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University of Washington

Abstract

Biogeochemistry of the Triassic–Jurassic Boundary

Kenneth Hart Williford

Chair of the Supervisory Committee:

Professor Peter D. Ward

Department of Biology, Department of Earth and Space Sciences

New lithologic, biostratigraphic, and stable organic carbon isotope data are presented

from three Triassic-Jurassic (Tr–J) boundary sections in New Zealand and the Tr–

J section at Kennecott Point, Queen Charlotte Islands (QCI), British Columbia,

Canada. New stable stable organic and pyrite sulfur isotope and lipid biomarker

data are presented from the QCI section.

The stable carbon isotope data from New Zealand are ambiguous, likely due to

low organic matter content and variability in source, and these data alone do not

significantly improve correlations with other Tr–J sections around the world. A rare

Late Hettangian ammonite (Eolytoceras tasekoi) (Stevens, 2004) was discovered at the

Marokopa Beach section, near the Tr–J boundary as defined by MacFarlan (1998),

supporting the conclusion that the Otapirian-Aratauran stage boundary is above the

Tr–J boundary as recognized internationally.

An extended record of δ13Corg from the QCI section shows a long term trend of

isotopic lightening attributed to an increase in atmospheric CO2 due to volcanism

associated with the opening of the Atlantic Ocean, including the Central Atlantic

Magmatic Province. This trend is interrupted by a negative excursion of 2h (Ward





et al., 2001, 2004) and a newly discovered 5h positive excursion. A record of sta-

ble organic and pyrite sulfur isotopes (δ34Sorg+pyrite) from this section shows a large

positive excursion coincident with the excursion in carbon. δ34Sorg+pyrite values shift

from -30h to 20h over 3 m of section, suggesting that isotopic fractionation associ-

ated with bacterial sulfate reduction (BSR) was reduced or eliminated due to a rapid

drawdown of seawater sulfate, perhaps via increased BSR or increased evaporite flux.

A record of lipid biomarkers from the QCI section shows that organic material is

of low to moderate thermal maturity and highly biodegraded. Abundant C29 steranes

are indicative of a significant terrigenous component. Samples from strata containing

the positive excursion in δ13Corg and δ34Sorg+pyrite are much less biodegraded and

contain few hopanes and steranes but abundant n-alkanes with a clear odd over even

predominance. There is a spike in hopane abundance just before the Tr–J boundary,

coincident with the negative excursion in δ13Corg and a major radiolarian extinction

(Carter and Hori, 2005). This could represent a decline in net primary production

as bacterial heterotrophy outstripped primary productivity in the wake of the Tr–J

event, contributing to the negative excursion in δ13Corg.

These findings demonstrate that the Tr–J mass extinction was accompanied by

perturbations in carbon and sulfur cycling, and a microbial response to boundary

events is also evident. Processes associated with the early rifting of the Pangean

supercontinent, including sea level change, evaporite deposition and Central Atlantic

Magmatic Province volcanism, are the most likely primary causes for the global bio-

geochemical perturbations, and volcanically induced warming remains the most likely

cause for the Tr–J extinctions.
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Chapter 1

INTRODUCTION

1.1 Motivation

The Triassic Period, from 251.0 ± 0.4 (Gradstein et al., 2004; Bowring et al., 1998) to

199.6 ± 0.3 (Gradstein et al., 2004; Pálfy et al., 2000) million years ago, is bounded by

major mass extinctions (Raup and Sepkoski, 1982). The Permian–Triassic extinction

was the most catastrophic of the Phanerozoic mass extinctions, eliminating over 90%

of marine species and 70% of terrestrial vertebrate families (Erwin, 1994). Species

level biodiversity was reduced by three quarters during the Late Triassic (Jablonski,

1991), but the Tr–J mass extinction has received relatively little attention. Fig. 1.1

shows the results of five searches of the GeoRef database for which the term “mass

extinction*” was combined with each of the following: “ordovician,” “devonian,”

“permian AND triassic,” “triassic AND jurassic,” and “cretaceous AND tertiary.”

The number of peer-reviewed journal articles returned for each search is shown, and

the results suggest that the Tr–J mass extinction is the least studied of the “big five.”

This study of mass extinctions has focused on the biostratigraphic record of the

readily collectible and identifiable fossils of marine invertebrate animals with mineral

skeletons (e.g. Raup and Sepkoski, 1982), as these organisms are common enough to

make paleoecological studies feasible, and far more likely than other groups to be

rapidly buried and thus preserved as fossils (Clarkson, 1996). Marine invertebrates

do not tell the full story, however. Advances in micropaleontology and stable isotope
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Figure 1.1: Publication frequency on the “big five” mass extinctions. Number of peer-
reviewed journal articles returned from five searches of the GeoRef database using the
terms “mass extinction*” (in every search) AND “ordovician,” “devonian,” “permian
AND triassic,” “triassic AND jurassic,” and “cretaceous AND tertiary” (in individual
searches) are shown.

geochemistry increased the resolution with which mass extinction intervals could be

examined and began to address questions about the relationship of biogeochemical

cycling to mass extinction (e.g. Romein and J., 1981; D’Hondt et al., 1998). More

recently, it has become possible to further increase the resolution by using records of

molecular fossils, or biomarkers, to focus the lens of inquiry on microbial communi-

ties (e.g. Grice et al., 2005; Xie et al., 2005). Bacteria and archaea are the dominant

organisms on Earth in terms of numbers, biomass, and genetic diversity (Whitman

et al., 1998), and together with the unicellular eukarya (e.g. Lovelock et al., 1972),

these organisms provide the primary controls on the global biogeochemical cycles of

the planet (Pace, 1997). The record of microbial communities in ancient Earth envi-
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ronments is thus a powerful window into the most fundamental connections between

the living and nonliving Earth during times of great environmental change.

Understanding the response and relationship of planetary ecosystems to extreme

environmental change is vital to Astrobiology: the study of the origin, distribution and

future of life in the Universe. The first life on Earth was microbial, Earth life remained

microbial for most of its history, and most existing life on this planet is microbial

(Pace, 1997). Compared to multicellular organisms, the vastly expanded range of

environmental tolerance and metabolic diversity known for microbes on Earth (e.g.

Alpert, 2006) makes it likely that most past, present and future life in the Universe

was, is and will be microbial. Indeed, the statistically improbable set of planetary,

orbital, and even galactic circumstances necessary to support complex, multicellular

life on Earth implies that such life is rare in the Universe (Ward and Brownlee, 2000).

For these reasons, the study of microbial life on Earth will be a primary driver in

the search for evidence of life elsewhere in the Universe. Some of our best tools for

finding evidence of life on other planets will be those that we use to reveal the nature

and history of life in deep time on our own planet.

The study of mass extinctions has important implications for the welfare of the

human species because we depend on stable ecosystems to produce food, provide

renewable resources and assimilate waste. Human communities over the last several

thousand (and especially the last 200) years have wrought environmental change with

a magnitude and pace rarely seen in the last several million years (e.g. Houghton et al.,

2001; Crutzen, 2003). Human hunting, agriculture and industry have changed the face

of the planet to such a degree that some have considered erecting a new epoch in the

history of the planet called the Anthropocene (Crutzen, 2005). In fact, we may be

in the midst of what some have called “the sixth extinction” (e.g. Leakey and Lewin,

1996), beginning with the eradication of mammalian megafaunas in the Pleistocene
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(Martin and Wright, 1967). The implications of such a scenario for human communi-

ties in the near and distant future are uncertain, but inasmuch as they provide insight

into the behavior of planetary systems in perturbation, the biogeochemical records of

the past are among the most powerful predictive tools we have at our disposal.

1.2 Driving questions

1. What were the magnitude and duration of perturbations to the global carbon

cycle across the Triassic–Jurassic (Tr–J) boundary as revealed by stable iso-

topes, and when did they occur in relation to biotic changes?

This question was the fundamental driver for this research effort. As is so

often the case, results obtained in search of answers raised further questions

and suggested new methods of inquiry. Some of the questions that arose along

the way, and which inspired the final two chapters of this work, are listed below:

2. What were the magnitude and duration of perturbations to the global sulfur

cycle across the Tr–J boundary, and when did they occur in relation to biotic

changes?

3. Are the latest Triassic negative excursion and/or the earliest Jurassic positive

excursion in bulk δ13Corg related to a change in microbial ecology?

4. Is the earliest Jurassic positive excursion in bulk δ13Corg related to changes in

the relative input of terrestrial and marine organic matter to marine sediments?

There has been little to no work published to date that addresses these final three

questions for the Tr–J boundary. The rest of this introductory chapter is focused on

previous work that has sought to address similar questions for other intervals of Earth

history.
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1.3 Mass extinctions

Molecular fossils of indisputably biological origin occuring in Western Australian

shales extend the record of microbial life on Earth to at least 2.7 Ga (Brocks et al.,

1999). There is other, less certain evidence for microbial life on Earth that extends

the record far further. The c. 3.5 Ga stromatolites of the Warrawoona Group in West-

ern Australia are the oldest putative fossils on the planet (Schopf, 2006), but their

biogenicity is disputed (Brasier et al., 2006). Carbon isotope ratios in graphite from

the Isua supracrustal belt in West Greenland offer possible evidence for life in the

oldest sedimentary rocks on Earth (Mojzsis et al., 1996), though this interpretation

is controversial and uncertain (Fedo et al., 2006).

While the Phanerozoic Eon represents only about twelve percent of Earth history,

it is only this most recent interval that contains the rich and accessible record of

fossilized multicellular organisms such as animals and plants. Of these multicellular

organisms, the most likely to fossilize are marine animals that build mineral skeletons,

as organisms without hard parts, especially those above sea level, are more likely to

disintegrate and decay prior to burial and preservation (Clarkson, 1996).

The initial recognition of a stratigraphic order to sedimentary rocks on Earth

was dependent upon the macrofossil record of origination and extinction of species

(Smith, 1816, 1835). The establishment of a geologic timescale was made possible by

the recognition that patterns of origination and extinction can be reliably documented

across the globe (Lyell, 1830). These principles were first formalized by English ge-

ologist William Smith (1769–1839), and it was his nephew John Phillips (1800–1874)

who divided the Phanerozoic Eon into its three Eras based upon what early geolo-

gist had recognized as the two intervals of greatest fossil turnover (Phillips, 1840a,b,

1841), now known as the Permian–Triassic and Cretaceous–Tertiary boundaries. Not

until 120 years later did the term “mass extinction” began to enter common pale-
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ontological parlance (e.g. Nicol, 1961; Newell, 1962) as a way to describe these and

other outstanding intervals of change in the fossil record.

Raup and Sepkoski (1982) used Sepkoski’s database of Phanerozoic marine in-

vertebrate diversity to investigate extinction rates for each of 76 Phanerozoic stages,

finding that “background” extinction rates clustered around a generally decreasing

linear trend at less than 8 families extinct per million years. “Mass” extinction rates

exceeded this measure, ranging from 10 families per million years at the end of

the Frasnian (Late Devonian) to 19.3 families per million years at the end of the

Ashgillian (Late Ordovician). Four stages exceeded the 99% confidence interval for

a linear regression performed on all 76 stages, and were identified as highly signif-

icant: Ashgillian (end-Ordovician), Guadalupian and Dzulfian (Late Permian), and

Maestrichtian (end-Cretaceous). The extinction rate for the Norian stage (Late Trias-

sic) was significant at the 95% confidence level. The Givetian, Frasnian, and Femma-

nian stages (Late Devonian) all had extinction rates that exceeded background values,

but were not statistically significant at the 95% confidence level; the authors suggested

that the Late Devonian may represent a protracted mass extinction event. Raup and

Sepkoski (1982) thus identified five mass extinctions in the marine fossil record: end-

Ordovician, Late Devonian, end-Permian, Late Triassic, and end-Cretaceous. These

intervals became known as the “big five” mass extinctions, and an entire subdisci-

pline of paleontology was set into motion to study the dynamics of mass extinction

(Bambach, 2006).

Jablonski (1991) computed extinction intensities at the genus and species level for

the marine fossil record of the Phanerozoic and found that seven events resulted in over

50% species loss: the “big five” events, as well as the Cenomanian (Middle Cretaceous)

and the Pliensbachian (Early Jurassic). Using updated genus diversity data and a

statistical approach sensitive to time, origination rate, and extinction rate, Bambach
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et al. (2004) undertook a critical analysis of the mass extinction concept from first

principles, finding that only the end-Ordovician, end-Permian, and end-Cretaceous

events stood apart as being driven primarily by elevated extinction rates, and labelling

other events historically considered mass extinctions as “mass depletions.”

The aim of this work is to explore the interaction of living and nonliving systems

during an interval of profound global change, not to weigh in on the debate about

which events should and should not be considered “mass extinctions.” As such, a

liberal interpretation of the term is applied. For the purposes of this study a mass

extinction is defined as an interval of time of a few million years or less during which

apparent global biodiversity at the species level is reduced by more than half. Each

of the “big five” events meets these criteria, and the causes and consequences of these

events are briefly discussed below.

1.3.1 The Late Ordovician

The Late Ordovician event was the first major mass extinction of the Phanerozoic

Eon (Raup and Sepkoski, 1982). These extinctions eliminated 85% of marine species

(Jablonski, 1991), but seems to have had little macroecological consequence, as pos-

textinction faunas were highly similar to preextinction faunas (Bottjer et al., 2001).

The event occurred in two pulses (Sheehan, 2001), corresponding to the beginning and

the end of glaciation in the final stage of the Ordovician, the Hirnantian, dated from

445.6 ± 1.5 to 443.7 ± 1.5 Ma (Gradstein et al., 2004). Given that the Ordovician is

thought to have been a time of high atmospheric CO2 (7 to 17 × present atmospheric

level) (Berner, 2006), glaciation during this period seems paradoxical. Brenchley et al.

(1994) demonstrate that the glaciation was shortlived (< 0.5 million years), and they

offer support for the energy balance model-based interpretation advanced by Crow-

ley and Baum (1991) that glaciation was made possible by the poleward migration
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of Gondwanaland at this time. Brenchley et al. (1994) also report oxygen isotopic

evidence for 10◦C global cooling and offer a mechanism involving changes to oceanic

circulation leading to upwelling, a productivity spike, and temporary drawdown of

atmopheric CO2.

1.3.2 The Late Devonian

There are multiple extinction events over the course of the Devonian, but the largest

occured at Frasnian–Famennian boundary (McGhee, 1996), dated at 374.5 ± 2.6 Ma

(Gradstein et al., 2004). This extinction is also known as the “Kellwasser Event,”

after the so called “Kellwasser horizons,” two Late Frasnian units of dark, organic rich

rock that occur across Europe and the Americas (Buggisch, 1991). Joachimski and

Buggisch (1993) report positive excursions in stable carbon isotopes correlating with

the Kellwasser horizons, which they interpret as evidence for an increase in organic

carbon burial due to global transgression and anoxia, and they favor the climatic

change that resulted as the primary extinction mechanism. Pujol et al. (2006) offer

support for this scenario based upon their analyses of metals, P2O5 and Ba, and Corg

in several European F–F sections, suggesting that volcanically driven eustatic sea

level change along with eutrophication and toxicity due to high nutrient and metal

inputs during Kellwasser events were responsible for the extinctions. Interestingly,

George and Chow (2002) find no evidence of anoxia associated with F–F extinctions

in the Canning Basin of Western Australia, where stromatoporoid reefs give way to

microbial, stromatolitic bioherms; instead the authors implicate tectonically driven

sea level fluctuations and an increased input of siliclastic debris. Another extinction

mechanism that has been proposed is eutrophication of the oceans due to the rise of

rooted land plants and the increased erosional export of nutrients from the continents

(Algeo et al., 1995). An estimated 82% of marine species were eliminated in the Late
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Devonian (Jablonski, 1991).

1.3.3 The Permian–Triassic boundary

The largest mass extinction of the Phanerozoic occurred at the boundary between the

Permian and Triassic (P–T) periods and eliminated over 90% of Earth’s species (Ben-

ton and Twitchett, 2003). The most commonly cited date for the boundary is 251.0

± 0.4 Ma, based on U/Pb zircon geochronology combined with bio- and chemostrati-

graphic controls (Gradstein et al., 2004; Bowring et al., 1998). A more recent study

using the U/Pb system and taking into account the effects of postdepositional Pb loss

assigns an age of 252.6 ± 0.2 Ma (Mundil et al., 2004). Becker et al. (2004) summarize

evidence for bolide impact at the P–T boundary and suggest that the Bedout High, a

submarine structure off the coast of northwest Australia, is a remnant of the impact

crater. The evidence offered by Becker et al. (2004) is widely criticized (Farley and

Mukhopadhyay, 2001; Wignall et al., 2004; Renne et al., 2004), however, and the kind

of unambiguous, globally distributed evidence for impact that exists at the K–Pg

boundary has not been discovered at the P–T boundary (Twitchett, 2006).

The biostratigraphic and biogeochemical record across the P–T boundary suggests

instead that the extinction mechanism was “intrinsic,” or related solely to changes in

the Earth system (Ward et al., 2005; Huey and Ward, 2005). Historically, the P–T

extinction was thought to be the result of declining numbers of marine provinces due

to the final assemblage of the Pangaean supercontinent in the Permian (Valentine

and Moores, 1970), though this explanation alone cannot account for the magnitude

of the extinction (Erwin, 1993). There is widespread evidence for anoxia during the

P–T transition, with many marine sections changing from bioturbated to laminated

at the boundary, and this has been implicated in the extinction (Wignall and Hallam,

1992).
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Stable isotope evidence make it clear that there was an extended interval of carbon

cycle perturbation at the P–T boundary (Payne et al., 2004). An estimated 2 to 3

× 106 km3 of basalt were erupted in the Siberian Traps coincident with the P–T

boundary (Renne et al., 1995), releasing from 2000 to 13000 Gt CO2 (Berner, 2002).

Such a large increase in atmospheric CO2 would have been accompanied by an increase

in global temperatures. Kidder and Worsley (2004) find evidence for and discuss the

catastrophic implications of a 15◦C average rise in global temperatures across the

P–T transition based on earlier studies of Permian pollen (Taylor et al., 1992) and

Triassic paleosols (Retallack, 1999).

1.4 The Triassic–Jurassic boundary

Another of the big five mass extinctions, and the subject of the work presented here,

occurred roughly 200 million years ago at the Triassic–Jurassic boundary. The Tr–J

extinction was equivalent in magnitude to the K–T extinction, as over 70% of marine

invertebrate species were lost (Raup and Sepkoski, 1982). The Tr–J extinction has

received less attention than other mass extinctions primarily due to the relative lack

of exposed, continuous and accessible sections (Hallam and Wignall, 2000). One

recent study has suggested that the Tr–J event was a “mass depletion” rather than

a mass extinction, claiming that low levels of speciation were more important than

high levels of extinction during this event (Bambach et al., 2004). These data still

indicate, however, that the Tr–J boundary represents one of the five intervals of

greatest biodiversity loss in the Phanerozoic. The currently accepted date for the

Tr–J boundary is 199.6 ± 0.3 Ma, based on U/Pb from zircons in a volcanic ash

deposited 5 meters below the radiolarian extinction in the Queen Charlotte Islands

(Pálfy et al., 2000). The same work suggests that extinctions on land may have

preceded the marine extinctions. There are also major extinctions at the Norian–



11

Rhaetian boundary, the stage boundary immediately preceding the Tr–J boundary

(Rhaetian–Hettangian), and 41% of all meso- and macrobenthic genera crossing the

Norian–Rhaetian are extinct by the Hettangian (Kiessling et al., 2007). Recent studies

suggest that the Rhaetian and Hettangian stages each represent close to 2 million years

(Gallet et al., 2003; Mundil and Palfy, 2005), and it has been suggested that the Tr–J

mass extinction is actually a protracted event that encompasses the entire Rhaetian

(Hallam, 2002).

There is considerable debate about the effect of the Tr–J event on different groups

of organisms. Leaf fossil collections indicate that there was a 95% turnover in ter-

restrial megaflora across the Tr–J boundary (McElwain et al., 1999). The effect of

the Tr–J event on the terrestrial vertebrates is controversial; some studies suggest

that up to 11 families went extinct (Benton, 1993), though others find no evidence

of significant terrestrial tetrapod extinctions (Cuny, 1996). Marine reptiles suffered

minor extinctions (Benton, 1993), while fish were apparently unaffected (McCune and

Schaeffer, 1986).

The records of marine invertebrate extinctions and microfossils across the Tr–J

boundary are also uncertain. The Tr–J boundary has traditionally been defined on the

basis of ammonite turnover, and the interpretations of this turnover are varied. Some

claim that only one ammonite genus survived across the Tr–J boundary (Hallam,

1981), but there is evidence that the greatest ammonite extinctions took place at

the Norian-Rhaetian rather than the Tr–J boundary (Teichert, 1988). Bivalves suffer

a greater than 90% extinction from the Norian to the Hettangian (Hallam, 1981),

but this figure must be viewed in the context of a Norian stage that lasts several

million years. 17 families of brachiopods go extinct at the Tr–J boundary (Harper

et al., 1993). There is a comprehensive extinction among radiolaria at the Tr–J

boundary in the Queen Charlotte Islands and Inuyama, Japan (Carter and Hori,
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2005), but collections from other localities have led some to suggest that these may

have been local events (Kidder and Erwin, 2001). 3 of 17 families of foraminifera go

extinct at the Tr–J boundary (Hart and Williams, 1993). It was long thought that

the conodonts were completely extinct by the Hettangian, with the most extreme

extinction occurring at the Norian-Rhaetian boundary (Aldridge and Smith, 1993).

Recently, however, rare individuals have been reported from the earliest Hettangian

(e.g. Pálfy et al., 2007). The preliminary GC-MS results shown here (Fig. 5.1)

represent the only known record of changes in microbial ecology across the Tr–J

boundary.

Several extinction mechanisms have been proposed for the Tr–J (Tanner et al.,

2004), and it is likely that some or all of the proposed mechanisms had significant

effects on the late Triassic biosphere. Multiple Tr–J boundary sections show evidence

for marine regression followed by transgression across the boundary, and this sea level

change has been implicated in the extinctions (Newell, 1967; Barattolo and Romano,

2005). There is an isolated iridium anomaly near the Tr–J boundary in the Newark

Supergroup of eastern North America that has been interpreted as evidence for a

bolide impact (Olsen et al., 2002), but converging lines of globally distributed evidence

for impact are lacking. The 100 km diameter Manicouagan crater in northern Canada

has been dated at 214±1 Ma (Hodych and Dunning, 1992), and this impact may have

contributed to a degraded Rhaetian environment without acting as a catastrophic Tr–

J boundary kill mechanism.

The largest known flood basalt eruption in Earth history in terms of aerial ex-

tent, the Central Atlantic Magmatic Province (CAMP), was coincident with the Tr–J

boundary (Marzoli et al., 1999, 2004). Flood basalt eruptions appear to have played a

part in the P–T and K–T extinctions, and CAMP must have had a significant impact

on the Tr–J biosphere as well (White and Saunders, 2005). A study of stomatal in-



13

dices from fossil Ginkgo leaves across the Tr–J points to an atmospheric CO2 increase

of 600 to 2400 ppm, attributed to the increased volcanism (McElwain et al., 1999).

So far, excursions in bulk δ13C coincident with the Tr–J boundary have been

discovered from Tr–J boundary sections in British Columbia (Ward et al., 2001, 2004;

Williford et al., 2007) (Fig. 3.1), Hungary (Pálfy et al., 2001), England (Hesselbo

et al., 2002), Nevada (Guex et al., 2004; Ward et al., 2007), Italy (Galli et al., 2005),

and New Zealand (this study). The isotope records from British Columbia and Nevada

show an intriguing similarity (Williford et al., 2007) (Fig. 3.3), with a negative

excursion at the boundary followed by a positive excursion in the earliest Hettangian.

Pálfy et al. (2001) proposed that warming due to CAMP-driven atmospheric CO2

increase along with depressurization due to marine regression could have caused desta-

bilization of seafloor methane hydrates (clathrates), leading to runaway greenhouse

conditions, a scenario proposed by Dickens et al. (1995) to explain the -3h excursion

in δ13C during the Late Paleocene. Clathrate destabilization has become a common

explanation for negative excursions in δ13C, as the characteristic isotopic composition

of methane is so light (∼-65h) that the introduction of a relatively small quantity

can have a large effect on the isotopic composition of the atmosphere in comparison

to volcanogenic (-5h) or heterotropically respired (∼-28h) CO2 (e.g. Dickens et al.,

1995). This hypothesis has its weaknesses, however. Clathrates form on continen-

tal slopes under a limited range of temperatures and pressures that define the “Gas

Hydrate Stability Zone” (Milkov, 2004). At higher temperatures and lower sea level,

the Gas Hydrate Stability Zone is smaller (e.g. Milkov and Sassen, 2003). Due to

the existence of the supercontinent Pangea, continental slope length was significantly

less than it is under today’s distributed continental configuration (Golonka, 2007).

This would suggest that the global volume of the Gas Hydrate Stability Zone, and

by extension, the total methane hydrate reservoir, was smaller in the Triassic than
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in modern times. A recent study constrained by DSDP/ODP drilling data estimated

the modern gas hydrate reservoir at 500 to 2500 Gt methane (Milkov, 2004). Dickens

et al. (1995) finds that 1600 to 2000 Gt methane would be required to cause a -2h

excursion in δ13C. The discovery of an increase in isotopically depleted biomarkers for

methane oxidizing bacteria or archaea (e.g. pentamethylicosane) associated with the

negative excursions in bulk δ13C would provide supporting evidence for the clathrate

destabilization hypothesis.

The extended record of δ13Corg from Kennecott Point shown by Williford et al.

(2007) reveals a negative offset in bulk carbon isotope values during the boundary

interval as well as a statistically significant long-term negative trend in isotope values

during the Hettangian (Fig. 3.2). The authors attribute these features to the gradual

addition (over the course of 2 million years or more) of moderately light CO2 from

volcanism associated with the opening of the Atlantic basin, including CAMP.

1.4.1 The Cretaceous–Paleogene boundary

The most infamous mass extinction, known as the Cretaceous–Paleogene (K–Pg) (for-

merly as the Cretaceous–Tertiary), occurred 65.5 ±0.3 million years ago (Gradstein

et al., 2004; Sharpton et al., 1992; Swisher et al., 1992) and led to the elimination of

75% of marine species (Jablonski, 1991) and 100 continental families (Benton, 1995).

The story that has emerged over the last several decades to explain the K–Pg extinc-

tion implicates an asteroid or comet that impacted the Earth (Alvarez et al., 1980),

leaving behind the Chicxulub crater, ∼180 km in diameter (Hildebrand et al., 1991).

Dust and ash ejecta from this impact event likely filled the atmosphere and reduced

solar irradiance, leading to a precipitous decline in primary productivity (Alvarez

et al., 1980; Hsü and McKenzie, 1985). Abnormally low stomatal indices from fern

leaves deposited at the K–Pg boundary in Colorado suggest an increase in atmo-
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spheric CO2 from around 350 ppm to >2300 ppm (Beerling et al., 2002). Assuming

the increase was real, Beerling et al. (2002) attribute it to the generation of at least

6400 Gt CO2 as the boundary impactor struck carbonate rocks on the continental

shelf, and they find that such an event would have led to 10-12◦C of global warming.

An intruiging factor that unites the last three of the big five Phanerozoic mass

extinctions is that they occur in close temporal association with large flood basalt

provinces (White and Saunders, 2005). Flood basalts were emplaced in the Deccan

Traps of India during the K–Pg transition (Courtillot et al., 1986) and would have

contributed to the increase in atmospheric CO2, though Beerling et al. (2002) suggest

this input was greatly exceeded by that of the bolide impact.

Keller (2003, 2005) argues based upon her reading of the micropaleontological and

geochronological evidence that the Chicxulub crater predates the K–Pg boundary by

c. 300 kyr and is associated, along with episodes of intense Deccan volcanism, with

environmental stress but no major extinctions. This view is refuted by Arenillas et al.

(2006), who find that earliest Paleogene foraminiferal assemblages appear in direct

stratigraphic association with material that they interpret as Chicxulub impact ejecta.

This controversy raises an important question, however, about whether impacts and

their downstream effects alone are sufficient to cause mass extinctions, or whether

they can only act as one of a series of synergistic extinction mechanisms (e.g. Keller,

2003; Twitchett, 2006).

1.5 Stable isotopes and mass extinctions

The application of stable isotope geochemistry to intervals of mass extinction was part

of the increasing interest in these events in the wake of the Alvarez et al. (1980) impact

hypothesis (e.g. Keith, 1982; Margolis et al., 1985; Orth et al., 1986; McGhee et al.,

1986; Holser and Magaritz, 1987; Geldsetzer et al., 1987). Keith (1982) used stable
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isotopes to argue against the impact hypothesis, favoring a volcanically driven model

of high CO2, warming, ocean stagnation, bacterial expansion, and sulfide toxicity

due to chemocline upward excursion. The impact hypothesis for the K–Pg event

has since been strengthened by the discovery of independent geological evidence, but

the particulars of Keith’s volcanic model remain among the favored mechanisms to

explain the P–T and Tr–J events, and it may be that the K–Pg impact was simply

the coup de grâce in what was a primarily volcanic mass extinction.

Carbon isotope stratigraphy at geologic time boundaries became widespread in the

1990’s. Kump and Arthur (1999) provided an excellent model for the interpretation

of carbon isotope excursions, arguing that organic and inorganic carbon isotope data

are needed to constrain the various forcing factors on the isotopic compositions of

the ocean, atmosphere and biosphere, including the effects of elevated atmospheric

CO2 on the photosynthetic isotope effect. D’Hondt et al. (1998) used carbon isotope

ratios in benthic and planktonic foraminifera to show a decrease in the biological

pump as well as 3 million year recovery time associated with the K–Pg extinction.

Carbon isotopes from the P–T boundary in the Southern Alps were used to argue for a

complex, gradual event, spanning several million years (Magaritz et al., 1994). Payne

et al. (2004) documented large scale, repeated perturbations in the global carbon cycle

over 5 million years of the Early Triassic, suggesting that the delayed biologic recovery

from the P–T event may have been related to disturbances in global biogeochemical

cycling. The first reliable demonstrations of a negative carbon isotope anomaly at the

Tr–J boundary were documented in 2001 from the Queen Charlotte Islands (Ward

et al., 2001) and Hungary (Pálfy et al., 2001) and confirmed in other Tr–J sections of

the world over the next several years (Hesselbo et al., 2002; Guex et al., 2004; Galli

et al., 2005; Ward et al., 2007; Williford et al., 2007).

Perturbations in sulfur cycling have been identified for the Devonian (Geldsetzer
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et al., 1987), Permian (Kajiwara et al., 1994; Worden et al., 1997; Kaiho et al., 2001;

Maruoka et al., 2003; Newton et al., 2004; Korte et al., 2004; Grice et al., 2005; Kaiho

et al., 2006b,a), and Cretaceous (Kajiwara and Kaiho, 1992) extinction events. The

sulfur isotope excursions at the P–T boundary have recently been attributed to a

massive release of hydrogen sulfide into the surface oceans due to superanoxia, ex-

panded sulfate reduction in sediments, chemocline upward excursion, and photic zone

euxina (Kump et al., 2005; Grice et al., 2005; Kaiho et al., 2006b,a). Sulfide toxicity

and ozone depletion that would have resulted from this scenario is now considered to

be a potential secondary mechanism for the P–T extinction.

1.6 Biomarkers and mass extinctions

In recent years it has become possible to isolate organic compounds diagnostic of

particular organisms, including those that do not otherwise fossilize readily (such

as bacteria and archaea), from ancient sedimentary rocks. These “molecular fos-

sils, or biomarkers, can provide information about the environment of deposition

when the parent organism has strict environmental requirements (e.g. the presence

of compounds produced only by halophilic archaea suggest an environment with high

salinity)(Hayes, 2002).

Bulk δ13C records, whether from organic matter (δ13Corg) or carbonates (δ13Ccarb),

can be confounded by uncertainty in the source of the carbon. Excursions in the or-

ganic record can be driven by biological productivity or changes in atmosphere/ocean

chemistry as discussed above, but they can also be driven by changes in the ratio

of terrestrial to marine organic input, as marine and terrestrial organic matter tend

to fractionate carbon isotopes differently (Arthur et al., 1988). One way to confront

this problem is to analyze the isotopic composition of individual organic compounds

by coupling gas chromatography mass spectrometry (GC-MS) and isotope ratio mass
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spectrometry (IRMS), or “compound specific isotope analyses” (Hayes et al., 1989).

The isotopic composition of specific biomolecules can also provide information about

the metabolism of the parent organism. For example, highly depleted (δ13C < -40h)

3β-methylhopanes imply the presence of methanotrophic bacteria (Summons et al.,

1994).

1.6.1 Permian–Triassic biomarkers

In several P–T boundary sections around the world, diverse reef assemblages give way

to microbialites – a rock type characteristic of deposition in a biofilm setting (Baud

et al., 1997; Kershaw et al., 1999; Ezaki et al., 2003). This suggests that the near

complete reduction of marine invertebrate animal diversity after the extinction left

extensive areas open to colonization by microbes. Changes in the 2α-methylhopane

index (2-MHP) across a PTB section in Meishan, China suggest that invertebrate ex-

tinctions were preceded by a decrease in the proportion of cyanobacteria and followed

by an expansion in the cyanobacteria (Xie et al., 2005).

Another recent study shows evidence for photic zone euxina (PZE) coeval with

the PTB. Increasing δ34S values across the boundary indicate an increase in the

export of isotopically light biogenic sulfides to marine sediments, and the appearance

of abundant aryl-isoprenoids and the carotenoid pigment isorenieratane imply the

presence of the anoxygenic photosynthetic green sulfur bacteria of the Chlorobiaceae

(Grice et al., 2005).

1.6.2 Cretaceous–Tertiary biomarkers

A good deal of work has been done on the biomarker record of K–T rocks from

Hokkaido, Japan. A decrease in the concentration of long chain n-alkanes in the

boundary claystone compared with the rocks deposited before and after the event bed
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suggests a sudden decrease the abundance of terrestrial plants that lasted for 7,000

years, with a recovery phase of 2000 years (Mita and Shimoyama, 1999). A similar

trend was found in cyclic alkanes (Shimoyama and Yabuta, 2002) and in highly-

branched isoprenoidal molecules, probably due to extinctions among the diatoms

(Katsumata and Shimoyama, 2001).

1.6.3 Biomarkers and methane

Several studies have sought to link biomarkers to the presence of methane in marine

environments, typically finding that molecules produced by organisms that produce

or oxidize methane are depleted in 13C relative to the substrate and the total biomass.

3β-methylhopane is a biomarker for methanotrophic bacteria like Methylococcus and

Methylomonas (Summons et al., 1994). C20-isoprenoid 2,6,11,15-tetramethylhexadecane

(crocetane) and C25-isoprenoid 2,6,10,15,19-pentamethylicosane with δ13C values rang-

ing from -70h to -130h were found in association with authigenic carbonates de-

posited during anaerobic methane oxidation around cold seeps in the Black Sea (Thiel

et al., 2001). Pleistocene sediments from the last interstadial in the Santa Barbara

Basin show elevated levels of isotopically depleted diplopterol and archaeol, biomark-

ers for aerobic and anaerobic methane oxidation, together with decreases in the δ13C

of planktonic foraminifera. These three lines of evidence strongly imply a significant

concentration of methane throughout the entire water column, suggesting intermittent

clathrate destabilization (Hinrichs et al., 2003).

1.7 Key Tr–J boundary sections

The Triassic–Jurassic boundary was less studied than the other Phanerozoic mass

extinctions, perhaps due to the relative lack of marine sections showing continuous

deposition (Morante and Hallam, 1996). This has changed in recent years primar-
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ily as a result of the UNESCO International Geoscience Programme (IGCP) 458

project entitled, “Triassic/Jurassic boundary events: Mass extinction, global envi-

ronmental change, and driving forces,” and led by József Pálfy, Stephen Hesselbo,

and Christopher McRoberts. This project culminated in the publication of a volume

in Palaeogeography, Palaeoclimatology, Palaeoecology (v.244, issues 1-4): Triassic–

Jurassic boundary events: problems, progress, possibilities, and generated a signifi-

cant amount of new work and interest around the Tr–J boundary. Some of the most

important Tr–J sections in the world, as well as basic geologic descriptions of the

sections chosen for this study are indicated below.

1.7.1 North America

The Tr–J sections at Kunga Island and Kennecott Point in the Queen Charlotte

Islands, British Columbia, Canada show evidence for significant extinctions among

the radiolaria (E.S. and Hori, 1993; Carter and Hori, 2005) and have provided a

good biostratigraphic record of ammonoids (e.g. Tipper et al., 1991; Longridge et al.,

2007). The Kunga Island section is the site of the currently accepted date for the Tr–J

boundary (Pálfy et al., 2000). The Kennecott Point section has produced some of the

best stable isotope data for the Tr–J boundary (Ward et al., 2001, 2004; Williford

et al., 2007, this study) due to its apparently continuous exposure of organic rich

shales, siltstones and sandstones from the Norian into the Late Sinemurian. There

are intermittent turbidites and rare hummocky cross stratification, and these rocks

appear to have been deposited at outer shelf to upper slope depths (Haggart et al.,

2001; Ward et al., 2004). The Kennecott Point section is cut by numerous small

scale offsets, which can generally be traced and deconstructed on the outcrop during

sampling (Ward et al., 2004).

The Global Stratotype Section and Point has not been determined for the base of
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the Hettangian stage, or the Tr–J boundary, but a leading candidate at this time is the

section at New York Canyon, Nevada, USA. This section was first described by Muller

and Ferguson (1936), and a more recent, detailed analysis is offered by Hallam and

Wignall (2000). The New York Canyon section contains the most complete record of

ammonites across the Tr–J boundary (Guex et al., 2004), and it has produced a stable

carbon isotope curve that correlates well with that observed in the Queen Charlotte

Islands (Guex et al., 2004; Ward et al., 2007). The section proceeds from the bedded

limestones of the Mount Hyatt Member of the Gabbs Formation, into the silty marls

of the boundary-crossing Muller Canyon Member, and finally into the limestones of

the overlying Sunrise Formation, showing evidence for regression around the Tr–J

boundary, followed by a Hettangian transgression (Hallam and Wignall, 2000).

The Newark Supergroup in northeastern USA contains key Tr–J terrestrial sec-

tions that have produced high resolution palynology (Olsen et al., 1996), tetrapod

biostratigraphy (Olsen et al., 1987), cyclostratigraphy (Olsen and Kent, 1996), mag-

netostratigraphy (Kent et al., 1995), and an iridium anomaly (Olsen et al., 2002).

Much of the controversy surrounding the timing of the CAMP eruptions involves

work done on the Orange Mountain Basalt in this area, where it has been suggested

that the oldest volcanics postdate the Tr–J extinctions (Whiteside et al., 2007). Other

important terrestrial Tr–J boundary sections containing the record of vertebrate evo-

lution including the major radiation of the dinosaurs are found in the southwestern

United States: the Chinle and Glen Cayon Groups of the Colorado Plateau (Lucas

and Tanner, 2007) and the Moenave Formation in the Four Corners region (Tanner

and Lucas, 2007).
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1.7.2 Europe

The Tr–J section at St. Audrie’s Bay on the Somerset coast of England has been the

focus of a great amount of detailed stratigraphic work in the last decade, including

important records of paleomagnetism (Hounslow et al., 2004), palynology (Hesselbo

et al., 2002; van de Schootbrugge et al., 2007), carbon isotopes (Hesselbo et al.,

2002), and facies change (Hesselbo et al., 2004). The base of the Hettangian stage,

and thus the Jurassic system, was historically defined at the St. Audrie’s Bay section

by the lowest occurrence of the ammonite Psiloceras planorbis (Maubeuge, 1964).

Other key European sections include those at Kendelbachgraben (Morbey, 1975) and

Tiefengraben (Kuerschner et al., 2007), both providing excellent palynological records,

the Lombardian Alps of Italy (McRoberts, 1994; Galli et al., 2005), and the Csövár

section, Hungary, which has been the site of more recent integrated litho-, bio- and

isotope stratigraphy (Pálfy et al., 2001, 2007).

1.7.3 New Zealand

The Triassic–Jurassic (Tr–J) boundary in New Zealand occurs on the west coast of the

North Island and the Catlins region of Southland as part of the Murihiku Supergroup,

a Late Permian to Late Jurassic accreted terrane deposited in a forearc basin, east of

an andesitic to dacitic volcanic arc on the active eastern edge of Gondwana (Campbell

et al., 2003; Briggs et al., 2004). The rocks are volcaniclastic sandstones and siltstones

with intermittent turbidites. New Zealand geologists use a set of local stages (Cramp-

ton et al., 1995), according to which the final stage of the Triassic is the Otapirian,

and the first stage of the Jurassic is the Aratauran. The most recent New Zealand

geological time scale (Cooper, 2004) places the Otapirian–Aratauran boundary at

the Tr–J boundary, using the date of 199.6 ±0.3 Ma (Pálfy et al., 2000). The New

Zealand sections were chosen for stable isotope research in order to test whether the
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Otapirian–Aratauran boundary is equivalent to the Rhaetian–Hettangian boundary

as internationally recognized and thus help determine how the New Zealand sections

correlate with other Tr–J sections around the world.

1.8 Structure of the dissertation

This dissertation is organized into six chapters: introductory and concluding chapters,

and four core chapters containing new research on the biogeochemistry of the Tr–J

boundary. An overview of the collaborators and their contributions to the work

follows.

Chapter II, entitled, “An extended organic carbon-isotope record across the Tri-

assic/Jurassic boundary in the Queen Charlotte Islands, British Columbia, Canada,”

was previously published as:

Williford, K.H., Ward, P.D., Garrison, G.H., Buick, R., 2007. An extended stable

organic carbon isotope record across the Triassic–Jurassic boundary in the Queen

Charlotte Islands, British Columbia, Canada. Palaeogeography Palaeoclimatology

Palaeoecology 244(1-4): 290-296.

Samples and lithologic data were collected by Peter Ward in 2001. Ken Williford

and Geoff Garrison prepared the samples and performed the stable isotope analyses.

Data were compiled and analyzed by Williford. Roger Buick contributed to the

manuscript.

Chapter III, entitled, “Records of stable organic carbon isotopes from three Triassic–

Jurassic boundary sections in New Zealand” will be submitted to the New Zealand

Journal of Geology and Geophysics for publication as follows:

Williford, K.H., Ward, P.D. Records of stable organic carbon isotopes from three

Triassic–Jurassic boundary sections in New Zealand.

Samples and lithologic data were collected by Williford and Ward in 2004. Sample
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preparation, stable isotope analysis, and data analysis were undertaken by Williford.

Chapter IV, entitled, “A record of sulfide and organic sulfur isotopes across

the Triassic–Jurassic boundary in the Queen Charlotte Islands, British Columbia,

Canada” will be submitted to Geology for publication as follows:

Williford, K.H., Foriel, J., Ward, P.D. A record of sulfide and organic sulfur iso-

topes across the Triassic–Jurassic boundary in the Queen Charlotte Islands, British

Columbia, Canada.

Samples and lithologic data were collected by Ward and Williford. Stable sulfur

isotope analyses and sulfur methods were provided by Julien Foriel.

Chapter V, entitled, “Organic geochemistry of a Triassic–Jurassic boundary sec-

tion in the Queen Charlotte Islands, British Columbia, Canada,” will be submitted

to Organic Geochemistry for publication as follows:

Williford, K.H., Ward, P.D., Kring, D., Schwab, V., Sachs, J., Ingalls, A., Wake-

ham, S.G., Grice, K. A record of biomarkers and stable sulfur isotopes across the

Triassic–Jurassic boundary in the Queen Charlotte Islands, British Columbia, Canada.

Organic geochemical analyses were conducted by Williford in the laboratories of

Anitra Ingalls, Stuart Wakeham, and Julian Sachs, all of whom also provided valuable

training and expertise in organic geochemical techniques. Additional training and

vital contributions to the data analysis were provided by Valerie Schwab. Grice

provided helpful comments on the manuscript.
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Chapter 2

RECORDS OF STABLE ORGANIC CARBON ISOTOPES
FROM THREE TRIASSIC–JURASSIC BOUNDARY

SECTIONS IN NEW ZEALAND

2.1 Introduction

When a pattern of geochemical change is recognized at many localities around the

world, chemostratigraphy can be used to supplement biostratigraphy in the effort to

correlate rock sections of the same general age. Accurate correlation is fundamental

to the ability to understand the nature and timing of events that occurred during

intervals of great global change, such as mass extinctions. In locations where fossils are

rare, correlation is especially difficult, and records of geochemical change all the more

valuable. This situation exists for the Triassic–Jurassic boundary of New Zealand,

where the biostratigraphic record is sufficiently different from the rest of the world

that a system of local stages has supplanted the international stratigraphic system

(Cooper, 2004).

In the system of international stages, the Tr–J boundary is defined as the boundary

between the Rhaetian (final stage of the Triassic) and the Hettangian (first stage of

the Jurassic). Based on the argument that the fossil succession in New Zealand is

fundamentally different from that of other regions due to the isolation in which that

record developed, New Zealand geologists subdivided the periods of the Phanerozoic

into their own set of stages (Fig. 2.1) (Crampton et al., 1995). The final stage of

the Triassic in New Zealand is the Otapirian, and the first stage of the Jurassic is

the Aratauran. The most recent New Zealand geological time scale (Cooper, 2004)
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Figure 2.1: Late Triassic-Early Jurassic interval of the New Zealand Geological
Timescale (Cooper, 2004)

places the Otapirian–Aratauran boundary at the Tr–J boundary, using the date of

199.6 ±0.3 Ma (Pálfy et al., 2000).

We wished to test the hypothesis that the Otapirian–Aratauran boundary as cur-

rently defined in New Zealand correlated with the internationally recognized Tr–J

(Rhaetian-Hettangian) boundary. Since 2001, a relatively consistent pattern of car-

bon isotopic change across the Tr–J boundary has been identified at sections around

the world (Ward et al., 2001; Pálfy et al., 2001; Hesselbo et al., 2002; Guex et al.,

2004; Galli et al., 2005; Ward et al., 2007; Williford et al., 2007), including a short

negative excursion of about 2h in the latest Rhaetian followed by a larger, positive

excursion encompassing most of the Hettangian, and a return to baseline values in the

latest Hettangian. To determine how the Tr–J boundary sections in New Zealand cor-

relate with others in the world, three Otapirian–Aratauran boundary sections within

the Murihiku Terrane were sampled for stable organic carbon isotopes in March of

2004 (Fig. 2.2). On the west coast of the North Island, sections in the Awakino River
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Figure 2.2: Overview map showing New Zealand study areas

Gorge (Zhang and Grant-Mackie, 2001) and Marokopa Beach (MacFarlan, 1998) were

chosen, as they contained published biostratigraphic control. Akikuni et al. (2006)

have reported finding negative excursions in δ13Corg above the palynologically defined

Tr–J boundary from the Awakino River and Kawhia Harbour sections, though these

findings are as yet unpublished. In Southland, the Nugget Point section (Speden and

McKellar, 1958) was chosen.

The Triassic–Jurassic (Tr–J) boundary in New Zealand occurs on the west coast

of the North Island and the Catlins region of Southland as part of the Murihiku

Supergroup. The Murihiku Supergroup was originally defined as Early Triassic to
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Late Jurassic by Campbell and Coombs (1966), but was redefined by Campbell et al.

(2003) to include Late Permian carbonate sequences of the Kuriwao Group (Wa-

terhouse, 1964). This unit is generally considered to represent an accreted terrane

deposited in a forearc basin, east of an andesitic to dacitic volcanic arc on the ac-

tive eastern edge of Gondwana (Briggs et al., 2004). The forearc basin was filled

with volcaniclastic sandstones and siltstones, with intermittent turbiditic deposition

and occasional conglomerates and shellbeds, resulting in a continuous, fault-bounded

package now recognized to be 13.5 km thick. Murihiku rocks outcrop on the west

coast of the North Island and in the Catlins region of Southland. Sedimentation rate

during the latest Triassic in the Murihiku Basin was quite high: the final stage of the

Triassic (when defined as the interval between the last appearance of Monotis and

the first appearance of a Psiloceratid ammonite) at the Marokopa Beach section is

roughly 1300 m thick (MacFarlan, 1998), whereas the equivalent interval in the Queen

Charlotte Islands, British Columbia is 100 m thick (Ward et al., 2001).

2.2 Methods

In the field, the Otapirian–Aratauran boundary as defined by previous workers was

located using maps and measured sections. Due to the apparently expanded nature

of the New Zealand sections in comparison with others around the world, we elected

to sample more total section (200-300 m) with a wider sample spacing (2-3 m) than

we have used at other field sites (1 m) (e.g. Williford et al., 2007).

The ratio of stable carbon isotopes (13C/12C) in sedimentary bulk organic mat-

ter (i.e. δ13Corg) was analyzed via elemental analyzercontinuous-flow isotope ratio

mass spectrometry (EA-CFIRMS) at ISOLAB, operated jointly by the Quaternary

Research Center and the Astrobiology Program at the University of Washington.

Surface debris was removed from samples by sonicating for one hour in deionized
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(DI) water. Clean samples were split and ground to a fine powder in a rock-crushing

mill. Glassware was baked overnight at 500◦C to remove organic carbon. All equip-

ment was washed with methanol between each sample to avoid organic contamination.

Approximately one gram of each powdered sample was acidified with an excess of 10%

HCl and allowed to react at 40◦C for at least 12 hr to remove inorganic carbonate

material, especially recalcitrant mineral phases such as siderite (FeCO3). Samples

were then triple rinsed with ultrapure (>18 MΩ) DI water and oven dried at 40◦ C.

Isotope analyses were made with a Costech ECS 4010 Elemental Analyzer coupled to

a ThermoFinnigan MAT 253 mass spectrometer via a ThermoFinnigan CONFLO III

gas interface. Isotope ratios are reported in standard delta (δ) notation relative to

Vienna Pee Dee Belemnite (VPDB), where δ13C = [[(13C/12C)sample/(13C/12C)V PDB]-

1]*1000. Average standard deviation of sample replicates was 0.18h for δ13Corg (1σ; n

= 181). Average analytical precision based on routine analyses of internal laboratory

reference materials was 0.15h for δ13Corg (1σ).

2.3 Results

2.3.1 Nugget Point

The Otapirian–Aratauran boundary near Nugget Point occurs in an unnamed bay be-

tween Roaring Bay and Sandy Bay (Fig. 2.3). The Late Triassic and Early Jurassic

rocks of the Catlins coast in Southland were first studied by McKay (1877), but the

rugged nature of the rocks bracketing the unnamed bay between Roaring and Sandy

Bays precluded the study of the boundary beds for nearly a century. Speden and

McKellar (1958) first reported on this sequence of rocks, identifying the Otapirian–

Aratauran boundary on the basis of the discovery by J.D. Campbell and D.S. Coombs

of psiloceratid ammonites associated with Otapiria marshalli (Trechmann) in a silt-

stone bed (S179/640) on the north side of a large stack and in the cliff at the back
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Figure 2.3: Nugget Point study area detail

of the boulder beach. Detail of the Nugget Point study area is given in Fig. 2.3. To

access the section, it was necessary to cross a sheep ranch located at the end of Sandy

Bay Road, and the property owners cooperation is gratefully acknowledged.
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Figure 2.4: Nugget Point section from above, looking southeast. Rocks are younging
to the right

The section was accessed by descending a steep slope into an unnamed bay about

1.5 km from the entrance to the farm at the end of Sandy Bay Road (Fig. 2.4). Fig. 8

shows the slope and the approximate location of the Otapirian–Aratauran boundary.

Upon descending into the boundary bay, the stack containing the Psiloceratid bed

was located (Fig. 2.6), and an ammonite was discovered in a float boulder near the

cliff, along strike from the northern edge of the stack (2.7). This ammonite is identified

as Macrogrammites grammicus based upon the images of specimens recovered from

this locality published in Stevens (2004).
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Figure 2.5: Nugget Point boundary section, looking west. Rocks are younging to the
left.
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Figure 2.6: Stack just offshore from Nugget Point section, looking east. The Psilo-
ceratid bed, fossil locality 640 of Speden and McKellar (1958), is on the left (north)
edge of the stacks.
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Figure 2.7: Macrogrammites grammicus in a float boulder at fossil locality 640 of
Speden and McKellar (1958). This corresponds to fossil locality AU16156 and OU
3520 in Stevens (2004).

No other ammonites were discovered, but several specimens of Otapiria sp. (McRoberts,

pers. comm.) were recovered from Aratauran rocks south of the Psiloceratid bed (Fig.

2.8).

The measured section and stable carbon isotope results from this locality are

given in Fig. 2.9. No distinctive patterns are identified in the carbon isotope data

from this section. The entire section shows remarkable isotopic homogeneity, in fact

(1σ: 0.53h). The two points showing the heaviest isotope values, at 31 and 53 m,
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Figure 2.8: Otapiria sp. from top of Nugget Point section

also contain the lowest weight percent organic carbon in the section, and are not

considered to be relevant to paleoenvironmental interpretations. The lightest isotope

values occur in the lowest part of the section, roughly 100 m before the appearance

of the Hettangian ammonites.

2.3.2 Awakino River

The Tr–J rocks in the Awakino Gorge were originally mapped by Grant-Mackie

(1959). The Otapirian–Aratauran boundary section is exposed by a roadcut along a
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prominent bend in the Awakino River. A detail map of the study area is shown in

Fig. 2.10, and a photograph of the boundary section is shown in Fig. 2.11. The rocks

sampled in this study include 240 m of the Ngutunui Formation, divided into the

Balfour (Otapirian) and Herangi (Aratauran) Series, all part of the Newcastle Group

and the Murihiku Supergroup.

The Otapirian–Aratauran boundary was placed by Zhang and Grant-Mackie (2001)

between their fossil localities f96 and f97, based upon a turnover in pollen from Assem-

blage II (Foveosporites moretonensis-Densoisporites psilatus-Steevesipollenites clav-

iger Assemblage) to Assemblage III (Toripustulatisporites hokonuiensis-Kurtomisporis

minor-Polucingulatisporites radiatus Assemblage). The sample from f97 contains el-

ements indicative of a Jurassic age, including rare Lycopodiumsporites austroclava-

tidites and Ischyosporites cf. marburgensis, both typical Jurassic species that have

not been reported from the Triassic. f97 also contains typically Otapirian faunas,
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Figure 2.11: Tr–J section at Awakino River, looking south

however, including /it Otapiria dissimilis, Clavigera bisculata, Kalentera marwicki,

and Ochotomya. This led Zhang and Grant-Mackie (2001) to suggest that the Tr–J

boundary lies in the Otapirian stage.

Our measured section, stable organic carbon isotope and total organic carbon data

are shown in Fig. 2.12. There is no significant correlation between δ13Corg and TOC

(r2=0.0872). There is a transition at 106 m in our section between an interval that

is isotopically heavier (µ: -27.75h) and more stable (1σ: 0.42h) to an interval that

is isotopically lighter (µ: -28.18h) and more variable (1σ: 0.85h). The five point
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moving average shows an interval of stability between 0 and 100 m, two short-term

negative events between 100 and 130 m, a long term positive trend between 130 and

194 m, and a return to more negative values, between 194 and 238 m. This topmost

interval is highly variable, however, with three negative-positive shifts of about 2h

occurring over 40 m.

2.3.3 Marokopa Beach

A well-exposed coastal Otapirian–Aratauran boundary section occurs near the mouth

of the Marokopa River (Fig. 2.13). Roughly 1300 m of Otapirian strata are exposed

in steep cliffs behind an ironsand beach between beds containing rare Aratauran

ammonites and those containing the last Monotis on Kiritehere Beach (Fig. 2.14).

These rocks were first studied by Henderson and Grange (1922) and mapped by

Williamson (1932). MacFarlan (1998) gives a comprehensive review of this section

and the surrounding area, and the biostratigraphy in that work was used to guide the

isotopic sampling for this study.

Only one identifiable fossil was recovered during our sampling. An ammonite with

sutures exposed in cross section was recovered from 295 m (Fig. 2.15) and delivered

to Jack Grant-Mackie at the University of Auckland. This specimen was identified

by Stevens (2004) as Eolytoceras tasekoi and assigned a Late Hettangian age. Trace

fossils typical of the upper part of this section can also be seen below the ammonite

in Fig. 2.15. These traces occur as fine, tan sand infillings within a darker gray silt

matrix.

Our measured section, stable organic carbon isotope and total organic carbon

data are shown with biostratigraphic data from MacFarlan (1998) in Fig. 2.16. Like

the Awakino River section, the Marokopa section contains an interval (0 to 173 m)

that is isotopically heavier (µ: -26.66h) and more stable (1σ: 0.45h) followed by
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Figure 2.14: Marokopa Beach section, looking south into the Triassic

an interval (173 to 247 m) that is isotopically lighter (µ: -27.51h) and more variable

(1σ: 0.75h). The topmost interval remains isotopically light (µ: -27.34h), but is

less variable than the preceding interval (1σ: 0.52h). The five point moving average

data suggest a protracted and variable negative trend beginning at 173 m, peaking at

221 m, and returning to mean values 10 m before the appearance of the Hettangian

ammonite. Peak negative carbon isotope values occur roughly 15 m above the last

occurrence of the brachiopods Clavigera bisculata and Mentzelia kawhiana and the

first occurrence of the bivalve Pseudolimea fida.
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Figure 2.15: Eolytoceras tasekoi recovered from 295 m at Marokopa Beach section

2.4 Discussion and Implications for Global Correlation

Stable organic carbon isotope data for the three sections in this study are shown in

Fig. 2.17, aligned according to the first appearance of Jurassic fossils. Moving average

data from the Nugget Point and Marokopa sections suggest a negative carbon isotope

shift peaking roughly 80 m before the appearance of Middle and Late Hettangian

ammonites. Moving average data from the Awakino section suggests a negative car-

bon isotope shift peaking roughly 80 m before the first appearance of Jurassic flora.

These negative shifts are indicated with the gray field on Fig. 20. By comparison,
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the peak of the negative carbon isotope excursion in the Queen Charlotte Islands oc-

curs roughly 40 m before the Middle Hettangian ammonite recovery (Williford et al.,

2007).

If the Otapirian–Aratauran boundary lies between samples f96 and f97 as indi-

cated by Zhang and Grant-Mackie (2001), then the moving average trend in the

Awakino section shows a superficial similarity to the globally-recognized pattern of

isotopic change across the Tr–J boundary (short term negative shift in the latest Tri-

assic followed by a positive shift in the earliest Jurassic). Based upon their work at

the Awakino River section, Zhang and Grant-Mackie (2001) concluded that the Tr–J

boundary in New Zealand lies within the Otapirian stage. This conclusion is sup-

ported by the definition of the Otapirian–Aratauran boundary at Nugget Point and

Marokopa on the basis of the appearance of Otapiria marshalli together with Middle

and Late Hettangian ammonites, respectively. If the average negative shifts in carbon

isotope values revealed by this study represent the negative isotope event more clearly

recognized at other localities around the world, and if this negative event is taken as a

proxy for the Tr–J boundary, then the Tr–J boundary occurs in close association with

the disappearance of the two brachiopods Clavigera bisculata and Mentzelia kawhiana

and appearance of the bivalve Pseudolimea fida, well before the Otapirian–Aratauran

boundary as currently defined in New Zealand. The absolute data that make up the

trends suggested by moving averages show such a high degree of variability, however,

that a correlation between the New Zealand sections and others around the world

based on these carbon isotope data alone is difficult.

The fact that the New Zealand sections do not show the pattern of carbon iso-

topic change that has been documented in other sections around the world could be

explained in three ways. First is the possibility that the Tr–J carbon isotope excur-

sions do not record a global perturbation to the carbon cycle, and instead reflect local
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events. Any geochemical record will reflect a combination of local and global influ-

ences, but the ocean and atmophere are well mixed on the timescales with which this

study is concerned. The reasoning behind this statement is as follows. The mixing

time of the modern ocean is about 1.6 × 103 years (Primeau, 2005). At Kennecott

Point, there are approximately 100 m of Rhaetian strata, representing between 2 and

4.5 × 106 years (Gallet et al., 2007). If continuous sedimentation is assumed, then

each meter of rock represents between 2 and 4.5 × 104 years of deposition, much

longer than the mixing time of the modern ocean. For New Zealand, where there are

over 1000 m of Rhaetian strata (MacFarlan, 1998), each meter represents roughly 2

to 4.5 × 103 years: less time, but still significantly more than the mixing time of the

modern ocean. It has been suggested that ocean circulation was greatly reduced in

the Late Permian (e.g. Isozaki, 1997), but the Late Permian model by Hotinski et al.

(2001) produced deep ocean ventilation at rates comparable to those in the modern

environment, even under a dramatically reduced latitudinal temperature gradient. As

such, it is reasonable to assume that the entire ocean circulated at least once between

each isotope sample that we collected.

When measuring the stable isotopes of bulk organic carbon, variability in the

source of organic matter can cause local effects to overshadow global effects. A second

explanation for the ambiguity of the New Zealand data is that the high sedimentation

rate resulted in low organic carbon content in Tr–J sediments and a high degree of

source variability. The high sedimentation rate in the Murihiku Basin diluted the

organic carbon content of these sediments with clastic material. As a result, the or-

ganic carbon content of Murihiku rocks is less than 0.5%, an order of magnitude lower

than that found in Tr–J rocks from the Queen Charlotte Islands, for instance (fig.

A.1). The proximity of the Murihiku Basin to the continental margin combined with

high uplift, erosion, and sedimentation rates may have led to a highly variable input
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of terrestrial organic material. As marine and terrestrial organic matter have differ-

ent average carbon isotopic compositions, changes in organic matter source through

time can lead to isotopic heterogeneity in bulk organic matter (Arthur et al., 1988),

especially when total organic content is low. These factors together could have in-

troduced a degree of local noise to the record that swamped any global signal. A

third possibility is that the sampling was incomplete, and that isotope excursions

exist at stratigraphic levels between the levels that were sampled in this study. These

final two possibilities could be addressed by further sampling and compound specific

isotope analysis.
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Chapter 3

AN EXTENDED ORGANIC CARBON-ISOTOPE
RECORD ACROSS THE TRIASSIC/JURASSIC

BOUNDARY IN THE QUEEN CHARLOTTE ISLANDS,
BRITISH COLUMBIA, CANADA

Previously published as:

Williford, K.H., Ward, P.D., Garrison, G.H., Buick, R., 2007. An extended stable

organic carbon isotope record across the Triassic–Jurassic boundary in the Queen

Charlotte Islands, British Columbia, Canada. Palaeogeography Palaeoclimatology

Palaeoecology 244(1-4): 290-296.

3.1 Introduction

Over the past five years several stable carbon isotope studies on Triassic–Jurassic (Tr–

J) boundary sections have revealed a perturbation to the carbon cycle associated with

fossil turnover at the boundary. The first three such studies published, from Canada

(Ward et al., 2001), Hungary (Pálfy et al., 2001), and England (Hesselbo et al., 2002),

showed a negative excursion of about two per mille (2h) in the organic carbon stable

isotope record (δ13Corg) within several metres of the paleontologically defined Tr–J

boundary. Since then, other records have appeared from northern Italy (Galli et al.,

2005) and Nevada, USA (Guex et al., 2004; Ward et al., 2007). Of these five localities,

only the Muller Canyon section in Nevada has been studied by more than one group.

In this instance significant differences were found in the stratigraphic position of the

isotope excursions, though the overall isotopic pattern reported is similar (Guex et al.,
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2004; Ward et al., 2007). The appearance of a negative carbon isotope excursion of

similar magnitude within several metres of the paleontologically defined Tr–J bound-

ary at the geographically-widespread localities cited above strongly suggests that this

isotopic pattern is primary (i.e. not the result of diagenesis) and records a carbon

cycle perturbation of global extent. Especially striking is the similarity between our

carbon isotope records from Muller Canyon, Nevada (Ward et al., 2007) and the

Queen Charlotte Islands, Canada (this study) in which a negative excursion of 2h

in organic carbon coincident with boundary extinctions is immediately followed by a

larger, protracted positive excursion extending through most of the Hettangian stage.

To our knowledge this is the first study that has examined a continuous record of

stable carbon isotopes from the Norian into the Sinemurian. Tipper et al. (1991) ten-

tatively placed the Hettangian-Sinemurian boundary at Kennecott point 70 m above

the Tr–J boundary and reported Badouxia zone ammonites (Badouxia columbiae,

Badouxia canadensis, Vermiceras rursicostatum) from 75 to 80 m above the Tr–J

boundary. The first appearance of Vermiceras coincides with the base of the Sine-

murian stage at the GSSP section at East Quantoxhead in West Somerset, England

(Bloos and Page, 2002). If the appearance of Vermiceras (78 m above the Tr–J)

marks the base of the Sinemurian stage at Kennecott Point, then this study includes

approximately 60 m of Sinemurian strata.

3.2 Materials and Methods

Isotope samples came from Kennecott Point on the northwest corner of Graham Island

in the Queen Charlotte Islands, British Columbia, Canada, and are contiguous with

those from our previously published record (Ward et al., 2001, 2004): to the best of our

understanding, there are no missing intervals between the two sections. Samples were

collected by hand from unweathered material exhumed from the section at metre to
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sub metre intervals where possible. This sampling frequency seemed appropriate since

the sampled strata contain intermittent turbidites, which would have increased the

average sedimentation rate. Within the confines of this sampling scheme, preference

was given to darker, more organic-rich rock over lighter, turbiditic, or organic-poor

material.

The ratio of stable carbon isotopes (13C/12C) in sedimentary bulk organic matter

(i.e. δ13Corg) was analyzed via elemental analyzercontinuous-flow isotope ratio mass

spectrometry (EA-CFIRMS) at the Stable Isotope Research Facility (SIRF). SIRF is

operated jointly by the Quaternary Research Center and the Astrobiology Program

at the University of Washington.

Surface debris was removed from samples by treating for one hour in a water son-

icator. Clean samples were split and ground to a fine powder in a rock-crushing mill.

Glassware was baked overnight at 500◦C to remove organic carbon. All equipment

was washed with methanol between each sample to avoid organic contamination. Ap-

proximately one gram of each powdered sample was acidified with an excess of 10%

HCl and allowed to react at 40◦C for at least 12 hr to remove inorganic carbonate ma-

terial, especially recalcitrant mineral phases such as siderite (FeCO3). Samples were

then triple rinsed with ultrapure (>18 MΩ) deionized water and oven dried at 40◦ C.

Isotope analyses were made with a Costech ECS 4010 Elemental Analyzer coupled to

a ThermoFinnigan MAT 253 mass spectrometer via a ThermoFinnigan CONFLO III

gas interface. Isotope ratios are reported in standard delta (δ) notation relative to

Vienna Pee Dee Belemnite (VPDB), where δ13C = [[(13C/12C)sample/(13C/12C)V PDB]-

1]*1000. Average standard deviation of sample replicates was 0.18h for δ13Corg (1σ; n

= 181). Average analytical precision based on routine analyses of internal laboratory

reference materials was 0.15h for δ13Corg (1σ).
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3.3 Results

The extended isotopic record from the Kennecott Point section and its relationship

to lithologic and biostratigraphic data are shown in Fig. 3.1. All new isotope samples

and measured lithology are plotted above the stratigraphic section shown in Ward

et al. (2001, 2004), which is based on markers permanently placed in the strata by

the Geological Survey of Canada. The 0 mark in the Fig. is the approximate level

of mean low tide (below this the section is covered by water), and the Norian bivalve

Monotis can be found in the lowest 12 m. The Tr–J boundary is located between

108 and 111 m, and is defined by the coincident turnover in radiolaria and negative

excursion in organic carbon isotope values (Ward et al., 2001, 2004).

The most striking aspect of our new findings is a positive isotopic excursion be-

ginning immediately above the top of the section previously presented in Ward et al.

(2001, 2004). The positive excursion is defined by over twenty consecutive samples

distributed over about 30 m of section and shows a 5h shift heavier than baseline

values. At about 40 m above the Tr–J boundary values return to baseline levels of

about -31h and show a gradual lightening of about 0.5h over the upper 90 m of

sampled section.

3.4 Discussion

A gradual, negative trend over the course of all or part of the Kennecott Point carbon

isotope record might be a result of volcanism associated with the opening of the At-

lantic Ocean, especially in the Central Atlantic Magmatic Province (CAMP). CAMP

would have released an estimated 8000–9000 Gt of moderately light CO2 (-5h) into

the atmosphere over about 2 million years (Beerling and Berner, 2002). As a prelim-

inary test, we divided the data into three intervals, the Rhaetian interval (I: 0 m to

109 m), the Boundary interval (II: 109 m to 162 m), and the Hettangian interval (III:
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indicated with open circles.
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162 m to 250 m) and performed least squares regressions on intervals I and III (Fig.

3.2 ). The record can be viewed as two different, but relatively stable states (Rhaetian

with a mean of -29.4h and standard deviation of .46h and Hettangian with mean of

-31.2h and standard deviation of .47h) interrupted by an interval of extinction- and

recovery-related perturbation with mean of -29.1h and standard deviation of 1.77h.

There is a negative isotopic trend in the Hettangian interval, significant at the 95%

confidence level. Any such trend in the Rhaetian is shallower and statistically weaker

overall. There is a -1.5h offset in the baseline value from the Rhaetian to the Het-

tangian interval. The low r2 values for both the Rhaetian and Hettangian intervals

indicate that there is a large amount of variability in the record not explained purely

by the long-term trend, perhaps due to minor changes in organic matter source.

U-Pb dates of CAMP volcanics in the Newark and Fundy Basins suggest that

peak volcanism occurred between 201.7±1.3 Ma (Hodych and Dunning, 1992) and

200.9±1 Ma (Dunning and Hodych, 1990). A tuff located several metres below major

radiolarian turnover in the Queen Charlotte Islands gives a U-Pb age of 199.6±0.3

Ma for the marine crisis, just after the peak of CAMP volcanism in North Amer-

ica. Ar40/Ar39 dates from North Africa suggest younger ages for the peak of CAMP

volcanism, ranging from 199.5±0.5 Ma (Knight et al., 2004) to 198.1 (Verati et al.,

2005). The Kennecott Point isotope record shows that most of the long-term isotopic

lightening, possibly due to CAMP volcanism, is concentrated in the Boundary and

Hettangian intervals.

The large positive excursion, now the dominant feature in the Queen Charlotte

Islands Tr–J record, is greater in magnitude than any other feature so far reported

from stable carbon isotope studies of the Tr–J boundary. Because of the comparatively

extreme isotope values, we took great care to determine if this signal is genuine or

a result of carbonate contamination. Incomplete removal of carbonate material from
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isotope samples can cause spurious, heavy isotope values. To resolve this question,

we repeated the acidification process described above between one and three times for

the 23 samples encompassing the positive excursion. The average change in isotope

values after reacidification was -0.49h, and the overall pattern remained the same.

Isotope values after double or triple acidification are shown as open circles in Fig. 3.1.

Further acidification of all samples in this study (and others like it) might result in

small changes to individual isotope values, but changes to the general trends discussed

here are unlikely.

Fig. 3.3 shows a partial record from the Kennecott Point section aligned at the

Tr–J boundary with the Muller Canyon section (Ward et al., 2007) for comparison.

Vertical distance and isotope values are shown to scale. The remarkable similarity in

the carbon isotope records presented here and in the Ward et al. (2007) study indicate

that the carbon isotope record for the Tr–J boundary can be a useful tool for regional

and interregional stratigraphic correlation.

3.5 Relationship of the new results to the causes of the Late Triassic
extinctions

The underlying causes for the Late Triassic extinctions and for the negative and

positive carbon isotope excursions have yet to be adequately explained. The presence

of multiple excursions makes the Triassic pattern different than the single negative

perturbation recognized at the Cretaceous–Paleogene boundary (e.g. Kaiho et al.

(1999)). Rather, the Tr–J isotopic record appears more similar to that recovered

from the Permian–Triassic boundary, which shows a series of alternating negative

and positive excursions (Payne et al., 2004; Ward et al., 2005).

While the large body impact scenario has been invoked for the Late Permian

(Becker et al., 2004) and Late Triassic events (Olsen et al., 2002), evidence for both is

equivocal. Existing geochemical records spanning the Permian–Triassic boundary do
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Figure 3.2: Stable organic carbon isotope data from Kennecott Point showing the
results of least-squares regressions on the Rhaetian (I) and Hettangian (III) intervals.
The Boundary (II) interval was defined as the sequence from the first data point in
the negative excursion at the Tr–J boundary (109 m) to the last data point of the
positive excursion and return to baseline values in the Jurassic (162 m).

not support the idea of a single, catastrophic event of extraterrestrial origin (Ward

et al., 2005; Koeberl et al., 2004), and the several pieces of evidence for impact at

the Tr–J (e.g. iridium anomalies, planar deformation features in mineral grains) are

not present with enough geographical consistency or local abundance to be conclusive

(Tanner et al., 2004). New evidence for photic zone euxinia associated with super-

anoxia (Grice et al., 2005) and a dramatic expansion among the sulfate reducing
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bacteria (Newton et al., 2004) at the Permian–Triassic boundary indicates that Late

Permian extinctions could have been caused by intrinsic mechanisms such as sulfide

poisoning (Kump et al., 2005), rather than extrinsic mechanisms such as impact.

We suggest that the Late Triassic extinctions had a similar set of intrinsic mecha-

nisms, and we propose three explanations for the large positive excursion in δ13Corg.

The first two explanations involve changes in microbial ecology during the Tr–J

transition, whereas the third invokes limitation of biocalcification. An explosion of

cyanobacterial populations in the wake of the Tr–J extinctions could have signifi-

cantly lowered local dissolved inorganic carbon (DIC) (Thompson et al., 2003) and

caused a decrease in isotopic fractionation among the primary producers (O’Leary,

1981). There is evidence of such a microbial expansion associated with the Permian–

Triassic extinction (Xie et al., 2005), but the widespread microbialite facies associated

with that boundary have not been found in Tr–J sections. Alternatively, a change in

primary production regime from oxygenic photosynthesizers to anoxygenic photosyn-

thetic sulfur bacteria could also have lead to a decrease in carbon isotopic fraction-

ation, as anoxygenic photosynthetic sulfur bacteria tend to show comparatively less

fractionation than oxygenic photosynthesizers (Londry and Des Marais, 2003).

A third explanation for the positive excursion in δ13Corg at Kennecott Point is

that the decline among calcifying marine invertebrates during the Tr–J extinction

led to a net decrease in the removal of isotopically heavy inorganic carbon from the

marine carbon cycle with an associated increase in δ13Corg. Such a scenario would

be plausible if a sudden increase in atmospheric CO2 due to CAMP volcanism led

to a biocalcification crisis at the Tr–J boundary (Galli et al., 2005). Supporting this

contention, Fig. 3.1 shows that first appearance of abundant ammonites and other

shelly fossils coincides with a return to baseline δ13Corg values. Indeed, a simple mass-

balance calculation between carbonate and organic burial (cf. Summons and Hayes
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(1992), Fig. 3.1.5) shows that, if prior to the Tr–J mass extinction marine δ13Ccarb

was ∼0h and δ13Corg was ∼-24h, then 75% of marine DIC was being buried as

carbonate and 25% as organic carbon (with mean DIC at -6h). If carbonate burial

were reduced by a third (i.e. to 50% of total carbon burial), then δ13Corg is forced

to -18h. This assumes that total carbon burial remains constant, but if it decreases

overall, then atmospheric PCO2 increases, DIC increases and photosynthetic isotopic

fractionation increases so that eventually the system settles down to a new equilibrium

with isotopically heavier DIC and δ13Corg near its initial composition.

Fig. 3.3 illustrates the similarity in the overall pattern in δ13Corg between the Ken-

necott Point and Muller Canyon Tr–J sections, but it also highlights the difference in

magnitude of the positive excursion and the slight difference in baseline values. We

hypothesize that the Muller Canyon section represents a shallow water system domi-

nated by changes in biocalcification, whereas the Kennecott Point section represents

a deep water system dominated by microbial change. A survey of biomarkers in the

organic-rich Tr–J rocks from Kennecott Point and other suitable sections should shed

light on this question.
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Figure 3.3: Comparison of δ13Corg entire record from Muller Canyon (Ward et al.,
2007) and partial record from Kennecott Point. Sections are aligned at the Tr–J
boundary. Vertical distance and isotope values are shown to scale.
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Chapter 4

A RECORD OF SULFIDE AND ORGANIC SULFUR
ISOTOPES ACROSS THE TRIASSIC–JURASSIC

BOUNDARY IN THE QUEEN CHARLOTTE ISLANDS,
BRITISH COLUMBIA, CANADA

4.1 Introduction

The Triassic–Jurassic (Tr–J) boundary was one of the most extreme intervals of bio-

diversity loss in the Phanerozoic. Whether high extinction rates (Raup and Sepkoski,

1982) or low origination rates (Bambach et al., 2004; Bambach, 2006) were the domi-

nant factor in biodiversity reduction, this interval stands out as a major event in the

history of life on Earth. The primary mechanism behind this diversity reduction is

unknown. An iridium anomaly in the Newark Supergroup led Olsen et al. (2002) to

suggest an impact kill mechanism, but supporting evidence for this scenario is lacking

(Tanner et al., 2004). The currently favored scenario is intrinsic to the Earth sys-

tem and is fundamentally driven by an increase in atmospheric CO2 associated with

the emplacement of the Central Atlantic Magmatic Province (Hesselbo et al., 2007;

Marzoli et al., 2004).

Like the other “big five mass extinctions,” the Tr–J boundary is accompanied by a

significant perturbation in the global carbon cycle. Ward et al. (2001, 2004) reported

a 2h negative excursion in δ13Corg coincident with a sudden and comprehensive ex-

tinction among radiolaria (Carter and Hori, 2005) from the Tr–J boundary section at

Kennecott Point in the Queen Charlotte Islands, British Columbia, Canada. Williford

et al. (2007) extended the stable carbon isotope record from this section into the Sine-
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murian, revealing a long term isotopic lightening from the Norian to the Sinemurian

and a 5h positive excursion in δ13Corg encompassing much of the Hettangian. The

long term trend was attributed to the increase in atmospheric CO2 that occurred as

a result of volcanism associated with the opening of the Atlantic ocean, including the

Central Atlantic Magmatic Province. Recent analyses of lipid biomarkers in boundary

crossing samples from this locality imply an increase in terrigenous organic matter

input (Williford et al., unpublished data). This change would have contributed to the

observed change in bulk organic carbon isotope ratios, as terrestrial organic matter

is characteristically more enriched in 13C than marine organic matter during times of

high atmospheric CO2 such as the early Jurassic (Arthur et al., 1988).

Biogeochemical cycling of carbon and sulfur are tightly coupled – bacterial sulfate

reduction (BSR) in marine sediments accounts for roughly half of the remineralization

of organic carbon in Earth’s oceans (Jørgensen, 1982). As such, it is not unreasonable

to expect perturbations in the sulfur cycle to accompany those in the carbon cycle.

We wished to test this prediction by analyzing the record of stable sulfur isotopes from

the Tr–J boundary section reported on in Williford et al. (2007). There has, as yet,

been no published account of stable sulfur isotope ratios across the Tr–J boundary.

Strauss (1997) reviews stable isotope studies of reduced sulfur across the Permian–

Triassic, Cretaceous–Tertiary, and Frasnian–Famennian boundaries, and suggests a

sequence of isotopic change that might be expected during intervals of mass extinction.

When global biomass was reduced due to widespread extictions, BSR would have

decreased due to the decreased availability of organic carbon upon which it depends,

leading to a negative trend in sulfur isotope values as less light sulfur was removed

from seawater as pyrite. During the radiation following a mass extinction, global

biomass would have increased, leading to an increased export of organic carbon to

sediments, an increased rate of BSR, and an increase in the isotopic composition of
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seawater sulfate as more isotopically light sulfur was exported to sediments (Strauss,

1997). Kajiwara and Kaiho (1992) found no negative isotopic trend in reduced sulfur

associated with the Cretaceous–Tertiary boundary, but they reported a rapid increase

from -28.4h to +0.3h in Danian rocks immediately overlying the boundary clay.

Geldsetzer et al. (1987) found a negative excursion in stable reduced sulfur isotopes

in the latest Frasnian, followed by a slow increase from -10h to +5h leading up to

the boundary interval and a rapid increase to +21h within the boundary interval

itself. Both of these excursions to heavier sulfur isotope values are attributed to

anoxia, favorable living conditions for sulfate reducing bacteria, and sulfate-limited

BSR with reduced isotopic fractionation.

Stable sulfur isotope ratios have been more widely reported from the Permian/Triassic

(P–Tr) boundary (Kajiwara et al., 1994; Worden et al., 1997; Kaiho et al., 2001;

Maruoka et al., 2003; Newton et al., 2004; Korte et al., 2004; Grice et al., 2005; Kaiho

et al., 2006b,a), across which the largest mass extinction of the Phanerozoic occurred

(Erwin, 1994). There is still no convincing evidence for impact at the P–Tr boundary,

and like the Tr–J, the mechanism is uncertain (Benton and Twitchett, 2003). Also

like the Tr–J, a large flood basalt province was emplaced at the boundary and has

been implicated as the driving factor behind the extinctions (Renne et al., 1995).

Two recent studies suggest that sulfur cycle anomalies may have provided an in-

trinsic kill mechanism at the P–Tr boundary. Modelling by Kump et al. (2005) demon-

strated that, under conditions likely to have existed during oceanic anoxic events, H2S

concentration in the deep ocean could have increased as a result of increased BSR to

such a degree that the chemocline separating oxygenated surface waters from euxinic

(anoxic and sulfidic) deep waters would have rapidly risen to the surface. This so

called “chemocline upward excursion” would have effectively eliminated what little

oxygen there was in the surface ocean as it was consumed in reaction with reduced
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sulfur (H2S), resulting in a condition known as “photic zone euxinia.” Photic zone

euxinia is a unique condition that can support anoxygenic photosynthetic green and

purple sulfur bacteria of the Chlorobiaceae and Chromatiaceae, respectively, organ-

isms that require light and H2S to survive. Under normal ocean conditions, H2S

cannot survive in the oxygenated photic zone, as it is rapidly oxidized to SO2−
4 . In

boundary-crossing samples from the P–Tr Hovea-3 and Meishan-1 cores from Western

Australia and South China, respectively, Grice et al. (2005) reported abundant isore-

nieratane, a derivative of the carotenoid pigment isorenieratene and a biomarker for

the Chlorobiaceae. Along with increases in aryl isoprenoids, vanadyl porphyrins, the

ratio of pyrite to total iron, and stable isotopes of sulfur, this provided unequivocal

evidence for photic zone euxinia at the P–Tr boundary.

The sulfur isotope record as it is currently known for the P–Tr is consistent with

the occurrence of chemocline upward excursion and photic zone euxinia at the bound-

ary. Building on the results of an earlier study, in which the authors attributed a 5h

negative shift in carbonate-associated sulfate (a proxy for the isotopic composition of

seawater sulfate) to the injection of mantle sulfur as a result of bolide impact (Kaiho

et al., 2001), Kaiho et al. (2006b) published similar isotopic results from South China

and Hungary. In the more recent paper, the authors propose that the isotopically

light sulfur could have come in the form of H2S from a euxinic deep ocean.

Is there evidence for such changes in sulfur cycling at the Tr–J boundary? Were

the Tr–J carbon cycle perturbations accompanied by perturbations in the sulfur cycle?

We look to the record of stable sulfur isotopes to address these questions.

4.2 Materials and Methods

The ratio of sulfur stable isotopes (34S/32S) was measured by elemental analyzer

continuous-flow isotope-ratio mass spectrometry (EA-CF-IRMS) at the ISOLAB, Uni-
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versity of Washington. Sulfur species in the samples underwent flash combustion in

a Eurovector elemental analyzer and were thus converted to SO2. Within the EA,

SO2 was separated by gas chromatography. A Thermo Finnigan Conflo III was then

used to introduce the reference SO2 and the sample SO2 gas into a Thermo Finnigan

MAT253 isotope-ratio mass spectrometer. Compared to other sulfur isotope mass

spectrometry techniques (e.g. dual inlet), EA-CF-IRMS allows a much faster data

output.

Finely grounded shale samples and sulfate and sulfide reference material (BaSO4

internal laboratory standard and NIST-NBS127 and Ag2S NIST-NZ1) were intro-

duced in the EA packed in tin-foil cups. For each cup an amount of sample and

standard corresponding to 50-100µg of S was weighed and V2O5 (from 1mg for light

samples up to 10-20 mg for the heaviest samples) was added to each cup to aid

combustion.

The elemental analyzer configuration used here was similar to that described by

Fry et al. (2002) and Baublys et al. (2004). Samples were dropped in a quartz reaction

tube and small volume of O2 was injected to induce the flash combustion. The reaction

tube was packed with 8-10 cm of sulfur-grade copper wires used to reduced S oxides

to SO2, framed by layers of quartz chips and quartz wool (Baublys et al., 2004, see)

and heated to 1050◦C. A helium flow then flushed the sulfur dioxide through a second

quartz tube heated to 890◦C and packed with SiO2 to buffer the oxygen isotopes

in SO2. Any water was removed by a magnesium perchlorate column and SO2 was

purified in a 80 cm sulfur GC Teflon column heated at 80◦C.

The analytical precision (1σ) measured on replicates of our internal laboratory

standard during each run was ≤0.2h. The average analytical precision (1σ) on

sample duplicates was higher (0.6h) which we attribute to sample heterogeneity.

To test the relative isotopic contribution of various sulfur species, sample fractions
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containing different sulfur species were isolated by chemical processing. The bulk frac-

tion, with no chemical treatment, represents the sum of all possible S species within

the samples: sulfide, sulfate, carbonate associated sulfate and organic-S. Carbonate-

associated sulfates were removed from the HCl-washed fraction (2N hydrochloric acid,

36-72 hours at 60◦C) leaving insoluble sulfates, sulfides and organic-S. A 5.5% NaClO

treatment (12-24h, 60◦C) was used on HCl-washed fractions to remove organics and

retain only the insoluble sulfate and sulfide components. Finally, a nitric acid wash

(6N HNO3, 24-48h, 60◦C) was used to oxidize sulfide and isolate a possible barite

component. All nitric-acid washed samples showed barite sulfur levels below detec-

tion limits or too low (<0.03 wt.%) to significantly influence isotopic measurements.

Insoluble sulfate contributions are thus ignored in the following discussion.

4.3 Results

Fig. 4.1 shows the record of δ13Corg and δ34Sorg+pyrite across the Tr–J boundary.

Table 4.1 shows the statistical distribution of stable sulfur isotope data. Statistics for

the entire data set are shown along with those for the interval containing the large

positive excursion from 134 m to 176 m, and for all data with the highly variable

boundary interval from 94 m to 171 m removed. The last category is thought to

represent “baseline” values for the section. The distinctions between these categories

are based on a qualitative assessment of the variability in the isotope curve, and they

facilitate a more nuanced, semi-quantitative statistical assessment of the variability

within the sulfur isotope system than is possible by addressing only the total record

as a whole.

There is a remarkable similarity in the general pattern of isotopic change between

δ13Corg (Williford et al., 2007) and δ34Sorg+pyrite in this section. In general, the stable

sulfur isotopes record two intervals of relative stability in sulfur cycling, each lasting
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Figure 4.1: δ13Corg and δ34Sorg+pyrite record for Norian to Sinemurian strata on Ken-
necott Point, Queen Charlotte Islands, British Columbia, Canada. Biostratigraphy
from Ward et al. (2001, 2004) and Tipper et al. (1991). On δ34S plot, solid circles
indicate HCl-treated samples, open circles indicate untreated samples, and triangles
represent bleach-treated samples.
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Table 4.1: Statistical distribution of stable sulfur isotope data. µ and σ are shown for
all data (1), for the interval containing the positive excursion in δ13C and δ34S (2),
and for all data with the more variable “boundary interval” removed (3). All values
are given for analyses performed after HCl-treatment, or δ34Sorg+pyrite (h VCDT).

subset max min µ σ
1. all data 20.55 -39.38 -22.66 13.97
2. 134m–176m 20.55 -33.45 -3.46 16.31
3. 0m–94m + 171m–250m -13.31 -39.38 -29.71 5.62

several million years (based on the lengths of the Rhaetian (4 Myr) and Hettangian

(3.1 Myr) stages given in Gradstein et al. (2004)), and interrupted by a shorter (1-2

Myr) interval of instability. This “boundary interval” begins in the latest Rhaetian

with two apparent positive excursions, each somewhat dubious due to few isotopically

heavy samples in these intervals. Values return to the baseline with a generally nega-

tive aspect across the Tr–J boundary itself. At 134 m in the section, approximately 22

m above the boundary as defined by the radiolarian turnover and negative excursion

in δ13Corg, a large positive excursion begins in both the carbon and sulfur systems.

The positive excursion in δ34Sorg+pyrite is interrupted by three finer scale negative

shifts, the first and third of which are also apparent in the δ13Corg record. Carbon

and sulfur sotope values begin a return towards the baseline at 153 m, in strata that

contain abundant Hettangian ammonites. The return to baseline is slower in sulfur

isotopes than in carbon. Sulfur reaches an inflection point at 171.1 m, whereas carbon

reaches a similar point nearly 10 m earlier, at 161.7 m. Above these inflection points,

both isotopic systems remain stable into the Sinemurian and the top of the sampled

section.

In an early report on the Hettangian ammonite succession found on Kennecott

Point, Tipper and Guex (1994) report an interval of turbiditic “coarse sand” extending

from 2 m to 70 m above the first Psiloceras. The positive excursions in δ13Corg and
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δ34Sorg+pyrite occur entirely in this stratigraphic interval. This study uses the more

detailed report of lithologic change first reported in Williford et al. (2007) with the

additional confirmation that a lithologic change occurs in the interval corresponding to

the onset of the positive isotope excursions. During Hettangian–Sinemurian sample

collection in 2001, it was observed that the green and black shale typical of the

Late Triassic succession was only rarely present. There was a change to medium

grained silts weathering tan to green, with beds ranging in thickness from 2 to 25 cm

and containing abundant woody debris. Sandstone beds increase in frequency, and

the rare, intermittent occurrence of laminated black shales is noted throughout this

interval.

Fig. 4.2 shows δ34Sorg+pyrite and weight percent sulfur. There is no apparent

relationship between sulfur content and isotopic composition, and there are no ob-

vious trends in sulfur content across the Tr–J boundary. Fig. 4.3 shows the lack of

relationship between TOC and weight percent sulfur in these samples.

Carbonate-associated sulfate and barite are both thought to reliably record the

isotopic composition of seawater sulfate (Kampschulte and Strauss, 2004) and will,

therefore, have an isotopic composition significantly heavier than reduced sulfur pre-

cipitated under normal conditions for BSR. Untreated samples are predictably isotopi-

cally heavier than those treated with HCl to remove carbonate material, though the

difference is typically quite small, suggesting that there is little carbonate-associated

sulfate material in these samples. Reduced sulfur is also incorporated into organic

matter in the water column or in marine sediments with little or no isotopic fraction-

ation to form organic sulfur compounds (Werne et al., 2003). Samples treated with

bleach to remove organic sulfur compounds are generally very isotopically similar to

acid treated samples, suggesting that most organic sulfur present was formed from

sulfide in marine sediments. Where bleach treated samples show lighter values than
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Figure 4.2: δ34Sorg+pyrite and weight percent sulfur for Norian to Sinemurian strata

acid treated samples, it could be due to the presence of organic sulfur compounds

produced in the water column by assimilation of isotopically heavy seawater sulfate.

4.4 Discussion

This sulfur species measured in this study are a mix of organic and pyrite sulfur, both

the direct or indirect products of biological activity in marine sediments and to a lesser

extent, in the overlying water column. Pyrite is a byproduct of BSR as organisms
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reduce dissolved SO2−
4 using organic carbon as a substrate. Eqn. 4.1 (Berner, 1984)

shows the generalized pathway for BSR, yielding reduced sulfur that reacts with iron

to form pyrite.

2CH2O + SO2−
4 → H2S + 2HCO−

3 (4.1)

BSR requires SO2−
4 as an electron acceptor and reduced carbon as an electron

donor (though H2 can also be used as an energy source (Megonigal et al., 2003)).

When SO2−
4 is not limiting, environmental BSR imparts an isotopic fractionation

of between 16h and 46h, and fractionation of up to 70h can occur in modern
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marine sediments where sulfur species pass through several cycles of intermediate

reduction (Canfield and Raiswell, 1999). SO2−
4 becomes limiting for BSR below 2

mM (Boudreau and Westrich, 1984), and when [SO2−
4 ]seawater falls below 0.2 mM,

isotopic fractionation is less than 10h (Habicht et al., 2002). Under typical marine

conditions, BSR proceeds as an open system, with fresh SO2−
4 constantly diffusing

to the zone of sulfate reduction from the overlying water column. Under favorable

conditions for sulfate reducing bacteria, however, when anoxia and high productivity

conspire to deliver labile organic carbon to the zone of sulfate reduction at a rate

that exceeds sulfate supply, closed system conditions and Rayleigh fractionation can

ensue (Strauss, 1997). Under these conditions, the dissolved sulfate pool becomes

progressively enriched in 34S, driving the isotopic composition of the resulting pyrite to

heavier values over time. This situation can result in isotopic compositions of sulfides

that are heavier than seawater sulfate (Strauss, 1997). Extremely rapid deposition

in turbidity flows may also result in transient closed system conditions for BSR (e.g.

Meyers et al., 1996).

4.4.1 Isotopic composition of Triassic–Jurassic seawater sulfate

We assume that the dominating factors controlling the isotopic compositions we ob-

serve to be the composition of seawater δ34Ssulfate and the isotopic fractionation im-

parted by BSR. To assess the former effect in the absence of sulfate sulfur isotope data

for these samples, we must rely on sulfur isotope measurements from marine sulfates

elsewhere in the world. Since there is only a minor (0 to +2.4 h) fractionation effect

associated with the evaporative precipitation of sulfate minerals such as anhydrite

(Ault and Kulp, 1959; Raab and Spiro, 1991), the sulfur isotope composition of an

evaporite deposit is a reliable proxy for the isotopic composition of seawater sulfate

from which it precipitated. In the first compilation of a sulfur isotopic age curve for
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the Phanerozoic, Claypool et al. (1980) added new data confirming earlier reports

(Müller et al., 1966; Pilot et al., 1972) of a Middle Triassic through Late Jurassic

evaporite δ34Ssulfate of 16±1.5h. A more recent compilation by Kampschulte and

Strauss (2004) including evaporites as well as structurally substituted sulfate in bio-

genic and whole rock carbonates found the Tr–J transition to be a time of significant

change in the isotopic composition of seawater sulfate. Running averages suggest that

mean evaporite sulfur isotopic composition increased from 13.9h in the Rhaetian to

19.1h in the Hettangian. Structurally substituted sulfates remain more constant at

relatively low values across the boundary (15.9h to 15.8h), but increase through the

early Jurassic to a Toarcian high of 19.2h. Anhydrites from the Argo Salt, a large,

Late Rhaetian to Early Sinemurian evaporite formation deposited in the Grand Banks

Basin offshore of eastern Canada, show δ34S values from 12.1h to 14.6h Holser et al.

(1988).

Taking a representative Tr–J δ34Ssulfate value of 15h, the δ34Sorg+pyrite values ob-

served in this study represent isotopic fractionation of between +5h and -55h for sul-

fate reduction. At the early Hettangian peak of the positive excursion in δ34Sorg+pyrite,

isotope values exceed any so far reported for Early Jurassic evaporites, suggesting ei-

ther a previously undocumented increase in global seawater sulfate isotope values and

a decrease in the fractionation effect of BSR due to decreasing global seawater sulfate

concentration, local effects including a shift to closed system conditions and Rayleigh

fractionation in the sediment, or a combination of these conditions.

Berner (2004) uses the basic mass balance shown in Eqn. 4.2 to model changes

in seawater SO2−
4 concentration during the Phanerozoic. Model results imply that

seawater sulfate concentrations decreased across the Tr–J boundary to an earliest

Jurassic minimum of approximately 11 mM, the lowest value in the last 350 Myr.
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d [SO4]

dt
= Fwmp + Fwms − Fbp − Fbs (4.2)

Where [SO4] = mass of sulfate-sulfur in the oceans

Fwmp = weathering and metamorphic/volcanic release of pyrite sulfur

Fwms = weathering and metamorphic/volcanic release of calcium sulfate sulfur

Fbp = burial of pyrite sulfur in sediments

Fwmp = burial of calcium sulfate sulfur in sediments

[SO2−
4 ]seawater can decrease, then, with a decrease in the weathering influx of pyrite

or sulfate, or with an increase in the burial flux of pyrite or sulfate. Weathering

fluxes are controlled largely by atmospheric conditions, and a decline in atmospheric

oxygen or increasing aridity could lead to a decreased weathering flux of sulfur species.

Paleosols and evaporites in the Pangean interior suggest arid conditions across the

Tr–J boundary (Olsen, 1997), but palynological evidence from Greenland (McElwain

et al., 1999) and clay mineralogy from Sweden (Ahlberg et al., 2003) imply an Early

Jurassic return to humid conditions. Though anoxic conditions occur at and before

the Tr–J boundary in the Queen Charlotte Islands, there is lipid biomarker evidence

for increased oxygenation in the Hettangian (Williford et. al, unpublished data), and

independent evidence for a decline in atmospheric oxygen and global anoxia at this

time is lacking (McRoberts et al., 1997; Hallam and Wignall, 1999; Pálfy et al., 2001;

Hesselbo et al., 2004). The burial flux of pyrite is controlled by the rate of BSR, and

the burial flux of sulfate is controlled by the rate of evaporite deposition, considered

in further detail below.
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4.4.2 Triassic–Jurassic rifting and evaporite deposition

The breakup of Pangea began in a series of about 40 rift basins that formed at the

intersection of the American and Moroccan plates in the Late Triassic and Early

Jurassic (Manspeizer, 1988), and the Atlantic Ocean developed in this region in a

diachronous sequence of “rift and drift cycles” (Withjack et al., 1998). Where the

floors of the shallow rift basins dipped below sea level, they were accompanied by in-

termittent southeastward incursions of the Tethys, and large evaporite provinces were

deposited (Manspeizer, 1988; Holser et al., 1988). Holser et al. (1988) reviewed these

evaporite provinces, finding that North Atlantic rift evaporite deposition commenced

in Carnian-Norian time under dominantly continental conditions, the first incursions

of the Tethys occured during the Rhaetian-Hettangian transition, marine evaporite

deposition peaked in the Hettangian with the deposition of the Argo Salt, and most

evaporite deposition was rapidly cut off during a eustatic sea-level rise beginning in

the Late Hettangian to Early Sinemurian (Hallam, 1984). Hettangian evaporites are

predominantly composed of halite with rare anhydrite horizons, which may reflect an

ocean already relatively depleted in sulfate, a condition that appears to have changed

later in the Early Jurassic with the localized deposition of the predominantly anhy-

drite sequences of the Iroquois Formation (Holser et al., 1988).

4.4.3 Mass balance calculations

The 200 Ma estimate for [SO2−
4 ]seawater from the best match model run reported in

Berner (2004) is approximately 11 mM. Taking this value as the long term baseline

concentration, an amount of [SO2−
4 ]seawater equivalent to a 10.8 mM concentration

must be removed from the ocean to bring [SO2−
4 ]seawater to 0.2 mM and cause isotopic

fractionation during BSR to fall below 10h. Given a modern mass of sulfate in the

oceans of 3.79×1018kg, a concentration of 28 mM, and a slightly larger ocean volume
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in the Jurassic (1.39 vs. 1.37×109 km3) (Hay et al., 2006), a 10.8 mM equivalent rep-

resents 1.46×1018kg additional sulfate that must have been removed from the ocean

to bring [SO2−
4 ]seawater to 0.2 mM. The onset of the positive excursion occurs over the

2.7 m interval between 132.9 m and 135.7 m. If the entire 250 m of section represents

8 Myr (4 Myr Rhaetian, 3 Myr Hettangian, 1 Myr Sinemurian time) then 2.7 m repre-

sents 86.4 kyr. A flux of 1.72×1013 kg/yr would be necessary to remove the required

quantity of sulfate in that amount of time. This is two orders of magnitude higher

than the depositional flux of evaporitic halite during the Early Jurassic estimated

using masses published in (Hay et al., 2006) (3.98×1018kg in 24 Ma, or 1.66×1011

kg/yr). Given that the ratio of halite to gypsum in evaporites is typically 1:0.25, this

scenario seems unlikely to have been completely responsible for the observed change

in δ34Sorg+pyrite. The flux calculated here can be considered a maximum estimate,

though, as it is possible that the reduction in [SO2−
4 ]seawater occurred over a longer

period of time, and the 2.7 m interval of greatest isotopic change represents only

the final interval of depletion beyond the threshold representing the onset of sulfate

limiting conditions for BSR.

4.5 Conclusions

Stable sulfur isotopes of organic and pyrite sulfur were measured from the Tr–J section

at Kennecott Point, Queen Charlotte Islands, British Columbia, Canada. A positive

excursion of nearly 50h (VCDT) occurs over the same interval as the 5h positive

excursion in δ13Corg reported by Williford et al. (2007). Several finer scale features

are evident in both the carbon and sulfur records, including two short term negative

shifts that punctuate the positive excursion. Baseline values for the stable intervals

(Late Norian to Late Rhaetian and Late Hettangian to Sinemurian) (µ: -39.38h) im-

ply a well-developed sulfur cycle with recycling of intermediate sulfur species during
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bacterial sulfate reduction (BSR) and pyrite formation. Values in the Early Hettan-

gian approach and then exceed those previously reported for Early Jurassic seawater

sulfate (∼15h).

Peak evaporite deposition in the Hettangian would have lowered [SO2−
4 ]seawater

considerably. This factor, combined with an increase in turbiditic deposition evident

in the Hettangian rocks at Kennecott Point, likely led to intermittent, local decoupling

of the zone of sulfate reduction in sediments from the water column and an onset of

Rayleigh fractionation, driving the isotopic composition of sulfides and organic sulfur

towards higher values. These conditions were reversed as the Late Hettangian–Early

Sinemurian global transgression (Hallam, 1984) led to the shut down of evaporite

deposition (Holser et al., 1988), a return of higher global [SO2−
4 ]seawater concentrations,

and less turbiditic depostion locally. Stable sulfur isotope analyses of carbonate-

associated sulfates from this locality and others across the Tr–J boundary will offer

a valuable complement to the data presented here, providing a more comprehensive

picture of the behavior of the global sulfur cycle during this critical interval in the

biogeochemical evolution of the planet.
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Chapter 5

ORGANIC GEOCHEMISTRY OF A TRIASSIC–JURASSIC
BOUNDARY SECTION IN THE QUEEN CHARLOTTE

ISLANDS, BRITISH COLUMBIA, CANADA

5.1 Introduction

Following the work of Ward et al. (2001, 2004) which revealed for the first time

a reliable negative excursion in stable organic carbon isotope ratios associated with

fossil turnover at the Triassic–Jurassic (Tr–J) boundary, a much larger and protracted

positive carbon isotope excursion was identified just after the boundary (Williford

et al., 2007). At the time of publication, this was the largest carbon isotope feature yet

uncovered at the Tr–J boundary, and it raised interesting questions about the behavior

of the carbon cycle during one of the five most significant intervals of biodiversity

loss in the Phanerozoic (Raup and Sepkoski, 1982; Tanner et al., 2004; Bambach,

2006). One hypothesis offered by Williford et al. (2007) was that the large, positive

isotope excursion was the result of changes in microbial ecology associated with Tr–J

extinction and recovery. A survey of molecular fossils, or biomarkers, was conducted

to test this hypothesis and to better understand the composition of the sedimentary

organic matter that had been analyzed for bulk stable organic carbon isotopes in

previous studies.

Several previous studies have investigated the organic geochemistry and petrology

of the Queen Charlotte Basin to determine the potential for oil and gas exploration

in this area (Bustin and Macauley, 1988; Vellutini and Bustin, 1990; Bustin, 1997).

Bustin and Mastalerz (1995) studied the Triassic and Jurassic rocks of the Sandilands
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and Ghost Creek formations specifically and found them both to be rich in oil-prone

organic matter, though only the Sandilands Formation has sufficient aerial extent to

lead to significant hydrocarbon generation and accumulation in the basin.

The increasingly widespread application of stable carbon isotope stratigraphy to

intervals of mass extinction in the Phanerozoic has revealed that these intervals were

accompanied by perturbations in the global carbon cycle (Young et al., 2005; Yans

et al., 2007; Payne et al., 2004; Williford et al., 2007; Beerling et al., 2001). These

perturbations are typically identified as excursions away from baseline carbon isotope

values. Interpretations of these carbon isotope excursions vary, and to what degree

carbon cycle perturbations represent cause or effect of mass extinctions remains an

open question. Kump and Arthur (1999) offers an excellent model-driven review

of this question. If carbon isotopes are to be used as a proxy for changes in the

ocean-atmosphere system, certain factors must be constrained. For inorganic carbon,

the primary confounding factors are diagenesis and vital effect. For organic carbon,

changes in source inputs and maturity of organic matter can lead to changes in bulk

carbon isotope values that are unrelated to changes in ocean-atmosphere chemistry.

The widely varying biochemical pathways used by different organisms impart different

characteristic isotopic fractionation effects, and change through time in the contribu-

tion of different organisms to sedimentary organic matter can change the bulk isotopic

composition (Hayes et al., 1989; Hayes, 2002).

The most comprehensive way to assess changes in organic matter composition

in sedimentary rocks includes the extraction of organic matter, separation into com-

pound classes by liquid chromatography, and analysis of these fractions by gas chromatography-

mass spectrometry. In addition to providing some constraints on changes in organic

matter source, these techniques have the potential to provide useful information about

the behavior of microbial communities during mass extinctions (Grice et al., 2005; Xie
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et al., 2005; Wang, 2007).

5.2 Materials and Methods

Seventeen rock samples, ranging in age from Norian to Sinemurian, were chosen for

organic geochemical analysis in order to give total age coverage for the section and

particularly for intervals of bulk isotopic change at and above the Tr–J boundary.

All glassware was combusted overnight at 500◦C. Tools were rinsed three times with

hexane and dichloromethane (DCM). Samples were broken with a hammer and chisel

to remove any weathered exterior surfaces. Each sample was sonicated for 45 minutes

in deionized water, then in hexane, and finally in methanol to remove any exterior

organic contamination. Clean samples were ground using a vibrating puck mill, which

was cleaned between each sample by grinding combusted quartz sand and rinsing with

deionized water, hexane, and methanol. Not all samples were analyzed quantitatively

(by using recovery and quantification standards), and organic geochemical techniques

were undertaken in two different laboratories (Stuart Wakeham’s laboratory at the

Skidaway Institute of Oceanography, Savannah, Georgia, and Julian Sachs laboratory

at the University of Washington School of Oceanography, Seattle, Washington). The

comprehensive, quantitative method that resulted is described below, though some of

the data reported in this study resulted from earlier variations on this method.

Between 3 and 10 g of each sample was weighed and transferred to a mortar and

pestle. Aromatic (C25 and benz[e]acephenanthrylene) and aliphatic (n-C37 alkane)

recovery standards were added to the powdered sample and mixed into the sample

with combusted quartz sand. Soluble organic matter was extracted using a 9:1 mix-

ture of dichloromethane (DCM) and methanol at 100◦C and 1500 psi for three cycles

of 15 min each on an accelerated solvent extractor. Total lipid extracts were dried

under a stream of nitrogen gas on a Turbovap. Elemental sulfur was removed by



80

dissolving the extract in DCM and passing the solution in a small pasteur pipette

through activated copper filings. Desulfurized extracts were dried under a stream of

nitrogen and brought up in 1 ml of DCM. 25% of this solution was transferred to

a liquid chromatography column containing activated silica gel, alumina, and com-

busted quartz sand and pre-eluted with hexane. An apolar fraction was collected by

eluting with 50 ml 9:1 hexane:DCM. An aromatic fraction was collected by eluting

with 90 ml 1:1 hexane:DCM. A polar fraction was collected by eluting with 50 ml 1:1

DCM:methanol. The fractions were dried, 50% of each of the aliphatic and aromatic

fractions was transferred in DCM to a gas chromatography vial with a combusted

glass insert, and n-C36alkane quantification standard was added to each vial. 20%

of each sample was manually injected onto a HP 6890 gas chromatograph interfaced

to a HP 5973 MSD. The column used was an Agilent 123-5562 DB-5MS fused silica

capillary column (58.9 m x 320 um i.d.) with a 0.25 um 5% phenyl-methyl-silicon

stationary phase (DB-5). The gas chromatograph oven was programmed from 60◦C

to 325◦C at 15◦C/min to 150◦C and 6◦C/min to 325◦C with a hold time of 35 minutes.

The carrier gas used was helium at a linear velocity of 1.6 ml/min.

Stable carbon isotope ratios of bitumen and kerogen were measured using a Costech

ECS 4010 Elemental Analyzer coupled to a ThermoFinnegan MAT 253 isotope ra-

tio mass spectrometer via a CONFLO III gas interface. Isotope ratios are reported

in standard delta (δ) notation relative to Vienna Pee Dee Belemnite (VPDB), where

δ13C = [[(13C/12C)sample/(13C/12C)V PDB]-1]*1000. Samples were calibrated against an

acetanilide internal laboratory standard (δ13C=-30.38h VPDB). For kerogen analy-

ses, solvent-extracted rock powder was removed from the solvent extractor cells and

treated with an excess of 10% HCl at 40◦C for 48h to remove carbonates. Samples

were then triple rinsed with ultrapure (>18 MΩ) deionized water and dried at 40◦C.

Approximately 40 µg of dried total lipid extract was used for isotope analyses of
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bitumen.

5.3 Results

Basic geochemical data are listed in Table 5.1. Total organic carbon (TOC) and bulk

δ13Corg for all samples was reported in previous studies (Ward et al., 2001, 2004,

this study, Fig. A.1). TOC ranges from 1.1% to 13.2% organic carbon by weight

with an average of 5.2% (Fig A.1). The highest TOC values come from the 7601

samples, collected by David Kring in 2001 at centimeter scale and selected for dark

shale laminae thought to have the highest organic content. δ13Corg ranges from -

32.1h (at the peak of the Tr–J boundary negative excursion) to -25.1h (at the

peak of the Hettangian positive excursion), with an average of -29.4h. Pristane (Pr)

is the dominant regular isoprenoid, and in most cases where it is clearly present is

more abundant than the nC17 alkane. Phytane (Ph) is generally less abundant than

the nC18 alkane, and in most samples the ratio of pristine to phytane is close to

1.0. The notable exception to the latter case is the dramatic increase in Pr/Ph that

occurs associated with the Hettangian positive excursion in δ13Corg, where the ratio

increases to 8.3 (Fig. 5.13). The ratio of 20S to 20R entaniomers of the regular

C29 sterane are used as a measure of maturity (Seifert and Moldowan, 1986). The

average value of the 20S/(20R+20S) index for this section is 0.46, supporting low

thermal maturity for these samples. Coelution of hopanes and alkanes as well as

the large unresolved complex mixture (UCM) in many samples made it difficult to

identify discrete peaks for n-alkanes in the total ion chromatogram. Discrete peaks

are readily identifiable on the major ion chromatograms for these compound classes,

however. In order to semiquantitatively assess the relative contribution of hopanes

and alkanes throughout the section, the integrated peak area for the C30 hopane on

the m/z 191 fragmentogram was compared to the integrated peak area for the n-C29
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alkane on the m/z 57 fragmentogram. Typical values for the section are between

5 and 7. This ratio increases to 58.1 in the sample just before the Tr–J boundary,

coincident with the onset of the negative excursion in bulk δ13Corg, decreases to 0.1

in the Hettangian at the peak of the positive excursion in bulk δ13Corg, and increases

to 15 at the top of the section in the Sinemurian.

5.3.1 Source Integrity

The stable carbon isotopic compositions of bitumen (dried total lipid extract) and

kerogen (solvent-extracted and HCl acidified rock powder) were measured and com-

pared to the isotopic composition of total organic carbon (δ13Corg, HCl acidified rock

powder) reported in earlier studies (Ward et al., 2001, 2004; Williford et al., 2007) as

a preliminary test for bitumen authigenicity, and the results are given in Table 5.2.

While the authigenicity of kerogen is rarely in question, bitumen can migrate through

porous rocks. If bitumen is allocthonous, the molecular fossils it contains cannot be

used as indicators of paleoenvironment at the time of deposition. It is common for

bitumen to be isotopically depleted by several permil relative to kerogen (Love et al.,

1998), but widely varying isotopic compositions across the organic phases could be

due to bitumen migration. Preliminary analyses of several samples in this study show

the average difference between kerogen and total organic carbon to be -0.3h (n=7),

the average difference between bitumen and kerogen to be -1.2h (n=3), and the av-

erage difference between bitumen and total organic carbon to be -1.7h (n=3). This

relatively close agreement is a preliminary indication that the bitumen is authigenic,

and that isotopic and molecular trends are indicative of syndepositional, rather than

late diagenetic effects.
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Table 5.2: Stable organic carbon isotope values of bulk organic matter (org), kerogen
(ker), and bitumen (bit). Isotopic differences between bitumen and kerogen, bitumen
and bulk organic matter, and kerogen and bulk organic matter are also indicated.
Errors shown are 1σ.

ID δ13Corg δ13Cker δ13Cbit bit-ker bit-org ker-org
QCIJ 238 -31.4 ± 0.0 -31.3 ± 0.1 -0.1
QCIJ 91.4 -25.1 ± 0.0 -25.4 ± 0.1 -0.3
QCIJ 55 -28.6 ± 0.1 -28.4 ± 0.2 0.2
7601 17.4 -29.9 ± 0.1 -30.6 ± 0.0 -31.5 ± 0.0 -0.9 -1.6 -0.7
7601 21.10 -29.4 ± 0.1 -30.1 ± 0.0 -31.5 ± 0.1 -1.4 -2.1 -0.7
7601 24.3 -29.6 ± 0.1 -30.0 ± 0.2 -31.3 ± 0.1 -1.3 -1.7 -0.4
QCI99 74 -30.0 ± 0.1 -30.2 ± 0.0 -0.2
Average -1.2 -1.7 -0.3

5.3.2 Aliphatic Fractions

Fig. 5.1 shows the total ion chromatograms of aliphatic hydrocarbon fractions ar-

ranged stratigraphically with lithologic and bulk organic carbon isotope data (δ13Corg).

The large UCM apparent in most chromatograms indicates a high degree of biodegra-

dation (e.g. Grice et al., 2000, and references therein). Most samples are dominated

by hopanes, with a lower abundance of n-alkanes. In the early Hettangian sam-

ples showing the heaviest bulk carbon isotope values, however, UCM is decreased or

nonexistent, and n-alkanes with an odd-over-even predominance are dominant.

5.3.3 n-alkanes and acyclic isoprenoids

n-Alkanes are present in all samples (Fig. 5.4), though they are most abundant

in the Hettangian samples associated with the positive excursion in δ13Corg, and

nearly unresolvable in samples QCIJ 55 and 7601 26.6. Fig. 5.2 shows the m/z 57

fragmentogram from Hettangian sample QCIJ 99.5 in which acyclic isoprenoids Pr

and Ph as well as the n-alkane series with a clear odd-over-even predominance (CPI:
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Figure 5.1: Aliphatic fraction total ion chromatograms for all samples shown with
litho-, bio- and carbon isotope stratigraphy reported in Williford et al. (2007). Chro-
matograms are aligned using the C36n-alkane.
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expanded region between n-C16 and n-C19 alkanes.

1.27, see Source Indicators section below for details) are readily identifiable. n-C17

and n-C19 are from algae or cyanobacterial sources (e.g. Gelpi et al., 1970).

In more highly biodegraded samples such as QCI99 27.3, n-alkanes are present in

lower concentrations, and the UCM is large (Fig. 5.3). It is unusual for n-alkanes to

be present at all in samples with such a large UCM, as these compounds typically dis-
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appear at a low level of biodegradation. This could indicate a mixture of biodegraded

and fresher material (K. Grice, pers. comm.).

5.3.4 Hopanoids

17α(H),21β(H)-hopanes between C29 and C35 are the dominant compounds in most

of the samples in this study. 25-norhopanes (N29) are present in significant quantities
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Figure 5.4: m/z 57 chromatogram from all samples shown with litho-, bio- and carbon
isotope stratigraphy reported in Williford et al. (2007). Fragmentograms are aligned
using the C36 n-alkane.



89

2000000

1000000

0
18 20 22 24 26 28 30 32 34 36 38 40 42

H30

H31

H32

H33

H34

H29

T23

T21

Tm

N29

Ts

retention time (min)

ab
u
n
d
an

ce

H35

Figure 5.5: m/z 191 fragmentogram from latest Rhaetian sample QCI99 27.3, showing
tricyclic terpanes and hopanoids. T21 and T23 are C21 and C23 tricyclic terpanes, Ts
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22S followed by 22R.

as well, indicating a high degree of biodegradation (Peters et al., 1996; Bennett et al.,

2006). C31-C35 hopane stereoisomers are readily identifiable, as are the 17α- and

17β-22,29,30-trisnorhopanes (Tm and Ts). The two dominant peaks eluting before

Ts/Tm are identified as C21 and C23 tricyclic terpanes based upon the work of Bustin

and Mastalerz (1995). Fig. 5.5 shows a representative hopanoid fingerprint in the

m/z 191 chromatogram from the sample with the highest concentration of hopanes,

QCI99 27.3. All m/z 191 chromatograms in the study are shown stratigraphically in

Fig. 5.6.
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91

500000

250000

0
18 20 22 24 26 28 30 32 34 36 38 40 42

retention time (min)

ab
u
n
d
an

ce

27C
28C

29C

{

{

{

20C

21C

Figure 5.7: m/z 217 fragmentogram from latest Rhaetian sample QCI99 27.3, showing
steranes. C27, C28, and C29 regular steranes are shown as groups of four peaks each
with the following elution order: (20S) ααα, (20S) αββ, (20R) αββ, (20R) ααα.

5.3.5 Steranes

Steranes are present in most samples in this study but only in trace quantities insuf-

ficient for peak integration and quantitation in Hettangian samples that are part of

the positive excursion in δ13Corg. On the m/z 217 chromatogram, the C27, C28, and

C29 regular steranes are readily identifiable, each present as four peaks corresponding

(in order of elution) to (20S) ααα, (20S) αββ, (20R) αββ, and (20R) ααα forms.

The dominant peaks earlier in the series are identified as the C20 and C21 diasteranes.

Fig. 5.7 shows the sterane fingerprint in m/z 217 of sample QCI99 27.3, and Fig. 5.8

shows the m/z chromatograms of all samples arranged stratigraphically.
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Figure 5.8: m/z 217 chromatograms from all samples shown with litho-, bio- and
carbon isotope stratigraphy reported in Williford et al. (2007).
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5.3.6 Aromatic Fractions

Fig. 5.9 shows aromatic fraction chromatograms for all samples in the study. All

samples contain a large UCM, though samples QCIJ 91.4 and QCI 99.5 are clearly

the least biodegraded. All samples were checked for the presence of isorenieratane,

chlorobactane and okenanae on m/z 133, but these compounds were not detected.

5.3.7 Phenanthrene and alkyl phenanthrenes

Fig. 5.10 shows the distribution of phenanthrenes and alkyl phenanthrenes in sample

QCIJ 99.5. The presence of these compounds indicates a low degree of biodegradation

(Peters:2005) or low thermal maturity as indicated by other measures.

5.4 Discussion

5.4.1 Maturity

The ratio of (20R) and (20S) isomers of the C29 regular sterane (20S/(20R+20S))

is used here as an indicator of thermal maturity. Biogenic input of C29 sterane is

exclusively in the (20R) ααα form. With increasing thermal maturity, the 20S

epimer is formed until equilibrium is reached at approximately 55% 20S and 45%

20R. After equilibrium is reached (Ro ∼0.8), the potential of this proxy is exhausted

(Waples and Machihara, 1990). Values are shown in Table 5.1. The average value for

this section is 0.46, which is 83.6% of the equilibrium value for this system.

5.4.2 Source Indicators

While it is impossible to formally classify the kerogen type of samples in this study

due to the lack of Rock Eval pyrolysis data, Fig. 5.11 shows the relationship be-

tween Pr/n-C17 and Ph/n-C18, which can provide information about source, maturity,
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Figure 5.9: Aromatic fraction total ion chromatograms from all samples shown with
litho-, bio- and carbon isotope stratigraphy reported in Williford et al. (2007).
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Figure 5.10: m/z 178, 192, 206, 220, and 234 showing phenanthrenes (a), methyl-
(b), dimethyl (c), trimethyl (d), and tetramethylphenanthrenes (e) from the aromatic
fraction of Hettangian sample QCIJ 99.5.

biodegradation, and redox conditions during deposition (Hunt, 1995). Most samples

plot in the reducing to intermediate marine algal Type II to Type II-III mixed kero-

gen regions. However, samples QCIJ 99.5 and 91.4, from the peak of the positive

excursion in bulk δ13Corg, plot well into the oxidizing, Terrestrial Type III kerogen

region, suggesting an increased contribution of terrestrial material during the time

of deposition. This interpretation is supported by the odd over even predominance

(OEP) of long chain n-alkanes in these Hettangian samples. The C23-C33 Carbon

Preference Index (CPI) (Eqn. 5.1) (Peters et al., 2005) is 1.27 for both QCIJ 99.5

and 91.4, and 1.03 for QCI99 27.3.
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(nC25 − nC33)odd + (nC23 − nC31)odd

2× (nC24 − nC32)even

(5.1)

This suggests an increased contribution of higher plant source material in samples

from the peak of the Hettangian positive excursion in bulk δ13Corg compared to sam-

ples at or just before the negative excursion in bulk δ13Corg coincident with the Tr–J

boundary. This interval is characterized by Tipper and Guex (1994) as a homogenous

”coarse turbiditic sandstone.” In a more detailed analysis of lithostratigraphy, we find

that laminated shales and siltstones are present in this interval, though rare, there is

an increase in the frequency and thickness of turbidites over this interval, and there is

a general increase in grain size, bed thickness, and apparent oxygenation. Increasing

turbiditic deposition over this stratigraphic interval may have delivered organic ma-

terial with a high terrigenous component, previously deposited in a shallower, more

oxygenated setting closer to the continental margin.

A ternary diagram showing the relative distribution of regular C27, C28, and C29

steranes (Fig. 5.12) indicates a significant degree of terrigenous input in the section,

as most samples fall well into the C29 region (Peters et al., 1993). The youngest sample

in the section, QCIJ 238, Sinemurian in age, shows the highest predominance of C29

sterane, which may indicate a high degree of terrigenous input. This sample was

collected by P. Ward in 2001, approximately 1m above a bed labeled as a 1 foot thick

sandstone with hummocky cross-stratification. Hummocky cross-stratification forms

above, but near storm wave base (Dumas and Arnott, 2006), and storm deposition

could have brought an influx of terrigenous material. Deposition above storm wave

base would indicate a significant relative fall in sea level compared with the deep-

water environment lower in the section. The Early Jurassic was a time of low, but

generally rising global sea level (Miller et al., 2005). Evidence for a Sinemurian

regression in England has been cited (Hallam, 1999) and refuted (Hesselbo and Coe,
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Figure 5.11: Pr/n-C17 vs. Ph/n-C18

2000). Interestingly, the samples with the next highest C29 sterane contribution are

those closest to the Tr–J boundary. This could be due simply to a facies change,

as has been observed at the Tr–J section at New York Canyon in Nevada, USA

(Hallam and Wignall, 2000). Alternatively, the pulse of terrestrial material could be

associated with a rooted land plant die-off and altered erosional regime during the



98

C28

C27 C29

QCIJ 238

7601 24.3

QCI99 21.5

QCI99 16

QCIJ 187
QCI99 3.1

7601 10.7
QCI99 3.1

QCI99 35.8

7601 17.4

FI 21.5

QCI99 27.3

Figure 5.12: Ternary diagram showing the relative distributions of regular C27, C28,
and C29 steranes

extinction event similar to what appears to have occurred at the Permian–Triassic

boundary (Ward et al., 2000). Samples above and below the boundary plot in a more

intermediate position on the ternary diagram.

Pr/Ph ratios have been used as a proxy for redox conditions in the sediment at

the time of deposition, though this application has largely fallen out of favor due to

other variables known to affect this ratio (e.g., salinity, early diagenesis) (Peters et al.,
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2005). Those concerns aside, the low Pr/Ph values in most of the samples, especially

those at the Tr–J boundary, could indicate more anoxic conditions. The pronounced

increase in Pr/Ph associated with the Hettangian positive excursion in bulk δ13Corg

could be due to an increase in terrestrial material, as tocopherols (E vitamins) from

land plants are thought to be likely Pr precursors (Goossens et al., 1984).

The increase in Pr/Ph is accompanied by a shift in the relative contribution of

hopanes and n-alkanes. C30 hopane is the most abundant hopanoid and nC29 is an

abundant alkane in almost all samples in this study. The ratio of the integrated peak

areas for the dominant ions associated with each of these compounds (m/z 191 for C30

hopane and m/z 57 for nC29 alkane) is used here as a proxy for the relative abundance
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of the compounds. The positive excursion in bulk δ13Corg and increase in Pr/Ph is

associated with a decrease in H30:nC29 to values an order of magnitude less than those

from surrounding samples, and nearly two orders of magnitude less than average

values for the section. These observations imply that the organic matter in this

interval was deposited under oxidizing conditions, had a high terrigenous component,

and was subject to less bacterial degradation than organic material higher and lower

in the section.

Also striking is the dramatic increase in hopane concentrations relative to n-

alkanes that occurs just before the Tr–J boundary and peaks just before the onset

of the negative excursion in bulk δ13Corg. This could be explained by a collapse

in primary productivity associated with a rapid die-off among the eukaryotic phy-

toplankton and a bloom in heterotrophic water column bacteria. Indeed, there is

a rapid extinction of >90% of Rhaetian radiolaria at precisely this stratigraphic in-

terval (Carter and Hori, 2005; Ward et al., 2001, 2004), perhaps due to removal of

their primary food source. Transient blooms of prasinophyte algae and acritarchs

that typically occur in disturbed ecosystems where grazers have been eliminated were

identified coincident with the Tr–J boundary negative carbon isotope excursion in the

St. Audrie’s Bay (van de Schootbrugge et al., 2007) and Tiefengraben (Kuerschner

et al., 2007) sections. The rapid remineralization in the water column by aerobic

bacterial heterotrophy of isotopically light, photosynthetically derived carbon would

have contributed to the observed negative carbon isotope excursion.

While Fig. 5.13 shows semiquantitative data for hopane and alkane abundance

so that trends can be evaluated using all samples in the study (even those samples

which were analyzed without recovery and quantitation standards), Figs. 5.14 and

5.15 show fully quantitative data for the eight samples which were analyzed using

the most comprehensive methods. Similar patters emerge in these absolute molecular
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Figure 5.14: Total amount of nC22 to nC27 alkanes and C30 hopanes in Rhaetian to
Sinemurian samples

abundances a spike in C30 hopane abundance immediately precedes the Tr–J bound-

ary, a spike in long chain n-alkane abundance immediately follows the boundary, and

the relative contribution of hopanes to alkanes shifts in the Hettangian. In the Sine-

murian sample QCIJ 238, hopane concentration increases to a value more similar to

(yet still less than) those lower in the section, while long chain n-alkanes remain at

high levels. n-alkanes ≥C22, especially with an odd over even predominance, indi-

cate a terrigenous higher plant source (Peters et al., 2005). This pattern implies two

important things about this section: 1) high biodegradation and bacterial contribu-

tions to organic matter are the norm, and low hopane values in the Hettangian are

an anomaly, and 2) the increase in terrigenous input begins in the Hettangian and

remains high into the Sinemurian.

Fig. 5.15 shows a detail of the 20 m around the Tr–J boundary, where a decreasing
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Figure 5.15: Total amount of nC22 to nC27 alkanes and C30 hopanes in Rhaetian to
Sinemurian samples

trend in abundance of long chain (> C22) n-alkanes is clearly apparent. If the sample

with the highest abundance value (QCI99 16) is removed, the trend has r2=0.98.

This trend is interrupted by a deviation to a value that is approximately 170% of the

expected value for the apparent trend. If these long chain n-alkanes are derived from

terrestrial plant waxes, as is commonly the case, this pattern could represent a slow

decline in terrestrial plant abundance interrupted by a short term pulse of terrestrial

plant material to marine sediments in the wake of a die off and resultant shift in

the erosional regime on the continent such as that seen at the P–T boundary (Ward

et al., 2000). Kuerschner et al. (2007) found that distinctive Late Triassic pollen types

including Ovalipollis and Rhaetipollis disappear coincident with the marine extinctions

and the negative carbon isotope excursion, suggesting that terrestrial plant extinctions

were synchronous with the marine event. The large spike in C30 hopane immediately

preceding the boundary is also very clear in absolute abundance data shown here, and
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the spike occurs against a background trend of gently decreasing hopane abundance.

5.5 Conclusions

A record of lipid biomarkers is presented from the Triassic–Jurassic (Tr–J) bound-

ary section on Kennecott Point, Queen Charlotte Islands, British Columbia, Canada.

Lipids from seventeen rock samples ranging in age from Norian to Sinemurian were

extracted and characterized using gas chromatography mass spectrometry (GC-MS).

Organic material was found, in general, to be of low to moderate thermal maturity

and highly to severely biodegraded. Pristane/phytane (Pr/Ph) ratios are generally

<1, indicating low oxygen conditions during deposition. Abundant C29 steranes are

indicative of a significant terrigenous component to the organic material in this sec-

tion, especially in the early Hettangian and at the top of the section in the Sinemurian.

This could be related to facies change (relative sea level fall) or a land plant die-off

associated with Tr–J extinction event. Samples from strata containing the positive

excursion in δ13Corg reported by Williford et al. (2007) have a significantly different

character than samples higher and lower in the section. These samples have high

Pr/Ph ratios, are much less biodegraded, and contain few hopanes and steranes but

abundant n-alkanes with a clear odd over even predominance. This was likely due

at least in part to an increase in turbiditic deposition over this stratigraphic interval,

which would have brought organic material with a higher terrigenous component, de-

posited under oxidizing conditions closer to the continental margin. There is a spike

in hopane abundance just before the Tr–J boundary, coincident with the negative

excursion in δ13Corg first reported by Ward et al. (2001) and a major radiolarian

extinction (Carter and Hori, 2005). This could represent a decline in net primary

production as bacterial heterotrophy outstripped primary productivity in the wake

of the Tr–J event, contributing to the negative excursion in δ13Corg. The apparent
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decline in bacterial influence and export of light carbon to surface waters in the Het-

tangian, combined with an influx in terrigenous organic material, could have had the

opposite effect, driving stable carbon isotopes towards heavier values.
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Chapter 6

CONCLUSIONS

This chapter will discuss the implications of the data presented in this study for the

Triassic–Jurassic (Tr–J) boundary record, for the understanding of mass extinctions

in general, and for planetary habitability and Astrobiology. This study extends the

record of biogeochemical change across the Tr–J boundary in time – reporting records

of stable carbon and sulfur isotopes as well as lipid biomarkers from the Norian into

the Sinemurian for the Queen Charlotte Islands in British Columbia, Canada – and in

space – reporting records of stable carbon isotopes from three Tr–J boundary sections

in New Zealand, the first such work in the Southern Hemisphere. As important as the

data are the subtler questions that arise in the gathering, as these are the doorways

that open onto new avenues of inquiry. Some of these questions will be addressed

here.

6.1 Implications for the Triassic–Jurassic boundary record

6.1.1 Causes and consequences of Tr–J boundary events

The currently favored primary cause for the Tr–J mass extinction is the eruption of

the Central Atlantic Magmatic Province (CAMP) (Hesselbo et al., 2007). CAMP

would have released up to 2.1×104 Gt CO2 and 5.7×104 Gt SO2, leading to rapid

global warming, ocean acidification, and potentially CaCO3 undersaturation (Berner

and Beerling, 2007). There is ample independent evidence for a calcification crisis

at the Tr–J boundary (Galli et al., 2005; van de Schootbrugge et al., 2007). There
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is a strong negative relationship between sea surface temperature and net primary

productivity in the modern ocean (Behrenfeld et al., 2006), and it is reasonable to

expect that rapid warming would have caused a decline in productivity at the Tr–J

boundary as well. A decline among the phytoplankton would have contributed to the

radiolarian extinctions as the primary food source became scarce. Radiolarian ex-

tinctions are likely indicative of wider extinctions among non-fossilizing zooplankton,

and a collapse of the food web combined with the calcification crisis would have made

conditions difficult for marine macrofauna. This scenario is supported by the blooms

of prasinophyte algae and acritarchs coincident with the negative carbon isotope ex-

cursion at the Tr–J boundary, as these organisms are known to be associated with

disturbed ecosystems, present when other phytoplankton are absent, and tend to be

associated with the elimination of grazers such as foraminifera and radiolaria (van de

Schootbrugge et al., 2007; Kuerschner et al., 2007).

6.1.2 CAMP

As it becomes increasingly clear that CAMP volcanism was the most likely primary

cause of the Tr–J mass extinction, determining the relative timing of the emplacement

of CAMP and other Tr–J boundary events is critical. Marzoli et al. (1999) found that

basalt deposits in Morocco are coincident with the boundary, a conclusion supported

by Marzoli et al. (2004) and Verati et al. (2007). The latter study shows 40Ar/39 ages

for Morrocan basalts ranging from 197.8 ± 0.7 Ma to 201.7 ± 2.4 Ma with a peak

at 199.1 ± 1 Ma. By contrast, Whiteside et al. (2007) argue based on palynology,

magnetostratigraphy, and cyclostratigraphy that the oldest CAMP deposits in the

Newark Basin postdate the local extinction by ∼600 kyr. Nomade et al. (2007)

reviewed all published ages for CAMP deposits to date and found that they range

from 202 to 190 Ma, with extrusive activity commencing at ∼200 Ma and peaking
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at 199 Ma in Africa. Williford et al. (2007) found a statistically significant secular

trend of isotopic lightening in δ13Corg after the major isotopic perturbations at the

Tr–J boundary, extending into the Sinemurian (Fig. 3.2, this study). Longer term

emplacement of CAMP deposits in the early Jurassic, as suggested by the Nomade

et al. (2007) compilation, accompanied by a slow increase in atmospheric CO2 and

associated increase in photosynthetic fractionation is consistent with these carbon

isotope data.

6.1.3 Triassic–Jurassic carbon and sulfur cycling

This study adds support to the emerging consensus that the global carbon cycle was

perturbed during and immediately after the Tr–J boundary. A long term negative

trend in organic carbon isotopes is evidence of a gradual increase in atmospheric CO2

occurring over the entire Hettangian and into the Sinemurian stage. The previously

reported 2h negative excursion in δ13Corg is followed by a short return to baseline

values and then a more protracted 5h positive excursion encompassing much of the

Hettangian stage. Extensive radiolarian extinctions as well as a spike in the ratio of

hopanes to alkanes in the same stratigraphic interval as the negative carbon isotope

excursion support the idea that this isotope event was caused at least in part by a

collapse in primary productivity.

An increase in atmospheric CO2 and global warming would have enhanced conti-

nental weathering and ultimately increased the export of phosphorus to the oceans.

This would have increased productivity, contributing to the positive excursion in car-

bon isotopes observed in several Tr–J boundary sections (Galli et al., 2005; Williford

et al., 2007; Ward et al., 2007). Global sea-level regression at the Tr–J boundary

followed by a Hettangian–Sinemurian transgression and an increased input of ter-

rigenous material in the Early Hettangian contributed to the positive excursion in
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organic carbon isotopes. A decline in the export of isotopically heavy inorganic car-

bon to marine sediments during the Tr–J boundary calcification crisis could also have

contributed to the positive excursion in δ13Corg (Williford et al., 2007).

The increase in turbiditic deposition observed in Hettangian rocks of the Queen

Charlotte Islands may have been the primary factor causing the positive excursions

in both carbon and sulfur isotpes. Turbidity currents would have delivered more 13C-

enriched terrigenous organic matter, previously deposited closer to the continents. In

the absence of evidence for global anoxia in the Hettangian, it is difficult to explain

the sulfur isotope observations reported here without considering local depositional

effects. A shift to non-steady-state sediment deposition may have led to a decoupling

of the water column and the zone of sulfate reduction, causing bacterial sulfate reduc-

tion to occur under sulfate limited conditions, Rayleigh fractionation, and transient

increases in the isotopic composition of reactants and products above the composi-

tion of seawater sulfate (e.g. Meyers et al., 1996; Strauss, 1997). This happened in

an ocean already depleted in sulfate, as evidenced by large Hettangian evaporite de-

posits such as the Argo Salt, consisting primarily of halite with only rare anhydrite

horizons (Holser et al., 1988). These evaporite deposits are part of the North Atlantic

rift zone, and the Rhaetian–Hettangian rifting was probably related to the global

regression that occurred at this time (e.g. Hallam and Wignall, 2000).

6.2 General implications for mass extinctions

The lack of convincing evidence for impact at the Tr–J boundary (Tanner et al.,

2004) forces the consideration of intrinsic kill mechanisms including perturbations to

biogeochemical cycles. Such is also the case for the largest of all mass extinctions,

at the Permian–Triassic (P–Tr) boundary (Ward et al., 2005), (though there is some

highly controversial evidence for impact at the P–Tr (Becker et al., 2004; Renne
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et al., 2004)), and indeed the similarities between the Tr–J and P–Tr events have

continued to mount in recent years. Payne et al. (2004) found that the large negative

carbon isotope excursion at the P–Tr boundary was followed by a series of three more

carbon cycle perturbations characterized by short term negative excursions followed

by larger, more protracted positive excursions, and that the carbon cycle did not

stabilize until well into the Anisian, the first stage of the Middle Triassic. The Tr-J

carbon isotope records from the Queen Charlotte Islands (Williford et al., 2007) and

Nevada (Guex et al., 2004; Ward et al., 2007) show a pattern that looks very similar to

one of the negative-positive couplets identified in the Early Triassic. Biotic recovery

after the P–Tr extinction was delayed until the carbon cycle began to stabilize in

the Middle Triassic (Payne and Kump, 2007). Similarly, ammonite recovery after the

Tr–J boundary was delayed until carbon and sulfur cycling began to stabilize in the

Middle to Late Hettangian (Williford et al., 2007, this study).

Both the P–Tr and Tr–J extinctions are associated with large igneous provinces,

the Siberian traps (Renne and Basu, 1991; Renne et al., 1995; Kamo et al., 2003)

and CAMP (Marzoli et al., 1999; Nomade et al., 2007), respectively. Large igneous

provinces are associated with both the formation and breakup of the Pangean super-

continent, and they may be an inherent part of supercontinent formation and breakup

in general (Vaughan and Storey, 2007). Declining continental shelf habitat on the ex-

terior and climatic extremes on the interior make the formation of a supercontinent

potentially detrimental to the biosphere. If flood volcanism is indeed the fundamen-

tal mechanism by which a supercontinent disintegrates, it may be that major mass

extinctions are also an inherent part of supercontinent formation and breakup.
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6.3 Implications for planetary habitability and Astrobiology

Animals did not evolve on Earth until approximately 570 million years ago (Xiao

et al., 1998), at least 2.5 billion years after the emergence of microbial life on the

planet. The major biogeochemical cycles of the planet were thus established and

mediated by the microbial biosphere for billions of years before the emergence of

animals. Because of the the narrow range of environmental tolerance of the eukarya,

and especially the animals, relative to the bacteria and archaea (e.g. Gunde-Cimerman

et al., 2005; Alpert, 2006), the definition of habitability for animal life is quite different

than that for microbial life. At least five times during the Phanerozoic Eon, during

intervals that have come to be called the great mass extinctions, planetary habitability

for animals was dramatically reduced. Habitability for microbial life was apparently

either unaffected or increased during these intervals (e.g. Baud et al., 1997; Butterfield,

2007).

It may be, in fact, that imbalances in the biogeochemical cycles mediated largely

by the microbial biosphere, and expansions of certain parts of the microbial biosphere,

were at least secondarily responsible for causing the mass extinctions or delaying the

recovery from the mass extinctions. In the case of the largest mass extinction at the

P–Tr boundary, for instance, global warming, ocean stagnation and superanoxia led to

an expansion in the sulfate reducing bacteria and an increase in the production of H2S

in marine sediments such that the chemocline separating oxygenated surface waters

from anoxic, sulfidic deep waters penetrated the photic zone (Grice et al., 2005). This

could have resulted in the release of a quantity of H2S into the atmosphere sufficient

to cause sulfide toxicity in terrestrial plants and animals as well as ozone depletion

and increased UV flux (Kump et al., 2005). Seawater sulfate concentration was 20

mM at the the P–Tr boundary, twice the concentration at the Tr–J boundary (Berner,

2004). Perhaps the lower sulfate concentration during the Tr–J extinction prevented
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global photic zone euxinia from developing as sulfate reduction in marine sediments

was more readily limited.

The only major mass extinction that can be reliably associated with an extrater-

restrial mechanism is the Cretaceous–Paleogene (K–P) event (Alvarez et al., 1980).

After nearly three decades of careful searching for similar evidence of extraterrestrial

impact at mass extinction boundary sections around the world, only limited, highly

controversial evidence has been found (Becker et al., 2004; Renne et al., 2004). We

are left to explore other extinction mechanisms, then, those intrinsic to the Earth

system. Stable isotope measurements, such as those in this study, make it clear that

each of the five major mass extinctions of the Phanerozoic were accompanied by large

scale perturbations to global biogeochemical cycles.

At least three of the big five extinctions (P–Tr, Tr–J, K–Pg) were accompanied by

flood basalt volcanism, increasing atmospheric CO2 and global warming. In the case

of the P–Tr and Tr–J mass extinctions, these seem to be the primary mechanisms

which may have led to other kill mechanisms (e.g. anoxia, hypercapnia, clathrate

destabilization, photic zone euxina and sulfide toxicity). As indicated above, flood

volcanism may be an inherent part of the formation and breakup of a supercontinent.

Furthermore, the supercontinent phase may be an inherent part of plate tectonics

(Vaughan and Storey, 2007). Plate tectonics may be a necessary requirement for long

term planetary habitability in the general sense (Ward and Brownlee, 2000), but it

may also be responsible for short term decreases in habitability for complex life.

There is ample room for exploration of the connection between flood volcanism,

impact, and extinction, particularly concerning the key question of why some large

impacts and large igneous provinces are not associated with mass extinctions. It may

well be the case that neither impact nor volcanism alone is sufficient to cause a mass

extinction, and that a combination of these, their associated downstream effects, or
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some as yet undetermined mechanism is required. Certainly there is no universal

rule governing the response of the biosphere to a given phenomenon, and the highly

complex combination of planetary ecology, tectonics, geochemistry, spaciotemporal

localization, orbital parameters, and countless other factors introduce a high degree

of stochasticity into the dynamics of global biodiversity through time.

The great Phanerozoic mass extinctions at once highlight the fragility and the

resilience of animal life on Earth. The Phanerozoic age of animals is characterized by

episodic catastrophes during which the world became a barren wasteland, populated

for millions of years only by the opportunistic few, the “disaster species.” Inevitably,

however, biodiversity returned after even the most extreme of these extinctions, some-

times including a wide array of novel forms filling ecological niches that had never

existed before. An early reduction in the number of animal body plans occurred

some time after the deposition of the Burgess Shale, though this “decimation” event

(Gould, 1989) or sequence of events cannot yet be constrained in time and space due

to the extreme rarity of fossil sites with soft body preservation. Phylum-level diversity

(or disparity) has remained constant since the Cambrian. The most extreme plane-

tary conditions during the Phanerozoic were thus insufficient to completely eliminate

complex life or permanently decrease global biodiversity. In the case of the Tr–J ex-

tinction, the highly successful Triassic ammonites suffered near complete extinction

(Hallam, 1981), but during radiations in the Jurassic and Cretaceous periods, these

animals achieved previously unsurpassed diversity (Ward, 1980). Late Triassic ex-

tinctions among the tetrapods opened the way for the great radiation of dinosaurs

that would take place in the Jurassic (Olsen et al., 2002; Irmis et al., 2007), leading

to a transformation of terrestrial ecosystems by the end of the Cretaceous. In this

sense, and on time scales of hundreds of millions of years, mass extinctions acted as

drivers of biological and ecological diversity.
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2007. Triassic-Jurassic boundary events inferred from integrated stratigraphy of the
Csovar section, Hungary. Palaeogeography Palaeoclimatology Palaeoecology 244(1-
4): 11–33.

Pálfy, J., Demeny, A., Haas, J., Hetenyi, M., Orchard, M. J., and Veto, I., 2001.
Carbon isotope anomaly and other geochemical changes at the Triassic—Jurassic
boundary from a marine section in Hungary. Geology 29: 1047–1050.

Pálfy, J., Smith, P., and Mortensen, J., 2000. A U-Pb and 40Ar/39Ar time scale for
the Jurassic. Canadian Journal of Earth Sciences 37: 923–944.

Payne, J. L. and Kump, L. R., 2007. Evidence for recurrent Early Triassic massive
volcanism from quantitative interpretation of carbon isotope fluctuations. Earth
and Planetary Science Letters 256(1-2): 264–277.

Payne, J. L., Lehrmann, D. J., Wei, J., Orchard, M. J., Schrag, D. P., and Knoll,
A. H., 2004. Large Perturbations of the Carbon Cycle During Recovery from the
End-Permian Extinction. Science 305: 506–509.



130

Peters, K., Moldowan, J., McCaffrey, M., and Fago, F., 1996. Selective biodegrada-
tion of extended hopanes to 25-norhopanes in petroleum reservoirs. Insights from
molecular mechanics. Organic Geochemistry 24(8-9): 765–783.

Peters, K., Walters, C., and Moldowan, J., 2005. The biomarker guide, volume 2:
Biomarkers in petroleum systems and Earth history. Cambridge University Press,
Cambridge, 2nd edition.

Phillips, J., 1840a. Organic remains. Penny Cyclopedia 16: 487–491.

Phillips, J., 1840b. Paleozoic series. Penny Cyclopedia 17: 153–154.

Phillips, J., 1841. Figures and Descriptions of the Palaeozoic Fossils of Cornwall,
Devon and West Somerset; Observed in the Course of the Ordnance Survey of that
District . Longman, London.

Pilot, J., Rösler, H., and Müller, P., 1972. Zur geochemischen Entiwicklung des
Meereswassers und mariner Sedimente im Phanerozoikum mittesl Untersuchungen
von S-, O- und C-Isotopen. Neue Bergbautech 2(161-168).

Primeau, F., 2005. Characterizing Transport between the Surface Mixed Layer and
the Ocean Interior with a Forward and Adjoint Global Ocean Transport Model.
Journal of Physical Oceanography 35(4): 545–564.
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Appendix A

SUMMARY OF δ13CORG DATA FOR KENNECOTT POINT
SECTION

Table A.1: Summary of δ13Corg data for Kennecott Point

section. δ13Corg is the mean of replicate sample runs,

where multiple runs were performed. Where no replicates

were analyzed, no error is given. δ13Cra values are after

double or triple HCl treatment. TOC values for QCI99

and QCI-M section were shown graphically in Ward et al.

2004, but absolute data could not be located for inclusion

here.

δ13Corg δ13Cra TOC

section ID pos (m) (h VPDB) ± (h VPDB) wt. % ±

QCIJ 263.3 249.8 -30.62 0.15 3.49 0.41

QCIJ 258.1 248.7 -30.63 0.40 7.19 4.81

QCIJ 254.7 247.8 -32.40 0.86 3.49 0.13

QCIJ 252.2 246.9 -31.21 0.03 4.26 0.37

QCIJ 250.5 246.3 -30.79 0.04 1.01 0.03

QCIJ 250.0 246.1 -31.44 0.23 2.54 0.05

QCIJ 246.0 244.5 -31.42 0.32 7.22 0.04

QCIJ 243.0 243.1 -32.60 1.87 1.41 0.01

Continued. . .
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δ13Corg δ13Cra TOC

section ID pos (m) (h VPDB) ± (h VPDB) wt. % ±

QCIJ 241.0 242.2 -31.05 0.10 2.63 0.15

QCIJ 238.0 240.6 -31.44 0.02 4.54 0.07

QCIJ 236.0 239.5 -31.02 0.03 2.18 0.23

QCIJ 232.0 237.2 -31.29 0.03 1.91 0.11

QCIJ 229.0 235.4 -31.07 0.00 3.10 0.00

QCIJ 226.0 233.5 -31.19 0.12 3.74 0.04

QCIJ 221.0 230.2 -31.60 0.20 2.51 0.02

QCIJ 218.0 228.1 -30.91 0.15 2.75 0.04

QCIJ 216.0 226.6 -31.13 0.65 2.02 2.03

QCIJ 211.0 223.0 -31.21 0.08 4.03 0.07

QCIJ 210.0 222.2 -31.50 4.43

QCIJ 206.0 219.2 -31.39 0.14 1.48 1.72

QCIJ 204.0 217.7 -30.70 0.07 0.58 0.01

QCIJ 203.0 216.9 -31.27 0.27 2.40 0.77

QCIJ 198.0 213.0 -30.50 0.04 0.53 0.07

QCIJ 197.0 212.2 -31.54 0.08 3.64 1.74

QCIJ 194.0 209.8 -31.24 2.09

QCIJ 192.0 208.2 -31.43 0.04 2.73 0.17

QCIJ 187.0 204.2 -31.30 0.07 4.15 0.03

QCIJ 180.4 198.9 -30.90 1.94

QCIJ 175.0 194.5 -31.05 0.21 1.37 0.14

QCIJ 172.0 192.1 -31.45 0.21 1.96 0.34

QCIJ 166.2 187.6 -31.06 0.08 2.11 0.05

Continued. . .
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δ13Corg δ13Cra TOC

section ID pos (m) (h VPDB) ± (h VPDB) wt. % ±

QCIJ 163.0 185.1 -30.65 0.58 -32.36 4.80 2.27

QCIJ 158.6 181.7 -30.51 0.72 1.06

QCIJ 150.6 175.8 -30.22 0.52 0.10

QCIJ 150.0 175.3 -31.30 0.07 -32.00 5.14 0.13

QCIJ 144.0 171.1 -30.80 0.00 4.19 0.00

QCIJ 137.6 166.8 -30.92 0.03 2.47 0.14

QCIJ 129.7 161.7 -31.60 0.05 -32.36 4.21 0.10

QCIJ 120.5 156.3 -30.13 0.08 -30.50 2.20 0.04

QCIJ 116.0 153.9 -29.04 0.02 -29.41 2.40 0.14

QCIJ 113.0 152.3 -26.13 0.04 -26.42 2.00 0.40

QCIJ 109.0 150.3 -27.69 -28.31 1.73

QCIJ 105.0 148.5 -28.38 0.02 -29.31 0.67 0.09

QCIJ 99.5 146.0 -25.66 0.00 -26.99 2.51 0.00

QCIJ 91.4 142.8 -25.11 0.00 -25.26 2.80 0.00

QCIJ 87.4 141.4 -25.58 0.08 -25.76 1.68 0.14

QCIJ 78.7 138.6 -27.04 0.00 -27.52 1.09 0.00

QCIJ 76.4 138.0 -26.68 -27.02 0.44 0.19

QCIJ 69.8 136.2 -25.07 0.00 -25.12 2.49 0.00

QCIJ 68.0 135.7 -25.01 0.07 0.84 0.04

QCIJ 62.0 134.3 -29.27 -29.39 2.12

QCIJ 55.0 132.9 -28.58 0.07 -28.96 1.26 0.16

QCIJ 52.7 132.4 -27.78 0.02 -27.80 0.55 0.03

QCIJ 50.0 131.9 -28.89 0.10 -29.13 1.19 0.14

Continued. . .
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δ13Corg δ13Cra TOC

section ID pos (m) (h VPDB) ± (h VPDB) wt. % ±

QCIJ 43 130.7 -28.25 0.10 -28.55 1.11 0.02

QCIJ 39 130.0 -28.64 1.09 -28.66 3.82 2.63

QCIJ 35 129.3 -27.78 0.04 -28.09 2.60 0.20

QCIJ 30.6 128.5 -29.80 0.01 -30.01 3.95 0.54

QCIJ 29.7 128.3 -29.90 2.48

QCIJ 26.7 127.8 -30.00 -30.89 2.93

QCIJ 19.4 126.4 -29.89 0.01 3.26 0.08

QCIJ 13 124.9 -29.98 0.16 3.39 0.78

QCIJ 12.5 124.8 -30.61 0.04 -31.57 3.50 0.29

QCIJ 8.8 123.9 -29.42 0.12 0.78 0.06

QCIJ 3.3 122.3 -30.15 0.10 -30.58 2.54 0.67

QCI99 1 121.3 -29.48 0.09

QCI99 3 120.6 -29.55 0.18

QCI99 2 119.8 -30.14 0.30

QCI99 4 116.5 -29.58 0.39

QCI99 6B 116.3 -29.91 0.12

QCI99 6 116.0 -29.91 0.05

QCI99 5B 115.5 -29.90 0.09

QCI99 5 115.5 -29.79 0.07

QCI99 7 113.3 -31.16 0.01

QCI99 8 112.8 -31.16 0.23

QCI99 8B 112.3 -31.25 0.03

QCI99 8C 111.3 -30.83 0.54

Continued. . .
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δ13Corg δ13Cra TOC

section ID pos (m) (h VPDB) ± (h VPDB) wt. % ±

QCI99 9 110.3 -31.29 0.16

QCI99 9B 109.8 -31.06 0.08

QCI99 10 108.3 -29.42 0.13

QCI99 10B 107.3 -30.12 0.12

QCI99 10C 106.8 -30.04 0.00

QCI99 11 106.3 -29.75 0.08

QCI99 11B 105.8 -28.50 0.15

QCI99 12 105.3 -28.50 0.14

QCI99 13 104.3 -29.47 0.08

QCI99 13B 103.3 -29.42 0.27

QCI99 13C 102.3

QCI99 14 101.3 -30.06 0.12

QCI99 15 100.3 -29.59 0.21

QCI99 15B 99.8

QCI99 15BC 99.3

QCI99 16 98.8 -29.21 0.21

QCI99 16B 97.7 -29.43 0.07

QCI99 17 95.8 -29.24 0.17

QCI99 17B 95.0

QCI99 18 93.8 -29.96 0.21

QCI99 19 92.3 -29.79 0.13

QCI99 20 90.3 -30.15 0.13

QCI99 21 88.3

Continued. . .
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δ13Corg δ13Cra TOC

section ID pos (m) (h VPDB) ± (h VPDB) wt. % ±

QCI99 23 86.3 -29.16 0.19

QCI99 24 85.9 -29.81 0.32

QCI99 25 84.8 -30.02 0.10

QCI99 26 83.2 -28.96 0.05

QCI99 27 81.9 -28.88 0.02

QCI99 28 80.3 -29.62 0.16

QCI99 29 78.3 -29.02 0.50

QCI99 30 77.5 -29.35 0.10

QCI99 31 73.0 -29.85 0.14

QCI99 32 68.3 -29.92 0.14

QCI99 33 66.0 -29.60 0.23

QCI99 34 65.3 -29.00 0.19

QCI99 35 62.3 -29.36 0.25

QCI99 36 58.3 -29.78 0.17

QCI99 37 53.5 -30.04 0.01

QCI99 38 50.3 -29.11 0.11

QCI99 39 46.8 -27.93 0.52

QCI99 40 43.3 -29.69 0.08

QCI99 41 40.8 -29.08 0.03

QCI99 42 36.8 -29.38 0.06

QCI99 43 32.8 -29.35 0.03

QCI-M 31.0 31.0 -29.88 0.14

QCI-M 30.5 30.5 -30.10 0.26

Continued. . .
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δ13Corg δ13Cra TOC

section ID pos (m) (h VPDB) ± (h VPDB) wt. % ±

QCI-M 30.0 30.0 -28.96 0.60 2.29

QCI-M 29.5 29.5 -29.46 0.13

QCI-M 29.0 29.0 -29.66 3.06 1.46

QCI-M 28.5 28.5 -29.16 0.44 1.48

QCI-M 28.0 28.0 -29.17 0.20 2.69

QCI-M 27.5 27.5 -28.86 0.14 1.93

QCI99 44 27.3 -29.74 0.06

QCI-M 27.0 27.0 -29.36 0.08 3.90 1.91

QCI-M 26.5 26.5 -28.68 0.10 2.33 0.79

QCI99 45 26.3 -29.38 0.18

QCI-M 26.0 26.0 -29.68 0.10 1.14 1.12

QCI-M 25.0 25.0 -29.62 0.35

QCI-M 24.5 24.5 -29.76 0.21

QCI-M 24.0 24.0 -29.04 0.23 1.59

QCI-M 23.8 23.8 -29.21 0.18 2.01 0.50

QCI-M 23.5 23.5 -29.31 0.17 2.90

QCI-M 23.3 23.3 -28.98 0.50 2.94 0.12

QCI-M 23.0 23.0 -29.67 0.12 0.71 0.73

QCI-M 22.5 22.5 -29.05 0.17 3.13

QCI-M 22.0 22.0 -29.89 0.19

QCI-M 21.5 21.5 -29.68 0.37

QCI-M 21.3 21.3 -29.09 0.26 4.73 2.19

QCI-M 21.2 21.2 -29.77 3.28

Continued. . .
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δ13Corg δ13Cra TOC

section ID pos (m) (h VPDB) ± (h VPDB) wt. % ±

QCI-M 21.1 21.1 -29.91 0.02 3.44 1.24

QCI-M 21.0 21.0 -29.86 0.05 2.53 0.53

QCI-M 20.6 20.6 -29.28 0.11 6.08 0.05

QCI-M 20.6 20.6 -29.61 0.21 0.93

QCI-M 20.5 20.5 -29.65 0.19 1.23 0.05

QCI-M 20.0 20.0 -29.19 0.25 2.81 1.31

QCI-M 20.0 20.0 -29.58 0.19 1.87 1.57

QCI-M 19.5 19.5 -28.81 0.12 2.54 0.78

QCI99 46 19.5 -29.16 0.00

QCI-M 19.1 19.1 -28.52 0.15 5.93 2.71

QCI-M 19.0 19.0 -28.08 2.00

QCI-M 18.0 18.0 -29.25 0.37

QCI-M 17.0 17.0 -29.67 0.40

QCI-M 16.0 16.0 -29.22 0.04

QCI99 47 15.6 -29.28 0.04

QCI-M 15.0 15.0 -29.31 0.47

QCI-M 14.0 14.0 -29.05 0.20

QCI99 48 12.3 -29.39 0.09

QCI-M 12.0 12.0 -29.20 0.31 5.61

QCI-M 11.0 11.0 -29.08 0.05 1.79 1.16

QCI-M 10.0 10.0 -28.92 0.37 1.73 0.12

QCI-M 9.7 9.7 -29.03 0.08 2.18 0.13

QCI99 50 9.3 -28.75 0.13

Continued. . .
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δ13Corg δ13Cra TOC

section ID pos (m) (h VPDB) ± (h VPDB) wt. % ±

QCI-M 9.0 9.0 -29.26 0.07

QCI-M 8.0 8.0 -28.62 7.85

QCI-M 7.2 7.2 -29.23 0.32 2.02 0.63

QCI-M 7.0 7.0 -29.51 0.10 3.61

QCI-M 6.9 6.9 -29.87 0.13 2.20 1.00

QCI-M 6.8 6.8 -29.65 0.33 2.05 1.15

QCI-M 6.4 6.4 -29.63 0.14 0.43

QCI-M 6.0 6.0 -29.51 0.01 3.51 0.97

QCI-M 5.9 5.9 -29.24 0.29 0.69 0.06

QCI99 51 5.3 -29.39 0.09 5.00

QCI-M 4.7 4.7 -29.20 0.08 2.58 0.47

QCI-M 4.3 4.3 -29.71 0.16 3.12

QCI99 TD266 4.1 -28.92 0.02

QCI-M 3.0 3.0 -28.71 0.56

QCI-M 2.0 2.0 -30.59 0.64

QCI-M 1.0 1.0 -29.94 0.27

QCI-M 0.0 0.0 -29.70 0.05

average -29.65 0.18 -28.88 2.63 0.56
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Appendix B

SUMMARY OF δ34SORG+PY RITE DATA FOR KENNECOTT
POINT SECTION
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per.

National Outdoor Leadership School 6/1996 to 8/1996
Summer Semester in the Rockies. 1 month wilderness travel, 1 month backcountry
free climbing, 1 month river travel in Wyoming, Colorado, and Utah. Chosen to act
as ”small group expedition leader,” leading four other students from the continental
divide in the Wind River Mountains to a campground in the foothills over four days
while fasting.

Outward Bound 4/1993
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Backcountry sailing in the Florida Keys and the Everglades

Awards

NSF IGERT Astrobiology Fellowship 9/2005 to 9/2007
2 year tuition, stipend and travel allowance

UW Graduate Student Support Fund 7/1999
Competitive grant provided travel expenses for field work in Panama

Order of the Gown 9/1995 to 6/1998
Academic acheivement and student governement organization

Wilkins Scholarship 9/1994 to 6/1998
Half-tuition academic merit scholarship to the University of the South, Sewanee, Ten-
nessee

David A. Saidel Memorial Scholarship 9/1990 to 6/1994
Half-tuition scholarship academic merit scholarship to the Miami Valley School, Day-
ton, Ohio

Peer-Reviewed Publications

Williford, K.H., Ward, P.D., Garrison, G.H., Buick, R., 2007. An extended sta-
ble organic carbon isotope record across the Triassic-Jurassic boundary in the Queen
Charlotte Islands, British Columbia, Canada. Palaeogeography, Palaeoclimatology,
Palaeoecology 244(1-4): 290-296

Ward, P.D., Garrison, G.H., Williford, K.H., Kring, D., Goodwin, D., Beattie,
M., McRoberts, C., 2007. The organic carbon isotopic and paleontological record
across the Triassic-Jurassic boundary at the candidate GSSP section at Ferguson
Hill, Muller Canyon, Nevada, USA. Palaeogeography, Palaeoclimatology, Palaeoecol-
ogy 244(1-4): 281-289

Conference Publications

Williford, Kenneth H., Ward, Peter D., and Garrison, Geoff, 2005. Biogeochem-
istry of the Triassic–Jurassic boundary. Geological Society of America Abstracts with
Programs, Vol. 37, No. 7, p. 186
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Conference Presentations

Williford, K.H., 2007. Biogeochemistry of the Triassic-Jurassic Boundary. The
Global Triassic, Official meeting of the IUGS Subcommission on Triassic Stratigra-
phy, IGCP 467. New Mexico Museum of Natural History, Albuquerque, New Mexico,
USA, May 2007.

Williford, K.H., Ward, P.D., Garrison, G.H., Buick, R., Wakeham, S.G., 2006.
Records of stable organic carbon isotopes and biomarkers from the Triassic-Jurassic
boundary. INTERRAD XI and Circum-Pacific Triassic Stratigraphy and Correlation.
IGCP 467. Wellington, New Zealand. March 2006.

Williford, K.H., Ward, P.D., and Garrison, G.H., 2005. Biogeochemistry of the
Triassic-Jurassic boundary. IGCP 458 5th Field Workshop: Triassic/Jurassic bound-
ary events. Tata, Hungary to Puch bei Hallein, Austria. 5-10 September, 2005

Williford, Kenneth H., Ward, Peter D., and Garrison, Geoff, 2005. Biogeochem-
istry of the Triassic-Jurassic boundary. Geological Society of America Abstracts with
Programs, Vol. 37, No. 7, p. 186

Williford, K.H. and Ward, P.D., 2005. Biogeochemistry of the Triassic-Jurassic
boundary. Second Astrobiology Graduate Conference. Scripps Institution of Oceanog-
raphy. La Jolla, California, USA. 17-21 August, 2005


