific tetrapyrrole diagenetically derived fraitgal chlorophyH

¢ (Kashiyama et al., 2008a), and reconstructed water column conditions during &kEectly

support a rise in cyanobacteria, diazotrophs able to fixiiN oxygenated, nutrierttepleted
shallow waters. Cyanobacterial ascendancy is further supported by C and N stable isotopes
(Kashiyama et al., 2008b; Junium et al., 2015) and phgpetific biomarkers (e.g.-2
methylhopanoids; Kuypers et al., 2002; Owenhal., 2016).

A reversal from the formerly outlined conditions typified the second period of-DAE
(423.07421.99 mcd, Figurd-4). Destabilization of the stratified water column and reduced
production of HS led to rapid deepening and contraction & #uxinic OMZ. The observed
decline in halophilic archaea, coincident with a collapsehlorobiaceagopulations, is roughly
coeval with positive neodymium isotopic excursions observed across theNamkoAtlantic
(Martin et al., 2012) attributed tmlanced latitudinal commingling of preiorth Atlantic water
masses (Zheng et al., 2013). Although detrimental to sustained PZE, the persistence -of a well
developed anaerobic bacterial community (i.e. obGDGTSs) suggests the lasting presence of a non
euxinc OMZ despite improved bottom water circulation. A premature recovery of the
chemoautotrophicThaumarchaeotainhabiting the base of the photic zone, relative to the
shallower dwelling obligately oxygenic phototrophs (Figl-3) likely reflects reduced facity
associated with retreating euxinic waters, lessened resource competition with [primarily]
Chlorobiaceage and a competitive advantage tied to preferential exposure to upwelled nutrients

and tolerance to low £conditions. A brief (one data point, 432 mcd, Figre 1-4) relapse of
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PZE and associated density stratification punctuates the ultimate collapse of the unique microbial
ecology defining OAR2.

The termination of OAR2 was marked by the temporaryestablishment of microbial
community compadsions mirroring those observed prior to the-@AE BP (Figires1-3 & 1-4).
Contraction of the OMZ led to a deep chemocline, with PZE restricted to the basal photic zone as
the production of reduced sulfide species diminished. Methanogenic archaea tblatied to
sulfatereducing bacteria in less sulfidic bottom waters (Fégl-3). The Thaumarchaeota
continued the recovery initiated towards the latter half of @ABccompanied by the rebounding
oxygenic photoautotrophs. However, the recovery of gwadlutotrophic communities was halted
by an episode of PZE (421-421.04 mcd) comparable to the protracted PZE observed during the
first half of OAE-2 based on isorenieratane concentrationsu¢gitr4). Temporary development
of pronounced density stratgétion likely facilitated the accumulation of.8l in the lower to
intermediate photic zone, producing the shiwdd PZE episode. Interestingly, covariant
responses observed in additional biomarker profiles (e.g. obGDGTS) to PZE during @aie
not evdent in this isolated event.

This brief episode of po$DAE PZE (421.19421.04 mcd) corresponds to a positive
organic carbon isotope excursion (lig S1-1; Erbacher et al., 2005), trace metal drawdown
(Figure S1-5; Hetzel et al., 2009; Owens et al., 2))1@nd minor positive Tl isotope excursion
(Ostrander et al., 2017). Prior study tentatively attributad gleochemical perturbation to
enhanced carbon burial during a pG@#RE deoxygenation event of smaller magnitude (Ostrander
et al., 201, with subsegent work revealing continued pyrite burial pGAE 2 (Raven et al.,

2019). Our biomarker inventory revealed some environmental consistencies (e.g. PZE) between
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this event and OAR, but the overall biotic response to the pOSE event was relatively

suldued.
1.3.4 Broader implications

The recognition of the pf® AE BP and evolving water column conditions at Demerara
Rise highlights additional complexities of a dynamic ocean relevant to interpretations e2 OAE
and the +CIE. Enhanced, sustained, @respread carbon burial is required to produce the +CIE
used to define OAR (Scholle and Arthur, 1980, Owens et al., 2018). Still, the principal forcing,
productivity or preservation, remains enigmaatthoughevidence for the former mounts (e.g.
Pedesen and Calvert, 1990; Kuypers et al., 2002).

Based on the tetrapyrrole profiles (&ig1-4) primary production was greatest during the
preOAE BP and relatively muted throughout O&Eat Demerara Rise, assuming minimal
alteration to the genetic tetrapgie stratigraphic signal. Biomass preservation was presumedly
enhanced during OAR through sulfurization (Raven et al., 2019), as the OMZ transitioned from
anoxic to euxinic and penetrated the photic zoneu(€itr5), yet low tetrapyrrole concentrations
persised Previous work noted a similar discrepancy between preservation potential and porphyrin
abundance, postulating a paucity of trace metals to chelate with tHeaBegorphyrins induced
poor preservation as desulfurization did not reveal acdditiporphyrin content (Junium et al.,
2015). However, both the p@AE BP and OAE2 were characterized by relatively depleted trace
metal inventories (Figre S1-5, Hetzel et al., 2009; Owens et al., 2016), suggesting productivity
as the predomimd controlon porphyrin abundance at Demerara Rise.

The strong covariance between tetrapyrrole and crenarchaeol concentrations reinforces the
interpretatiorthattetrapyrroles faithfully reflect primary production (Eig S1-6). Crenarchaeol,

a biosynthetic produaif chemoautotrophic archaeBh@umarchaeofacomprising up to 20% of
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all archaea and bacteria in the modern ocean (Karner et al., 2001), is structurally distinct from the
tetrapyrroles making it likely that diagenetic alteration of the two biomarkerst isonsistent in
rate or form. Thus, the positive correlation between key proxies for major contributors to primary
production, the photoautotrophs and chemoautotrophs, minimizes concern for the integrity of the
biotic signal at Demerara Rise (see Supplaary Information for additional details). This permits
a crude approximation of the relative temporal change in primary productivity if we assume
chlorophyll production, represented by the summed chlorophyll derivatives (i.e. tetrapyrroles),
varies linedly with primary production in response to evolving environmental factors (e.g. light
intensity, nutrient availability, temperature). Therefore, theQudd= BP (427.54426.88 mcd)
represents a threefold increase in primary productivity relative to thegaveraceding this event
(429.91427.63 mcd), and was fivefold greater than levels observed during2oBdsed on
averaged tetrapyrrole concentrations.

These findings provide direct evidence for a causal mechanism resulting in both the TI
isotope excursiorand +CIE as previously described. It is highly probable theO#&E BP was
not exclusive to Demerara Rise based on the immense and presently unconstrained organic carbon
burial required to produce the +CIE (Owens et al., 2018). Further characterizatmmpdrable
localities to Demerara Rise may reveal similar productivity spikes, as primed, highly productive
settings likely capitalized on exogenous nutrient delivery via efficient upwelling to the photic zone
prior to stratification during OAR. Hence, @E-2 and the +CIE were not coincident with
heightened surface water productivity, relative to theQud& BP. Rather, antecedent spikes in
primary productivity locally facilitated the initiation of the OAE as a mechanism to consume

marine oxygen and subsently enhance organic carbon preservation globally.
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A transition from a productivityto preservatiosdominant system during OAE at
Demerara Rise, and possibly similar paleogeographic settings experiencing -thAgp1BP,
facilitated substantial organic carbon burial producing the +CIE. Distinct shiftater column
chemistry and structure from the gDAE BP to OAEZ2 induced considerable changes
microbial life (Figure1-5), which altered the primary driver governing biomass sequestration. Yet,
both intervals reveal relatively comparable carbowateected TOC values (total organic carbon;
Figure S1-1; Owens et al., 2016), signifying enhanced preservation as a critical component of
organic carbon burial during OAE at Demerara Rise. Consequently, this work suggests that
sustained increases in primapyoduction prior to OAR2 initiated and regulated p@AE
deoxygenation, resulting in a progressive shift to preservation as the primary control on organic
carbon accumulation in sediments. Expanding euxinia and attendant changes to biogeochemical
cycling adversely affected primary producers while simultaneously enhancing organic matter
preservation via sulfurization (Raven et al., 2019). Flourishmenfliumarchaeotain
oligotrophic settings in the modern open ocean (Kénneke et al., 2014), and lack theieg
OAE-2 based on diminished crenarchaeol concentrations, underscores the paucity of bioessential
elements (e.g. nutrient N) caused by microbial descension of the redox ladder due to intensified
anoxia, ultimately limiting primary production. The issh from a productivity to preservation
model, reconstructed using biomarkers (ffgfl-5) and initially suggested based on drawdown of
the trace metal inventory (Owens et al., 2016), was also concomitant with relative warming
inferred from the GDG¥asedTEX g SST calculationgFigure S11; Forster et al., 2007).
Simulated projections of the marine microbial response to continued global warming in the future
revealed similar biotic trends (e.g. decreased primary productivity) to waindoged

oceanographic changes (e.g. intensified stcatifon; Steinacher et al., 2010) observed during
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OAE-2. Thus, an abundance of prexand modebased results paired with conceptual evidence
suggest relatively low production and enhanced preservation of organic carbon througheut OAE
2 at Demerara Rise.

The preOAE BP may foreshadow greater regional trends observed during20AE
Equatorial upwelling centers, like Demerara Rise, are spatially restricted and represent regions of
already high primary production prior to OAE Climatic shifts concurrent witbAE-2 may have
produced favorable conditions for elevated primary productivity in regions unable to capitalize on
or exposed to allochthonous nutrient delivery prior to the +CIE. While th® Ak BP offers a
causal mechanism for the Tl isotope excursod +CIE initiation, areal expansion of organic
carbon preservation and production is necessary to sustain enhanced organic carbon burial for the

duration of the +CIE.

1.4 Conclusions

Application of a new L&TORMS method on exceptionally preserved rasamples
revealed an unparalleled, diverse biomarker inventory that enabled greater insight into
oceanographic conditions before, during, and after QAEfficient transmission of exogenous,
potentially LIRderived nutrients to the upper euphotic zonemio OAE2 led to a protracted
phase of elevated primary productivity at equatorial coastal upwelling centers, leading to
progressive marine deoxygenation. Over time, enhanced biomass production and attendant
remineralization depleted marine oxygen leyelsming the marine realm for the rapid organic
carbon sequestration defining the onset of @GAHEXxpanding anoxic and euxinic conditions,
combined with pronounced water column stratification, fundamentally altered microbial

ecological compositions durif@AE-2 by perturbing the flow of key nutrients (e.g. N) throughout
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the water column. This ultimately influenced organic carbon burial drivers, with preservation
supplanting productivity to perpetuate the +CIE.

Continued development of preexisting proxisscritical to extract and clarify current
understandings of major climatic events in Earth history. Although reliant on preservation of the
microbial signal, this new analytical method enables simultaneous examination of a wide array of
biomarkers, produog a more holistic reconstruction of oceanographic changes inferred from
microbial ecological variations spanning the surface to the sediment. This is timely, as
investigations of the sedimentary archives become increasingly valuable analogs to untterstand
response of modern oceans to natural and anthropogenic forcings. Similarities between the pre
OAE biotic perturbation and modern, climatgven marine deoxygenation are concerning, while
particular attention to preexisting highly productive settimgsy hold the key to forecasting the
geologically rapid transition to a global OAE. Even though natural processes are beyond our
control, stifling anthropogenic catalysts of climate change may decelerate the unfortunate,

progressive suitability of OAEs inglies of future Earth.
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Figure 1-2. An idealized 2D water column portraying the depth distribution and source
organisms of biomarkers detected in mieCretaceous strata fromsite 1258, Demerara Rise.

The residence depths of specific microbes are illustrated using rectangtesnggabitable depth
ranges,and containing relevant abbreviations (e.g. sulxidizing bacteria = SOB). Vertical
hashed lines represent regions potentially occupied by a specific organism but beyond their ideal
depth range. Selected biomarker struesuasire depicted to portray the compound diversity hosted

in sediments from the Demerara Rise, with the source organism abbreviation in brackets.
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Figure 1-3. Biomarker fractional abundances preceding, during, and following OAE2. (A) The fractional abundance of individual
biomarkers, representative of the entire water column. (B) The fractional abundance of biomarkers derived exclusivigsnfiexiaie
deptts. (C) The fractional abundance of lipids produced by deep water microbial communities. The color shaded intervalshrepresent
timing and duration of the pt®AE biotic perturbation (BP), thallium isotope excursions (Tl), and QABPAE).
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Figure 1-4. Depth profiles of biomarkers through the studied sectionBiomarkers are ordered from left to right by increasing
residence depth, indicated by the shaded rectangl eedanterdal assoc
represents the pt@AE biotic perturbation, the gray shaded interval represents-©)Aad the brown shaded intervals represent the
positive Tl isotopic excursions. The tetrapyrroles are comprised of three individual logs, the free base p@itpipmipkyrins), free

base chlorins (fzhlorins) and summed VVONi-, Fe, and Zametalloporphyrins. The obGDGTs, DAGESs, extended archaeols, and
individual tetrapyrrole profiles are comprised of multiple compounds (see Supplementary Information fonaidtktiails).

45



Chapter 1Biotic induction and ecological dynamics of O&E G. T.Connock 2021

A P/ AOA[  SOB' |UABmISRB HA| MA| | i

Figure 1-5. Contrasting biogeochemical conditions between the pi®@AE BP and OAE-2. (A-B) Microbial ecology and water
column conditions during the p@AE BP, reflecting high primary production of organic carbon (A) @#&E-2, characterized by
relatively lower organic carbon production, but substantially enhanced biomass preservatiorD(BAvéZaged fractional abundances
of individual biomarkers throughout the ppAE BP (C) and OAR2 (D).
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1.7 Supplementay Information

1.7.1 Principal component analysis

Principal component analysis (PCA) was performed on the entire dataset using RStudio

Desktop (available dtttps://rstudio.cor); an integrated development environmentRaofR Core

Team 2020, available abttps://www.Rproject.org). Data exploration and interpretative

validation were the primary motives to conduct PCA on our biomarker inventory. The prcomp()
function was favoredyiven the greater numerical accuracy of singular value decomposition
compared to spectral decomposition, called by the princomp() function. Data were centered and
scaled in the prcomp() function. Biplot visualization (KigS1-4) was achieved by modifigah

of the plot() function following publicly available online guides.
1.7.2 Evidence for LIP trigger of the p@AE biotic perturbation

A spike in bioessential trace metals, (e.g. V, Mo; Hetzel et al., 2009; Owens et al., 2016),
immediatelyprecedes (427.63 mcd) the biotic perturbation at 427.54 mcd, where trace metals are
in relatively low abundance (Rige S1-5). This combined with the relative timing of LIP activity
(Du Vivier et al., 2014) and continental arc volcanism (Lee et al., 280@jests exogenous
nutrient delivery by sources as a possible trigger for theOgte BP. In addition, an abrupt
increase in TEXgs equating to a ~C sea surface temperature msincides with the prOAE
event (Figire S1-1), underlining the possible mILIP-sourced and/or volcanogenic greenhouse
gases played in stimulating continental erosion and runoff enriched in nutrients (&%. PO
Continental derivation of nutrients, at least at the onset, is further validated by a spike in the BIT
index (branckd/isoprenoid tetraether), indicative of terrestrial organic matter input (Hopmans et

al., 2004), coeval with the precipitate trace metal incursion. Consistency between trace metal and
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BIT index behavior throughout the p@AE biotic shift (427.5426.40 ntd, FiguresS1-1 & S1-

5) implies similar controlling processes, something unobserved duringZDAEe departure from

trace metal (e.g. V) and BIT index covariance during €Agigure S1-7) is likely a result of
increased production of aquatic brGDGTsdan expanded OMZ, which adversely affected
crenarchaeol production byrhaumarchaeota Relative increases in-ethyl penta and
hexamethylated brGDGTSs terbethyl pentaand hexamethylated brGDGTSs, previously used to
differentiate soil vs. aquatic brGDGT rdpesis (Xiao et al., 2016), coincided with elevated BIT
values and providkevidence for multiple controls on brGDGT distributions (F&S1-7). This

results in an increase in the numerator (borGDGTSs) and decrease in the denominator (crenarchaeol)
of theBIT index, explaining the elevated BIT indices observed during QARegarding the pre

OAE trigger mechanism(s), either fluvial discharge was the primary source of trace metals or was
coincidental with ocean fertilization by Lifelated hydrothermal flugl rich in trace metals.
Nevertheless, one or both processes provided an injection of nutrients [partially] culpable for

initiating the preOAE biotic perturbation.

1.7.3 Tetrapyrroles as a record of primary production

It is critical to provide a completdiscussion outlining our rationale to employ the
tetrapyrroles (free base chlorins, porphyrins and metalloporphyrins) as a record of productivity in
the Cenomaniaifuronian equatorial North Atlantic Ocean. Tetrapyrrole investigations are
disconnected inine, as initial popularity of these fossil chlorophylls diminished until relatively
recent pursuits targeted reconstruction of ancient N cycling dynamics. A previous study of free
base and metallo (VO, Zn)s&bicycloalkanoporphyrins (BiCAPs) @DP site 1261 of the
Demerara Rise concluded tetrapyrrole stratigraphic abundance was primarily a function of metal

accessibility, and not bottom water redox or maturity (Junium et al., 2015). We agree maturity and
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redox state exerted a minimal effect on tetraggrppeservation. The narrow stratigraphic window

of the studied section (~10 m) ensures comparable levels of thermal stress imparting a consistent,
albeit negligible, influence on tetrapyrrole distribution. Similarly, the exceptional preservation
present ithe Demerara Rise before, during, and after €Aimits preservation biases. However,

a shift to euxinic conditions likely impacted the availability of metals reactive with sulfides (e.g.
Ni; Lewan, 1984), which will in turn affect relevant metallopgmh formation. Other metals

(e.g. V) will complex with organic matter under reducing conditions (Breit and Wanty, 1991),
competing with porphyrin chelation. Although expanded euxinia and enhanced organic matter
preservation typify OAE2, characterized byelatively low concentrations of trace metals, free
base chlorins, porphyrins, and metalloporphyrins, our observations suggest chlorophyll production
exerts greater control on tetrapyrrole abundance.

Overall, high tetrapyrrole concentrations was not @sigkly linked to high metal
concentrations. The free base chlorins and porphyrins should not be sensitive to metal availability
and display no significant relationship with V (bBig S1-8), Zn, Mo, or Fe. Identified
metalloporphyrins (VO, Ni, Zn, Fe) alexhibit a weak correlation to formerly mentioned metals.
High metalloporphyrin concentrations are observed at relatively low and high metal abundances.
If a group of samples, partialjpmposedaf data from the pr©AE biotic perturbation, with high
metaloporphyrin concentrations relative to depressed trace metal (e.g. V) values is removed, then
a strong positive relationship emerges (F&fS1-8). This suggests metal availability does play a
role in metalloporphyrin abundance, but to what extent remaiognstrained as other processes
(e.g. supply of free base porphyrins) may also impact the absolute metalloporphyrin
concentrations. Despite the ambiguity surrounding the impact of metal availability on tetrapyrrole

preservation, the presence of metalstipaarly V, clearlyfacilitates the metalation of free bases.
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A strong negative linear relationship was observed between the ratio of free bases to
metalloporphyrins and V @= 0.86 Figure S1-8). Therefore, metal abundance plays a key role in
metallopaphyrin formation if sufficient precursor is available but does not influence the absolute
concentration of porphyrins in sediments.

On averagegoncentrations diree base tetrapyrroles (chlorins + porphyrins) are an order
of magnitude greater relative inetalloporphyrins in our study (kige1-4, Data 3-1). Giventhat
free base tetrapyrroles lack any significant relationship to metal supply and the Cenemanian
Turonian atsite 1258 was deposited under relatively constant reducing conditions, the total
tetrapyrrole profile (free base + metallbigure 1-4) is primarily indicative of chlorophyll
production andhereforereflective of primary production. Inclusion of the metalloporphyrins,
which mostly mirror the free base tetrapyrroles over the analyztidrs€Figures1-4 & S1-5),
helps diminish diagenetic alteration of the primary producer signal. However, uncharacterized
complexity influencing metalloporphyrin distributions precludes application in isolation of free
base tetrapyrroles. For example, thetalloporphyrins were present in greatest concentrations
prior to OAE2 and do not recover to comparable levels{ASE as trace metals and free base
tetrapyrroles rebound (Riges1-4 & S1-5). It is beyond the scope of this study to elucidate
additionalcontrols on metalloporphyrin formation, but the progressive alteration of the original

chlorophyll risks deterioration of the original primary producer signal.
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1.8 Supplementary Figures and Tables
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Figure S1-1. Various geochemical profiles fromsite 1258, Demerara RiseT h €3Coig and TOC values are compiled from previous
studies (Erbacher et al., 2005; Hetzel et al. 2009; Owens et al., 2016). Sea surface temperatures (SST) were calcLEXEg: from
using published methods (Schouten et al., 2002; Kim et al., 2010). Similarly, BIT indices were calculated based on publisiisty
work (Hopmans et al., 2004). The brGDGT methylation index is simply the ratio ofrtietlyl normalized to the-Bhethy penta
/hexamethyl brGDGTs, similar to prior reports (Xiao et al., 2016). The-1Z-nor-DPEP is normalized to the total summed
tetrapyrroles, including free base chlorins, porphyrins, and metalloporphyrins. The blue shaded interval represe@# Ebiptie
perturbation, the gray shaded interval represents-@Adhd the brown shaded intervals represent the positive Tl isotopic excursions.
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Powdered Core Sample
(~150mg)
add 100 ng GTGT
add 1000 ng B-carotene |(3x) add 1.5 mL DCM:MeOH (1:1)
sonicate (20 min)
centrifuge (5 min, 3000 rpm)
transfer to 2 mL vial and dry

[Total Lipid Extract]

dry and mass

add 1 mL MeOH
sonicate (&5 min)

centrifuge (5 min, 3000 rpm)
transfer supernatent
LC-qTOF-MS

Lipid biomarker
inventory

Figure S1-2. Preparatory procedure for extraction and analysis of biomarkers.
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Figure S1-3. Extracted ion chromatograms (EICs) of identified biomarkers.(A) Free base
porphyrins and chlorins detected in sample 12584 £2-83. (B) Major VO, Zn, Fe and Nt
porphyrins detected in sample 1258%-6 1718. (C) isoGDGTs, brGDGTs and obGDGTs
detected insample 1258A 4B 8283. (D) Internal standardh-Carotene and £ GTGT),
isorenieratane, DAGEs, BDGT, PDGT, archaeol, and extended archaeols shown in sample 1258A
42-6 82-83.
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Figure S1-5. Depth profiles of metalloporphyrins and trace metals through the studied sectionAll metalloporphyrin data were
generated in this study, with trace metal data from previous work (Owens et al., 2016). The blue shaded interval reppes©RE t

biotic pertubation, the gray shaded interval represents QABNd the brown shaded intervals represent the positive Tl isotopic
excursions.
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Figure S1-6. Cross plot of crenarchaeol and summed tetrapyrrole (chlorins, free base
porphyrins, and metalloporphyrins) concentrations.
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Figure S1-7. Cross plot of V and BIT Index.Note the duality of the relationship between BIT
indices and V concentrations. Prand postOAE strata predominantly exhibited a positive
relationship between trace metal abundanoé BIT indices, whereas most OAE samples
displayed a negative correlation between the two variables.
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high metalloporphyrin content for a given range of V concentrations. Otherwise, a clear positive correlatioaxgbuldtween
metalloporphyrins and V. (C) The ratio of free base chlorins and porphyrins to metalloporphyrins against V level
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Depth FB-chlorins FB-Porphyrins Metalloporphyrins Crenarchaeol Isorenieratane obGDGTs DAGEs ext. Archaeols BDGT+PDGT

Sample (med) (g g-10C)  (ug g-1 OC) (1g g-1 0C) (g g-10C)  (ugg-10C) (ugg-10C) (ugg-10C) (ugg-10C)  (ugg-1OC)
207-1258B 45R-3 1-2 42019 75.65 64.96 45.84 55.54 8.65 217 2.84 0.01 048
207-1258A 42-551-53 420.68 53.41 68.00 32.57 50.94 2.03 252 1.89 0.02 0.54
207-1258B 45-3 80-81 420.98 72.82 88.24 42.18 60.55 2.82 2.28 1.03 0.03 0.58
207-1258A 42-5 87-88 421.04 66.82 94.39 14.22 5747 32.40 1.92 1.71 0.09 043
207-1258A 42-5 102-103 42119 109.63 154 .62 20.55 67.18 35.29 2.37 2.28 0.26 0.33
207-1258A 42-5119-121 421.36 88.53 129.58 34.53 70.51 483 172 2.39 nd. 041
207-1258A 42-6 17-18 421.66 159.98 n.d. 92.95 48.36 3.76 212 1.95 nd. 0.49
207-1258B 45-4 30-31 421.89 73.08 81.65 43.39 54.75 10.12 1.89 1.10 0.02 0.39
207-1258B 45R-4 40-41 421,99 61.84 0.78 42 .39 47.90 5.04 2.03 0.44 0.02 0.59
207-1258A 42-6 82-83 422 .31 27.10 56.99 7.58 37.32 4153 5.16 6.00 0.66 0.71
207-1258A 42-6 113-114 42262 39.89 49.25 12.85 46.14 8.90 242 4.66 0.01 0.57
207-1258B 45R-4 106-107 422 65 45.16 54.63 12.25 53.70 12.20 3.26 4.34 0.02 0.52
207-1258A 42-6 118-119 422 67 28.55 20.33 777 44 27 16.98 4.08 6.55 0.09 0.53
207-1258A 42-7 10-11 42299 24.82 51.84 5.01 29.80 22.98 293 4.51 0.54 0.59
207-1258B 45R-4 148-149 423.07 58.57 84.76 9.01 4411 35.65 472 8.48 0.71 0.78
207-1258A 42-7 53-54 42342 45.46 52.21 3.07 17.21 34.17 2.34 6.60 0.68 0.28
207-1258A 42-7 79-80 42368 61.47 99.34 257 41.50 26.97 593 5.33 0.80 0.73
207-1258A 42-7 100-101 423.89 59.84 76.43 6.95 34.04 6.82 4.06 4.41 0.26 0.97
207-1258C 17R-1 5-6 424 84 28.13 51.84 476 29.20 33.73 3.10 4.29 0.62 0.63
207-1258C 17R-1 95-96 42574 30.16 nd. 4 56 34.06 3.46 2.39 3.42 nd. 0.35
207-1258C 17R-1 121-122 426.00 87.96 122.07 30.39 67.94 26.26 2.33 1.31 0.06 0.47
207-1258A 42-7 114-115 426.23 39.95 2.36 10.55 43.27 6.94 3.66 512 0.12 0.69
207-1258C 17R-2 12-13 426.30 156.28 21592 107.30 89.80 8.32 3.58 1.44 0.01 0.58
207-1258C 17R-2 22-23 426.40 84.18 13.13 78.69 3343 2.80 1.51 0.58 0.01 0.53
207-1258C 17R-2 25-26 42643 72.30 3.29 71.64 32.72 1.46 1.22 1.05 0.04 0.51
207-1258A 42-CCW 4-5 426.54 90.90 3.67 85.63 43.25 n.d. 1.92 1.36 0.06 062
207-1258A 43-1 14-15 426.62 65.73 79.91 30.80 30.69 nd. 1.47 0.26 0.01 0.21
207-1258C 17R-2 70-71 426.88 164.07 216.34 86.70 83.28 3.13 3.76 0.55 nd. 0.60
207-1258A 43-1 41-42 426.96 114.04 162.15 65.92 71.30 1.85 262 0.45 nd. 0.55
207-1258A 43-1 75-76.5 42723 145.11 213.46 73.67 83.48 714 3.80 1.06 nd. 0.62
207-1258C 17R-34-5 427 .42 22533 356.91 95.60 111.88 3.59 5.36 0.61 nd. 0.81
207-1258A 43-1 106-107 427 .54 214.09 599.19 113.21 114.68 n.d. 572 6.73 nd. 0.69
207-1258C 17R-3 25-26 42763 71.98 31.15 66.43 44 .65 0.40 1.67 0.72 0.08 0.73
207-1258A 43-1 119-120 427 67 40.73 81.07 19.25 20.37 6.73 0.94 1.13 nd. 0.15
207-1258A 43-2 4-5 427.80 137.03 172.97 68.24 78.13 8.90 3.80 0.50 0.02 0.72
207-1258C 17R-3 45-46 42783 81.86 13.83 89.76 4496 1.69 2.16 0.40 0.06 0.53
207-1258C 17R-CC 2-3 42798 B87.16 4.44 78.19 38.72 143 1.81 0.64 0.06 0.62
207-1258C 17R-CC 15-16 42811 102.69 6.88 90.20 3848 6.89 1.79 0.31 0.05 047
207-1258A 43-2 39-41 428.15 60.64 42.09 65.73 3749 117 1.34 1.55 0.07 0.65
207-1258A 43-2 100-105 428.76 72.58 8.88 77.53 42.66 n.d. 214 1.65 0.08 0.64
207-1258A 43-3 2-3 429.04 92.25 88.33 66.54 4392 0.44 1.69 3.32 0.06 0.74
207-1258A 43-3 68.5-70 429,71 65.57 94 .94 73.91 37.03 10.86 0.90 0.22 nd. 0.53
207-1258A 43-3 88.5-90 42991 98.22 2.18 81.24 51.13 9.14 240 0.27 0.01 0.57

Table S1-1. Biomarker concentrations fromsite 1258, Demerara Rise-ree base(FB) chlorins, FBporphyrinsmetalloporphyrins,
obGDGTs, DAGEs, and ext. Archaeols are summed concentrations of multiple compounds showe 81fgHorizontal black lines
bracket the OAE 2 interval.
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Depth Metalloporphyrins VO-Porphyrins Ni-Porphyrins Fe-Porphyrins Zn-Porphyrins V Fe Zn

Sample (med)  (ug g-10C) (Mgg-10C)  (gg-10C)  (ugg-10C)  (ugg-10C) (ppm) (wt.%) (ppm)
207-1258B 45R-3 1-2 420.19 45.84 37.68 5.58 1.52 1.05 135667 145 4689.12
207-1258A 42-5 51-53 42068 32.57 26.81 491 0.84 nd 128865 1.24 267.54
207-1258B 45-3 80-81 420.98 42.18 33.49 6.50 1.61 0.58 943.36 0.91 68.51
207-1258A 42-5 87-88 421.04 14.22 11.46 1.98 0.52 0.26 143.28 0.54 28.41
207-1258A 42-5 102-103 421.19 20.55 16.46 3.19 091 nd 194.18 0.68 36.89
207-1258A 42-5 119-121 421.36 3453 27.10 593 1.50 n.d 446.42 0.88 108.21
207-1258A 42-6 17-18 42166 92.95 65.46 16.42 2.82 8.24 168464 0.91 2555.90
207-1258B 45-4 30-31 421.89 43.39 34.87 6.74 0.73 1.05 100350 1.18 314.62
207-1258B 45R-4 40-41 421.99 42.39 2943 7.84 1.40 3.72 1006.13 0.90 584.21
207-1258A 42-6 82-83 422.31 7.58 6.83 0.68 0.07 nd 317.84 2.50 38.12
207-1258A 426 113-114 42262 12.85 10.05 2.50 0.30 n.d 764.21 2.41 254.31
207-1258B 45R-4 106-107 42265 12.25 8.64 3.09 0.41 0.1 659.09 212 226.84
207-1258A 42-6 118-119 422 .67 777 548 1.78 0.51 nd 416.21 1.70 347.21
207-1258A 42-7 10-11 42299 5.01 3.85 1.12 0.04 n.d 291.87 214 89.26
207-1258B 45R-4 148-149 423.07 9.01 6.71 217 0.13 n.d 277.34 2.28 72.01
207-1258A 42-7 53-54 42342 3.07 2.31 0.77 0.00 nd 177.77 1.79 29.84
207-1258A 42-7 79-80 423.68 2.57 1.42 1.15 0.00 n.d 77.31 1.22 36.24
207-1258A 42-7 100-101 423.89 6.95 1.94 5.00 0.02 n.d 338.13 1.95 149.23
207-1258C 17R-1 5-6 424 .84 476 3.76 0.90 0.10 n.d 27860 245 75.24
207-1258C 17R-1 95-96 42574 456 1.65 2.19 072 n.d - - -
207-1258C 17R-1 121-122 426.00 30.39 19.87 9.76 0.63 0.13 239.71 1.10 226.34
207-1258A 42-7 114-115 426.23 10.55 417 458 nd 1.79 647.39 1.76 187.98
207-1258C 17R-2 12-13 426.30 107.30 81.84 20.09 4.06 1.31 588.13 0.87 309.74
207-1258C 17R-2 22-23 426.40 78.69 56.59 1540 1.15 5.55 1537.31  1.01 646.93
207-1258C 17R-2 25-26 426.43 71.64 50.88 14.57 1.12 5.07 164563 0.97 312.46
207-1258A 42-CCW 4-5 426.54 85.63 60.03 16.53 1.23 7.85 193451 093 1679.66
207-1258A 43-1 14-15 426.62 30.80 23.59 6.34 0.87 n.d 518.90 0.44 1623.12
207-1258C 17R-2 70-71 426.88 86.70 4529 16.41 539 19.61 678.95 0.58 208.12
207-1258A 43-1 41-42 426.96 65.92 47.08 14.87 3.17 0.79 687.20 0.60 146.43
207-1258A 43-1 75-76.5 427.23 7367 54.88 15.44 3.22 0.13 520.10 0.51 122.18
207-1258C 17R-34-5 42742 95.60 65.80 21.79 8.01 n.d 264.23 0.33 58.68
207-1258A 43-1 106-107 427.54 113.21 91.30 1547 6.44 n.d 94.13 0.12 -
207-1258C 17R-3 25-26 42763 66.43 4719 14.25 1.57 342 174222 1.28 214.09
207-1258A 43-1 119120 427 .67 19.25 14,64 3.25 1.36 n.d 105.12 0.28 46.12
207-1258A 43-2 4-5 427.80 68.24 51.31 14.18 269 0.07 730.29 0.65 64.03
207-1258C 17R-3 45-46 427.83 89.76 63.58 18.48 252 5.18 2208.25 0.98 72.05
207-1258C 17R-CC 2-3 427 .98 78.19 56.43 15.56 1.82 4.38 217584 1.05 52.15
207-1258C 17R-CC 15-16  428.11 90.20 66.63 14.71 2.18 6.68 1926.94 1.05 312.74
207-1258A 43-2 39-41 428.15 65.73 49.85 12.71 0.97 2.20 1898.24 1.09 525.58
207-1258A 43-2 100-105 428.76 7753 56.59 1465 1.30 499 254030 121 235398
207-1258A 43-3 2-3 429.04 66.54 52.54 12.42 1.11 046 113749 127 -
207-1258A 43-3 68.5-70 42971 73.91 59.50 12.14 1.25 1.02 72967 0.78 440.65
207-1258A 43-3 88.5-90 429.91 81.24 52.32 18.85 2.11 7.96 159282 0.76 1043.45

Table S1-2. Metalloporphyrin concentrations and selected metal abundances frosite 1258, Demerara RiseMetalloporphyrins,
and metakpecific porphyrins (e.g. V@orphyrins), are summed concentrations of multiple compounds shownuire Bilg3. Metal
abundances are from previous work (Owens et al., 2016). Horizontal black me&stlthe OAE 2 interval.
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brGDGT brGDGT

Depth Calculated SST C30-17-nor-DPEP

Sample d 5 BIT Index Methylation Index Methylation Index
(med) (C) (pentamethylated) (hexamethylated) Retrapyrroles

207-1258B 45R-3 1-2 420.19 37.31 0.06 0.39 0.24 217
207-1258A 42-5 51-53 420.68 36.85 0.09 0.38 0.24 2.52
207-1258B 45-3 80-81 420.98 36.88 0.06 0.44 0.24 228
207-1258A 42-5 87-88 421.04 36.96 0.07 0.30 0.17 1.92
207-1258A 42-5102-103  421.19 37.32 0.06 0.33 0.16 2.37
207-1258A 42-5119-121  421.36 37.62 0.04 0.35 0.21 1.72
207-1258A 42-6 17-18 421.66 37.06 0.06 0.53 0.38 2.12
207-1258B 45-4 30-31 421.89 37.44 0.06 0.39 0.19 1.89
207-1258B 45R-4 40-41 421.99 37.22 0.08 0.41 0.21 2.03
207-1258A 42-6 82-83 422.31 36.12 0.23 0.41 0.11 5.16
207-1258A 42-6 113-114 42262 37.22 0.13 0.30 0.10 242
207-1258B 45R-4 106-107 42265 37.30 0.14 0.33 0.11 3.26
207-1258A 42-6 118-119 42267 36.86 0.20 0.30 0.10 4.08
207-1258A 42-7 10-11 422.99 36.62 0.22 0.27 0.14 2.93
207-1258B 45R-4 148-149  423.07 36.59 0.20 0.29 0.14 472
207-1258A 42-7 53-54 423.42 36.93 0.24 0.36 0.16 2.34
207-1258A 42-7 79-80 423.68 36.99 0.21 0.30 0.12 5.93
207-1258A 42-7 100-101  423.89 36.82 0.18 0.28 0.15 4.06
207-1258C 17R-15-6 424.84 36.61 0.24 0.35 0.11 3.10
207-1258C 17R-1 95-96 425.74 37.11 0.09 0.27 0.14 2.39
207-1258C 17R-1 121-122  426.00 37.12 0.06 0.36 0.20 233
207-1258A 42-7 114-115 42623 36.93 0.14 0.32 0.16 3.66
207-1258C 17R-2 12-13  426.30 37.29 0.05 0.38 0.20 3.58
207-1258C 17R-222-23  426.40 35.38 0.07 0.55 0.36 1.51
207-1258C 17R-225-26 42643 35.61 0.07 0.52 0.37 1.22
207-1258A 42-CCW 4-5  426.54 35.55 0.06 0.53 0.41 1.92
207-1258A 43-1 14-15 426.62 36.56 0.05 0.40 0.26 1.47
207-1258C 17R-2 70-71 426.88 36.31 0.05 0.38 0.23 3.76
207-1258A 43-1 41-42 426.96 36.26 0.05 0.34 0.23 2.62
207-1258A 43-175-76.5  427.23 36.65 0.05 0.37 0.23 3.80
207-1258C 17R-3 4-5 427.42 36.62 0.05 0.44 0.21 5.36
207-1258A 43-1 106-107  427.54 36.32 0.04 0.42 0.18 5.72
207-1258C 17R-325-26  427.63 35.32 0.09 0.54 0.41 1.67
207-1258A 43-1 119-120  427.67 36.29 0.04 0.44 0.21 0.94
207-1258A 43-2 4-5 427.80 36.65 0.06 0.35 0.23 3.80
207-1258C 17R-345-46  427.83 35.39 0.08 0.45 0.35 2.16
207-1258C 17R-CC 2-3 427.98 35.42 0.09 0.42 0.35 1.81
207-1258C 17R-CC 15-16  428.11 35.72 0.06 0.42 0.35 1.79
207-1258A 43-2 39-41 428.15 35.35 0.08 0.57 0.40 1.34
207-1258A 43-2 100-105  428.76 35.31 0.08 0.43 0.31 2.14
207-1258A 43-3 2-3 429.04 35.55 0.07 0.61 0.51 1.69
207-1258A 43-368.5-70  429.71 35.07 0.07 0.61 0.54 0.90
207-1258A 43-388.5-90  429.91 35.92 0.06 0.39 0.30 240

Table S1-3. Miscellaneous geochemical parameters calculated from quantified biomarker
concentrations.Calculated SSTs, BIT indices, and brGDGT methylation indices were generated
using published methods (Schouten et al., 2002; Hopmans et al.,Kif04dt al., 2010; Xiao et

al., 2016). Horizontal black lines bracket the OAE 2 interval.
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Chapter 2: Clarifying the significance of todalerivatives in the geosphere
Authors: Gregory T. Connock and XiaoLei Liu?

Affiliations: 'School of Geosciences, University of Oklahoma, Norman, Oklahoma 73019, USA.

Abstract: Tocopherolsserve a critical role as antioxidants inhibiting lipid peroxidation in
photosynthetic organisms yet are seldomly useorganic geochemical studigsdeep time. The
ubiquity of tocopherols in all photosynthetic lifeforms is often cited as an impedimentyt
diagnostic paleoenvironmental potential, while the inability to readily analyze these compounds
via conventional methods (.,e. @2S) f urt her di mini shes the capa
Here, we reexamined the utility of tocopherols and aasegtiderivativegi.e. tocol derivatives)

by applying a novel L&TORMS method to an exceptionally preserved black shale sequence
spanning the mi€Cretaceous Oceanic Anoxic Event 2 (O&E Additional sites defined by
contrasting depositional conditionschages (late Devonian to miRleistocene) were analyzed to
determine preservation potentidlocol derivatives includedmo tocopherol variant¢ U ,, U 9 )
tocopherol quinone, 5, 7Bimethylated methyltrimethyltridecylcbman (JMTTC), and the first
repored detection of methylphytbenzoquinones (DMPBQ and TMPBQ) in geologic samples.
Significantly, MTTC, DMPBQ and TMPBQ exhibited no depositional or temporal exclusivity,
presentin all analyzed sampiesere TMPBQ was often one of the most predominant compounds
Strong correlations between tocopherols, MPBQsWNT TC provided empirical evidence of a
common origin. Tocopherol concentrations and ratios, normalizing tocopherols to potential
degradation wducts -T/UTQ, UT/TMPBQ, o-T/DMPBQ, UT/UMTTC), revealed distinct
temporal trends coincident with OAE Both absolute and relative increases in tocopherols
defined OAE2, whichafforded two interpretative perspectives dependent on depositionagsetti
Shoaling euxinic waters during OAE likely forced an upward migration of oxygenic
photoautotrophs, increasing reactive oxygen species production and eliciting heightened
tocopherol biosynthesis to mitigate oxidative cellular damage. However, thisals@apave
simultaneously enhanced tocopherol preservation given the relatively high lability of tocopherols
in the water column. Thus, tocopherate highly sensitive teertical fluctuations in pelagic redpx

and may be applied to infer the presencehallew water anoxia in paleoenvironmental $tgd

but also may reflect a phytoplanktonic stress response in specific settings defined by persistent
anoxia (e.g. laminated black shales). Additionally, the strong covariation of tocopherdls and
MTTC, which are typically not observed together due to instrumental and preservation biases,
provides strong empirical evidence for a precumoduct relationship and reignites the ongoing
enigmasurrounding the origin(s) dITTCs.

2.1 Introduction

Tocopherols (i.e. Vitamin E) are lipophilic nonenzymatic antioxidants primarily
biosynthesized and concentrated in the plastid membranes of all photosynthetic lifeforms (Wang
and Quinn, 2000; Atkinson et al., 2010; iz and MunB-Bosch, 2019). The localidan of

tocopherols in chloroplasts is not a coincidence, as they serve critical roles in mitigating oxidative
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damage inherent to operation of the photosynthetic apparatus (Lichtenhaler et al., 1981; Soll et al.,
1985; Arango and Heise, 1998). Generatibharmful reactive oxygen species (RGSy. lipid
peroxyl radicals, singlet oxygen) is inevitable and exacerbated by exposure to abiotic stresses, but
ROS may be physically quenched or chemically scavenged by tocopherols, which also inhibit lipid
peroxiddion, act as photoprotectants, physically stabilize lipid bilayers, and play an- under
constrained role in cell signaling (Fahrenholzt et al., 1974; Burton and Ingold, 1981; Kagan et al.,
1990; Fryer, 1993; Trebst et al., 2002; Havaux et al., 2005; Krlagekay and Trebst, 2006;
Hincha, 2008; Miret and MumrBosch; 2015). These functions are entirely dependent on the
molecular structure of tocopherols, comprised of a phytyl tail linked to a chromanol ring of varying
methylation correspondingte(monomehyl), b-/o-/s- (dimethyl), and}tocopherols (trimethyl).
Antioxidant potential is granted by the hydroxyl group on the chromanol moiety either through
donation of one electron to produce the tocopheryoxyl radical (i.e. physical quenching;
Fahrenholzt et al., 1974) or two electrons whiggults in ring opening and formation of tocopherol
guinones (i.e. chemically scavenging; Neely et al,. 1988). This proclivity to act as an antioxidant
simultaneously limits the preservation of tocopherols in sediments, compounding fundamental
issuesas araditional Obi omarkerd given the ubiqui
organisms.

Few reports of tocopherols in ancient sediments and rocks exist. Widespread application
and discussion of pristane and phytane in rocks and oils (e.g. Broaks 369; Powell et al.,
1973; Didyk et al., 1978) initially stimulated interest in tocopherols, wéniepotential precursors
of pristane (Goossens et al., 1984). One of the first reports of tocopherols as standalone biomarkers
suggested some potentad a proxy for phototrophic biomass flux to the sediments (Brassell et

al., 1983), although this gained minimal traction (e.g. Dumitrescu and Brassell, 2005) and no
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published accounts of tocopherols in geologic samples followed. This was likely a rebalt of
extra step (i.e. derivatization) required for tocopherol analysis on a gas chromatogisgph
spectrometer (GBGIS) and apparent lack of utility in paleoenvironmental studies. Conventional
thinking discounted tocopherols as useful proxies gitiatthey are required by all phototrophs
which precludes biological source specificity beyond primary producers and, by extension, ties to
specific environmental states. However, an improved understaodarghe past 20 years of the
biophysiochemical role togherols play (Méoz and Mung-Bosch, 2019 and references therein)
and an ideal depositional setting minimizing pestescence degradation granted an opportunity
to reexamine tocopherols as a viable resource in paleoenvironmental investigations.

Here,we employed a noveiquid chromatography quadrupole timef-flight i mass
spectrometrfLC-qTOFRMS) method on exceptionally preserved Cenomailiamonian samples
from the southern protblorth Atlantic Ocean (ODRite 1258, Demerara Rise) to reassess the
potential of tocopherols and associated derivatives as geochemical proxies. Utilization of LC
gTORMS circumvented limitations inherent to @@S systems that are unable to directly analyze
tocopherols without derivatization, while preservation biases wénemized by the relatively
persistent, highly reducing bottom waters spanning Cenomdiigmian deposition at the
Demerara Rise. Our primary aim focused on leveraging tocopherol lability in the water column
and antioxidant function in photosynthetiganisms to reconstruct environmental and microbial
ecological changes spanning oceanic anoxic event 2 {©)A& period of widespread marine
deoxygenation and climatic change that induced major perturbations to biogeochemical cycling
(e.g. C, N). Cooccurree of tocopherol derivatives (e.g. tocopherol quinone), potential
degradation products (e.gnethyltrimethyltridecylchromandViITTCs), and intact tocopherols

enabled the development of new ratios sensitive to oceanographic changes and a critical evaluation
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of the origin and paleoenvironmental significance of MTTCs. We also screened additional sites of
varying depositional histories and ages to determine the preservation potential of tocopherols and

related derivatives in deep time.
2.1.1 Depositional settig and significance for paleoenvironmental study

Seesection 1.2.1n Chapter 1 for site description and review of the geologic setting. See
Figure -1 of this chapterfor graphical overview of paleogeography and depositional

environment.
2.2 Materials and Methods
For details regarding sample preparation and analyssestien 1.2 in Chapter 1.
2.3 Results
2.3.1ldentification and occurrence

A diverse suite of tocomnols and associated, potential derivatiresein simply referred
t o as 6t oc wdre ddtected in thet DemeeasaRise samplegpife2-1; see Appendix
for structurey . B-atnhdt ddc o p h-dr @Ay andWtocopherol quinonelkTQ) were
identified based on accurate massg81+H]", m/z 417.3727, 431.3884, 447.3833
chromatographic behavior, and diagnostic fragmentation patternszafdvi§istent with authentic
standardsHigure2-1). Two intermediates in the recycling BfTQ ard o-TQ back toJ-T ando-T
(Kobayashiand DellaPenna, 2008/eneSaffranéand DellaPenna, 2010; Eugeni Piller et al.,
2014, trimethylphytylbenzoquinone (TMPBQ) and dimethylphytylbenzoquinone (DMPBQ)

weretentatively identified anébund to predominate thecol derivativanventory.The structure

1 Not to be confused with the dimethylphytylbenzoquifi@. DMPBQH, with ketone groups reduced to hydroxyl
groups) as is commonly reported in the literature as a precursdr ito the U-T biosynthetic paiway.
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of these two derivatives was determined by comparison of measured and theoretical masses
(IM+H]", m/z 429.3727, 415.3571) combined with the presence of key &ratpr(e.g. 165Da
Figure2-1). Initial interpretations of M3a s s i garedl 03d o mo n-3:@m @) ag likkly
structures, givethatcleavage of the oxygepearingring of the chromanol moiety yielded primary
fragments of 168 Bad-Tadowevel, seterdien tirhes werelinconsistent with
UT1 a n dTy isolates (kindly provided by DiValter Vetter of the University of Hohenheim
Figure 2-2). Acetylation revealed the apparent lack of-ahomanol moiety for these two
derivati ves,-T wh aTdweesreadiyodcdiylatédiThis eliminated unsaturated
tocopherols (i.e. tocomonoesar marinederived tocopherol) as possible configuratideaying
methylated phytylbenzoquinones as the likely structiBeth TMPBQ and DMPBQ exhibited
multiple isomers 3 and 2, respectivelyrigure2-1). TheDMPBQ is presumed to be methylated
atG7andG8 (o0) due t o t he-Tdotladkofamaatidentip stamdarel doesenoto f 0
preclude methylation at-6 and G8  ( rbadditionl, the 5,7;&IMeMTTC (herein referred to as
UMTTC) was recognized in all samples based on accurate (fdss$i]*, m/z 415.3934),
characteristic fragmentation producing a pronounced primary fragment at 149Da (similar cleavage
as 0 b s edT;gure 2{l)nandlconsistent retention time with a Woodford Shale extract
containing high concentrations MTTCs as confirmed previously by GKS/MS (Connock et
al., unpublished resultspther tocopherols angbtential derivatives, such mstocopherol] -/o-
| #-MTTC, and tocotrienols, were not detected in the Demerara Rise samples.

Additional samples were analyzed to assess the preservation potantattaibcopherols
and derivativesCoeval siteOAE-2) from the Cape Verde Basib§DP 367), Tarfaya Basin
(Shell Internationa®@f f i c e Nati onal de Recher ch&rS), et d

Newfoundland BasinIQDP U1407), and Western Interior Seaway (Kandds, Amoco 1
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Rebecca K. BoundsRKB) were seleted to assess the impact of contrasting depositional
environments orocol derivativepreservation. Localitiesincluding mid-Pleistocene (offshore

NW Australia, IODP 1483) andpperDevonian (Oklahoma, US, WycHg strata were chosen to
substantiate po#de environmental biases identified in the coeval sites and detettmeitemporal

range of both tocopherols and subsequent degradation prodogisver, a detailed review of
stratigraphic trends at each individual site is beyond the scope of this hedyMPBQa n d U
MTTC were ubiquitously observed at all sites, &MPBQwasnot present in the WychE orsite

1483 coresDimethylated MTTG( fo-/e-MTTC) wereidentified in the Wychel and RKB cores.
Tocopherol s wer e nodl detestedatesited 1258,r3€7sSF5, anéidthe RKB t h |
cor e, -Twha AT@ wéte exclusive to 1258 and RKB. The most dominant tocol derivative
was TMPBQat all sites, excluding the RKB and Wyehe w h eMTEC ptdédominated over
TMPBQ. Furthermore, a TLE from a cyanobacterial cultiB8gnechococcusp. PCC 7002 was
analyzed for tocol derivative composition and found to predominantly produce 3 isomers of
TMPBQ, with trace amounts &fT, that displayed identical mass spectra and retention times to
the isomers detected in natural samples (Figui¢. No tocotrienols, tocopherol quinones, or

MTTCs were detected in the cyanobacteria culture. TLE
2.3.2 Stratigraphictrends spanning OAE

The tocol derivatives exhibited significant stratigraphic variations at the Demerara Rise.
Overall, concentrations of tocopherol$;TQ, methylated phytylbenzoquinones addTTC
displayed similar depth trends. Invariarelatively low values were observed prior to GAE
excluding a single sample at 427.54 mcd where a pronounced increase in TMPBQ and DMPBQ
occurred. A rise in all tocol derivatives immediately before the +CIE preceded the predominantly

elevated concerdtions found to characterize OAE(Figure2-2), which was clearly defined by
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an abrupt reorganization of the tocol derivative pool (Figu8. The fractional abundance of

both UT and o-T increased markedly at the expense of TMPBQ, still the predominaal
derivative during OAER2. A progressive decline in all tocol derivatives marked the latter half of
the OAE, while the podDAE interval was characterized by variable tocol derivative
concentrations that were slightly higher than those observe@Aidee Akin to the onset of OAE

2, the termination of the event, marked by the cessation of the +CIE, coincided with a rapid shift
in tocol derivatives comparable to pBAE compositions primarily driven by decreasiod and

o-T concentrations (Figus®-2 & 2-3).
2.3.3 Statistical tests

A series of statistical methods were employed to evaluate the significance of stratigraphic
trends and potential for tocol derivatives to delineate the -QAterval. Oneailed unequal
variancet-tests were used in tandesith principal component analysis (PCA) and hierarchical
cluster analysis (HCA) to assess the significance of tocol derivative variations across &DaE
ability to delineate contrasting biogeochemical states in the water column. In additigajlédo
unequal variancetests assessed the existence of significant differences between structural classes
(e.g. tocopherols vs. MTTCSs) to determine possible precprsaiuct relationships or derivation
from a similar source.

Initial PCA and HCA results usinsolely the concentrations of tocol derivatives were
relatively ineffective at statistically delineating OA&% despite observable variations over the
studied interval. To further assess the statistical significance of stratigraphic trends, samples were
grouped into three categories (JDAE, OAE, and posOAE) for onetailed unequal variande
tests. Significant differences (defined @s: 0.05) were observed in tocopherols anMTTC

between préOAE and OAE samples, as well as between theO#E and posOAE interval.
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Weakly significant (0.05 ¢ < 0.10) differences existed in tocopherol variations between OAE
and postOAE strata, which were characterized by no significant differences (@lid &-MTTC
concentrations and significant differencesifQ values. No statistically significant differences
in TMPBQor DMPBQ were present between gp&AE and OAE samples, and only a weakly
significant difference was observed for these compounds when comparing the OAE @DApost
intervals. Howeverremoval of a TMPBQ/DMPB@utlier corresponding to the concentration
spike at 427.54 mcd (Figurg-2) improves thep-values dramatically for each respective
comparison, producing weakly significant and significant differences for th@®AEvs. OAE

and OAEvs. postOAE samples, respectively. All tocol derivatives exhibited significant variations
between preand postOAE deposition. While these results do support the challenge of using
exclusively tocol derivative concentrations to demarcate QA&autionmust be stressed due to
the small sample size, presence of outliers,yenmehormaldistribution of some compounds. Still,
tocopherols,UTQ, methylated phytylbenzoquinones, abeMTTC did exhibit statistically
significant fluctuations that implied undeirtg potential as paleoenvironmental tools.

Additional PCA and HCA was conducted using ratios of tocol derivatives based on
conceptual evidence for sensitivity to biological, ecological, and chemical changes in the water
column (Figure2-4). These included}T/TMPBQ, o-T/DMPBQ, UT/UTQ, andUT/UMTTC.

Tocol derivatives were also normalized to wedtablished biomarker proxies of varying source
specificity, including the tetrapyrroles (summed f{b@se chlorins, porphyrins, and
metalloporphyrins), crenaneeol and isorenieratandn addition to supplementing tocol
derivatives in delineation of OAE, inclusion of conventional biomarker proxies granted insight
into the paleoenvironmental control(s) on tocol derivative distributions. Inputting these \ariable

into PCA produced a relatively tight cluster of data points exclusive to-DAistinct from pre
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and postOAE samples, which was substantiated by the clusters comprising the dendrogram
generated by HCA of the same variablEgure 2-4). Thus, significat statistical evidence and
effective delineation of OAE from ne@AE strata suggests that tocol derivatives were sensitive
to the oceanographic changes coincident with €A& the Demerara Rise and may hold some

utility as Obi oma takreconstractian;m pal eoenvi r onmen
2.4. Discussion
2.4.1 Origin of tocol derivatives

As previously stated, tocopherols are produced by all photosynthetic life. While these
compounds are relatively more concentrated in vascular land plarigbgizset al., 2009),
tocopherols are predominantly derived from marine primary producers in this study based on the
depositional setting (distal shelf, ~100@bs|, Figure 3-1; Erbacheret al., 2004) and rapid
autoxidation (i.e. degradation) of intact tocepdis if transported to the depocenter via riverine
influx (Rontani et al., 2008). Thu&tT anda-T were biosynthesized by all phytoplankton (e.g.
eukaryotic microalgae and prokaryotic cyanobacteria) inhabiting the surface waters at the
Demerara Rise durg the Cenomaniamuronian.There was likely no unique source responsible
for the varying methylation di- T ando-T given the strong, positive linear relationship between
both tocopherol variants ¢R= 0.91, Figure 2-5). By extensionJTQ was also derivé from a
similar source as the tocopherols, as it is an oxidation product of chemical scavenging of singlet
oxygen byU T (Neely et al., 1988). Higher concentrationdJoF generally correlated with higher
concentrations diF TQ, in agreement with the regted formation ot} TQ fromU-T (Figure2-5).

This rationale is not compromised by the seemimglgr correlation betweed T andU-TQ over
the entire OAE2 interval, predominantly driven by separation betweerQ#&, OAE, and post

OAE sample groupsubject to variable oxidation rates related to contrasting depositional states.
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There is no known report documenting the occurrence of the tentatively identified
methylated phytylbenzoquinones in rocks or sediments. However, the overwhelming
predominancef these compounds over other tocol derivatives at the Demerara Rise, as well as
robust preservation to at least the late Devonian, necessitated an attempt to elucidate potential
biological sources or formation pathways. A strong relationship emergeddnetwP BQandU-

TQ (Figure2-5), which was not entirely unexpected given both occupy key stép3 iecycling
(Figure R-3). First, U-T is oxidized, forming artocopheroxyl radical, which is subsequently
oxidized yieldingUTQ. A recently characterize2d AD(P)H-dependent quinone oxidoreductase
reducesJTQ to Utocopherol quinol, with TMPBQ produced frobitocopherol quinol via an
unknown plastiedehydratase. Regeneration®T is completed via cyclization of TMPBQ by a
tocopherol cyclase (Kobayashi amkllaPenna, 2008MeneSaffranéand DellaPenna, 2010;
Eugeni Piller et al., 2014). Comparable correlations between both TMPBQ, andU-T (Figure

2-5) support similar formation mechanisms (i.e. tocopherol oxidation and recycling), but the
detection ofpredominantly TMPBQ, with relatively low}T and noU-TQ, in a cyanobacterial
culture TLE Synechococcusp.PCC 7002 introduced further complexity (Figugl). The low
concentrations of )T and lack of UTQ in the culture TLE presented two possibilities: 1)
Synechococcusp. PCC 70@ primarily produces methylated phytylbenzoquinones via an
uncharacterized biosynthetic pathway or @ynechococcusp. PCC 7002 does produce
tocopherols, but the majority were dided to tocopherol quinones that were ubiquitously recycled
to methyl phytylbenzoquinones not subject to extensive cyclization, leaving no detékTadle

and low regeneratdd T. It is beyond the scope of this study to clearly define the origin of TMPBQ,
but the latter scenario is unlikely unless TMPBQ accumulated due to the absence or shortage of

tocopherol cyclase. This may explain the distribution of tocol derivatives in the cyanobacterial

72



Chapter 2Significanceof tocol derivatives in the geosphere G. T.Connock 2021

TLE. Tocopherol cyclase, in addition to the recyclingJdi, plays a key role in the formation of

the oxygerbearing ring connecting the hydroxylated aromatic moiety to the phytyl group (Soll et
al., 1980; Arango and Heise, 1998a). Thus, a lack of detecthbl@, low U-T, and high
concentrations of TMBPQ in the cyaacterial culture may reflect tocopherol cyclase deficiency
for an unknown reason, leading to Il production and an accumulation of TMPBQ over time.
However, the predominance of TMPBQ in most geological samples representing a myriad of
oceanographicanditions separated by millions of years precludes tocopherol cyclase deficiency
as a likely blanket resolution, especially given the higher relative amoutiE détected at some
localities. This leaves two plausible explanations for the prominenc®IBBQ over other tocol
derivatives: 1) TMPBQ, and the related DMPBQ, are biosynthetic products of cyanobacteria and
possibly other phytoplankton or 2) TMPBQ and DMPBQ are -pesescence degradation
products (e.g. diagenetic) OfT andU-TQ via an uncharaerized degradation pathway.

If TMPBQ and DMPBQ are biosynthetic products of photosynthetic life, then the high
concentrations observed in sediments, rocks, and culture TLEs implies a relatively important
function. Like tocopherols, quinones serve a altiole in photosynthesis. While tocopherols
primarily act as electron donors to inhibit lipid peroxidation by physically quenching or chemically
scavenging singlet oxygen produced during photosynthesis (Qin et al., 2009), quinones may act as
a shuttle foelectrons and protons in the electron transport chains of photosynthetic and respiratory
processes, as well as serve as an antioxidant in reduced form (Nowicka and Kruk, 2010). It is
possible TMPBQvas not as efficiently recycled by primary producers IgedOMa, either as a
Sstress response to environmental factors not
relatively improvedU-T regeneration by phylogenetic descendants. This explains the lack of

TMPBQ accumulation in most extant life, artde strong association with the progenitor of
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chloroplasts(i.e. endosymbiotic cyanobacteyian this study. Alternatively, TMPBQnay
represent an uncharacterized breakdown produttTor degradation o} TQ by loss of the
isoprenoid hydroxygroup during diagenesis. However, the introduction of a double bond during
diagenesis is highly unlikely. Therefore, we favor the direct biosynthesis of TMPBQ by
photosynthetic organisms, serving a comparable role as the structurally similar phylloguaone
Vitamin K1). For context, phylloquinonés a key cofactor in the electron transfer chain of
photosystem I, acts as an electron donor and acceptor to modulate ROS, and plays a role in cell
signaling (Lochner et al., 2003). We are unable to rule ouPB® formation fromJ T or UTQ

postcell senescence though, and will consider this as a possibility when evaluating the
paleoenvironmental significance. It is puzzling why this compound has not been previously
reported in sediments and rocks, and moreukeatly discussed in biological studies, given the

high abundance in all analyzed geological samples and the cyanobacterial culture TLE. Further
work is required to fully characterize the prevalence and distribution of TMPBQ in microbial life,
and we do notlaim TMPBQas an exclusive biomarker for cyanobacteria. Instead, we encourage
future study to screen for these compounds to assess formation pathways and refine the temporal
window of occurrence.

The origin of DMPBQs also unknown, and even more cbafiing to determine given no
report of the DMPBQ identified in this study was found in published literature. A peak with the
correct mass anglmilar (but not identicaljetention time was present in the cyanobacterial culture
TLE, but did not possess tdegnostic fragmentation associated with the DMRPBtRe rock and
sediment extracts. However, there was a strong, positive linear relationship between aMPBQ
DMPBQ(R? = 0.82 Figure2-5), interpreted to reflect a common origin and/or formagiathway

This is further substantiated by a positive correlation between ratios of precursors and products,
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namelya-T/DMPBQ andU-T/TMPBQ (R = 0.77, Figure2-6). Lack ofo-TQ precluded further
assessment, but correlation between DMRB@Q2-T, in combination wth a strong covariation
with TMPBQ (Figure2-5), granted confidendbatDMPBQis likely associated with-T recycling
and inherently recorded comparable information as TMPBQ.

The MTTCs are an enigmatic suite of compounds frequently used as indicators for elevated
salinity and stratification in paleoenvironmental reconstructions (e.g. Sinninghe éatadt,

1993; Bechtel et al., 2007; Tulipani et al., 2015). Initial work disted tocopherols as likely
precursors based on the high energy required to remove the hydroxyl group ah Ghe
chromanol moiety and identification of a monomethyl MTTC methylated@irCa single sample
(Sinninghe Damstet al., 1987). Still, themictural resemblance between MTTCs and tocopherols
(see Appendix for structures) merits further investigation, especially given the rare reported
cooccurrence of the two compound classes.

There is strong evidence th&kMTTC and tocopherols were contredl by similar
processes at the Demerara RiSke UMTTC correlates with all tocol derivatives to varying
extents (Figur@-7), with the most robust relationships betwe€eMTTC andU-T, o-T, andU-TQ.
Two-tailed unequal variancé-tests were performed tassess the presence of significant
differences, or similarities, between individual tocol derivatives over the entire stratigraphic
interval. No significant differencep & 0.10) betweet)MTTC andU-T, o-T, andU-TQ existed,
substantiating the empirical relationships previously outlined. Based on these resultd}either
MTTC was derived from the diagenetic alterationUst, or UMTTC was associated with the
synthesis of tocopherols in the organism. Any direct assa#sof these two theories would
greatly benefit from compound specific isotopic analysis (CSIA), which is not reported here, to

address any potential intracellular associations or preeprsduct relationships. However, both
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scenarios could result in averlapping range of carbon isotopic compositions. Only in the event
of contrasting®*3C values would CSIA elucidate an unlikely possibility of distinct sources of
MTTC and tocopherols at the Demerara Rise. Thus, it is proposedJMTa C is either a
diagenetic product df* T or biosynthesized in response to similar stimuli as the tocopherols.

The observed affiliation ofsMTTC with tocopherols in this study provides a fresh
perspective to evaluate previous interpretations of MTTC origin and [pdk@nfisndamentally
shift the interpretation of MTTCs in the geologic record. No definitive source has been confirmed,
despite the initial identification of MTTCs over three decades ago (Sinninghe&xrakt 1987).
Nevertheless, continued applicatioh MTTCs as indicators for hypersalinity and/or salinity
induced stratification persists (e.g. Sinninghe Daresal., 1993; Schwark et al., 1998; Bechtel et
al., 2007; Wang et al., 2011; Tulipani et al., 2015). The MTTCs were originally attributed-to non
photosynthetic bacteria (Sinninghe Daénet al., 1987). This was later revised based on high
MTTC concentrations and similar carbon isotopic compositions to known algal lipids (e.g.
steroids), suggesting derivation from a photosynthetic organism in ther wpater column
(Sinninghe Damstet al., 1993). An alternative MTTC formation pathway was proposed involving
the condensation of phytol with alkyl phenols (Li et al., 1995) that was immediately contested
(Sinninghe Damsgtand de Leeuw, 1995), but stiifored by some recent applications of MTTCs
(e.g. Tulipani et al., 2015). However, widespread consistency between carbon isotopic
compositions of MTTCs and other known potential photosynthetic biomarkers (e.g. phytane,
steranes, hopanes; Grice et al., 1988 Breugel et al., 2007; Zhang et al., 2012; Tulipani et al.,
2013; Tulipani et al., 2015) substantiates the apparent link between MTTCs and phytoplankton.
The strong correlations betwe€AMTTC and tocol derivatives at the Demerara Rise provides

additional evidence for derivation from primary producers (Figi@, be it via biosynthesis of
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UMTTC or degradation ot} T to produceMTTC. Although the covariation dMTTC and

tocol derivatives could support the formatiod B TTC by condensation of higher plant phenols

and phytot (Li et al., 1995) it is unlikely UT was terrigenous in origin given the depositional
setting and relatively high concentrations of tocol derivatives detected. While the solikce of
MTTC is reaffirmedby strong relationships with tocol derivatives of phytoplanktonic origin in
this study, the implications of its occurrence in sediments and rocks is fundamentally altered (see

section2.4.4 for further discussion).
2.4.2 Preservation potential of tocol deatives

Assessing the preservation of tocol derivatives in the geologic record is paramount to
determine the viability of individual derivatives as paleoenvironmental proxies. Of all tocol
derivatives reported in this studyMTTC and TMPBQexhibited tke widest spatiotemporal range
of occurrence. This was not entirely surprising given MTTCs have been reported in sediments,
rocks, and oils spanning the Pleistocetmés(study;Sinninghe Damstet al., 1987) to the early
Cambrian (Dutta et al., 2013). Howes, the ubiquity and predominance of TMPBQ, and to a lesser
extent DMPBQ,at all sites was unexpected, especially since there is no previous report
documenting its occurrence in the geologic record, and no study on extant life has revealed
methylated phwytlbenzoquinones as prominent tocol derivatives. The observed limited
preservation of’JT, o-T, and UTQ undermines broad application of these specific tocol
derivatives, likely due to a combination of biodegradation and a tendency for rapid phdto

autoxidation prior to diagenesis (Yamauchi and Matsushita, 1979; Rontani et al., 2008; Rontani et

2 Tocopherols andlkylphenols in terrigenous organic matteay be transported to marine environments via
riverine input, whereby alkylphenotsay subsequently undergo condensation reactions with phytol during early
diagenesigLi et al., 1995) Thus, a correlation between tocol derivatives and MTTCs may not signify a precursor
product relationship, but rather a common depositional, and not nelyelsgdogical, origin.However, this is

unlikely considering the depositional context of the Demerara Rise.
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al., 2010).Previous studyplaced the oldest occurrence GfT ~30Ma prior to the oldest-T
reported in this study (early Aptian OAE 1la, ~121.5Ndamitrescuand Brassell, 2005). The
apparent exclusivity ofJT, o-T, and UTQ to localities subject to extended periods of
deoxygenation (e.gites 144 & 367, Kuypers et al., 2008te S75, Kuhnt et al., 201 %ite 1258,
Ostrander et al., 2017; Connock et ah,review, Chapter 1 RKB, Chapter 4 reinforces
experimental evidence that preservation of these compounds likedy oelipervasive anoxia
extending well above the sedimeméater interface (SWI). This does not explain the absentke of

T in the late Devorin Wychel core though, suggesting additional factors may influence
tocopherol preservation (e.g. meteoric weathering, Wiichere was ~30m below ground). In
contrast, the prevalent detectionl@MTTC, TMPBQ, and DMPBQ may reflect the relatively
enhancedoreservation potential inherent to these three compounds lacking a hydroxyl group.
Previous postulation on the origin GMTTC, TMPBQ, and DMPBQ as degradation products of
the more labildJ-T, o-T, andU-TQ or biosynthetic products of photosynthetic lifeconsistent

with the relatively high concentrations detected at all sites regardless of depositional environment.
As a result, UMTTC, TMPBQ, and DMPBQmay inherently possess greater viability as
reconstructive tools in paleoenvironmental investigatidasrther study is needed to better
constrain the temporal range of TMPBQ, and DMPBQ, which may also aid efforts to understand

the corresponding biological and/or environmental significance.
2.4.3 Paleoenvironmental implications of tocol derivatives spanQAE2

The Demerara Rise, although highly reducing prior to €AExhibited relatively dynamic
water chemistry and structure that caused a significant marine microbial ecological reorganization
during OAE2 (Connock et alin review; Chapterl). Enhanced rated microbial sulfate reduction

(MSR) led to a transition from anoxia to euxinia that frequently extended into the euphotic zone
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due to stratification of the water column caused by water mass density contrasts (Kuypers et al.,
2002; van Bentum et al., 2008ménezBerrocoso et al., 2010; Martin et al., 2012; Owens et al.,
2013; Raven et al., 2019; Connock etialreview, Chapterl). Consequently, the distinct changes

in tocol derivatives coincident with OAE at the Demerara Rise may be an artifact oleng

redox conditions and/or attendant biological responses to the shoaling euxinic waters.

Tocopherols are very labile compounds, prone to both rapid abiotic degradation (e.g.
autoxidation and photooxidation; Grams et al., 1972; Liebler et al., Fa®tiani et al., 2007;
Nassiry et al., 2009) and biodegradation (e.g. aerobic and anaerobic; Rontani et al., 2008; Rontani
et al., 2010) within the water column and sediments. Preservation of these compounds in ancient
sediments and rocks must reflect eittan absence of these degradative processes, which is
unlikely, or a more plausible scenario whereby extensive anoxia/euxinia and/or rapid settling rates
mitigated tocopherol breakdown. There is no indication of variable sedimentation rates within the
study interval at the Demerara Rise, with no major lithologic changes or unconformities reported.
Thus, the occurrence &fT anda-T in every sample is indicative of relatively persistent anoxia,
in agreement with the nearly ubiquitous deposition of laméhélack shales throughout the
CenomaniafTuronian interval (Erbacher et al., 2004).

Elevations inU-T anda-T concentrations, primarily confined to OAE may reflect the
enhanced preservation of biomass presumed to accompany photic zone euxinia (RZEh&lue
absence of aerobic and inhibition of anaerobic biodegradation by high levels of sulfide (Khan and
Trottier, 1978; McCartney and Oleszkiewicz, 1991). This is underscored by similar, albeit
relatively slight, increases in other tocol derivatives myriOAE2 (Figure 2-2). Relative
enrichments itd T ando-T were nearly exclusive to the OAE interval, which was also defined by

a ~400% and ~200% increase in the fractional abundarigd @indo-T (i.e. relative to all tocol

79



Chapter 2Significanceof tocol derivatives in the geosphere G. T.Connock 2021

derivatives) relative to prOAE strata (Figure2-3). Normalization of the tocopherols to both
known (JTQ) and potential (TMPBQMPBQ, UMTTC) degradation products substantiated
interpretations founded on concentration profiles. All tocol derivative ratibs/{TQ, U
T/TMPBQ, o-T/DMPBQ, UT/UMTTC) clearly delineated OAR as defined by carbon isotope
stratigraphy (Figur@-8; Erbacher et al., 2005). Givénat UTQ is an oxidation product d#T,
UT/UTQ valuesnayreflect the relative oxicity of the water column, lwitigher values indicative
of more reducing conditions. Strong correlations betwdd@iUJTQ and other tocol derivative
ratios (Figure2-6) evinces redox sensitivity, or some related process, as an underlying control on
tocol derivative distributions. This consistent with the association BiTQ, TMPBQ, and
[presumedly] DMPBQ, in tocopherol recycling (Figur2-3, as well as the potential derivation
of UMTTC from U-T. Therefore, we propose that timerepresence of tocopherols and specific
tocol derivdive ratios - T/TMPBQ, > T/DMPBQ,UT/UTQ, UT/UMTTC) may be viable redox
proxies, sensitive to both the development and expansion of anoxia/euxinia.

An empirical evaluationof tocol derivative ratios with weltonstrained biomarkers
sensitive to mari@ redox variations granted further insight into the potential mechanism(s)
modulating tocol derivative distributiowhen preserved in sediments and rocks. A previous
assessment aite 1258 on the Demerara Rise revealed the preservation of a diversekigiomar
inventory capturing undesonstrained pelagic redox dynamicity enveloping GAE onnock et
al.,in review, Chapterl). Of relevance for this discussion are the overly branched glycerol dialkyl
glycerol tetraethers (obGDGTSs) produced by unknown anaerobic bacteria within or below the
chemocline (Liu et al., 2014), diagnostic lipids of sulfate reducing bacteria asdogitteM SR
(dialkyl glycerol ethers, DAGES; Grossi et al., 2015), and the diaromatic carotenoid isorenieratane,

a characteristic fossil pigment of anoxygenic phototrophic sulfur bacteria indicative of PZE
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(Chlorobiaceae LiaaenJensen et al.,, 1964; Summoaisd Powell, 1987). Each biomarker is
associated with a distinct residence depth, with DAGEs, obGDGTSs, and isorenieratane reflective
of redox conditions spanning the benthic to epipelagic zones.

Cross plots between the tocol derivative ratios and the &@I&D DAGEs, and
isorenieratane revealed empirical relationships of varying strength (Rg))raVeak and loose
positive correlations between all ratios and obGDGTs immediately indicated tocol derivative
distributions may not solely be governed by maieexygenation. Slightly improved positive
correlations were observed between the tocol derivative ratios and isorenieratane, but substantial
deviation from the fitted linear regression line precluded a confident assessment of this
relationship. A strong mmitive relationship between DAGEs and all tocol derivative ratios
substantiated correlations with isorenieratane and revealed a potential connection between
enhanced tocopherol production/preservation and marine hydrogen suli)ec@thcentrations.

While enhanced preservation of organic matter via sulfurization is establisteedd et al., 2004

the rapid degradation &fT in the water column (e.g. Nassiry et al., 2009) suggests elevated rates
of MSR and HS-rich bottom waters likely have little directfluence onJ-T breakdown near the
surface. Instead, the presence ofSHn the euphotic zone (i.e. PZE) may inhibit potential
degradation processes and facilitate the improved retentldi of sediments. This implies tocol
derivative ratios respona ot only the development of anoxia, but are possibly more sensitive
proxies for the transition to euxinia, especially PZE. The PCA biplot corroborated an association
between the tocol derivative ratios and established biomarkers for anoxia (e.g. obGDGTSs,
brGDGTSs), euxinia (e.g. DAGES), stratification (e.g. extended archaeols, extARs; DeRosa et al.,
1983; Bale et al., 2019), and PZE (isorenieratane), which by extension, qualified the ratios as

excellent tools in differentiating OAE from ndDAE strata asighlighted in the HCA dendrogram
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(Figure2-4). However, it is important to evaluate an alternative explanation for the observed trends
that considers the role tocol derivatives may serve in the physiological stress response related to
PZE and the greateceanographic state during OAE

Previous work using molecular fossil stratigraphy discovered that©Dwas defined by
a major microbial ecological reorganization induced by pervasive, recurrent PZE. Primary
productivity markedly decreased due to fundatakalterations to essential nutrient cycling (e.g.
N; Higgins et al., 2012; Naafs et al., 20hd habitat constriction by the shoaling chemocline,
ultimately leading to nutrient shortages in the upper, oxygenated portion of the photic zone
(Connock etl., in review Chapter L As a result, oxygenic photosynthetic organisms were likely
subjected to higher light intensities, nutrient deficiencies, and other environmental stressors known
to trigger elevated tocopherol biosynthesis. Thus, the perceided sensitivity of tocopherol
preservation at the Demerara Rise may be compounded by additional, coincident modulatory
processes acting on tocopherol production during QAE

The development of inhospitable conditions in, minimally, the lower euphote |daaty
forced an upward migration of obligate aerobes, increasing light exposure and intensity. It is likely
production of ROS increased due to the presence of excess excitation energy in the thylakoids
caused by light stress, necessitating compensateshanisms, such as an increas€Hh, to
mitigate oxidative damage (Kriegerszkay and Trebst, 2006; Gruszka et al., 2008; Qin et al.,
2009), improve photoprotection (Fryer, 1993; Havaux et al., 2005), and aid the physical
stabilization of thylakoid mebranes (Hincha, 2008). Increases in tocol derivative concentrations
during OAE2 (Figure2-2) may reflect a phytoplanktonic response to photooxidative stress, which
may also be elicited from heightened exposure teBJKadiation (DeLong and Steffen, 1997)

inherent to the inferred shallower residence depth. A decrease in primary productivity, inferred
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from relatively low tetrapyrrole concentrations throughout @GA& Demerara Rise (Connock et
al.,in review, Chapterl), substantiates the presence of enhdg@alative stress throughout OAE

2. It is possiblaghat high chlorophyll turnover and breakdown produced excess free phytol that
may be recycled and used in tocopherol biosynthesis (Ischebeck et al., 2006), leading to the rise in
tocol derivative concerdtions observed. Although speculative, it is worth reconciling the
behavior of UT/UTQ with the established roles of both compounds in ROS scavenging
(Kobayashi and DellaPenna, 2008ene Saffranéand DellaPenna, 2010; Eugeni Piller et al.,
2014). Elevate production of ROS associated with exposure to high light intensities would lead
to greater consumption tkT via chemical scavenging, producibgl Q, and physical quenching,
which destroys the} T molecule. The precipitous rise and falldii/UTQ values leading into the

early stages of OAR (426.43425.74 mcd, Figurg-8) may record the physiological response of
phytoplankton to progressive deoxygenation and the advent of established PZE atrB&ise.

An attempt to adapt to the evolving oceanographic conditions is reflected by the initialWise in
T/UTQ values, but a lack of stress tolerance to the sustained environmental changes by the
preexisting phytoplanktonic community is illustrateg & rapid decline indT/UTQ values
(Figure 2-8). This is consistent with observed behaviorT in plants when a stressor is
encountered. Initial exposure to stress is marked by incréi$eoroduction, followed byd-T

loss as stresimtolerant speciefail to remediate oxidative damage to critical cellular components,
leading to cell senescence if other protective agents (i.e. carotenoids) are unable to fulfill similar
roles adJ T (Munné-Bosch, 2005). Therefore, the subsequent return and maintesfaetatively
elevatedJ T/UTQ values observed for the remainder of the OAE suggests an ecological shift to
stresstolerant phytoplankton capable of synthesizing and maintaining sufficiéft

concentrations to guard against increased oxidative damaleratary culture experiments on
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phytoplankton (e.g. cyanobacteria, diatoms, green algae, dinoflageliie®nstrated stress
tolerance andJ-T contents do vary between strains (Haubner et al., 2014), substantiating
interpretation of a phytoplanktonic coogitional shift during OAE2 based on tocol derivatives.
While increased photon flux density led to increalSéld biosynthesis in some strains, elevated
salinities were also found to lead to highEF concentrations in culture experiments (Haubner et
al., 2014). As a result, it is important to consider other forms of abiotic stress that could trigger
enhanced production of ROS that stimulatgd biosynthesis, such as elevated salinities
(Sk g o d cetvad. k2809; Haubner et al.,, 2014; Jin and Daniell, PGt limited nitrate
concentrations (Mudimu et al., 2017), which were likely present during-© A&uypers et al.,
2004; Kashiyama et al., 2008iménez Berrocoso et al., 2010; Martin et al., 2012). Previous
investigations of OAR2 also revealed a photophic ecological shift favoring cyanobacteria in
nutrient Ndepleted waters (Kuypers et al., 2004; Kashiyama et al., 2008; Junium et al., 2015;
Owens et al., 2016; Connock et ah,review, Chapterl), although this is not unequivocally
confirmed and alternative, valid models exist (e.g. Higgins et al., 2012). If true though, this
ecological reorganization may have favored phytoplankton capable of heigbt&nadduction,
explaining trends in todalerivatives spanning OAE.

In summary, it is challenging to disentangle potential controls on tocol derivative
distributions. Major climatic and oceanographic changes (e.g. PZE) concurrent witB (ik&ky
imparted significant environmental stress gmtionary producers, selecting organisms capable of
prolific U-T synthesis to cope with elevated concentrations of ROS. It is also prdbabilee
same changes (i.e. PZE) facilitated the enhanced preservation of tocol derivatives by minimizing
potential @gradative processes. Both the elevated tocol derivative concentrations, and pronounced

increases iJT ando-T relative to other tocol derivatives, may be explained by both scenarios
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(Figure 210). However, the preservation of tocol derivatidepend®n redoxstateand for most
studies the presence of extensive anoxia and/or euxinia will be the primary paleoenvironmental
information gleaned from their occurrence. Persistently reducing intervals, like the Cenemanian
Turonian at Demerara Rise, may exhdidequate biomarker preservation to extract vertical redox
fluctuations in the water column and/or a potential phytoplanktonic stress response from the tocol
derivative signal as proposed here, but only in conjunction with other biomarkers and additional
geochemical context. Thus, the occurrence of tocopherols and tocopherol quinones in the
geosphere is diagnostic for highly reducing conditions, likely extending well above th& &I
tocopherols may reflect the phytoplanktonic stress response to intRR@&ein intervals defined

by sustained anoxia (e.g. laminated black sh&legire 210). It is clearthattocopherols do not
simply track the photosynthetic biomass flux to the sediments as presumed by initial studies,
especially given the lack of any reelation with fossil chlorophylls (i.e. free base
chlorins/porphyrins, metalloporphyrins) in this study (Figuwd). Further delineation of
formation pathways for potential tocopherol derivatives (TMPBQ, DMPB®|TTC) may

permit inference of the phytaotktonic stress response in older deposits and different depositional

settings.
2.4.4 Reexamination of MTTCs in the geologic record

Covariation betweer}MTTC and other tocol derivatives (Figu7) in this study
suggests MTTCs are either diagenetic potslwof tocopherols or biosynthesized in response to
similar stimuli promoting tocopherol synthesis. This finding necessitates a critical reevaluation of
MTTCs occurrence in sediments and rocks, especially given this is one of a few reported
cooccurrencesfdMTTCs and tocopherols in the geologic record (e.g. Barakat andd®ahk

1997). Conventional paleoenvironmental interpretations founded on MTTCs will be briefly
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reviewed, followed by a discussion on how these may be reassessed and aligned withie¢de upda
framework on MTTCs origin presented here.

Initial work noted the association of specific MTTCs with hypersaline facies or biomarkers
previously linked to hypersaline environments, resulting in theoftloyed MTTC ratio (-
MTTC/total MTTCs; Sinninghe Damset al., 1987; Sinninghe Dangst al., 1993). Lower values
are conventionally interpreted to reflect higher paleosalinity: 3 TC is a common constituent
of sedi ments deposited und e rtwiththevarmalaeapplicatan i ni t i
of MTTCs and the MTTC ratio in paleoenvironmental investigations, later work attributed relative
increases i-MTTC to rising paleosalinities as well (Schwark andtfann, 1990; Bechtel and
Pittmann, 1997). Despite earhaution on ubiquitous application of MTTCs and the MTTC ratio
as a reliable paleosalinity proxy (Barakat and Rattle, 1997), these compounds have gained
increasing popularity in paleoenvironmental studies. Additional ratios of MTTCs (Wang et al.,
2011),cross plots with other biomarker parameters (Schwark et al., 1998; Bechtel et al., 2007;
Tulipani et al., 2015), and ternary diagrams (Jiang et al., 2019) have been developed in a wide
range of depositional settings, but all lack a clear conceptual badisrpinning MTTC
distributions and are weakly linked to paleosalinity.

There is no documented physiological response to elevated salinity that would favor
reduced methylation on the chroman ring; MTTCs and the MTTC ratio are purely qualitative,
empirically based proxies somewhat correlative to lithologies or geochemical proxies associated
with heightened salinities. Hele;MTTC exhibited relatively indistinct depth trends compared to
UT, UTQ, and TMPBQ (Figur®-2), interpreted to represent a commorgri Regardless of
how UMTTC is produced (biologically or diagenetically), a clear relationghigtsbetween’-

MTTC and UT, as well as other tocol derivatives (Figu€). By extensionMTTC (and
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MTTCs in general) may record comparable paleoenviromahénformation as}T as previously
discussed. The apparent link between MTTCs and elevated salinities may be founded on the
coincident development of photic zone anoxia/euxinia aided by the formation of a pycnocline.
Introduction of attendant, abiotidressors may prompt accelerated antioxidant biosynthesis
leading to elevation of endogenous MTTCs (if biological) and tocopherols, which may ultimately
degrade to MTTCs and yield high MTTC concentrations in sediments. Alternatively, these same
conditions vill minimize tocopherol degradation in the water column, leading to elevated MTTC
concentrations in the sediments if formed diagenetically. It is an unlikely coincidence that reports
of MTTCs also document the presence of PZE, irrespective of deposgimriedbnment or time
interval (e.g. Schwark andi®mann, 1990; Bechtel andiffmann, 1997; Schkark et al., 1998;
Bechtel et al., 2007; van Breugel et al., 2007; Tulipdral., 2015; Jiang et al., 2018). All sites
screened for tocol derivatives in this study also possessed deteciabl@@atic carotenoids,
excluding site 1483 which did possed$MTTC, corroborating published results FMTTC
cooccurrence with PZE. $tead of a proxy for paleosalinity, MTTCs may be better indicators for
phytoplankton community health and response to environmental stressors, such as hypersalinity,
over time. Elevated salinities may induce increased tocopherol biosyntBdsi§ © d @tals k a
2009; Haubner et al., 2014; Jin and Daniell, 2014), which will potentially lead to relatively high
MTTC concentrations, although it is difficult to reconcile the MTTC ratio with salinity variations.
Few studies examine the effectiveness of individoeaopherol variants{ o, U) in
preventing oxidative damage, and those that do are hardly representative of marine phytoplankton.
However, some evidence suggdsithi-T ando-T exhibit greater antioxidant potential thekT
in rapeseed oil, tobaccogpits, and as lard preservatives (Wagner et al., 2004; Voll and Abbasi,

2007; King et al., 2011), which may explain the low MTTC ratios (if derived from tocopherols)
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tied to hypersaline settings. Even in the absence of hypersalinity, sufficient oxidedsse reby
be present to produce low MTTC ratios, though this does contradict the coriddnisuhe most
effective antioxidant among tocopherol variants (Hussain et al., 2013). Inclusion of tocol
derivative methylation ratiosU{T/o-T and TMPBQ/DMPBQ) inthe PCA revealed slight
covariation betweet} T/2-T and previously discussed tocol derivative ratios, in contrast (i.e.
inverse) to the tentative relationship between MTTCs and paleosalimt@ker words, if lower
MTTC ratios (:MTTC/total MTTCs) are tied to higher paleosalinities and/or elevated oxidative
stress, and MTTCs are [potential] tocopherol derivatives, then other methylation ratios of potential
precursors and associated derivatives [@Xfo-T and TMPBQ/DMPBQ) shouldehave similarly
to the MTTC ratio, which was not observddterestingly, TMPBQ/DMPBQ values varied
independently from all other biomarker proxies and did drive separation between@w&pend
postOAE 95% confidence ellipses in the biplot, but héitelieffect in OAE sample delineation
(Figure2-4). While no significant or systematic stratigraphic changes in the ratiog fET or
TMPBQ/DMPBQ were observed over the study interval (Fig@d)Sthis does not preclude the
utility of tocol derivativeisoforms to elucidate paleoenvironmental trends in other settings. Thus,
the occurrence and distribution of MTTCs is more likely sensitive to the presence of environmental
conditions that induce a phytoplanktonic stress response, which include but direitedt to
hypersalinity. This finding does not impede the continued application of MTTCs in
paleoenvironmental study, but rather refines the current understanding and may facilitate the
application of MTTCs in a broader sense while improving integratitim other biomarker and
geochemical proxies.

Regardless dhe origin(s) oMTTCs, a clear association between MTTCs and tocopherols

existsand aligns with previous reports of MTTCs in deep time. Derivation from tocopherols
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explains the wide temporal occurrence of MTTCs given the critical role tocopherols serve in all
photosynthetic organisms, while the association between MTTCs and stréuyfpersaline water
columns may be a byproduct of improved tocopherol preservation in those settings. Further work
is required to establish potential tocopherol degradation routes terminating in MTTCs formation,
and additional screening of extant lifecr#tical to support a biological origin of these compounds.
Continued application of MTTCs in paleoenvironmental studies must consider alternative
interpretations and leverage a myltoxy or at the least, mubiomarker, approach to assess the

significance of MTTCs stratigraphic occurrence and distribution.

2.4.5 Implications

Pervasive, enhanced organic carbon burial was a hallmark feature e? @vaproduced
distinct global imprint in the organic and inorganic carbon isotopic record referrethi® 6SIE
(Scholleand Arthur, 1980; Owens et al., 2018). Recent study suggested organic carbon burial
drivers (productivity, preservation, and sedimentation rate, where relevant) operated along a
continuum before, during, and after O&% exhibiting a temgral dependence on the local
regional oceanographic state. At the Demerara Rise, elevated primary productivity prior-to OAE
2 primarily drove organic carbon sequestration, while during the OAE evolving water column
conditions adversely affected primary guztion yet simultaneously enhanced biomass
preservation (Connock et ah,review, Chapterl). This aligned well with the relatively invariant
carbonatecorrected TOC values spanning the studied interval (Owens et al,. 2016). However, the
observed enrianent in tocopherols and other tocol derivatives exclusive to-QAtay elucidate
additional mechanisms facilitating the enhanced preservation of organic carbon.

Although a causality dilemma, the following proposed scenario is grounded in conceptual

eviderce and supported by established interpretations of-@AEoday, tocopherols are used as
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natural food preservatives given the innate antioxidant potential these molecules possess
(Seppanen et al., 2010), and may have acted in a similar capacity by mghibxidative
degradation of precipitating organic matter during GAHElevated tocopherol concentrations
likely enhanced organic carbon preservation accordingly, but tocopherol production could have
been triggered by vertical advection of sulfidic waiges PZE), which will also reduce avenues

for organic carbon degradatigrigure 210). Regardless of the sequence of events, there is no
way to discount the role tocopherols likely served in augmenting depositional systems primed for
rampant organic cadm burial during OAE2, demonstrated by the strong positive correlation
between tocopherol§XT, o-T) normalized to associated degradation produt®g, TMPBQ,U-

MTTC, and DMPBQ) and organic carbon isotopic compositions (Figtlrg). Therefore, it is
probablethatwidespread marine deoxygenation and the regional development of PZE, paired with
other environmental changes, created ideal conditions for organicndaubal, simultaneously
increasing tocopherol biosynthesis that only amplified organic carbon retention during e

perpetuated the +CIE.
2.5 Conclusions

The paleoenvironmental potential of tocopherols and associated derivegivans
untapped, wh this study elucidatingiumerousapplications of these overlooked compounds
detected in multipleenvironments spanning ~400yMTwo explanations for tocol derivative
distributions spanning a major OAE were proposEte presence of tocopherols in geatog
sampless a strong indicatiothat highly reducing conditions were present at deposition, and likely
extended well above the SWI. In certain scenatm®inatedoy pervasive and sustained anoxia
(i.e. Demerara Risestratigraphic variations in absolute and relative tocopherol abundances may

capture temporal variations in primary producer health and exposure to external sthetssxrs.
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tocopherols hold the greatest proméseindicators for shallow water anoxia the immediate

future due to an unequivocal source and established formation and degradation pathways.
However, improved characterization of potential degradation products, such as MPBQs and
MTTCs, will empower application of tocopherols in deep time recoabns across a variety of
depositional settingsAdditional screening of extant life may confiriMPBQ as a biomarker
exclusive to cyanobacteria or a ubiquitous product in photosyntbegamisms which may
support the currently uncharacterized diagienerigin from tocopherol precursors. Continued
application of the increasingly popular MTTCs is urged to consider the potential derivation from
tocopherols based on strong empirical evidence presented here, which may alter the
paleoenvironmental signifamce extracted from these enigmatic compou@istrary tothe
conclusions byprior studes, the findings presented here indicate tt@topherols hold great
promise in future paleoenvironmental investigations, especially if more stable derivatives can be

elucidated.
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Figure 2-1. LC-qTOF-MS analysis and results of a Demerara Rise sample and cyanobacterial culture TLE kindly provided by
Dr. Roger Summonsof the Massachusetts Institute of TechnologyA) Summed extracted ion chromatograms (EICs) of tocol
derivatives in (A) a DemeraRise sample and (B)®ynechococcus sp. PCC 7aiture TLE, with (C)MS? mass spectra displaying
characteristic fragmentation apttonated molecular masses@tol derivatives.
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Figure 2-2. Depth profiles of tocolderivatives across OAE2. The gray shaderkegionrepresents the OAE interval as defined by
the +CIE atsite 1258 (Erbacher et al., 2005).
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