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Abstract 1 

 The Cretaceous-Paleogene extinction has been one of the most heavily studied mass 2 

extinction events from the fossil record, with many aspects from the causation and effect of the 3 

extinction having been well studied, but with some areas still not having been explored in great 4 

detail. After an extended period of warming, there was a cooling event before the K-Pg 5 

extinction occurred that lasted for around 100,000 years, with the Chicxulub impact having been 6 

followed by a period of instability where plant communities were recovering. While these have 7 

been well studied, changes to the global carbon cycle remain uncertain and changes to the global 8 

water cycle have received little attention. 9 

 By studying the isotopic composition of plant wax lipids preserved in sediments from 10 

across the K-Pg boundary, it becomes possible to put together a clearer image of how the carbon 11 

and water cycles were behaving up to and across the mass extinction event. These sediments 12 

were collected from southern Saskatchewan, Canada, with the lipids having been extracted from 13 

the sediments and had the abundance of individual lipid chains and isotopic compositions of 14 

hydrogen and carbon measured. Modern plant wax fractionation was used as a basis to relate the 15 

isotopic values back to the expected values of atmospheric CO2 and rain water, providing a 16 

baseline for the carbon and water cycles and observing how they change across time. Inferences 17 

on these cycles show the region was characterized by isotopically light rain water but with no 18 

long term trends in water isotope composition, while carbon values show cyclicity reminiscent of 19 

Milankovitch orbital cycles, with neither isotope record showing long term effects caused by the 20 

extinction, suggesting a relatively rapid recovery of within 10,000 years for both cycles. 21 

 22 

 23 
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Résumé 24 

L'extinction crétacé-paléogène est l'un des phénomènes d'extinction de masse les plus étudiés 25 

parmi les archives fossiles. De nombreux aspects de la cause et de l'effet de l'extinction ont été 26 

bien étudiés, mais certaines zones n'ont pas encore été explorées de manière très détaillée. Après 27 

une longue période de réchauffement, il s'est produit un refroidissement avant l'extinction de la 28 

K-Pg qui a duré environ 100 000 ans. L'impact du Chicxulub a été suivi d'une période 29 

d'instabilité pendant laquelle les communautés végétales se rétablissaient. Bien que ceux-ci aient 30 

été bien étudiés, le cycle du carbone n'a été exploré que par des méthodes limitées et le cycle de 31 

l'eau encore moins. 32 

En étudiant la composition isotopique des lipides de cire végétale conservés dans les sédiments 33 

situés au-delà de la limite K-Pg, il devient possible de donner une image plus claire de la façon 34 

dont les cycles du carbone et de l’eau se comportaient jusqu’à l’événement d’extinction de 35 

masse. Ces sédiments ont été collectés dans le sud de la Saskatchewan, au Canada, les lipides 36 

ayant été extraits des sédiments et l’abondance de chaînes lipidiques individuelles et de 37 

compositions isotopiques d’hydrogène et de carbone a été mesurée. Le fractionnement moderne 38 

des cires de plantes a servi de base pour ramener les valeurs isotopiques aux valeurs attendues de 39 

CO2 atmosphérique et d’eau de pluie, en fournissant une base de référence pour les cycles du 40 

carbone et de l’eau et en observant leur évolution dans le temps. Les inférences sur ces cycles 41 

montrent que la région est inondée d'eaux de pluie isotopiquement légères mais sans tendance à 42 

long terme, tandis que les valeurs de carbone montrent une cyclicité rappelant les cycles orbitaux 43 

de Milankovitch, aucun enregistrement isotopique ne montrant des effets à long terme causés par 44 

l'extinction, ce qui suggère une reprise relativement rapide de 10 000 ans pour les deux cycles. 45 

  46 
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Preface 47 

 The thesis presented here is the culmination of the author’s original research at the Earth 48 

and Planetary Science Department of McGill University from 2017 to 2019. The article is 49 

intended to be submitted for review for the purpose of submission to complete the author’s 50 

Master’s degree in the program, where the author is the primary contributor and Peter Douglas is 51 

the author’s primary supervisor, with Hans Larsson as the co-supervisor.Sample preparation, 52 

data analyses, and inference were conducted by the author under the guidance and supervision of 53 

Peter Douglas while the field work was performed under the supervision of Hans Larsson.  54 
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Chapter 1: General introduction 200 

 201 

The Cretaceous-Paleogene (K-Pg) boundary is the most recent mass extinction event in 202 

Earth’s history and has been the most heavily studied, now known to have been linked to an 203 

asteroid impact that landed in the Gulf of Mexico (Hildebrand et al., 1991). The extinction wiped 204 

out 75% of all plant and animal species on Earth, with terrestrial and marine ecosystems being 205 

heavily affected by the impact (Norris et al., 1999; Labandeira et al., 2002; Vajda et al., 2001; 206 

Wolfe & Upchurch, 1986). Evidence for an asteroid impact has been found globally and ranges 207 

from direct evidence within the Chicxulub crater and indirect evidence from the aftermath of the 208 

impact, which include tektites in regions near the impact site, shocked quartz associated with the 209 

high forces of the impact, and a layer of iridium-rich clay that has been found globally in 210 

terrestrial and marine deposits and is used to mark the boundary between the Cretaceous and 211 

Paleogene (Alvarez et al., 1980; Smit & Hertgen, 1980). The Chicxulub crater is in the 212 

subsurface on the Yucatan peninsula off the coast of Mexico, with an estimated of diameter of 213 

180 to 200 km that, at the time of impact, would have landed in carbonate rich continental 214 

marine deposits. A range of hypotheses has been put forth on the effects such an impact would 215 

have caused to the global system, none mutually exclusive from each other, which have ranged 216 

from the release of a large enough volume of aerosols to create an extended period of darkness 217 

(Pope et al., 1994), short term global cooling (Vellekoop et al., 2014; Vellekoop et al., 2015), 218 

and long-term warming (Kaiho et al., 1999). There also would have been more immediate effects 219 

that would have devastated the Americas and possibly have been more widespread as well, 220 

including earthquakes from seismic activity traveling through the Earth (Ivanov, 2005), large 221 

scale wildfires (Kring & Durda, 2002; Vajda et al., 2001), ejecta from the impact falling back 222 

down to the surface (Croskell et al., 2002), global production of acid rain which would damage 223 
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vegetation and calcareous shelled organisms (Prinn & Fegley jr, 1987), and the blast that would 224 

have occurred in the immediate vicinity of the impact site (Pope et al., 1997).  225 

 Although it is largely undisputed that the bolide impact was one of the primary forces 226 

behind the K-Pg mass extinction, the matter is complicated by the occurrence of the Deccan 227 

traps, a series of flood basalts, that were active around the time of the impact in India 228 

(Washington, 1922). This has been the source of debate for some time as it is unclear whether 229 

the Deccan traps had played a role in the K-Pg extinction event, with some studies concluding 230 

that they were the primary driver in the extinctions (Font et al, 2016; Petersen et al., 2016; 231 

Schoene et al., 2019) while other studies suggest the volcanism only played a minor role or even 232 

had no serious environmental effects in the over all stability of ecosystems before the impact 233 

based on studies showing no dramatic changes in diversity before the impact (Chiarenza et al., 234 

2019; Sheehan et al., 2000). The flood basalts are suggested to have been a driver in the 235 

Cretaceous-Paleogene mass extinction as flood basalts have been linked to other mass 236 

extinctions in the Earth’s past (Clapham & Renne, 2019). The main issue in the debate results 237 

from the scarcity of studies with adequate sample sizes right before the impact to study changes 238 

in ecosystem diversity, along with conflicting climate models and even the timing of the Deccan 239 

eruptions (Fig. 1). The number and timing of eruptions are disputed due to the inconsistent 240 

results from studies that use different methods of dating the pulses of eruptions, including U-Pb 241 

zircon geochronology and argon-40/argon-39 isotope dating. These widely different timings in 242 

eruptions cause conflicting conclusions to be put forth regarding when the eruptions occurred 243 

and their duration based on the methods used (Schoene et al., 2019; Sprain et al., 2019).  244 

 245 
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 246 

Figure 1: Sequence of major events around the K-Pg boundary, including the boundary itself, the carbon isotope 247 

excursion, and the potential Deccan Trap eruptions based on two different studies to showcase the conflicting timing 248 

intervals.  249 
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 The biggest disputes as a result of these mixed findings on the Deccan traps has revolved 250 

around the idea of the extinction having started before the bolide impact as several environments, 251 

both terrestrial and marine, were said to have been experiencing a loss in overall diversity prior 252 

to the boundary, with links having been made to global climate change due to the active 253 

volcanism based on a cooling event leading up to the boundary (Peterson et al., 2016). This 254 

cooling occurred within the last 0.1 million years leading up to the boundary and followed 255 

several million years of global warming (Wilf et al., 2003). Cooling is linked to short term 256 

effects after large volcanic events as a result of sulphate aerosols being released into the 257 

atmosphere and reflecting solar radiation, though they only remain in the atmosphere for around 258 

two years (Bradley, 1988; Khadkikar et al., 1999; Saxena et al., 1997). 259 

In addition to long term trends in temperature, there is evidence for cyclical variations in 260 

humidity in terrestrial settings, alternating from drier, semiarid to more humid conditions in more 261 

temperate climates (Lehman, 1989). These trends are associated with Milankovitch cycles, which 262 

are changes in the Earth’s orbit with each factor being affected on different time scales, which 263 

include the Earth’s precession over 21,000 year time scales, obliquity over 41,000 years, and 264 

eccentricity over shorter 100,000 and longer 400,000 time scales. These orbital cycles have been 265 

recorded predominately in marine strata from this time period (MacLeod et al., 2001; Isaza-266 

Londoño et al., 2006; Westerhold et al., 2008) but are rarely recorded in terrestrial settings. 267 

Despite the claims for increased rates of extinction due to changing climates, some recent papers 268 

have shown that this may not be the case, with marine records showing they maintain diversity 269 

up to the boundary with no notable loss in overall diversity (Sepúlveda et al., 2019). Terrestrial 270 

records, on the other hand, may be affected by a preservation bias rather than a genuine loss in 271 
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diversity being observed given the much more limited sites of terrestrial fossils from just before 272 

the impact (Chiarenza et al., 2019). 273 

 274 

The carbon and water cycles across the boundary 275 

 276 

A question that remains unsolved is how the carbon and water cycles were affected by 277 

the bolide impact, as it would be expected that a large bolide impact and extinction event would 278 

have global effects on biogeochemical cycles, but these effects are poorly constrained. 279 

Furthermore, due to the uncertain nature of the timing of the Deccan trap eruptions and 280 

correlating the eruptions with inferences made on global climate before the Chicxulub impact, 281 

knowing the exact effects that volcanism had before the impact is also unclear (Jerrett et al., 282 

2015). Previous studies have looked at the bulk organic carbon record at the boundary, as one of 283 

the defining features of the K-Pg extinction is a pronounced negative carbon isotope excursion 284 

above the boundary (Arens and Jahren, 2000). Although this has proved useful for identifying 285 

the boundary and associating the iridium rich layer with an increase in the oxidation of organic 286 

matter (Meyers & Simoneit, 1990), it does not sufficiently resolve the large number of processes 287 

that could have altered the global carbon cycle. The isotopic signal of bulk organic carbon is a 288 

complex mixture of multiple carbon-cycle processes as it represents a signal of all the organic 289 

carbon present in a system, including biological and sediment derived carbon, which does not 290 

provide a perfectly accurate account of atmospheric conditions. So far the most informative work 291 

on the carbon cycle from around the time of the impact has come from marine records, where 292 

studies have shown a decoupling of the deep water column and closer to the surface ocean 293 

carbon cycles, resulting in the complete inability for nutrients to be cycled through the water 294 
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column, which has been estimated to last hundreds of thousands of years (D’Hondt et al., 1998, 295 

Alegret et al., 2009). This shutdown of the vertical water column has been attributed to a 296 

prolonged collapse of the biological pump; however evidence has shown that primary 297 

productivity may have recovered quickly, suggesting some other factor must explain the delay in 298 

the recovery of the carbon cycle within the oceans (Alegret et al., 2009). Additionally, some 299 

groups of planktonic organisms show evidence of having recovered quickly from the extinction 300 

(Alegret et al., 2012) in a similar manner to the recovery of terrestrial systems (Vajda et al., 301 

2001). In contrast with the relatively detailed studies of the carbon-cycle change, there have not 302 

been any studies that have focused on the effects the impact had on the water cycle. 303 

 304 

Plant wax lipids 305 

 306 

This lack of clarity in regards to the water and carbon cycles at this crucial period in 307 

Earth’s history thus warrants a rather novel method for investigating the time period in more 308 

detail. One such method is available through the study of plant wax lipids. Plant waxes, also 309 

known as epicuticular waxes, are formed on the leaves of plants as a means of protecting the 310 

plant from disease, ultraviolet radiation, and water loss (Kolattukudy, 1969). The waxes are 311 

primarily composed of straight-chain aliphatic hydrocarbons, including long-chain n-alkanes 312 

which are the target of our isotopic analysis. The carbon that makes up the lipid chains is 313 

proximally sourced from atmospheric CO2 that is taken in from photosynthesis (Fig. 2), while the 314 

hydrogen molecules are derived from water that is taken up by the roots of the plant (Fig. 3), 315 

with both of the atoms going through a myriad of biosynthetic processes before being 316 

incorporated into plant waxes. (Sachse et al., 2012; Diefendorf & Freimuth, 2017). This 317 
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combination of sources means that the isotopic ratio of plant waxes is largely controlled by the 318 

isotopic composition of atmospheric CO2 and rain water at the time the waxes were produced, 319 

although there are other environmental variables that can influence these values.  320 

 321 

Figure 2: The process from which CO2 is extracted from the atmosphere from photosynthesis and then incorporated 322 

into leaf waxes through plant fractionation, before leading to burial of the plant and the wax coating. Also shown are 323 

the affects of each step in the process on the isotopic ratio of carbon. 324 

 325 
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 326 

Figure 3: The process from which water is transported and taken up into plants where the hydrogen is incorporated 327 

into the leaf wax structure before burial of the leaf waxes. Also indicated are the affects each step has on the isotopic 328 

composition of hydrogen.  329 

Two factors that affect the isotopic ratios of both carbon and hydrogen would be the 330 

types of plants producing the leaf waxes and if they are terrestrial or aquatic. Previous studies 331 

have noted that different species of trees sharing the same habitat can have remarkably different 332 

hydrogen isotopic ratios in the plant waxes they produce despite inhabiting the same ecosystems, 333 

with differences sometimes reaching as much as 100‰ (Sachse et al., 2012). These extreme 334 

differences could then affect the ratio observed in the sediments if there are dramatic shifts in the 335 

dominant flora in a given ecosystem. The isotopic ratios of carbon and hydrogen can be affected 336 

in a few ways independent of climate, most notably by hydrological changes with different 337 

species of plant reacting differently to changes in hydrology, influencing the isotopic ratio of 338 

carbon isotopes (Diefendorf & Freimuth, 2017). However in this study hydrogen isotopes 339 

measurements provide a framework for changes in the water cycle to take into consideration. 340 
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Hydrogen isotopes are also affected by evaporation in the soil, as evaporation preferentially 341 

selects for lighter isotopes and results in a larger isotopic ratio when taken up by plants (Sachse 342 

et al., 2012). This is taken into account when examining the different chain lengths of the plant 343 

waxes, as high levels of evaporation would strongly affect terrestrial but not aquatic plant wax 344 

lipids, and so comparing how the isotopic ratios of both lipid chains behave can help resolve if a 345 

large degree of evaporation was occurring or not at the time of leaf wax formation. Additionally, 346 

fractionation occurs during the process of leaf wax formation, which alters the isotopic ratio 347 

observed in the waxes from the original source of the molecules; however, the original ratios can 348 

still be calculated and so inferences on the climate can still be made. The type of carbon fixation 349 

used by plants can also have a large affect on carbon isotopes, as C4 carbon fixation results in 350 

much higher fractionations than in plants that go through C3 fixation (Diefendorf & Freimuth, 351 

2017). This is unlikely to affect the studied sediments as our data does not show evidence for C4 352 

plants being present (as will be discussed later), and becauseC4 plants were not widespread at the 353 

end of the Cretaceous (Osborne & Beerling, 2005). In addition to the type of fixation plants use, 354 

the length of these hydrocarbon chains are also produced in different quantities, with aquatic 355 

plants producing low to mid length lipid chains, most notably in this study C23 and C25 while 356 

terrestrial plants produce longer length lipid chains, with this study focusing on C29 (Ficken et 357 

al., 2000; Aichner et al., 2010). As C27 is produced in intermediate quantities by both aquatic and 358 

terrestrial plants, it could potentially provide information on whether aquatic or terrestrial plant 359 

waxes are more abundant in the samples collected, with comparisons between the aquatic and 360 

terrestrial hydrocarbons providing a greater degree of information on how both systems could 361 

have changed through time and how they were affected. 362 
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The isotopic composition of atmospheric CO2 reflects the sources and sinks of the gas as 363 

different sources and sinks have different isotopic fractions. These sources include surface 364 

oceans, volcanism (which have an isotopic composition similar to the mantle), sedimentary 365 

deposition and erosion, and terrestrial biota (Sharp Z. D., 2007). With each source/sink having its 366 

own isotopic signature, it is possible to relate changes observed in the atmospheric composition 367 

of carbon to changes in these reservoirs and sinks, with sources that differ more strongly from 368 

the isotopic composition in atmospheric CO2 having an overall larger effect relative to the 369 

change in the carbon reservoir (Diefendorf et al., 2017). As such, volcanic input into the 370 

atmosphere is weak due to the small contribution of CO2 from volcanic releases coupled with the 371 

similar isotopic signal (Mason et al., 2017), along with chemical weathering playing a small role 372 

in influencing atmospheric carbon as a result of the contribution of CO2 to the production of 373 

HCO3 being small (Fig. 4), only around 1‰ (Mook et al., 1974). Oceanic and terrestrial 374 

contributions to atmospheric CO2 have different residence times (IPCC, 2005), with oceans 375 

having longer residence times due to CO2 being drawn down to the ocean floor and buried 376 

(Ittekkot, 1993). This is noteworthy due to the known shutdown of ocean to atmosphere sink 377 

after the K-Pg mass extinction (D’Hondt et al., 1998, Alegret et al., 2009), which would have 378 

limited the removal of CO2 from the atmosphere after the extinction event and would have 379 

resulted in a depletion of the carbon isotopic signal in the atmosphere as there would be a build 380 

up of lighter carbon isotopes in the surface ocean. An additional source of carbon isotopes on the 381 

atmosphere would be from the burial of carbon (Meyers 1994) and respiration from microbes, 382 

with burial showing to be a strong sink for isotopically heavy carbon while respiration releases 383 

larger quantities of isotopically heavy carbon (Sharp, 2007).  384 

 385 
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 386 

Figure 4: Simplified model showing the flow of carbon to and from the atmosphere, with the size of the arrows 387 

representing the relative strength and directional flow of atmospheric carbon. 388 

 389 

As the isotopic composition of carbon in the plant waxes largely reflects the isotopic 390 

composition of carbon dioxide, this makes the lipids excellent markers for observing changes in 391 

the global carbon cycle across the K-Pg boundary. Carbon enters the atmosphere through several 392 

notable sources that could influence the isotopic composition of atmospheric carbon, which 393 

include: Mantle derived CO2 which is released through volcanism, surface ocean exchange, and 394 

the sequestering and decomposition of terrestrial biota most likely having the largest influence 395 

on the atmospheric carbon isotopic composition, with a special note for siliciclastic weathering 396 

which is thought to have been a factor to consider with increased volcanism (Schoene et al., 397 

2019). The reason that organic carbon has the largest effect and would be the most likely to 398 

cause noticeable changes in the signal is due to the highly negative δ13C signal, with terrestrial 399 

biota having an isotopic ratio of -23‰ compared to the -7‰ signal from atmospheric values 400 

(Sharp Z. D., 2007). This results in terrestrial biota having a greater influence on the atmospheric 401 

carbon isotope values with smaller change needed. Due to the nature of these plant waxes, they 402 

can inform the climatic conditions and primary contributors to atmospheric CO2 in Earth’s past.  403 
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Hydrogen isotopes of meteoric water, by contrast, reflect a range of atmospheric 404 

conditions related to precipitation, which include the distance traveled from the original source 405 

of water vapour, the fraction of water vapour that has already precipitated, temperature, and 406 

humidity (Sachse et al., 2012). This combination of factors means that the hydrogen isotopes 407 

reflect a more localized signal, providing an indicator of local regional hydrology. However, 408 

hydrogen isotopes derived from precipitation do typically change on a global scale during global 409 

climate changes, and changes in the local hydrological cycle can be used to infer larger scale 410 

global changes (Feng & Epstein, 1994). Additionally, observing long term trends and changes as 411 

well as the values of the hydrogen isotopes can help give an idea of the background climate 412 

variability, with the local changes in the hydrological cycle reflecting greater global conditions 413 

and their behavior before and after the impact. The hydrocarbon chains of plant waxes provide 414 

information as they are produced at different lengths, identified by the number of carbons present 415 

in a chain with plants primarily producing hydrocarbon chains with an odd number of carbon 416 

molecules present.  417 

The reason these lipids are relevant to this kind of research is that they remain intact in 418 

sediments so long as catagenesis had not occurred. Catagenesis is the process of breaking down 419 

organic matter into hydrocarbons through cracking, which breaks apart the lipid structure. 420 

Additionally, lipids are preserved in a variety of sediments and do not require specific 421 

depositional environments to be present nor the fossils of plants or even amber, the only caveat 422 

being their abundance which is generally linked to the abundance of total carbon in the sediment 423 

(Sachse et al., 2012; Diefendorf et al., 2017). While this is not the first study to look at plant wax 424 

lipids across the K-Pg boundary (Yamamoto et al., 2010), it is the first to look at in-situ plant 425 

wax lipids in a terrestrial setting. Yamamoto et al. (2010) investigated plant waxes collected 426 
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from marine sediments near Cuba that were blown in from Northern Africa, with the authors 427 

having noted that based on the trends in the carbon isotopic record that hydrological conditions 428 

and changes in plant composition were influencing these values, however as the study only 429 

looked at carbon isotopes, my study has the advantage of looking into hydrological changes in 430 

greater detail. The motivation behind using this method of isotope analysis was that it has never 431 

been done across the Cretaceous-Paleogene boundary with in-situ sediments before, making it an 432 

ideal opportunity to test a novel method of study over a well explored event in the geological 433 

past. Plant wax isotopes are unique in that they provide a clear reading of the isotopic signal of 434 

atmospheric carbon and hydrogen from precipitation, something that many other methods of 435 

recording isotopic measurements are unable to isolate, often resulting in mixed signals that are 436 

subject to outside influences and do not provide a pure signal.  437 
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Abstract 446 

 447 

The Cretaceous-Paleogene (K-Pg) mass extinction is the most recent mass extinction in 448 

the geologic record and is one that has been heavily studied and debated for decades, with a large 449 

focus on whether or not the extinction occurred before the Chicxulub impact as a result of 450 

environmental change. Additionally, there has been a large focus on the recovery after the 451 

extinction and how long it took for ecosystems to recover and stabilize. In this study we measure 452 

the isotopic ratios of carbon and hydrogen extracted from plant wax lipids found in sediments 453 

spanning the K-Pg boundary from Saskatchewan, Canada, inferring changes in the carbon cycles 454 

respectively across this period to better understand how these systems were behaving before and 455 

after the impact. Plant wax lipids were isolated from the parent sediments with the relative 456 

abundance of different chain-length lipids measured along with δ2H and δ13C isotopic 457 

measurements taken from each sample. Inferences made on changes to the carbon and water 458 

cycles were then subsequently compared to previous studies on post-impact ecosystem recovery 459 

and climate to see how the cycles were reacting on the order of 10,000+ year timescales. δ2H 460 
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showed no clear signal across the boundary with fluctuating signals across the different types of 461 

lipid chains with a long term decrease in δ2H found at both sections. The most notable feature 462 

from the hydrogen record is their highly negative nature (-100 to -180‰) in comparison to what 463 

is expected of these types of plants, indicating 2H depleted precipitation likely as a result of 464 

orographic uplift over the Rocky Mountains. δ13C measurements show cyclic variations across 465 

the boundary that are consistent across different lipid chains and for both localities with a range 466 

of 2‰. Two distinct cycles being noted, one with an inferred period of 100,00 years and another 467 

of 55,000 years, are interpreted here to be tied to Milankovitch cyclicity. The records for both 468 

carbon and hydrogen also lack any sign of a disruption as a result of the impact above the 469 

boundary, which indicates that both the carbon and water cycles recovered within 16,000 years, 470 

with the carbon cycle specifically resuming cyclic variability observed before the impact. 471 

 472 

2.1 Introduction 473 

 474 

The Cretaceous-Paleogene (K-Pg) boundary is the most recent mass extinction event in 475 

Earth’s history, known to have wiped out 75% of all plant and animal species on Earth (Norris et 476 

al., 1999; Labandeira et al., 2002; Vajda et al., 2001; Wolfe & Upchurch, 1986). The primary 477 

driver of the extinction event is linked to an asteroid impact (Hildebrand et al., 1991). However, 478 

the matter is made a bit more confusing with evidence of large shifts in global climate (Wilf et 479 

al., 2003; Peterson et al., 2016) along with the Deccan Traps (Washington, 1922), a series of 480 

flood basalt volcanism, occurring across the K-Pg boundary in India (Schoene et al., 2019; 481 

Sprain et al., 2019). With the Deccan Trap volcanism having been linked as early influencers to 482 

the K-Pg mass extinction, with the Chicxulub impact not acting as sole driver (Schoene et al., 483 
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2019). Much work has been done on the effects the impact would have had on the planet (Pope 484 

et al., 1994; Kaiho et al., 1999; Vellekoop et al., 2014; Vellekoop et al., 2015) as well as it’s 485 

effect on the carbon cycle (Arens & Jahren, 2000; Therrien et al., 2009) with one of the primary 486 

focuses being on bulk carbon isotopic measurements (δ13C) to infer changes in atmospheric CO2. 487 

While these measurements have proven useful for identifying the boundary, it remains unclear 488 

what observed changes in carbon isotopic ratios indicate in terms of global carbon cycle changes 489 

as a result of the impact. 490 

The objective of this study was to perform measurements of plant wax lipid distributions 491 

and carbon and hydrogen isotopes, alongside measurements of bulk carbon isotopes, across the 492 

K-Pg boundary to infer changes to the carbon and water cycles before and after the impact. Other 493 

goals were to better understand changes in plant ecology across the extinction events and to 494 

compare the results from plant wax stable isotope measurements to more conventional isotope 495 

measuring techniques for this time period. 496 

In this study, carbon and hydrogen isotopes were derived from the hydrocarbon chains 497 

that make up plant wax lipids, which source carbon from atmospheric CO2 and hydrogen from 498 

rain water, making them prime candidates for inferring environmental changes (Sachse et al., 499 

2012; Diefendorf & Freimuth, 2017). The samples used in this study were taken from a pair of 500 

sites in southern Saskatchewan, Canada, notable for the distinct and excellent preservation of the 501 

K-Pg boundary. Based on inferences made using modern plant waxes as a basis, this study looks 502 

into how the carbon and water cycles dehaved during the final hundred thousand years of the 503 

latest Cretaceous and how they behaved following the Cretaceous-Paleogene mass extinction. In 504 

addition to plant wax stable isotope measurements, more general measurements of organic 505 

carbon and δ13C were taken for the purposes of comparing with previous studies. Before the 506 
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impact, the climate was in the midst of a cooling event in the last 100,000 years of the 507 

Maastrichtian (Peterson et al., 2016), which is often linked to the Deccan trap volcanism that was 508 

occurring over this time period as an early driver of extinctions before the impact (Peterson et al., 509 

2016). Constraints on ecosystem recovery (Lomax et al., 2001; Maruoka et al., 2007) provided a 510 

framework to compare these results to in order to have a better understanding of carbon and 511 

water cycle behavior, as plant communities recovered in a fairly short amount of time, taking as 512 

little as 10,000 years to recover. We also examine the potential for Milankovitch-scale climate 513 

and carbon-cycle variability, since orbital variations have been inferred to have played a 514 

significant role in late Cretaceous global climates (MacLeod et al., 2001; Isaza-Londoño et al., 515 

2006; Westerhold et al., 2008) and thus would have an influence on the carbon and water cycles.  516 

 517 

2.2 Study Area 518 

 519 

2.2.1 Localities 520 

The study area consisted of two localities in southern Saskatchewan: Chambery Coulee 521 

and Highway 37 (Fig. 5). These sites were chosen due to the exceptional preservation of the K-522 

Pg boundary (McIver et al., 2002; Bamforth et al., 2014; Jerrett et al., 2015; Redman et al., 2015) 523 

as well as for the presence of sedimentary units of the uppermost Frenchman and lowermost 524 

Ravenscrag formations (Fig. 6), allowing for a continuous study across the boundary marking the 525 

extinction event. The Frenchman Formation is a unit of latest Cretaceous age that is contiguous 526 

with the Hell Creek Formation of Montana due to both formations having similar fauna and 527 

being composed of latest Cretaceous sediments leading up to and including the K-Pg boundary, 528 

with the Frenchman being composed of sand and clay lithesome units which alternate throughout 529 
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the formation (Kupsch, 1957). The Ravenscrag Formation earliest Paleocene in age and 530 

predominantly composed of silt. It is distinct for beginning with the Ferris coal seam, a coal 531 

seam present above the iridium-rich clay layer (McIver, 1989). The K-Pg boundary is a thin clay 532 

layer that is rich in iridium and has been interpreted as being the fallout of an asteroid impact, 533 

marking the upper boundary of the Frenchman Formation as well as other contemporaneous 534 

formations (Alvarez, 1980). The Cretaceous-aged rocks of western Canada were notably not 535 

deeply buried or heated (Walls et al., 1979), which implies good potential for preservation of the 536 

plant wax n-alkanes applied in this study. 537 

 538 

 539 

Figure 5. Map of southern Saskatchewan with the field sites for Highway 37 and Chambery Coulee marked. Photo 540 

taken from Google Earth Pro. 541 

 542 
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 543 

Figure 6: Geological map of southwestern Canada with a focus on late Cretaceous to Paleocene strata along the 544 

plains (Dawson, 1994). 545 

The site at Chambery Coulee (Fig. 10 c) is a relatively small exposure on private 546 

property, with the exposure extending down a slope leading into the Frenchman River Valley 547 

near a dirt road, allowing for easy access. The site has over 30 meters of exposed strata with 548 

around 6 meters of the lowermost Ravenscrag overlying the Frenchman Formation, which can be 549 

up to 35 meters thick in some areas. The site of Highway 37 (Fig. 10 b) is a recently exposed 550 

outcrop that was uncovered during the construction of the highway it is named after, about 20 551 

km south from Shawnovan, SK. It is notable in that the K-Pg section at this site is distinct and 552 

has had little weathering due to the recently exposed nature of the site. The site is also proximal 553 

to Chambery Coulee, located only 28.5 km from the Highway 37 site, offering the opportunity to 554 

compare geographically proximal strata. The section is only 18 m thick with around 9 meters of 555 
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strata from both formations being exposed, with the top of the section being capped by 556 

Quaternary glacial till. These sites were chosen due to the well exposed nature of the K-Pg 557 

boundary (Fig. 10 a) and good selection of strata for collection. 558 

2.2.2. Stratigraphy 559 

 Chambery Coulee is the larger section that was visited, with the entire section explored 560 

nearly 35 meters thick (Fig. 7 b, Fig. 8 b). The bottom-most facies that was identified from the 561 

locality was an unconsolidated fine-grained siltstone that was around 150 cm in thickness, 562 

overlain by a uniform claystone that stretched for 395 cm. Overlying the claystone is another 563 

facies of fine-grained siltstone that was 110 cm thick, with a claystone that is a dark brown in 564 

colouration and around 30 cm in thickness overlying the siltstone, with the dark colouration 565 

suggesting the sediments to be more organic rich. This is overlain by a 20 cm thick layer of iron-566 

rich claystone, giving off an orange colouration from the oxidized iron in the sediment. The next 567 

facies up starts as a siltstone before gradually transitioning into a claystone over 30 cm, with the 568 

top of the facies also being organic rich with dark sediment. The following facies is a claystone 569 

with a distinct mint-green colouration that is 100 cm in thickness. The next facies up is a fine 570 

grained brown siltstone that is 95 cm thick, transitioning into darker, organic rich matter at the 571 

top of the facies that is 120 cm thick. The sediment then transitions into organic poor siltstone for 572 

260 cm with no change, though it then transitions into organic rich siltstone once more for 30 573 

cm. The next facies up consisted of unconsolidated claystone for 500 cm, where it transitions 574 

from finer, consolidated claystone at the base upwards to more unconsolidated sediment. The 575 

next layer up was a 30 cm thick facies of dark brown siltstone that was notable for cleaving in 576 

almost horizontal layers, with a 70 cm thick layer of more yellowish siltstone overlying it that 577 

lacked the laminations visible in the darker siltstone beneath it. A fine-grained claystone unit was 578 
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the next up the sequence, once again unconsolidated and dark brown and stretched for about 585 579 

cm into another very fine grained, yellowish siltstone that stretched for 440 cm. Above this 580 

facies is the K-Pg boundary, the base of a pink coloured very fine claystone that was 2 cm. 581 

Above the clay layer is the Ferris Coal seam, which at this site is 20 cm thick and is rich in plant 582 

matter. Overlaying the Ferris Coal seam is a silty grey claystone that is 10 cm thick before 583 

transitioning into a brown coloured claystone that is otherwise identical in grain size that is 6 cm 584 

thick. This is then superimposed with a thin layer of very fine black siltstone for 6 cm before the 585 

facies is replaced with a claystone, the very base of which is organic rich, which is 586 

approximately 200 cm thick. The rest of the sequence, around 250 cm thick before going into 587 

glacial till, is unconsolidated siltstone with various grain sizes, with occasional patches that are 588 

organic rich, and one spot that contained plant fossils 410 cm above the boundary.  589 

 590 

 Highway 37 is a smaller section but with more distinct facies than at Chambery Coulee, 591 

with the entire section being around 14 and a half meters in total thickness (Fig. 7 a, Fig. 8 a). 592 

The base of the section is a muddy siltstone that is a mixture of dark brown and light grey 593 

sediment that is around 3 meters in thickness from the point where it is visible from the top soil. 594 

This is superimposed by a facies of siltstone that is more uniform than the layer below and only 595 

75 cm thick. Overlying this facies is a fine grained, organic rich siltstone that is 50 cm thick, 596 

followed by a fine grained siltstone that is yellowish brown in colour and contains small sulphur 597 

balls throughout the facies with a total thickness of 80 cm. Over this layer is an organic rich 598 

siltstone that is very similar to the facies below the underlying sulphur rich layer, though only 40 599 

cm thick. The next facies up is a siltstone that is blue-green in colouration, likely a result of 600 

wearing on the sediments, which was around 165 cm in thickness. This is overlain by claystone 601 
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that is organic rich in the upper part of the facies but contains plant fossils in the lower portion, 602 

with the entire facies being around 22 cm in thickness. The K-Pg boundary then overlies this 603 

facies, once again thin at only 1 cm as with Chambery Coulee, before being overlain by the 604 

Ferris Coal seam which is 16 cm at the site. Over the Ferris Coal seam is a siltstone that has 605 

irregular structures that could potentially be signs of paleosol and is 22 cm thick. The following 606 

facies is a layer of shale for 14 cm, with silty siltstone overlying the shale for 36 cm, with the top 607 

most 5 cm having coarser grain sizes. Superimposed over the siltstone is silty claystone and is 608 

about 130 cm thick, with this facies being overlain by a silty mudstone that was 125 cm thick. 609 

The next facies up was a thin ironstone cap that was 15 cm thick with an iron-rich mudstone over 610 

the cap that was 140 cm in thickness, with the level of iron being more concentrated at the base 611 

compared to the top. A siltstone overlies the mudstone for 170 cm, with a thin organic rich 612 

siltstone for 10 cm, with the final facies being a mudstone paleosol with possible root traces that 613 

was 75 cm thick before going into glacial till. 614 

 615 
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 616 

Figure 7: Stratigraphic sections for Highway 37 and Chambery Coulee with corresponding legend. The white circles 617 

in the Highway 37 section marks where samples were collected during 2018, while the red diamonds mark where 618 

samples were collected during 2017. 619 
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   620 

Figure 8: Stratigraphic sections for the 2-meter sampling interval from the 2018 expedition for Highway 37 and 621 

Chambery Coulee with corresponding legend. The white circles mark where the corresponding samples were 622 

collected during 2018.  623 

 624 
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 625 

Figure 9: Several stratigraphic sections of sites from southern Canada, with Wood Mountain being the closest to our 626 

sample sites as it is also from southern Saskatchewan. (Catuneanu & Sweet, 1999) 627 

 628 

2.2.3 Sample collection 629 

Sampling in 2017 focused on collection of a preliminary set of samples from each section 630 

at relatively low resolution with one sample being taken from distinct sedimentary units at each 631 

of the sites. Sampling in 2018 focused on high-resolution sampling within a 1 m window above 632 

and below the K-Pg boundary. Two types of samples were collected for different sets of 633 

analyses, with larger samples with an average weight of 300 mg collected for the primary leaf 634 

wax analysis whereas smaller samples of only 5 mg were collected for bulk organic carbon and 635 

δ13C analyses at 2 cm intervals over a 2 m range across the K-Pg boundary. In total, 159 large 636 

samples were collected across both sites; 19 samples were collected from Chambery Coulee 637 

during the first field season and 40 during the second field season while 17 samples were 638 

collected from Highway 37 during the first field season and 38 during the second field season, 639 
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though of these only 22 samples from Chambery Coulee and 25 samples from Highway 37 were 640 

analyzed due to time constraints, and these were samples focused in the 2 meter span around the 641 

boundary.  642 

 643 

 644 

Figure 10: Photos from the field work of 2018. Close up of the K-Pg boundary from Chambery Coulee, a faintly 645 

pink-brown layer of clay found underneath the dark shelf of coal above, with the scale bar level with the boundary 646 
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(a). 2-meter Chambery Coulee section exposed in frame, the dark layer centered in the image is the Ferris coal seam 647 

with the boundary sandwiched between the coal layer and the larger bed of siltstone below it (b). Field site by the 648 

roadside of Highway 37 (c), with the two meter section focused on for this study around where my field assistants 649 

Aidan Olivier Howenstine, Claudia Selles, and Tony Smith are seated, along with local paleontologist Emily 650 

Bamforth and her field assistant Hallie Street. 651 

 652 

2.3 Methodology 653 

 654 

2.3.1 Organic carbon and bulk δ13C analyses 655 

Samples were prepared in the lab for the initial analysis with around 5 mg of material 656 

being prepared per sample. Each sample was then ground to a fine powder with a mortar and 657 

pestle. The samples of organic carbon content and bulk δ13C (δ13Cbulk) values were analyzed 658 

from the sediment samples at the University of Quebec at Montreal. The samples were acid 659 

fumigated in silver capsules prior to analysis to remove inorganic carbon (Harris et al., 2001). 660 

The silver capsules were then closed and placed within tin capsules to be analyzed, with the 661 

samples being processed on an Isoprime 100 MicroCube mass spectrometer coupled to an 662 

Elemental Vario MicroCube elemental analyzer in Continuous Flow mode to either measure the 663 

organic carbon weight against the total weight of carbon within each sample or analyze the 664 

δ13Cbulk value.  665 

 666 

2.3.2 Lipid extraction and analysis 667 

Sediment was prepared for the lipid extraction process by weight and ground into a fine 668 

powder with any roots particles removed. The amount of sediment extracted varied depending on 669 

organic carbon content (measurements described above), with carbon-rich samples typically 670 
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requiring 40 g of sediment while carbon-poor samples required up to 200 g of sediment to yield 671 

sufficient n-alkanes for isotopic analysis. The sediments for the 2017 batches and the Highway 672 

37 2018 batch were prepared by being put into CEM MARS solvent extraction tubes with a 200 673 

ul of stock solution consisting 2 mg of n-Docosane D-46, Pentadecanoic acid D-29, n-Octadecyl 674 

D-37 Alcohol, and 4 ml of hexane. A 9:1 ratio of dichloromethane (DCM) to methanol solution 675 

was then prepared for each sample, with the volume of solvent scaled to the volume of sediment. 676 

Samples were then microwaved in a MARS6 microwave in the lab at a temperature of 80° C for 677 

15 minutes, which extracts organic molecules from the sediments into the DCM-methanol 678 

mixture when heated. The last batch of samples for Chambery Coulee 2018 did not have stock 679 

solution added as the stock solution was used for identifying the location of the peaks and was no 680 

longer necessary for this batch of samples as the timing of the peaks was found to be consistent 681 

between different batches of samples. Samples were then transferred into vials to be centrifuged, 682 

separating sediment from solvent, before pippeting the solvent and transferring it to separate 683 

vials for evaporation. The sediment was then further rinsed with solvent and centrifuged three 684 

times. Once all the samples were prepared, they were placed within a Rapidvap, a device that 685 

heats up and evaporates samples under N2 gas, for concentrating the molecules for the next step. 686 

A silica gel column was then prepared for lipid purification, with a Pasteur pipette filled with 1 g 687 

of silica gel on top of glass wool, and 0.5 g of sodium sulphate. Each vial had 15 ml of hexane 688 

added and was passed through their own silica gel column to elute the fraction and collect it. We 689 

then collected the polar fraction by eluting 15 ml of methanol, followed by 1 ml of 690 

dichloromethane. The polar fraction was reserved for future study. 691 

The samples were then analyzed for n-alkane concentration using a thermo Trace 13-10 692 

gas chromatograph (GC) with a flame ionization detector (-FID). We quantified the X, Y, Z, etc 693 
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n-alkanes. n-Alkane hydrogen and carbon isotope measurements were made using a Thermo 694 

Delta V Plus Isotope Ratio Mass Spectrometer (IRMS) coupled to a Thermo GC-IsoLink. The 695 

first run was for carbon, both to verify with the results from the GC-FID and to measure the 696 

amount required for sufficient readings, though this is followed by a run for the hydrogen 697 

isotopes. The samples are prepared for the hydrogen run in separate vials as less material is 698 

needed but at a higher concentration. A 300 µl vial is inserted into a larger 500 µl vial with a 699 

support underneath to keep the smaller vial stable. The original sample is then evaporated down 700 

to a smaller volume, roughly 100 µl or so, just enough to fit in the 300 µl vial easily and is then 701 

fully evaporated. Once all the samples are evaporated, a specified amount of hexane is added to 702 

each sample to provide the ideal peak heights, this is also based on how much of the sample will 703 

be taken up during injection. Isotope measurements on the IRMS are reported using delta 704 

notation, measuring the isotopic ratios of carbon relative to the abundance of carbon-13 while the 705 

isotopic ratios of hydrogen were relative to the abundance of hydrogen-2 (deuterium).  The 706 

equation for the delta notation of hydrogen is as follows: 707 

𝛿2𝐻 = (
𝑅𝐻

2 − 𝑅𝑠𝑡𝑑
2

𝑅𝑠𝑡𝑑
2 ) ∗ 1000                   1. 708 

The equation for the delta notation of carbon is as follows: 709 

𝛿13𝐶 = (
𝑅𝐶

13 − 𝑅𝑠𝑡𝑑
13

𝑅𝑠𝑡𝑑
13 ) ∗ 1000                                 2.    710 

 The above equations express the isotopic ratios relative to the Vienna Standard Mean 711 

Ocean Water (V-SMOW) for hydrogen and Vienna Pee Dee Belemnite (V-PDB) for carbon, 712 

with the standards in the lab calibrated using n-alkane standards from Indiana University 713 

(arndt.schimmelmann.us/compounds.ht). Internal standards were also prepared for the purpose of 714 

standardizing field samples and ensure the instruments were in functioning order. The internal 715 

standards used the hydrogen and carbon isotope values of native Acer sp. leaves that were 716 
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collected on McGill campus, with synthetic alkanes added to enhance the C22 and C30 peaks. 717 

Standards run after every 3 samples to correct for instrumental drift. The overall standard 718 

deviations (STDEV) used to justify accurate δ13C measurements were around 0.5‰, while the 719 

STDEV used for δ2H measurements were around 5‰. The total average of the standard 720 

deviations across the days where samples used in the analyses were analyzed were 0.26‰ for 721 

δ13C and 4.03‰ for δ2H. 722 

 723 

2.3.3 Relative chain length abundance analyses 724 

 We also calculated to indices of the relative abundance of different chain lengths within 725 

each sample as they provide additional information along with the isotopic measurements. The 726 

average chain length (ACL) calculates the average chain length based on the area underneath the 727 

curves of peaks that represent each chain length (Fig. 11 for example), which is multiplied by the 728 

corresponding number of carbon molecules in the given lipid chain. These are then added 729 

together and divided by the sum of the areas in the previous measurement, with the formula 730 

layout given below. 731 

𝐴𝐶𝐿 =
(𝐴23∗23)+(𝐴24∗24)+(𝐴25∗25)+(𝐴26∗26)+(𝐴27∗27)+(𝐴28∗28)+(𝐴29∗29)+(𝐴30∗30)+(𝐴31∗31)

𝐴23+𝐴24+𝐴25+𝐴26+𝐴27+𝐴28+𝐴29+𝐴30+𝐴31
         3. 732 

This value can be used to see whether short or long chain alkanes are more abundant, 733 

which in of itself can be related to whether the plant waxes are primarily being derived from 734 

aquatic or terrestrial plants, as longer chain alkanes are typically produced from terrestrial plants 735 

while aquatic plants tend to produce more shorter chain alkanes (Ficken et al., 2000). 736 

 An additional calculation to be made with this data is the Paq’ (Liu et al., 2019), a similar 737 

calculation that is used to judge if plant waxes are primarily derived from aquatic or terrestrial 738 

plants. Similarly, to the ACL, the Paq’ uses the areas derived from the peaks in the abundance of 739 
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individual lipid chains in samples, though this time only focusing on the odd numbered chains 740 

that are produced by plants. This specific calculation is intended to be used in the context of 741 

ancient, sediment-derived plant waxes rather than from living ecosystems. The calculation is as 742 

follows. 743 

𝑃𝑎𝑞’ =
𝐴21+𝐴23+𝐴25

𝐴21+𝐴23+𝐴25+𝐴27+𝐴29+𝐴31+𝐴33
              4. 744 

 745 

 746 

 747 

Figure 11: GC-FID results from sample HW +0.9, from the 2017 field season, with the lipid chains C27, C29, and C31 748 

peaks highlighted. This is an example of relative lipid peak abundances. 749 

 750 

2.4 Results 751 

 752 

2.4.1 Percent organic carbon 753 

 The first batch of results took the midpoint of each distinct stratigraphic unit to measure 754 

the organic content present at each of the two sites (Fig. 12 b, Fig. 13 b). A total of 17 samples 755 

from Highway 37 (Table 1) and 19 samples from Chambery Coulee (Table 2) were taken during 756 

2017 for the percent organic carbon analysis. None of the strata in the Frenchman Formation 757 
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below the boundary had an organic content higher than 1%, with the lowest values reaching less 758 

than 0.01% at both Highway 37 (Fig. 12 b) and Chambery Coulee (Fig. 13 b). The values at the 759 

boundary range from 2.08% at Chambery Coulee to 43.01% at Highway 37. The coal layer 760 

found above the boundary at both sites have organic content of 34.20% at Highway 37 to 47.89% 761 

at Chambery Coulee. Measurements above the boundary differ between the sites, with Chambery 762 

Coulee only having the coal layer sampled above the boundary, while Highway 37 dropping in 763 

value from 0.12% to 14.79% organic carbon.  764 
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 765 

Figure 12: Measurements of total organic carbon and δ13Cbulk made from the 2017 Highway 37 section. TOC values 766 

plotted on a logarithmic scale in order to highlight variability below the boundary. 767 

 768 
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 769 

Figure 13: Measurements of total organic carbon and δ13Cbulk made from the 2017 Chambery Coulee section. TOC 770 

values plotted on a logarithmic scale in order to highlight variability below the boundary. 771 

 772 

 The second batch of results focused on a two-meter interval around the K-Pg boundary at 773 

Chambery Coulee and Highway 37 with the results of the data having been taken 2 cm intervals 774 

within the 20 cm around the boundary and at 4 cm intervals beyond those points (Fig. 14 b, Fig. 775 
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15 b). In total, 69 samples from Highway 37 and 68 samples from Chambery Coulee were 776 

measured for the percent organic carbon values in 2018 (Table 3). Below the boundary at 777 

Chambery Coulee (Fig. 15 b), there is a steady rise in organic carbon percentage up to the 778 

boundary from 0.28% to 0.91% while the samples at Highway 37 (Fig. 14 b) also show a general 779 

rising trend up to the boundary, though with more fluctuations and a greater range of values, with 780 

the most depleted value of 0.04% at 68 cm below the boundary while the most enriched sample 781 

had 8.15% organic carbon at 28 cm below the boundary. At the boundary, Highway 37 had a 782 

higher value at 10.07% whereas Chambery Coulee had a lower value at 2.60%. Above the 783 

boundary, both sites had values ranging from 28.47% to 70.07% at the carbon rich coal layers 784 

immediately above the boundary, which are then followed by drops in the range of 0.40% to 785 

1.12% before rising back up, with the two signals no longer overlapping with distance from the 786 

boundary. After reaching a peak of 12.48% at Highway 37 and 24.33% at Chambery Coulee, the 787 

values upward in the sequence decrease in value, with Chambery Coulee experiencing a much 788 

sharper and severe drop in organic content than Highway 37. 789 

 790 
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 791 

Figure 14: Measurements of total organic carbon and δ13Cbulk made from the 2018 Highway 37 section with 2017 792 

data for comparison. TOC values plotted on a logarithmic scale in order to highlight variability below the boundary. 793 

 794 
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 795 

Figure 15: Measurements of total organic carbon and δ13Cbulk made from the 2018 Chambery Coulee section with 796 

2017 data for comparison. TOC values plotted on a logarithmic scale in order to highlight variability below the 797 

boundary. 798 

 799 

2.4.2 Bulk organic carbon δ13C 800 

 The results of the 2017 study show a mixture of δ13Cbulk signals across the different sites 801 

(Fig. 12 c, Fig. 13 c). As the bulk organic carbon measurements used the same samples as the 802 

total organic carbon measurements with only a few duplicates analyzed, meaning 19 samples 803 
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from Highway 37 (Table 1) and 25 samples from Chambery Coulee analyzed for these results 804 

(Table 2). At Highway 37 (Fig. 12 c) there is a drop from -24.60‰ to -25.60‰ from 4.9 meters 805 

below the boundary to 3.4 meters below the boundary, shifting from siltstone to more organic-806 

rich mudstones before δ13Cbulk rises back up to 24.30‰ immediately below the boundary. 807 

Chambery Coulee (Fig. 13 c) shows a high degree of fluctuations between -24.06‰ and -26.0‰ 808 

across a variety of facies across almost 20 meters before remaining relatively stable at -24.60‰ 809 

for the 10 meters leading up to the boundary. Highway 37 and Chambery Coulee share very 810 

similar values for the δ13Cbulk at the boundary with the values of -23.70‰ and -23.60‰ 811 

respectively. Above the boundary presents a rather peculiar scenario, as the coal layers do not 812 

show a highly negative value that would line up with the negative carbon isotope excursion 813 

presented at other boundaries, though this is almost certainly just a by-product of the low 814 

resolution between samples, as previous studies have shown that the negative carbon isotope 815 

excursion occurs in the first 3 to 5 cm above the boundary (Arens and Jahren, 2000; Maruoka et 816 

al., 2007; Therrien, 2007; Yamamoto et al., 2010). As the focus of this initial sample collection 817 

was to collect a single sample from each distinct facies, it made it likely that the negative carbon 818 

isotope excursion would be missed due to the purposely low sample resolution. Upward from the 819 

boundary, the values at Highway 37 fluctuate between facies with no consistent pattern beyond 820 

an overall increasing trend in δ13Cbulk with a minimum value of -24.85‰ to a maximum of -821 

23.00‰, and Chambery Coulee’s one sample collected above the boundary only has a slightly 822 

more positive value than the boundary at -23.41‰. 823 

 The results of the data collected from the summer of 2018 provide a more in-depth look 824 

due to the more high-resolution nature at a closer two-meter interval around the K-Pg boundary 825 

(Fig. 14 c, Fig. 15 c). As with the 2017 data, the 2018 δ13Cbulk measurements used the same 826 
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samples as the percent organic carbon, with 69 samples from Highway 37 and 68 samples from 827 

Chambery Coulee having been measured (Table 3). The samples from Highway 37 (Fig. 14 c) 828 

remain relatively stable with only some fluctuation below the boundary between -24.03‰ and -829 

25.76‰, while at Chambery Coulee (Fig. 15 c) there is a slight rise in δ13Cbulk from -24.89‰ to -830 

23.52‰ over 60 cm before it slowly begins to decline up to the boundary, reaching as low as -831 

24.94‰. The values at the boundary are very similar at both sites, with Highway 37 having a 832 

value of -24.38‰ and Chambery Coulee having a value of -24.25‰. The samples above the 833 

boundary show a high degree of variation with little correlation between the two sites, with large 834 

shifts in values occurring over small intervals. Additionally, even at 2 cm resolution near the 835 

boundary there is no clear trace of the negative isotope excursion, which is odd as Jerrett et al., 836 

2015, which had taken measurements in the Frenchman River Valley where the sites of 837 

Chambery Coulee and Highway 37 are located, displayed a negative isotope excursion of -838 

26.21‰ within the first 4 cm of the boundary, yet the two sites show a relatively stable signal 839 

over that interval. Beyond the first 30 cm of the boundary, the signals at the two sites begin to 840 

stabilize, still with some variation between samples, but never greater than about 0.8‰, a similar 841 

range to what was observed before the impact.  842 

 843 

2.4.3 Average chain length 844 

 The ACL (equation 3) was calculated for the 2018 samples from Highway 37 (Fig. 16 d) 845 

and Chambery Coulee (Fig. 17 d) around the boundary at both sites, with the ACLs of just the 846 

odd chains displayed and the numbers on the x-axis corresponding to the number of carbon 847 

molecules in a given chain. The ACL measurements for both sites were taken for samples that 848 

had signals that were clear and distinct enough to be read, with Highway 37 having 20 849 
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measurements and Chambery Coulee having 17 measurements (Table 8). For Highway 37, the 850 

ACL The ACL at Highway 37 remained relatively stable with average length between 26.5 and 851 

27.5, with even odd and even chain lengths remaining within that range. By contrast, Chambery 852 

Coulee showed a much greater range below the boundary from around 25.3 to 26.3. Both sites 853 

also show very similar values for the K-Pg boundary with ACL of just under 26.5. Above the 854 

boundary, both sites show a large increase in the ACL, with Highway 37 reaching an ACL of 855 

28.5 at 20 cm above the boundary while Chambery Coulee reached an ACL of 27.9 at 10 cm 856 

above the boundary. This peak is then followed by a reduction in the ACLs at both sites before 857 

values rise again, sharply at Highway 37 and more gradually at Chambery Coulee. The samples 858 

from above the boundary at Highway 37, starting from around 50 cm above the boundary, 859 

stabilize to values similar to those before the impact at around 27, while at Chambery Coulee 860 

they are longer above the boundary, with ACLs between 26.0 and 27.4. 861 
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 862 

Figure 16: The measurements and calculations made from the Highway 37 section in relation to plant wax isotopes. 863 

Pictured are the stratigraphic section (a), the δ2H (b) and δ13C (c) stable isotope measurements derived from plant 864 

wax lipids, the average chain length measurements (d) and the Paq’ calculations made from the relative abundance 865 

of different plant wax lipid chains to estimate the abundance of plant waxes from aquatic vs terrestrial plants (e). 866 

 867 
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 868 

Figure 17: The measurements and calculations made from the Chambery Coulee section in relation to plant wax 869 

isotopes. Pictured are the stratigraphic section (a), the δ2H (b) and δ13C (c) stable isotope measurements derived 870 

from plant wax lipids, the average chain length measurements (d) and the Paq’ calculations made from the relative 871 

abundance of different plant wax lipid chains to estimate the abundance of plant waxes from aquatic vs terrestrial 872 

plants (e). 873 

 874 

2.4.4 Paq’ 875 

 The relative abundance of individual lipid chain lengths were taken from the GC-FID and 876 

used in the calculation of the Paq’ (Liu et al., 2019) to judge if plant waxes are primarily derived 877 
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from aquatic or terrestrial plants. As the Paq’ uses the same concentration measurements as 878 

ACL, there were also 20 results from Highway 37 and 17 results from Chambery Coulee (Table 879 

8). The calculation in question (equation 4) is as follows. Measurements for all lipid chains were 880 

used with the exception of C33, as the signal for those lipids was too minor to reasonably extract 881 

from the majority of the data sets. However, it is reasonable to assume that this would not have 882 

significantly influenced the data, as the C31 areas were very low relative to the other peaks. The 883 

C31 areas from Chambery Coulee and below the boundary at Highway 37 have a range of areas 884 

from 0.0516 to 43.1942, with these values consistently being the smallest values in the Paq’ 885 

measurements. Paq’ values (Fig. 16 e, Fig. 17 e) from Highway 37 (Fig. 16 e) are generally 886 

lower than those collected from Chambery Coulee (Fig. 17 e), while the Paq’ values at Highway 887 

37 that are greater than contemporary Chambery Coulee samples are only greater by as much as 888 

0.1. Highway 37 values below the boundary stay within a range from 0.4 to 0.6 while at 889 

Chambery Coulee they stay at a range from 0.6 to 0.8 over the same interval. Both sites have 890 

fairly consistent results at the boundary with Highway 36 having a Paq’ of 0.5 at the boundary 891 

while Chambery Coulee has 0.5. A major shift occurs above the boundary at both sites, with 892 

samples almost consistently lower above the boundary than below it. The Highway 37 values 893 

generally range from 0.2 to 0.4 with an extreme low value of 0.1 at 20 cm above the boundary 894 

and an extreme high value of 0.5 at 30 cm above the boundary. Chambery Coulee has more 895 

consistent values ranging from 0.3 to 0.6 with a continuous decrease in values over the first 40 896 

cm above the boundary, followed by a rise and fall over the next 40 cm.  897 

 898 

2.4.5 Hydrogen plant wax isotope measurements 899 
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 The isotope values of carbon and hydrogen were obtained from plant wax lipids of 900 

different length based on the number of carbon molecules in each lipid chain, with chain lengths 901 

of 23, 25, 27, and 29 carbon molecules focused on for this study. For Highway 37, there were 19 902 

samples measured for C25 and C27 chain lengths and 17 samples measured for C29 (Table 6), 903 

while Chambery Coulee had 9 samples measured for C23 and 10 samples measured for C25, C27, 904 

and C29 chain lengths (Table 7). At Highway 37 (Fig. 17 b), the δ2H values for each chain length 905 

were within the range of -203‰ to -261‰, with C25 on average having the most negative values 906 

at -236‰ and C29 having the highest values with an average of -219‰, with C27 having values 907 

between the other two lipid chain lengths with an average of -228‰. The Chambery Coulee (Fig. 908 

17 b) samples range from -196‰ to -245‰, also showing C29 to typically have the most positive 909 

values with an average of -223‰ and C25 tending to have the most negative with an average of -910 

235‰. However, C23 fluctuates relative to the other chain lengths but has an average value of -911 

222‰, with C27 also maintaining values between those of C25 and C29 with an average of -231‰. 912 

Points that are missing values did not have sufficiently high concentration to provide reliable 913 

measurements. 914 

 915 

2.4.6 Carbon plant wax isotope measurements 916 

 For the carbon plant wax isotope measurements, Highway 37 had 18 samples measured 917 

for C23, C25, C27, and C29 chain lengths (Table 4) while Chambery Coulee had 13 samples 918 

measured for C23, 15 for C25 and C27, and 16 for C29 chain lengths (Table 5). The δ13C values 919 

obtained from Highway 37 (Fig. 17 c) range from -26.2‰ to -31.8‰, with the shorter 920 

hydrocarbon chains consistently having more positive values than those of longer chain lengths, 921 

with C23 measurements averaging at -28.1‰ while C29 averaged at -30.9‰. This extends to the 922 
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other two hydrocarbon chains measured, with C25 having an average value of -29.0‰ and C27 923 

having an average of -30.0‰. Each hydrocarbon length has values that stay within 2‰ with all 924 

the chain lengths showing distinct trends through the section (Fig. 18). The Chambery Coulee 925 

(Fig. 17 c) samples range from -27.0‰ to -31.5‰, maintaining the same pattern as Highway 37 926 

with the shorter chain length hydrocarbons having more positive values. This is shown in the 927 

average values for each lipid chain length, with the C23 values averaging at -27.9‰, C25 values 928 

averaging at -28.2‰, C27 values averaging at -29.7‰, and C29 values averaging at -30.3‰. The 929 

range of values for individual chains is relatively similar, with the largest range being about 930 

2.5‰ for C23. Due to the more incomplete nature of this sample set, the periodic pattern is less 931 

extensive in this sample set than it is in the Highway 37 data, although the peaks and valleys of 932 

individual periods are still distinct at several points within the graphs (Fig. 16 c, Fig. 17 c).  933 

 934 

 935 

Figure 18: 13C measurements of C25 (a) and C29 (b) being compared between the two sites to better display 936 

similarities and differences in the overall trends observed through the stratigraphic sections. 937 

 938 

2.5 Discussion  939 

 940 
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2.5.1 Isotopic differences between plant wax chain lengths  941 

2.5.1.1 Carbon isotopes 942 

n-Alkane carbon isotope measurements from both sites show periodic variability where 943 

δ13C values rise and fall over periodic intervals through the sample sections, which is most clear 944 

for the C25 and C29 lipid chains. The Highway 37 section (Fig. 16 c) shows the chains for C25 and 945 

C29 behaving in a similar manner through the section, with δ13C rising and falling in the same 946 

stratigraphic units, the only exception being directly at the boundary where the C29 value dips 947 

down, which may represent the short-term K-Pg carbon isotope excursion identified at other 948 

terrestrial sections. The general interpretation of plant wax lipids from sediments is that C25 is 949 

primarily derived from aquatic plants while C29 is inferred to primarily be derived from 950 

terrestrial plants and are thus influenced by different factors to produce the carbon isotopic 951 

compositions that are observed (Ficken et al., 2000; Aichner et al., 2010). Aquatic plants have 952 

more enriched isotopic compositions due to isotopic exchange in water. As water has a higher 953 

viscosity than air, particles in the water move much more slowly and it makes it more difficult 954 

for plants to selectively utilize the lighter carbon that is otherwise energetically preferred, thus 955 

resulting in higher concentrations of δ13C (Keeley & Sandquist, 1992). The data extracted is 956 

consistent with Keeley & Sandquist (1992)’s observation with the C25 carbon isotopes being 957 

more enriched in carbon-13 across all the samples, showing that this is an interpretation that is 958 

valid for the dataset. The significance of the two chains behaving in a similar manner suggests 959 

that the forces controlling carbon isotope fractionation had a similar affect on both aquatic and 960 

terrestrial systems at Highway 37. By contrast, the Chambery Coulee section (Fig. 17 c) shows 961 

two different patterns between C25 and C29. Chambery Coulee’s C25 signal resembles the 962 

trajectory observed at Highway 37, with the samples becoming more enriched across the 963 
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boundary. The C29 values fluctuate more frequently, with enrichment peaks about twice as 964 

frequent as the Highway 37. This suggests that while aquatic plants at the site experienced 965 

similar forcing as the plants at Highway 37, the difference in C29 and C25 at Chambery Coulee 966 

suggests that some other factors were over-printing the more regional effects for terrestrial plant 967 

life at this locale. In addition, the C29 value 10 cm above the boundary shows a distinct drop in 968 

δ13C, which suggests this could represent part of the carbon isotope excursion for this site. 969 

 970 

2.5.1.2 Hydrogen isotopes 971 

The n-alkane hydrogen isotopes show little to no trend across the study interval of both sites, 972 

with individual chain lengths not following similar temporal patterns when comparing between 973 

the two sites. This lack of a pattern is also accompanied by a narrow range of values for the 974 

isotopic composition, suggesting that little over all change occurred in the isotopic composition 975 

at the sites. The only possible exception to this is a long-term decline of 20 to 30‰ that is 976 

evident in the C27 and C29 data at both sites (Fig. 16 b, Fig. 17 b), though the rate of decline can 977 

not be determined as an accurate rate of sedimentation can not be determined. This observation 978 

suggests that little change had occurred in the regional hydrological cycle over the depositional 979 

period that was examined, with the minor changes that are observed likely being local in nature, 980 

given the lack of consistency between the two sites. Furthermore, the complete lack of any major 981 

shifts after the boundary suggest that, if the impact did have an affect on the isotopic 982 

composition of precipitation, it was short lived to have recovered within the time deposition of 983 

merely 10 cm, and did not cause a major change in the hydrological cycle that persisted over a 984 

long period of time. This also rules out the possibility of prolonged droughts as there is no 985 

indication of increased evaporation rates over the sampling interval that was examined.  986 
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In addition to the raw values extracted from the plant waxes, the values of the δ2H of 987 

precipitation were calculated in order to properly compare our data with modern values in order 988 

to reconstruct the hydrological system of the area. An assumption had to be made for the 989 

fractionation of hydrogen isotopes in lipid biosynthesis, and for our analysis we assumed a 990 

fractionation value of -100‰, as this is considered the average of C3 fractionation within 991 

conifers and angiosperms (Sachse et al., 2012), the dominant woody trees across the Cretaceous-992 

Paleogene boundary globally (Saward, 1992; Sweet et al., 1999).  The most notable observation 993 

for the δ2H of precipitation is the low values of the samples, with all the chain lengths averaging 994 

between -100 and -180‰, values that are quite low to be found in rain water. These values are in 995 

fact surprisingly similar to the δ2H values from precipitated water in present day western Canada 996 

(values taken from wateriso.utah.edu, Bowen, 2019; Bowen & Revenaugh, 2003; IAEA/WMO, 997 

2015). Due to how both sites share this trait it would make sense that this is a regional feature 998 

and makes sense given the geography of the region, as the localities are within the rain shadow 999 

of the still developing Rockies. While the rain shadow effect was probably the main contributing 1000 

factor to the depleted δ2H values, other effects may have also contributed to the measurements 1001 

observed in the plant wax record. The other contributing factor would include the higher latitude 1002 

at the time of deposition at during the end of the Cretaceous (Spicer & Herman, 2010), 1003 

determined to be around 15° further north in the late Campanian (this value would be lower by 1004 

the end of the Maastrichtian though no exact measurements have been made for this time 1005 

period), which would also have lowered the δ2H values as a result of how hydrogen isotopes in 1006 

plant waxes are affected by temperature (Sachse et al., 2012). One interesting comparison is that 1007 

similarly depleted values have been recorded in slightly older sediments from the Late Santonian 1008 

to Late Campanian sediments of the Canadian Arctic (Super et al., 2018), though it is highly 1009 
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unlikely the isotopic composition of precipitation from both sites were depleted from the same 1010 

mechanisms. Another interesting point of the depleted δ2H values is that the Western interior 1011 

seaway, was in relatively close proximity to the sites, which suggests that the rain water from the 1012 

region was coming from the Pacific Ocean on the other side of the mountains in spite of the 1013 

seaway being so close. However, the apparent long-term trend of decreasing values over time 1014 

may in fact coincide with the retreat of the western interior seaway that began during the latest 1015 

Maastrichtian, possibly explaining the negative trend. If this is the case though, more work is 1016 

needed to know over what time frame this negative trend was occurring and how significant it 1017 

was, as this data set does not cover the entire time span, with the current minimum of the 1018 

possible shift being 20-30‰ with no upper limit yet defined. 1019 

 1020 

2.5.2 Relative lipid chain abundance 1021 

Paq’ with a value above 0.4 is interpreted that waxes were derived primarily from aquatic 1022 

plants while a Paq’ of below 0.4 is interpreted as primarily coming from terrestrial plants (Liu et 1023 

al., 2019). Below the boundary at Chambery Coulee, Paq’ values are consistently above the 0.4 1024 

threshold while at Highway 37 most of the samples are above 0.4 with a few at lower values. 1025 

This suggests the plant waxes from Chambery Coulee were primarily derived from aquatic plants 1026 

while at Highway 37 it was a likely mix of aquatic and terrestrial plant input. Across the 1027 

boundary for both sites there is a shift from aquatic to terrestrial plant values, with the shift 1028 

occurring below the boundary at Highway 37. Above the boundary the Highway 37 values are 1029 

consistently below 0.4 throughout the section with the exception of 30 cm above the boundary 1030 

while at Chambery Coulee the samples are very close to 0.4, suggesting that at Highway 37 1031 
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terrestrial plants primarily contributed to the samples while there was a mixture of terrestrial and 1032 

aquatic plant waxes being contributed to Chambery Coulee.  1033 

This observation was then compared with the ACL measurements as well as the observed 1034 

trends of the C27 lipid chains. The ACL measurements strongly match the Paq’ trend with the 1035 

Chambery Coulee samples (Fig. 17 d). While C29 chains are primarily produced by terrestrial 1036 

plants, C27 lipids are produced by both aquatic and terrestrial plants, providing an alternative 1037 

means of interpreting the input of lipids from terrestrial and aquatic plants. This is done by 1038 

looking at how close the C27 values are to those of C25 and C29 as the aquatic plants have higher 1039 

δ13C values while the terrestrial plants have more negative per mil values (Fig. 16 c, Fig. 17 c). 1040 

What is interesting is that at both sites C27 behaves similarly across the boundary, with values 1041 

below the boundary more often being much closer to C25, which more strongly reflect aquatic 1042 

plants, though this does not necessarily mean they were more abundant. Across the boundary 1043 

there is a notable shift at both Highway 37 and Chambery Coulee where C27 values shift from 1044 

higher values closer to those of C25 towards lower values closer to C29 over a 20 cm span. While 1045 

there is some variability, the increase in the ACL that occurs after the boundary followed by the 1046 

gradual drop over time is comparable to the results of another study looking at plant wax lipids 1047 

across the K-Pg boundary (Yamamoto et al., 2010). While it is interesting that the more limited 1048 

source of the leaf waxes still show a shift to longer chained lipids after the boundary, it is more 1049 

than likely that the similar signals recorded at both sites are merely coincidental, as northern 1050 

Africa and western Canada were vastly different ecosystems and at different latitudes, making 1051 

the similar shift an intriguing possibility rather than a definitive trend in plant system recovery.  1052 

Between the different observations there is a strong case to be made that a shift in the 1053 

source of plant wax lipids in the depositional environments of both sites are observed across the 1054 
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data sets, with a primarily aquatic origin observed before the boundary and in the earliest 1055 

sediments above the boundary at Chambery Coulee, while Highway 37 shows a mixed signal of 1056 

aquatic and terrestrial plant input. Above the boundary, Highway 37 shows a signal that is more 1057 

strongly the result of terrestrial plant input while Chambery Coulee fluctuates, with primarily 1058 

aquatic plant input immediately after the boundary before transitioning into terrestrial plant input 1059 

and then returning to aquatic plant input and then once more returning to more terrestrial 1060 

influenced input. This suggests that a major shift occurred at or after the boundary that affected 1061 

the flora of the entire local sedimentary basin. This is especially odd as the strata immediately 1062 

above the boundary is a coal layer, and for the shift in hydrogen isotopes to indicate a change to 1063 

more terrestrial plant life seems almost counterintuitive. One possibility is that the environments 1064 

in which these coals formed were swamps with open water, primarily composed of standing 1065 

vegetation rather than aquatic plants. Another possibility would be an ecological shift in the plant 1066 

life occurring as a result of the extinction event with a shift to more terrestrial plants being 1067 

present in the ecosystem, however this can not be verified without more fossils or pollen spores. 1068 

 1069 

2.5.3 Bulk organic carbon isotope data 1070 

It is notable that the δ13Cbulk record from both Highway 37 and Chambery Coulee do not 1071 

exhibit the negative carbon isotope excursion that appears above the boundary in other K-Pg 1072 

boundary, where other studies have noted it in the first 3-5 cm (Jerrett et al., 2015; Maruoka et 1073 

al., 2007; Therrien, 2007; Yamamoto et al., 2010). While at Highway 37 there is a negative 1074 

excursion 24 cm above the boundary, the excursion itself is quite small at -1.56‰ (Fig. 14 c). 1075 

Notably the excursion is found in nearby sites, where it reaches values as low as -2‰ and at 2 to 1076 

3 cm above the boundary (Jerrett et al., 2015) and that other excursions of similar value can be 1077 
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found above the boundary (Therrien et al., 2007). This is in contrast with our own data, where 1078 

the values at the boundary show a rise in δ13Cbulk at both sites compared to values from before 1079 

the boundary. Although unusual, the variable and ambiguous degree of the excursion has been 1080 

observed elsewhere (Maruoka et al., 2007; Therrien, 2007; Yamamoto et al., 2010), where it has 1081 

been shown that across different sites the location and degree of the negative isotope excursion is 1082 

variable relative to the boundary claystone. It is also important to note that the preservation of 1083 

the excursion could have affected its position. This is primarily controlled by the rate of 1084 

deposition, though erosion or lack of proper depositional conditions could have led to the 1085 

complete lack of the excursion appearing in the data. This argument does not hold up well as the 1086 

lack of any signs of sedimentary unconformities and the preservation of the boundary claystone 1087 

along with the Ferris coal seams present above the boundary claystone do not support the 1088 

likelihood of the negative excursion having been eroded out of the sequence.  1089 

Along with the lack of a distinct negative carbon isotope excursion, both sites show a high 1090 

degree of amplitude variability at the 10 to 30 cm interval above the boundary. Despite the lack 1091 

of an obvious signal for the negative isotope excursion, the presence of this kind of signal 1092 

indicates some kind of environmental disturbance. This type of variation in the δ13Cbulk cannot 1093 

have been caused by changes in the carbon isotope composition of plant primary productivity as 1094 

it would have been observed in the plant wax derived isotope data. One possible explanation for 1095 

the variation includes increased productivity from benthic plants, which would also lead to the 1096 

rapid increases in δ13Cbulk due to the naturally higher values they have relative to terrestrial plants 1097 

(Keeley & Sandquist, 1992). However, this interpretation is inconsistent with the observations 1098 

from ACL (Fig. 16 c, Fig. 17 c) or Paq’ (Fig. 16 d, Fig. 17 d), as those measurements indicate a 1099 

larger input from terrestrial plants rather than from aquatic plants. An alternative explanation 1100 
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implicates microbial respiration. Enhanced aerobic respiration in soils could lead to more 1101 

positive values to be recorded in sedimentary organic matter (Natelhoffer & Fry, 1988), and so 1102 

occasional increases in microbial respiration could lead to rapid increases in the δ13Cbulk record 1103 

followed by drops to more typical levels. Additionally, the more negative values that appear at 1104 

both sites over this interval would be the result of microbial respiration in an anaerobic 1105 

environment which would result in the fractionation of more negative values. This may suggest 1106 

that depositional/general soil conditions switched between anaerobic and aerobic over several 1107 

intervals for some time after the Chicxulub impact yet well after plant communities had 1108 

recovered (Lomax et al., 2001; Maruoka et al., 2007). One possible explanation for alternating 1109 

anaerobic and aerobic environments would be related to boom and bust cycles in plant 1110 

communities with large build ups of plant diversity followed by collapses resulting in decreased 1111 

diversity. These collapses could potentially be the result of unstable systems from communities 1112 

recovering after the extinction event without systems having reached a steadier equilibrium, with 1113 

the anaerobic conditions arising from higher rates of decomposition from oxygen consuming 1114 

bacteria. The more aerobic conditions would reflect a healthy plant community that would 1115 

account for the more positive values we see associated with aerobic respiration. The only issue 1116 

with this idea is that the conditions for anaerobic and aerobic microbial growth are also 1117 

controlled by hydrological conditions, and as the hydrogen values from both sites do not show 1118 

any patterns or signs that reflect what is observed in the bulk carbon data, this still remains 1119 

unresolved. Palynological data would be needed to further investigate this suggestion, though it 1120 

is not unwarranted as it would be occurring after plant communities have largely recovered from 1121 

the extinction event or that some other, non botanical factors are driving these changes. 1122 

 1123 
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2.5.4. Geochronology and the timing of environmental change 1124 

The chronology of the records of environmental change contained in our studied 1125 

sediments is not well constrained. However, we can make generalized estimates of the timespan 1126 

of the sections based on the negative carbon isotope excursion at the boundary inferred from the 1127 

C29 carbon n-alkane measurements (Fig. 14 c, Fig. 15 c). At Chambery Coulee we observed the 1128 

negative carbon at around 20 cm above the boundary and around 10 cm above the boundary at 1129 

Highway 37. Using radiometric age constraints for the duration of the CIE from the Hell Creek 1130 

Formation (Renne et al., 2013), which was measured to be 5,000 ± 3,000 years after the iridium-1131 

rich boundary, we can then estimate that these sites deposited at a deposited one cm every 250-1132 

500 years. Using this estimate, the upward trend in n-alkane 13C values spanning the K-Pg 1133 

boundary observed at both sites was approximately 20,000 to 25,000 years in duration. This 1134 

would be consistent with precession forced carbon cycle variability, although given the uncertain 1135 

stratigraphy of the CIE in these sediments this interpretation is speculative. The mechanisms for 1136 

such large magnitude (~2‰) precession-driven 13C variability is unclear, especially given the 1137 

absence of a clear signal of hydrological change in the δ2H data. 1138 

 1139 

2.5.5 Relation to the K-Pg extinction 1140 

One of the most distinct features about this study is that no lasting changes are observed in 1141 

the plant wax record above the K-Pg boundary (Fig. 16 b,  Fig. 16c, Fig. 17 b, Fig. 17 c). None 1142 

of the lipid chains for hydrogen and carbon at both sites show a massive shift occurring at the 1143 

boundary, with the only exception being C29 at Highway 37 (Fig. 16 c) which becomes more 1144 

negative, suggesting that the changes experienced for these cycles were not instantaneous. 1145 

Furthermore, the carbon cycles show that there were no long lasting disturbances to the cycles 1146 
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after the impact as there is no apparent disruption to the cyclical patterns between the boundary 1147 

and the next sample 10 cm above it. This suggests that if the carbon cycles were affected that 1148 

they had not only recovered in a relatively short amount of time, but also that the extinction 1149 

event did not disrupt the Milankovitch cyclicity in the carbon cycles. Furthermore, the hydrogen 1150 

isotope data further supports this with no large offsets in values after the boundary, with samples 1151 

remaining rather stable. This suggests that both the terrestrial carbon and hydrological cycles had 1152 

recovered in a relatively quick period of geologic time of probably no more than 10 thousand 1153 

years. This is consistent with other studies that have suggested similar or even lower durations 1154 

for the recovery time of terrestrial environments (Fastovsky et al., 2016; Lomax et al., 2001; 1155 

Maruoka et al., 2007; Renne et al., 2013). Additionally, the large carbon isotope variability 1156 

observed is not consistent with volcanic inputs of atmospheric CO2. Volcanic CO2 input would 1157 

be very similar isotopically to background atmospheric CO2 (Mason et al., 2017), implying that 1158 

very large amounts of CO2 would needed to produce the 2‰ variability observed in the plant 1159 

waxes. As a result of the data available, no strong case can be made for or against the activity of 1160 

the Deccan traps, at least in regards to them having an effect on the carbon and water cycles. 1161 

 1162 

2.6 Conclusions 1163 

 1164 

 The isotopic study of plant wax lipids across the K-Pg boundary has revealed a number 1165 

of details from the region previously unknown or that have not been explored. Precipitation in 1166 

the region appears to be primarily derived from the Pacific Ocean due to highly depleted δ2H 1167 

with a further decrease over time being linked to the retreat of the Western Interior Seaway. δ13C 1168 

measurements show signs of fluctuation that are on comparable time scales to the precession 1169 
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orbital cycles, suggesting climatological effects related to these isotopic shifts was affecting local 1170 

plant life. The lack of an obvious disturbance to the hydrogen or carbon isotope measurements 1171 

across the boundary suggests both the water and carbon cycles recovered within 16,000 years 1172 

after the impact. However after the impact there is a notable shift in the dominant plant species 1173 

contributing to the collection of plant waxes, suggesting that plant communities experienced a 1174 

dynamic shift that lasted for some time after the extinction event. Additionally, a high degree of 1175 

disturbance in the bulk carbon record after the impact suggests a period of instability which is 1176 

here interpreted as being related to conditions shifting between those favouring anaerobic or 1177 

aerobic respiring bacteria.  1178 
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Tables 1189 

Table 1: Bulk δ13C and organic carbon percentage from Highway 37, 2017. 1190 

Distance from 

boundary (cm) 

HW37 2017 

- δ13Cbulk 

STDEV – HW37 2017 

- δ13Cbulk 

HW37 2017 - Corg 

705 -24.00 0.30 0.12 

580 -23.90 0.30 0.33 

460 -24.10 0.30 0.35 

415 -24.70 0.30 0.20 

270 -24.40 0.30 0.47 

170 -23.00 0.30 1.47 

90 -24.98 0.30 14.79 

40 -24.33 0.30 2.87 

40 - duplicate -24.11 0.30  

10 -24.73 0.30 34.20 

0 -23.70 0.30 43.01 

0 - duplicate -23.27 0.30  

-10 -24.30 0.30 0.76 

-125 -25.00 0.30 0.13 

-315 -25.60 0.30 1.17 

-340 -25.60 0.30 0.56 

-405 -25.50 0.30 1.00 

-490 -24.60 0.30 0.07 

-770 -24.50 0.30 0.08 
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 1191 

Table 2: Bulk δ13C and organic carbon percentage from Chambery Coulee 2017. 1192 

Distance from 

boundary (cm) 

CC 2017 - 

δ13Cbulk 

STDEV – CC 2017 

- δ13Cbulk 

CC 2017 - Corg 

45 -23.41 0.30 47.89 

0 -23.60 0.30 2.08 

-220 -24.70 0.30 0.10 

-615 -24.60 0.30 0.14 

-825 -24.60 0.30 0.14 

-1010 -24.47 0.30 0.18 

-1010 - duplicate -24.49 0.30  

-1360 -25.91 0.30 0.03 

-1360 - duplicate -26.00 0.30  

-1705 -23.70 0.30 0.17 

-1850 -24.80 0.30 0.09 

-2010 -24.90 0.30 0.30 

-2120 -24.90 0.30 0.13 

-2235 -24.07 0.30 0.04 

-2315 -24.37 0.30 0.04 

-2315 - duplicate -24.78 0.30  

-2339 -24.21 0.30 0.05 

-2363 -24.18 0.30 0.23 

-2363 - duplicate -24.06 0.30  
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-2478 -24.36 0.30 0.05 

-2653 -24.21 0.30 0.28 

-2653 - duplicate -24.33 0.30  

-2828 -24.56 0.30 0.04 

-2966 -25.02 0.30 0.05 

-2966 - duplicate -24.87 0.30  

 1193 

Table 3: Bulk δ13C and organic carbon percentage, 2018. 1194 

Distance 

from 

boundary 

(cm) 

HW37 - 

δ13Cbulk 

STDEV - 

HW37 - 

δ13Cbulk 

HW37 - 

Corg 

CC - δ13Cbulk STDEV - 

CC - 

δ13Cbulk 

CC - Corg 

100 -24.32 0.30 7.69    

96 -25.72 0.30 0.81 -24.75 0.30 0.52 

92 -24.48 0.30 6.62 -24.49 0.30 0.56 

90 -24.39 0.30 4.69 -24.13 0.30 0.36 

88 -24.94 0.30 4.46 -24.19 0.30 1.24 

84 -24.53 0.30 3.04 -24.30 0.30 0.50 

80 -25.03 0.30 2.76 -24.44 0.30 0.47 

76 -25.33 0.30 3.56 -24.98 0.30 0.47 

72 -25.29 0.30 3.52 -24.90 0.30 0.51 

70 -25.23 0.30 3.93 -24.25 0.30 0.67 

68 -25.25 0.30 3.32 -24.16 0.30 0.54 
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64 -24.97 0.30 3.24 -23.94 0.30 1.09 

60 -24.77 0.30 4.07 -24.03 0.30 2.50 

56 -25.35 0.30 5.71 -24.29 0.30 6.15 

52 -25.39 0.30 9.55 -24.09 0.30 7.47 

50 -25.08 0.30 8.70 -23.87 0.30 5.53 

48 -25.28 0.30 10.35 -24.51 0.30 24.33 

44 -25.11 0.30 12.48 -24.48 0.30 4.24 

40 -25.30 0.30 10.13 -23.80 0.30 1.68 

36 -25.02 0.30 11.76 -24.66 0.30 0.89 

32 -25.08 0.30 7.45 -23.87 0.30 1.12 

30 -24.82 0.30 2.82 -24.00 0.30 1.99 

28 -23.74 0.30 2.68 -23.46 0.30 1.09 

24 -25.94 0.30 0.40 -23.79 0.30 0.83 

20 -24.89 0.30 1.31 -23.65 0.30 38.32 

18 -24.66 0.30 3.91 -23.53 0.30 40.00 

16 -24.04 0.30 28.47 -22.89 0.30 43.01 

14 -23.64 0.30 32.64 -23.01 0.30 30.08 

12 -25.12 0.30 38.20 -22.58 0.30 43.18 

10 -24.38 0.30 37.63 -23.48 0.30 32.84 

8 -24.65 0.30 33.80 -24.73 0.30 70.07 

6 -25.08 0.30 39.68 -24.33 0.30 35.25 

4 -25.20 0.30 39.78 -23.91 0.30 60.35 

2 -24.26 0.30 30.19 -24.40 0.30 29.14 
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0 -24.38 0.30 10.07 -24.25 0.30 2.60 

-2 -24.49 0.30 2.33 -24.54 0.30 3.16 

-4 -24.41 0.30 3.58 -24.94 0.30 0.91 

-6 -25.24 0.30 1.26 -24.37 0.30 0.56 

-8 -25.05 0.30 2.17 -24.15 0.30 0.78 

-10 -24.55 0.30 0.90 -23.70 0.30 0.23 

-12 -24.83 0.30 1.13 -23.97 0.30 0.49 

-14 -24.98 0.30 0.77 -24.21 0.30 0.69 

-16 -24.87 0.30 0.82 -23.67 0.30 0.47 

-18 -24.65 0.30 0.57 -23.33 0.30 0.36 

-20 -24.74 0.30 0.65 -23.67 0.30 0.55 

-24 -24.78 0.30 0.29 -24.03 0.30 0.78 

-28 -24.91 0.30 8.15 -23.62 0.30 0.46 

-30 -25.76 0.30 1.25 -23.73 0.30 0.28 

-32 -25.01 0.30 0.80 -24.01 0.30 0.47 

-36 -24.92 0.30 0.42 -23.73 0.30 0.42 

-40 -24.60 0.30 0.24 -23.52 0.30 0.42 

-44 -24.85 0.30 0.33 -23.59 0.30 0.44 

-48 -25.18 0.30 0.73 -23.83 0.30 0.44 

-50 -25.10 0.30 0.24 -24.21 0.30 0.51 

-52 -24.75 0.30 0.25 -23.70 0.30 0.44 

-56 -25.20 0.30 0.16 -24.02 0.30 0.37 

-60 -24.64 0.30 0.37 -23.99 0.30 0.38 
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-64 -24.54 0.30 0.31 -24.18 0.30 0.43 

-68 -24.65 0.30 0.04 -24.26 0.30 0.36 

-70 -24.93 0.30 0.13 -24.62 0.30 0.39 

-72 -25.01 0.30 0.23 -24.22 0.30 0.38 

-76 -25.12 0.30 0.08 -24.18 0.30 0.34 

-80 -24.87 0.30 0.31 -24.12 0.30 0.35 

-84 -25.02 0.30 0.05 -24.37 0.30 0.43 

-88 -25.20 0.30 0.07 -24.04 0.30 0.52 

-90 -24.52 0.30 0.10 -24.03 0.30 0.33 

-92 -25.64 0.30 0.10 -24.08 0.30 0.32 

-96 -24.03 0.30 0.64 -24.64 0.30 0.28 

-100 -25.08 0.30 0.14 -24.89 0.30 0.28 

 1195 

Table 4: Highway 37 δ13C measurements from plant wax lipids. 1196 

Distance 

from 

boundary 

(cm) 

HW37 - 

C23 

δ13C 

(‰) 

STDEV 

- HW37 

- C23 

δ13C 

(‰) 

HW37 - 

C25 δ
13C 

(‰) 

STDEV 

- HW37 

- C25 

δ13C 

(‰) 

HW37 - 

C27 δ
13C 

(‰) 

STDEV 

- HW37 

- C27 

δ13C 

(‰) 

HW37 - 

C29 δ
13C 

(‰) 

STDEV 

- HW37 

- C29 

δ13C 

(‰) 

100 -28.8 0.1 -29.1 0.1 -29.9 0.1 -31.0 0.1 

90 -29.1 0.7 -29.0 0.1 -29.9 0.0 -30.8 0.2 

80 -29.3 0.2 -29.3 0.1 -30.2 0.1 -30.8 0.2 

70 -30.1 1.9 -29.2 0.1 -30.7 0.0 -31.2 0.3 

50 -27.6 0.3 -28.4 0.3 -30.3 0.1 -30.3 0.1 

40 -28.3 1.4 -28.5 0.5 -30.5 0.3 -30.8 0.2 

30 -28.2 0.5 -28.5 0.3 -29.8 0.5 -30.7 0.4 

20 -27.7 0.1 -28.3 0.0 -29.3 0.0 -29.7 0.2 

10 -28.1 0.2 -28.4 0.1 -29.4 0.1 -29.9 0.2 

0 -28.1 0.1 -29.0 0.3 -29.5 0.1 -31.6 0.3 

-10 -27.7 0.1 -29.5 0.2 -29.5 0.5 -30.7 0.4 

-20 -27.6 0.9 -30.0 0.4 -30.3 0.3 -31.8 0.4 
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-30 -27.7 1.3 -28.9 0.5 -30.3 0.5 -31.2 0.7 

-40 -26.2 NA -28.5 0.0 -29.3 0.2 -30.7 0.0 

-50 -28.6 NA -29.1 0.0 -31.0 0.6 -31.0 0.3 

-60 -27.5 1.5 -29.2 0.3 -30.5 0.5 -31.4 0.3 

-70 -28.0 1.2 -29.4 0.4 -30.3 0.5 -31.4 0.5 

-80 -27.8 1.3 -29.1 0.4 -30.0 0.8 -31.5 0.9  

 1197 

Table 5: Chambery Coulee δ13C measurements from plant wax lipids. 1198 

Distance 

from 

boundary 

(cm) 

CC - C25 

δ13C (‰) 

STDEV - 

CC - C25 

δ13C (‰) 

CC - C27 

δ13C (‰) 

STDEV - 

CC - C27 

δ13C (‰) 

CC - C29 

δ13C (‰) 

STDEV - 

CC - C29 

δ13C (‰) 

80 -28.5 0.6 -30.0 0.2 -30.2 0.4 

70 -28.6 0.5 -29.7 0.6 -29.9 0.6 

60 -28.2 0.0 -29.9 0.2 -30.2 0.1 

50 -29.1 0.2 -31.1 0.4 -31.1 0.4 

40 -27.3 0.2 -29.7 0.2 -30.4 0.2 

30 -27.5 NA -29.6 NA -29.9 NA 

20 -27.9 0.3 -30.9 0.3 -30.5 0.3 

10 -28.1 0.3 -30.7 0.2 -31.5 0.5 

0 -27.9 0.4 -29.3 0.3 -30.4 0.3 

-10 -28.6 NA -29.0 NA -30.2 0.4 

-20 -28.5 0.4 -29.2 0.4 -30.1 0.4 

-30 -28.7 0.2 -29.3 0.2 -30.4 0.4 

-40     -30.2 NA 

-50 -27.7 NA -28.9 NA -29.5 NA 

-60 -28.5 0.4 -28.9 0.6 -30.2 0.5 

-70 -28.5 0.0 -29.5 0.3 -30.8 0.1 

 1199 

Table 6: Highway 37 δ2H measurements from plant wax lipids. 1200 

Distance 

from 

boundary 

(cm) 

HW37 - 

C25 δ
2H 

(‰) 

STDEV - 

HW37 - 

C25 δ
2H 

(‰) 

HW37 - 

C27 δ
2H 

(‰) 

STDEV - 

HW37 - 

C27 δ
2H 

(‰) 

HW37 - 

C29 δ
2H 

(‰) 

STDEV - 

HW37 - 

C29 δ
2H 

(‰) 

100 -248 9 -246 7 -235 3 

90 -249 7 -235 5 -241 6 

80 -250 7 -244 3 -238 7 

70 -261 2 -244 3 -237 2 

50 -229 1 -235 1 -228 0 

40 -244 12 -225 8 -208 11 

30 -228 8 -218 2 -206 8 
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20 -238 4 -233 1 -210 2 

10 -228 7 -225 8 -204 12 

0 -233 6 -228 6 -204 4 

-10 -237 7 -229 9 -213 8 

-20 -238 3 -233 7 -227 8 

-30 -233 5 -224 17 -226 NA 

-40 -240 3 -236 3 -213 8 

-50 -215 3 -214 NA   

-60 -236 5 -223 12 -229 NA 

-70 -221 3 -203 3   

-80 -244 7 -224 10 -208 13 

-90 -207 1 -206 1 -188 26 

 

 1201 

Table 7: Chambery Coulee δ2H measurements from plant wax lipids. 1202 

Distance 

from 

boundary 

(cm) 

CC - 

C23 δ
2H 

(‰) 

STDEV 

- CC - 

C23 δ
2H 

(‰) 

CC - 

C25 δ
2H 

(‰) 

STDEV 

- CC - 

C25 δ
2H 

(‰) 

CC - 

C27 δ
2H 

(‰) 

STDEV 

- CC - 

C27 δ
2H 

(‰) 

CC - 

C29 δ
2H 

(‰) 

STDEV 

- CC - 

C29 δ
2H 

(‰) 

80 -196 NA -232 NA -235 NA -237 NA 

60 -220 NA -227 1 -214 0 -215 1 

50 -232 NA -240 3 -232 1 -220 2 

40 -218 NA -227 2 -226 2 -221 2 

20 -222 NA -233 1 -238 2 -233 2 

10 -228 NA -242 2 -235 1 -224 3 

0 -225 NA -237 2 -232 3 -225 2 

-20 -236 NA -233 NA -225 NA -218 NA 

-30   -245 NA -241 NA -215 NA 

-70 -220 NA -234 0 -229 1 -219 5 

 1203 

Table 8: Paq’ and average chain length measurements. 1204 

Distance 

from 

boundary 

(cm) 

HW37 - 

Paq' 

CC - Paq'  HW37 - 

ACL 

HW37 -

ACL (odd 

only) 

CC - ACL CC- ACL 

(odd only) 

100 0.4  27.1 27.2   

90 0.3 0.3 27.2 27.3 26.0 27.4 

80 0.4 0.3 27.0 27.1 27.4 27.5 

70 0.3 0.4 27.9 27.9 26.9 27.0 

60 0.4 0.4 27.2 27.3 26.7 26.7 

50 0.2 0.4 27.7 27.8 27.0 27.0 
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40 0.2 0.3 28.1 28.3 27.1 27.1 

30 0.5 0.4 26.5 26.4 26.7 26.8 

20 0.1 0.5 28.5 28.6 26.4 26.4 

10 0.4 0.6 27.0 27.0 27.9 28.1 

0 0.5 0.4 26.5 26.5 26.5 26.5 

-10 0.5 0.8 26.6 26.6 25.3 25.3 

-20 0.5 0.7 26.7 26.6 25.8 25.7 

-30 0.6 0.6 26.2 26.2 25.8 25.7 

-40 0.4 0.8 26.8 26.8 25.3 25.3 

-50 0.4 0.6 26.9 27.0 25.9 25.8 

-60 0.4 0.6 26.9 27.1 26.3 26.3 

-70 0.4 0.6 26.9 27.1 26.1 26.0 

-80 0.4  27.2 27.2   

-90 0.6  27.1 27.1   

 1205 

  1206 
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Chapter 3: Primary conclusions and future directions  1207 

 The most significant conclusions to be taken from this study are the following. 1208 

1. The lack of a clear negative excursion from either site lends credence to the idea that the 1209 

negative carbon isotope excursion should not be relied on as a definitive marker for the 1210 

K-Pg boundary due to unreliable depositional requirements. 1211 

2. The bulk δ13C values from the sediments show a high degree of variance above the K-Pg 1212 

boundary, which suggests a period of instability after the impact that is inferred to be the 1213 

result of alternating conditions in soil that either favor aerobic or anaerobic bacteria, 1214 

though more research is needed to validate this claim. 1215 

3. The hydrogen isotope measurements reflect isotopically light rain water that is depleted 1216 

in deuterium, suggesting that the primary source of rain water was coming from the 1217 

Pacific Ocean rather than the much more proximal Western Interior Seaway, as well as 1218 

being influenced by a rain shadow effect and a relatively higher latitudinal placement to 1219 

lower the δ2H values of rain water.  1220 

4. The δ2H values show a continuous decrease in the isotopic ratio which suggests that the 1221 

Weatern Interior Seaway may still have contributed somewhat to the precipitation in the 1222 

region but that its retreat was still recorded in the hydrogen isotopes of precipitation. 1223 

5. The carbon isotopic ratio shows a cyclic signal in the C25 and C29 lipid chains of 20-1224 

25,000 year intervals. This potential periodicity could be linked to precession 1225 

Milankovitch cycles with the, however, the lack of a clear method of estimating rate of 1226 

sedimentation means these measurements requires further investigation.  1227 

6. The evidence for Milankovitch cycles affecting the carbon isotopic composition of plant 1228 

waxes but not bulk carbon suggests that these cycles were primarily affecting the plant 1229 
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communities rather the carbon cycle being influenced by orbital cyclicity. It also shows 1230 

that both sites had more localized effects with the different signal when comparing the 1231 

C29 cycles between both sites. 1232 

7. A drastic shift in the ACL and Paq’ from before to after the impact suggests a shift in the 1233 

dominant plant types contributing to the plant wax record present, with aquatic plants 1234 

being the primary contributors before the impact and terrestrial plants being the primary 1235 

contributors after the impact. 1236 

8. The lack of an obvious signal at or above the K-Pg boundary from either site suggests 1237 

that the carbon and water cycles had recovered from the initial disturbance brought upon 1238 

from the extinction event within at most 16,000 years.  1239 

Contribution to knowledge 1240 

 This thesis showcases the potential plant wax lipids provide as an application for 1241 

studying the Cretaceous-Paleogene mass extinction and providing a way of studying the 1242 

terrestrial carbon cycle in a way that has not been done before. Potential evidence of 1243 

Milankovitch cycles affecting plant communities is novel for this time period and shows a 1244 

strong affect that implies a relatively quick recovery after a devastating mass extinction. The 1245 

hydrological cycle of the region is shown to be poorly understood and the mechanisms of the 1246 

region need further investigation to better understand it. A high degree of instability in the 1247 

bulk δ13C record is seen after the impact which has not been noted in previous studies that 1248 

more often focus on a smaller resolution.  1249 

 1250 

Future directions  1251 
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 A lot has been gathered from this study that need to be investigated further. Most notably, 1252 

the idea of Milankovitch cycles having an effect on terrestrial plant communities needs to be 1253 

further investigated for this time period, with the sedimentation rate needing to be better 1254 

defined to constrain the potential periodicity of these signals. Studying palynology over this 1255 

time frame could prove useful in better understanding changing plant communities over the 1256 

time scale of a couple hundred thousand years. Additionally, higher resolution sampling over 1257 

the same intervals to better constraint changes in the cyclicity as well as having a stronger 1258 

signal across the boundary to observe the immediate effect of the impact and extinction event 1259 

on plant wax lipids would prove useful. Along with a higher resolution study, expanding the 1260 

range well beyond the age observed could add additional information for long term changes 1261 

both before the extinction event as well as in the earliest Paleocene.  1262 

 The hydrological cycle needs further investigation as the highly depleted isotopic values 1263 

are notable and will need stronger models to support the values that are recorded in the plant 1264 

waxes. Links to the Deccan volcanism are weak with this study but can not be ruled out, and 1265 

investigating links between the measurements collected and different models for Deccan 1266 

volcanism could potentially provide a link between the two that we do not see by simply 1267 

observing the trends.  1268 

  1269 
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