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ABSTRACT OF THE THESIS

Evaluating the Impact Trigger Hypothesis for the Onset of the Paleocene-Focene
Thermal Maximum

by RYAN ALEXANDER GALINKIN

Thesis Director:

Sonia Tikoo-Schantz

We investigate whether an extraterrestrial impact could produce changes in at-
mospheric chemistry sufficient to produce the 5 C global temperature rise observed
at the onset of the Paleocene-Eocene Thermal Maximum (PETM), a major global
warming event in Earth history that occurred approximately 55.8 million years ago
(Ma) [Charles et al., 2014]. We calculated greenhouse gas production stemming from
both asteroidal and cometary impacts for impactors with radii of 2.5 km or 5 km,
and impact angles perpendicular to the surface. We examined a range of processes
such as fireball-induced combustion and associated release of biogenic carbon, the
deposition of carbon and water directly from the impactor, the massive vaporization
of water due to a deep oceanic impact, and the production of NO via a hypervelocity
impactor’s path through the atmosphere and subsequent Oz production. We then
convert the global warming potential (GWP) of the greenhouse gases produced in
our calculations into GWP equivalent of CO, and use the resulting values to com-
pute the estimated global increase in temperature for each hypothetical impact. Our
most powerful impacts could potentially increase the global temperature by up to
4.69 C. This amount of warming is very close to what is inferred from paleoclimate
records. We suggest that a purely perpendicular impact in our modeled size range is

unlikely, yet plausible, to produce the required GWP equivalent of CO; to result in
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a 5 C rise in global temperatures. However, future work may be conducted to study
whether changes in impact angle may produce higher amounts of greenhouse gases
and potentially be responsible for the abrupt warming experienced at the PETM

boundary.
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1. Introduction

At the end of the Paleocene epoch, Earth experienced a short (~20,000 years) but
intense episode of global warming, which serves as a natural laboratory for under-
standing and predicting changes associated with current global warming. This event,
known as the Paleocene-Eocene Thermal Maximum (PETM), occurred roughly 55.8
million years ago (Ma) and produced a 4-5 C rise in the temperature of the deep
ocean |[Mclnerney & Wing, 2011; Zachos et al., 2005] and equatorial regions [Bowen
et al., 2014; Dickens, Castillo & Walker, 1997 of the planet, and an even larger, 6-8 C,
rise in temperature towards the poles [Dickens et al., 1997; Retallack et al., 1997|.
This warming is implied by a sudden decrease in the ratio of 80/*0O (known as an
oxygen isotope excursion) preserved in ancient benthic and planktonic foraminifera

shells recovered from deep sea cores (See Figure 1) [Kennet & Stott, 1991].
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Figure 1: 0/*0 and ¥C/*2C plotted across the PETM. This data is taken from
site 113-690B near Antarctica. |[Kennet & Stott, 1991]

Analyses of isotopic carbon in marine and terrestrial sediments also indicate a

large 2.5%,, (parts per mille) decrease in *C/*2C ratio (known as a carbon isotope



excursion; CIE), which indicates a major disruption of the global carbon cycle [Kennet
& Stott, 1991]. (See Figure 1). Therefore, it is hypothesized that an abrupt release
of carbon dioxide (CO;) and or methane (CHy4) into the atmosphere is responsible
for the increased global temperatures for the next 10 to 30 thousand years |Dickens
et al., 1997]. This global warming initiated an increased rate of evaporation, which
increased in magnitude towards the tropics and this moisture was transported towards
the polar regions. This increase in precipitation at the poles reduced the salinity in
the Arctic ocean and a major reversal of ocean currents in the north Atlantic, which
may have culminated in a deep ocean anoxic environment [Pagani et al., 2006; Zachos
et al., 2005]. Although the Paleocene epoch is considered to have been ice free, global
sea levels are expected to have risen due to the thermal expansion of water [Sluijs et
al., 2006].

Due to the massive influx of carbon into the atmosphere and the changes that
occurred due to the abrupt temperature rise, organisms were forced to adapt or go
extinct. The fossil record describes both of these scenarios; benthic foraminifera ex-
perienced a mass extinction of roughly 35% to 50% of all species while planktonic
foraminifera diversified and subtropical dinoflagelates appear to have migrated from
the tropics to higher latitudes [Thomas, 1998]. Among planktonic calcifyers unusual
forms appear; such as small, flattened planktonic foraminifera and asymmetrical coc-
coliths secreted by coccolithophores [Kahn & Aubry, 2004; Aubry et al., 2007]. In
terrestrial habitats, many modern orders of mammal migrated into North Amer-
ica and Europe, dispersing most probably from Asia [Smith et al., 2006]. While
many of these biological changes are well-documented in the geologic record, the ac-
tual mechanism(s) leading to the PETM is still up for interpretation and is hotly
debated amongst the scientific community. The largest difficulty is describing a sce-
nario that could suddenly implant approximately 10 grams (about 1000 gigatons)

of carbon into the environment [Carozza et al., 2011|. These ideas include; the release



of methane clathrates [Dickens et al., 1997|, the eruption of a large kimberlite field
(e.g., Patterson & Francis, [2013]), massive volcanic activity argued (e.g., Svensen et
al., [2004]), and the impact of a comet [Kent et al., 2003].

It is hypothesized that the PETM may have occurred in two or more short, yet
major hyperthermals. Archer et al. [2009] suggests the initial onset of the warming
was on the order of 200 to 2,000 years, while Wright & Schaller [2013| indicated a
much broader timescale of 750 to 30,000 years. Current PETM isotope models predict
that an initial deposition of carbon and subsequent warming took place, raising ocean
temperatures by approximately 3 C. This would have been followed by a more dra-
matic event which added lighter carbon into the environment. This, in turn, caused
the CIE [Dickens et al., 1997; Carozza et al., 2011]. These models suggest that the

mechanism that caused the CIE may not be responsible for the initial warming.

1.1 Release of Methane Clathrates

Methane clathrates form via crystallization or precipitation when methane travels
up geologic faults and contacts the cold deep ocean |[Hoffmann, 2006]. Methane
clathrates are commonly found in the shallow ocean geosphere and form outcrops
on the ocean floor [Hoffmann, 2006]. An abrupt discharge of this methane would
greatly increase the Earth’s global warming potential (GWP) which would increase
global temperatures. It is hypothesized this could result in a positive feedback loop,
releasing more methane and continuing the cycle [Kennett et al., 2003|. Recently, the
methane clathrate hypothesis has gained traction; many hypothesize that the sudden
release of this methane ice from beneath the ocean floor may be responsible for the
CIE, as it is highly depleted in ¥C |Dickens et al., 1997]. Although the methane
clathrate hypothesis could be responsible for the secondary effects of the PETM,
the event that triggered the perturbation and subsequent release of the methane

remains unclear. The triggering event has been hypothesized to be any number of



near instantaneous events such as the eruption of a large kimberlite field [Patterson
& Francis, 2013|, massive degassing from volcanic activity in the Atlantic [Storey,
Duncan & Swisher, 2007; Svensen et al., 2004], and even an impactor [Kent et al.,

2003].

1.2 Eruption of a Large Kimberlite Field

Kimberlite pipes are deep-origin volcanoes that form when a deep magma cham-
ber, rich in magnesium and volatiles such as water and CO,, is pushed towards the
surface |[Patterson & Francis, 2013]. As the magma makes its way upward, it begins
to encounter lower pressures. Eventually the volatile compounds within the magma
change phase to a gaseous state and violently expand. This rapid expansion results in
a shallow supersonic eruption of volatile-rich compounds [Patterson & Francis, 2013].
After the discovery of the approximately 56 Ma kimberlite field, a cluster of many
kimberlite pipes, in the Lac de Gras region of northern Canada, it was hypothesized
by |Patterson & Francis, 2013] that the eruption of these pipes could be responsi-
ble for the initial massive deposition of carbon, via volatiles such as CO,, into the

atmosphere.

1.3 Volcanic Activity

Massive volcanism has also been suggested as a source of the PETM. As the
North Atlantic continued to open, considerable volcanism would have taken place
along the mid-Atlantic ridge and up into East Greenland [Storey, Duncan & Swisher,
2007]. During the PETM, Europe and North America were about 20% closer than
they are today (see Figure 2). Simultaneously, the Caribbean plate was undergoing
a significant amount of volcanism during a period of increased activity and may also
be responsible for the disruption of oceanic currents [Bralower et al., 1997]. This
disruption of oceanic currents may have lead to the previously described decimation

of many benthic foraminifera. However, this massive degassing would be 200 times the






