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Foreword

As a child, I was fascinated by the physical world around me. Why was
that river there? Why was that mountain there? Where did the wind
come from? Why was it blowing? How could that rock be a picture of
the history of the earth? Of past life? Past life where? When? How did
we get here? How do we know? These questions consumed me. The
world around me was endlessly fascinating, sparking intense curiosity
and a career in science and geology.

In my adulthood, I have come to appreciate that the answers to the
questions I had as a young gitl are not static. That is part of the
fascination! The answers are based on the evolution of past thinking,
Like the geologic record, they are a snapshot. A snapshot of our
current culture, technology, agendas and political time, grown from the
evolution and stratigraphy of our past thinking and technologies. The
truth is only our current thinking. The answers to my questions are
changing rapidly!

To realize that our current thoughts and explanations of what is fact is
ephemeral, is both frightening and freeing at the same time. To be
convinced of the momentary nature of our knowledge of the earth and
all life on it, one has only to study the history of the people, the times,
and the thinking that has led to the 'facts' of our current
understanding. ‘That is what this book is all about.

This book is a wonderful exploration of the history of mankind's
thinking about this planet we call home. It touches Earth, space, time,
chemistry, religion, evolution, history, physics, philosophy, scientific
thought, math, climate, life, and of course, geology. In other words,
how we make sense of our world. How we got to our current thinking.

Please explore it. You will better understand our current reality. You
will realize that it will change.

Susan Cunningham

Senior Vice President, Exploration and Business Innovation,
Noble Energy, Houston, Texas

(McMaster alumna, 1979)
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Introduction

The fundamental distinction between science and belief is the need for
evidence in order for something to be considered the truth. With new
evidence generated and old evidence refuted as science and technology
progresses, it is clear that what we accept as evidence is constantly
shifting. As evidence continues to change over time, what we know
and accept to be true also changes. In a sense, scientific truth is
inherently plastic, allowing for concepts to change and challenging
whether anything is ever fully “proven”. However paradigm shifts
seldom come smoothly, and new perspectives have been both fuelled
and rejected in the passionate debates of great minds in past centuries.

Since the birth of civilization, humans have been constantly fascinated
with learning about the world they live in and the reasons why things
happen. Innately curious, we are never quite satisfied with the amount
of information we have come to possess, and continue to question and
challenge what is generally accepted today. This persistent cycle of
discovery and investigation has spun a perpetually evolving web of
scientific theories, and is well illustrated by the history and evolution of
scientific thought regarding the processes that have happened on
Earth.

As scientists continue to discover remnants of past environments that
are indicative of processes that differ from what has been originally
hypothesized, our interpretation of the history of the Earth is one that
is incessantly edited and rewritten. Gaining new knowledge allows us
to adapt our understanding, and can be applied in various ways. From
locating valuable mineral deposits, understanding the impacts
groundwater flow, and predicting climate change, this information
serves to show that understanding the past is vital for our future. This
book endeavours to describe the progression of ideas and scientific
theories pertaining to the Earth sciences from the Precambrian to the
present, and its implications for the modern world.




The Earth, its Moon, and the Sun encompass a small part of outer space as we know it today

“In questions of science, the
authority of a thousand is not worth
the humble reasoning of a single
individual.”

GALILEO GALILEI
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Chapter 1: Origins of the Earth

The Earth is, in many respects, a rather mysterious sphere. Humans
have always been amazed by our changing surroundings and desired to
comprehend their origin. It is this desire, combined with innate human
curiosity that gave birth to the science we know today as geology.

Within any science, theories constantly evolve as new evidence is
revealed and interpreted. Geology is no different; at any given point in
human history, there have been numerous competing explanations for
the many observable geologic phenomena. These differences have
given rise to many long lasting conflicts. For example, divergent
philosophies concerning how and when the Earth came to be
generated a rift between scientific and religious communities which has
lasted for centuries. Some of these conflicts have been resolved, but
many geologic debates persist to this day.

This chapter outlines several milestones in the succession of ideas that
led to contemporary theories on the origin of the Earth. It sheds light
on many ideas we take for granted, from the rock cycle to the structure
of the solar system, and from the age of our planet to the material
from which it is made. While it is inevitable that many of today’s
theories may one day be overturned, presented alongside each
historical topic is a snapshot of the topic in its current state, as a
demonstration of how these ideas are still progressing. Only by
looking at present-day theories through the lens of their predecessors
do we develop a true appreciation for how far these theories have
come and insight into where the future may take them.
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Rock Creation: From
Genesis to Geology

Fignre 1.2. An early 15"
century artist’s rendition of
God.

Figure 1.3. An artist’s
rendition of the biblical flood
as an example of global
submergence events.

Explaining Earth’s geology is a key facet in
understanding its origin. Because of this,
debates between schools of thought in the
area of Harth geology have been animated
and drawn out over centuries. The most
well-known and pertinent of these debates
still resound into the 215 century, even if
those who started the arguments have long
since passed away. One such scientific
squabble was that between the neptunists
and plutonists in the 18% century, with the
two groups superseding both prevalent
religious theology and current ideas focussed
on catastrophism.  Although neither the
neptunists nor  plutonists achieved a
complete understanding of the entire nature
of geology, both contributed to our modern
grasp of the subject. Much of what we now
know pertaining to rock formation has deep
roots in each theory, which acted at the very
least as stepping stones toward a more
holistic  understanding of the FEarth.
Examining these past debates lends insight
into the evolution of thought and
development of contemporary geology.

In the early 18th century, the stage was set by
creationism, the prevailing global opinion on
the origin of our planet. This theory on the
origin of the Earth is the oldest and longest-

standing idea that still retains widespread
support  today. Although  creationism
deviates in part from the progression of
geological science present in catastrophism,
neptunism, and plutonism, it is still a theory
that has a key place in the progression of
thought pertaining to geology. Creationism
is the belief that the Earth was created by a
supernatural entity. Based principally on the
creation narrative in the biblical book of
Genesis, the creationist account involves an

intelligent being bringing the Earth into
existence in seven days (Numbers and
Lindberg, 1986). Creationism is not mutually
exclusive to scientific findings for all
believers, as some creationists choose to
accept facets of other theories while
maintaining that “in the beginning” it was a
God (an interpretation of which is illustrated
in Figure 1.2) or another deity who sparked
creation.

Emerging from this religious beginning,
catastrophism, originally a hybrid of biblical
history and science, explains the origins of
the Earth as the result of a series of sudden,
relatively short, violent geological events; the
cumulative effects of these account for the
current geology of Earth. Such catastrophes
were initially thought to be events such as
the biblical flood (as depicted in Figure 1.3);
however, the predominate theory evolved to
encompass other events such as volcanic
activity, meteorites, and extreme sea level
changes. This idea of the Earth forming in a
succession of events was ultimately
contradicted by the dominant paradigm of
modern geology, uniformitarianism
(Clarence, 1877). As a result, catastrophism
dissipated with the cascade of geological
science that characterizes the 18th century.

Aaron Goldberg & Derek Hambly
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Following catastrophism, two main geologic
theories took flight, the first of which was
neptunism. Neptunism is an outgrowth of
catastrophism, and puts forth the notion that
Earth’s geology formed underwater from
suspended sediment material and chemical
precipitates, which were deposited to form
massive sheets of sedimentary rock. As the
water retreated, these masses became the
continents, onto which further layers were
deposited by mechanism of global floods
(Rappaport, 2011). The theory aptly derives
its name from Neptune, the Greek God of
the sea.

The second theory was named Plutonism,
and takes an opposing stance, suggesting that
the Earth is comprised of rocks that formed
by heat and fire. Named from the classical
god of the underworld, Pluto, this theory
identifies volcanic activity as the driving
force behind both the formation of rock as
well as the geologic processes involved in the
rock cycle (Rappaport, 2011).

The Neptunists

Neptunism developed in the mid 18®
century as one of the first generally accepted
theories that diverged from the Genesis
creation narrative and catastrophism, which
were previously  robust geological
explanations of the Earth’s rocky facade. The
first step towards neptunism was taken by
the French naturalist, cosmologist, and

mathematician Georges-Louis Leclerc (1707-
1788), who proposed that the Earth was
likely 75 000 years old, or even considerably
older, which boldly contested the church’s
longstanding claim that the Earth was only a

few thousand years old. Breaching this
hurdle prepared the scientific community for
another radical idea which was presented by
German geologist Abraham Gottlob Werner
(1749-1817), seen below in Figure 1.4.

o o7
“Yiral o Togel, 070

Werner, known today as “the father of
German geology,” developed an extensive
understanding of sedimentary rocks and
structures as a mine inspector and professor
of mining and mineralogy at the Mining
Academy of Freiberg. During his career, an
abundance of fossil evidence was unearthed,
which led Werner to start to
approximate the age of rocks.
He outlined this in his
publication Short Classification and
Description of rocks of 1787. The
more Werner observed, the
more he was driven to conclude
that, based on the nature of
sedimentary rocks and the
prevalence of marine fossils, the
globe  must have existed
completely underwater for an
extensive duration of time
(Master, 2009). This idea was
the backbone of neptunism,
which he expanded to explain
that water contained all rock
material that settled out of
suspension and formed the successive layers
of the Earth, from the core to the crust
(based on structures similar to those in
Figure 1.5). The oldest and hardest rocks, he

Figure 1.4. A portrait of the
father of German geology,
Abrabam Gottlob Werner.

Figure 1.5. Horizontally
laminated sedimentary rock
formations, the likes of which
led neptunists to believe that
the layering of rock continues
deep into the earth.
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Figure 1.6. A portrait of the

Sfather of geology, James
Hutton.

noted, were predominantly granite, and the
younger rocks were softer and fossil rich.
Werner acknowledged that volcanoes had a
minor effect on the geology; however, he
concluded that volcanoes were simply
anomalies as opposed to key contributors
(Master, 2009). Ultimately, Werner’s new
idea, which he coined “neptunism,”
suggested that the Farth formed from a mass
of water, and that
mineral materials were
chemical precipitates.
To some, it seemed as
though the idea of
rock formation
underwater had
obvious overlaps with
catastrophism, which
suggested  that the
“global ocean” could
have been Noah’s
Biblical flood.
However, Werner did
not acknowledge
these parallels
(Master, 2009). In
addition,  neptunists
differentiated
themselves from the
plutonists, chiefly in
their view of the basaltic rock which forms
the majority of ocean basins.  While
plutonists held that basalt was a volcanic
rock, neptunists maintained that the presence
of fossils in the oceanic basalts indicated that
basalt was a sedimentary rock.

The theory of neptunism acquired a great
deal of support from notable scientists such
as Robert Jameson (1774-1854), who became
the primary proponent of neptunism in the
United Kingdom. Outside of the scientific
community, authors and playwrights also
favoured the neptunist perspective on the
formation of the Earth, as evidenced by the
fourth act of Johann Wolfgang von Goethe’s
famous 1806 play Faust. This act contains a
dialogue between a neptunist and a plutonist,
in which the plutonist is portrayed as the
devil. Atypically, today we consider
neptunism to be an obsolete theory in terms
of the origins of the Farth; however,
processes of sedimentary rock formation
which are readily observed today were first
described by neptunism.

The Plutonists

Plutonism originated in 1750 as the primary
postulate of the Italian abbot, geologist and
naturalist Anton Lazzaro Moro (1687-1764).
Moro dedicated his life to the study of rocks,
and in doing so was the first to discriminate
sedimentary rock from igneous (volcanic)
rock, by studying the rock formations on
volcanic islands. As a
result, his analysis led
him to  discover
fossilized crustaceans
preserved in
mountains high above
sea  level,  which
suggested that these
rocks  were  once

submerged
underwater  (Master,
2009). His

observations indicated
that even rocks from
submarine
environments were
produced by the
action of volcanoes or
extreme heat. With
his data amassed and
analyzed, Moro
channeled the entirety
of his findings to conclude that the world’s
geology was derived from volcanism, the
principle which forms the foundation of
plutonism.

Although Moro is considered the father of
plutonism, it was not until several years later,
when “the father of geology” supported
Moro’s theory, that the idea of plutonism
took flight. The support of James Hutton
(1726-1797), a Scottish geologist, physician,
and naturalist known as “the father of
geology” (depicted above in Figure 1.6),
marked a turning point in the universal
validity of plutonism, which up until the late
18t century had sparse support in academia
due to its counter-biblical nature. Hutton
was initially more inclined  towards
neptunism in his early career, stating that
“the solid parts of the present land appear in
general, to have been composed of the
productions of the sea, and of other
materials similar to those now found upon
the shores” (Hutton, 1785). Despite his early
proclivity toward a more neptunist view of
geology Hutton abandoned this premise

Aaron Goldberg & Derek Hambly
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upon observing rock formations in the
Cairngorm  Mountains in the Scottish
Highlands in 1785. There, Hutton
discovered granites penetrating metamorphic
schists in a fashion that was only achievable
had the granite been molten at the time of
penetration.  He  realized  that  this
contradicted the neptunist theory that the
granite had precipitated out of the ocean, and
concluded, rather, that it had cooled from
magma. Similar findings where volcanic rock
penetrated sedimentary = structures, as in
Figure 1.7, further substantiated the
principles of plutonism, and therefore James
Hutton adopted its doctrines in publishing
his renowned work The Theory of the Earth, in
which plutonism appeared beside still-
standing notions such as uniformitarianism
and Deep Time (Master, 2009).

It is arguable that, at this point, plutonism

became  the

dominant  theory  over
neptunism, but there was still much evidence
withstanding before the theory of Plutonism
could become universally accepted.  This
necessary evidence was delivered several
years later by Hutton’s friend and colleague,
John Playfair (1748-1819). Playfair directly
argued against the neptunist postulate that
the basalt which lined the ocean basins was
sedimentary in nature. Instead, he declared
that the absence of fossils in the rock, along
with its massive, as opposed to bedded,

structure, indicated the rock was cooled
magma from ancient volcanic activity.
Neptunism was further discredited on the
basis that the plutonists called to the
academic stand the neptunist view that rocks
had been rapidly formed by processes which
no longer operate. This stance directly
opposed Hutton’s uniformitarianism, “the
present is the key to the past” (Simpson,
Pittendrigh, & Tiffany, 1957), which had
gained widespread support. Thus, the
neptunist theory was broadly abandoned,
paving the way for plutonism to become the
predominant theory of the formation of rock
moving through the 19% century (Master,
2009). This crescendo of credibility in the
1800s  dissipated as other geologists
developed more true-to-life theories, and so,
although plutonism was sufficient to
outcompete neptunism, it is not what we

consider realistic today.

Geology: The Aftermath

Two centuries later, what has been gained
from this geologic argument? For, although
neptunism bears little scientific merit today
and plutonism has drastically evolved, both
are milestones in the ongoing debate on the
origin of the Earth. Science aside, the
thought progressions produced by debates of
this class are invaluable propellants towards
deciphering the blueprints of planet Earth.

Figure 1.7. Rock formations
observed by Hutton at the
Salisbury Crags in 1785,
known today as “Hutton’s
Section.” The volcanic rock
penetrating sedimentary
structures supported bis
conclusions pertaining to

plutonism.
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Ultimately, debates fuel research and
expedition, which progressively reveal the
nature of our planet. It appears unlikely that
a  conclusive  and  all-encompassing
explanation of the formation and processes

Mars: A Neptunist
Planet?

To a scientist studying Earth processes, there
is always the inherent flaw of sample size.
Fortunately, within the past few decades,
observations of other planets in the solar
system have allowed us to apply our theories
to more than just Farth, and test their
veracity experimentally. The most studied of
these planets is Mars. By using our terrestrial
knowledge, we can investigate the rock cycle
on Mars, and double the sample size in our
current investigation of how rocks form.

The Martian crust is older than the terrestrial
crust; the oldest rocks on Mars predate 4
Bya. There is no plate tectonics or crust
recycling on Mars, and so its stratigraphic
record is both older and better preserved
than Earth’s, making Mars an excellent
model to study rock formation (McLennan,
2010; Grotzinger, et al., 2011).

Martian History

Mars formed around the same time as Earth,
~4.5 Bya. There is abundant evidence that
Mars, even though it probably cannot
support water now, had a wet ancient
climate. Over time, Mars evolved through
three eras, from a wet, neutral Noachian era
(4.5-3.7 Bya) to a wet, acidic Hesperian era
(3.7-3.2 Bya) to its current, dry Amazonian
era (3.2-0.0 Bya) (Grotzinger, et al., 2011).

Early Mars is believed to have had an active
hydrological cycle; the Noachian era saw an
abundance of rainwater and groundwater.
The planet eventually began to lose water
due to impact events and abrasion from the
solar wind, beginning to dry towards the late
Noachian era. This is believed to have
formed a number of transient seas and playa
lakes across the planet, whose water levels
fluctuated throughout the eatly Hesperian

of the Farth will ever be encompassed by
any one theory. Thus, the contrast of
conflicting theories is perhaps the key to the
accelerated pursuit of understanding in this

field.

era (Andrews-Hanna and Lewis, 2011).

In addition to its early hydrological cycle,
Mars also had a volcanic past, which
diminished as its crust became more rigid.
Mars’ lithosphere is suggested to be an order
of magnitude thicker than that of Earth,
which accounts for its highly reduced
activity. Although the planet was deemed
inactive by three spacecraft in the 1960s, the
Mariner 9 space probe detected active
volcanism in the Tharsis uplift near the
equator of Mars but a few years later (Mutch,
etal., 1970).

Sedimentary Rocks on Mars

The presence of sedimentaty rocks on Mars
has been known for the past 20 years. Two
decades have been sufficient to establish not
only that Mars has had a dynamic
sedimentary rock cycle throughout most of
its geologic history, but also that sedimentary
rocks on Mars have undergone transport,
deposition, and diagenesis mechanisms akin
to those on Earth. Martian sediments ate
composed of both particulate debris and
chemical precipitates, but, unlike terrestrial
sediments, are basaltic rather than felsic
(McLennan and Grotzinger, 2008).

Most of the sedimentary deposits that have
been identified on Mars atre in its southern
hemisphere and near its equator, including
deposits at Meridiani Planum and in the
Valles Marinetis. These tend to be found in
craters, many of which do not have evidence
of fluvial infiltration, implying a groundwater
source of sediment (Andrews-Hanna, et al.,
2009).

Sedimentation Patterns

There is abundant evidence that the high
precipitation rates in the Noachian era led to
the formation of phyllosilicates (clay minerals
produced by chemical weathering) across
Mars (Fernandez-Remolar, et al., 2011). Over
time, Martian sedimentology transitioned
from phyllosilicate alteration to sulfate
deposition as the planet’s climate shifted near

Aaron Goldberg & Derek Hambly
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the start of the Hesperian era (Andrews-
Hanna & Lewis, 2011). This is supported by
the order of sediments in places such as the
Gale Crater (Grotzinger, et al., 2011). Rocks
deposited in this late Noachian/eatly
Hesperian era have been shown to be playa
evaporites. These were formed when Martian
groundwater actively upwelled as the planet
dried, evaporating to leave behind sulfate
salts. This playa-like environment was
commonly found as water collected in
craters, which filled with evaporites as the
water evaporated. The evaporites cemented
into sediments, sometimes undergoing
diagenesis, and this process repeated for as
long as Mars remained wet (Andrews-Hanna
& Lewis, 2011).

Arabia Terra and Meridiani Planum

The rocks in the Arabia Terra region of Mars
were deposited over a span of tens of
millions of years, and show highly rhythmic
bedding patterns. Although the region has

been linked to possible volcanic activity, the
periodic stratification is too regular to have
been formed by such a stochastic process.
The best explanation of current data is that
the rocks were formed from periodic
bedding in a hydrological, as opposed to
volcanic, cycle (Lewis, et al., 2008).

The Meridiani Planum region enclosed
within Arabia Terra has some of the best

preserved evidence of playa evaporites, and
has been explored by the Mars rover
Opportunity since 2004. Data from the rover,
as well as Mars orbiters, have shown a high
concentration of sedimentary rocks at
Meridiani Planum, whose surface was shaped
by liquid water both at and below the
surface, as in Figure 1.8. There, groundwater
is believed to have upwelled in the early
Hesperian era to form playa lakes in various
craters upon reaching Mars’ surface, before
evaporating. This left evaporites which,
coming in contact with aeolian material
moving across the surface, formed erosion-
resistant deposits. These ranged from pure
evaporitic salts to weakly cemented sand and
dust, and are responsible for the sedimentary
layers observable today (Andrews-Hanna, et
al., 2009).

Martian Neptunism

Unlike on Earth, the most important
processes of rock formation on Mars ate

hydrological, rather than volcanic. Mars’
thick lithosphere and basaltic rocks are clear
indicators of this fact, and Martian
sedimentary evidence supports it. Instead of
igneous intrusions, the rocks on Mars were
formed from sediments in ancient seas. With
but a little imagination, it is easy to argue that
plutonism may have triumphed on Earth,
but on Mars, a form of neptunism prevails.

Figure 1.8. Photograph of
the Burns Cliff inside of
Endurance Crater in
Meridiani Planum, taken by
the Opportunity rover. The
sedimentary structure of the
cliff is clearly visible.




The Shape Of The Earth: Changing Theories Through Time

The Shape of The Earth:
Changing Theories
Through Time

Figure 1.9. A timeline
outlining the general evolution
of the understanding of the
shape of the Earth. Spanning
Jfrom 1000 BCE — 2000
CE it shows the three main
theories of the flat, spherical,
and ellipsoidal Earth, and
how they overlapped with each
other throughout bistory.

The Spherical Earth

The shape of the Earth can be linked to
phenomena.  Different
seasonality at different latitudes, Plate
tectonic activity, oceanic currents, and the
length of a day can all be related to the shape
and size of the Earth. Today, the Earth’s
shape is known to be an oblate ellipsoid with
an equatorial radius of 6 378 136.6 metres
and an inverse flattening of 298.25642
metres  (IERS, 2003). The modern
understanding is that the Earth is shaped this
way due to billions of years of gravitational
and rotational forces acting upon it.
Originating as a cloud of dust travelling
around the Sun, gravitational forces acted to
clump these particles together (Frankel,
1996). These clumps naturally became
spherical in shape due to a uniform
gravitational force acting between the core of
the planet and the surface in every direction.

many  natural

The Earth’s rotation on its polar axis and the
resultant centrifugal force is responsible for
the non-spherical shape of the Earth. Over
time, Earth’s equatorial region was stretched,
subsequently flattening its poles. This
process created the modern ellipsoidal shape
of the Farth. These intricate details of the
Earth’s shape, and the reasons behind its
formation were not always known however.
In fact, it was only in the last few centuries

Prolate Earth
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that the mystery surrounding the Earth’s
shape was removed, and its general shape
was agreed upon. The journey to this
understanding can be traced back as an
accumulation of theories, debates, and
journeys over thousands of years involving
the greatest civilizations and some of the
most curious minds in scientific history.
From the earliest Mesopotamian settlers to
modern day scholars, many cultures have
speculated about the shape of the Earth
ranging from flat planes to three-dimensional
shapes. Each of these was based on the
common or growing societal values of the
specific civilization. Three of the most
prominent theories produced were those of a
flat Farth, a spherical Earth and finally an
ellipsoidal FEarth (see Figure 1.9).

The Flat Earth Theory

The eatliest theory of the Earth’s shape can
be traced back to 4500 - 500 BCE. At this
time, civilizations such as the Sumerians and
Babylonians believed the Farth was flat.
They had a triple-decker model of the world
where the Farth was sandwiched between
the sky and the underworld (Garwood,
2007). The Egyptians had a similar triple-
decker arrangement where the sky was
resting on four pillars found at the edges of
the flat Earth (Garwood, 2007). The
foundation of this theory is believed to stem
from biblical references, which hinted at a
‘flat Earth’. In this hypothesis, mountain
ranges would have probably been the ‘four
pillars at the edges of the Earth’ that the sky
was supported by (Garwood, 2007). The flat
FEarth theory was also believed to be
prevalent in Ancient Greece. Thales (625 -
547 BCE) argued the Earth was a circular
disk floating in space (Garwood 2007).
Similar  theories would be given by
Anaximander (611 - 545 BCE), who
proposed the Earth to be a layer of a cylinder
of mass in space (Garwood, 2007). In fact, it
would be a few more centuries before any
suggestions of a spherical Farth were made
by the Greeks.

Speculations of a Spherical Earth

Being the first to mention the new idea of a
spherical FEarth, Greek astronomers and
scholars did not have time to accumulate
much evidence to support their view. In fact,
there is almost no evidence of how this

Robert Rawlins & Aakash Shaw



History of the Earth |V

conclusion was ever reached (Evans, 1998).
The little evidence available suggests that as
frequent travellers around the Mediterranean,
Greeks would have experienced the change
in the location of circumpolar stars (see
Figure 1.10). This idea is well accepted as the
change is quite extreme around the
Mediterranean Sea (Neugebauer, 1975), and
the spherical shape of the
Earth is the only reason
to explain it. Historians
have also found it
difficult to point out the
first Greek to label the
Earth as round. A few
likely ~philosophers are
Hesiod (730-650 BCE),
Parmenides (515-440
BCE) and Pythagoras
(575-495 BCE). Although
not much is certain,
historians do know that
by the end of the 5% century BCE, no well-
studied Greek astronomer believed the Earth
was flat. The consistency in their thinking
was something the Pythagorean school of
music, astronomy and mathematics had a lot
to do with. Founded in the 5th century,
Pythagoras’s  school taught about the
spherical shape of the Farth, and had an
especially profound effect on Plato who lived
from 427-347 BCE. Plato based many of his
theories on his Pythagorean education and
started his own school in Athens where he
passed on the teachings of a spherical Earth
to his students (Cornford, 2004). Like Greek
astronomers before him, he offered little
evidence, let alone mathematical proof, for
his belief. He instead stated, “My conviction
is that the earth is a round body in the centre
of the heavens, and therefore has no need of
air or of any similar force to be a support”
(Plato, 360 BCE).

Aristotle, who lived from 384-322 BCE, was
Plato’s most well known student. He was
also the first Greek to provide observable
and physical evidence that pointed to the
spherical shape of the FEarth. Aristotle
noticed stars that could be seen from Egypt
but not from more northerly cities (Aristotle,
350 BCE). Furthermore, he spoke to the fact
that if everything is being drawn towards the
centre of the Earth, from every direction,
then it would only be natural for a sphere to
form, presenting no irregularities in the force

drawing the “segments of the Farth”
towards its centre (Aristotle, 350 BCE). As a
final piece of evidence, he noted that the
shadow of the Earth that appears on the
moon during a lunar eclipse is round (See
Figure 1.11). Aristotle wrote all of this in his
work Meteorology which describes his views on
the Earth sciences. In it he describes his
understanding  that  the
earth is a  sphere
surrounded by  water,
which is surrounded by a
layer of air and finally the
air surrounded with a layer
of fire (Aristotle, 350
BCE).

By the 5" Century BCE,
Greek astronomers and
mathematicians had
assumed the Earth was a
sphere and began to
estimate its circumference.
The first to do so was Eratosthenes in 240
BC (Dutka, 1993). He had heard that at the
time of the summer solstice, the sun
produced no shadow in Syene, while
producing one in Alexandria. Eratosthenes
used his knowledge of geometry to use the
shadow created by a specific tower in
Alexandria, along with the known distance

from Syene to Alexandria in order to
estimate the circumference. FEratosthenes

completed his calculation under the
assumption that the sun was far enough away
from the Earth, that the rays were hitting the
earth completely parallel to each other
(Dutka, 1993). Eratosthenes’s estimation of
circumference was 250 000 stades. Although

the exact value of a ‘stadion’ is unknown, it is

Figure 1.10. Stars appear to
rotate around a point as the
Earth rotates on its polar
axis. Circumpolar stars are
stars that never dip below the
horizon. Depending on one’s
location in relation to the
pole, different stars fit these
criteria. The closer one is to
either of the poles, the larger
the number of circumpolar
stars is. The Ancient Greeks
who relied heavily on the stars
for navigational purposes
noticed this phenomenon.
This is seen as the basis for
the Ancient Greek concept of
a spherical Earth.

Figure 1.11 The round
shadow of the Earth is clearly
visible on the surface of the
moon during a lunar eclipse.
Aristotle used this as one of
his main pieces of evidence in
believing the earth was
spherical in the 4" century

BCE.
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Figure 1.12. A diagram of
the trigonometry used by
Biruni in the 10" century to
estimate the circumference and
radius of the Earth from one
location. Biruni used the
angle of created from the line
created from his line of sight
and the top of a mountain
and the horizontal. His
estimation of the Earth’s
radius of 6 339.6 km is
within 1% of the modern

measurement of the radius.

roughly a tenth of a modern mile (Engels,
1995). This means his estimation was
equivalent to 40 233.6 km, which is
astoundingly close to the FEarth’s actual
circumference of 40 075 km (Van Helden,
1985). Posidonius, who lived from 135 - 51
BCE, was another Greek astronomer to
estimate the circumference of the FEarth.
Posidonius referenced the maximum altitude
of the star Canopus while being observed at
Rhodes compared to Alexandria (Thurston,
1993). He found that at Rhodes it touched
the horizon, whereas from Alexandria,
Canopus could be observed seven and a half
degrees above it. Using this difference and
the distance from Rhodes to Alexandria,
Posidonius calculated the circumference of
the Earth to be 240 000 stades. Although
Posidonius’s calculation was in fact less
accurate than Eratosthenes’, Perhaps due to
its more recent production it was favoured
and included in Ptolemy's (c. 90-c. 168 CE)
famous Geographia (Ptolemy, c. 130 CE).

Adopting many of the beliefs, philosophies,
and scientific theories of the Greeks, Roman
scholars believed the Earth was spherical,
and continued to build up convincing
evidence to support this idea (Kruger, 1492).
Strabo was a geographer who lived from 64
BCE - 24 CE and pointed out the
phenomena experienced at sea as proof for a
spherical Farth. Being able to only see the
tops of mountains or highly hung lights, but
not the bottoms of mountains or low-hung
lights were two of these features. He also
stated that Mediterranean seafarers probably
held this knowledge from as eatly as the time
of Homer, as he pointed out the Earth’s
shape is mentioned in the Odyssey
(Thurston, 1993). This intrigues historians as
if Homer truly believed the Farth wasn’t flat,
then that would push the Greek
understanding of a spherical Earth back to
the 7% or 8t century BCE.

The Greek scientific, astronomical, and
mathematical findings also had a large
influence on the beliefs of Indian scholars.
Especially during the first few centuries CE,
Greek philosophies strongly dictated what
was being written in Indian literature. It was
during this period that the Greek idea of a
spherical earth replaced the accepted theories
of a disk shaped Earth (Pingree, 1978). In
the 5% century CE, the famous Indian
astronomer Aryabhata (476 - 550 CE)

estimated the circumference of the earth at
39 968 km, which is just shy of the actual
circumference of 40 075 km, yet not as
accurate as the estimation of Eratosthenes
(Pingree, 1978). This is testament to both the
astounding  advancement  of = Greek
civilization, and the amazing accuracy of
Eratosthenes’  estimation,  which  was
completed almost 750 years prior.

Christian view of sphericity

The understanding of a spherical Earth was
passed on from the Roman Empire into the
times of  Neoplatonism and  Early
Christianity. These scholars studied Plato’s
Timaens, which was one of a few ancient
Greek works seen as especially relevant by
scholars of the day (McClusky, 1998).
Throughout Christian history, the majority of
scholars believed the Farth was spherical.
However there were a few Christian scholars
who believed that the current scientific
beliefs should be realigned in order to fit
within a biblical context. The flat Earth
concept represented in the Old Testament
therefore influenced a handful of Christians
such as Chrysostom (347-407 CE),
Athanasius (296-373 CE), and Isidore of
Seville (560-636 CE) to take a step back
1 000 years and insist the Earth was a flat
disk (Isidore, 629).

o

Due to the large amount of evidence
supporting the contrary however, the revival
of the flat FEarth theory within the Christian
wortld did not last long. By the 8* century
CE, no cosmographer would have
questioned the sphericity of the Farth
(McClusky, 2000). Bede the Venerable was
one of these cosmographers. He lived from
672-735 CE and was the author of the very
influential work, The Reckoning of Time, in
which he described the Earth as being a
perfect sphere in the middle of the universe
(Bede, 725). This work was copied many
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times as it was made mandatory for all priests
to study it. This indicates the large number
of priests at this time who would have
understood the Earth to be perfectly
spherical, while also believing it to be a
perfectly equal shape due to its divine
creation.

Eastern Astronomy

Between the 7% and 12" century CE, little
scientific progress was made within the
Christian world. This is in stark contrast to
the flourishing of Islamic astronomy at the
time. Known as the Islamic Golden Age,
Islamic scholars expanded on the works of
Aristotle and Ptolemy’s spherical Farth
theories. Muslim mathematicians improved
spherical  trigonometry, which provided
precise travelling distances between any
point on the Earth to their central city of
Mecca (King, 1993). This allowed them to
always know the direction in which they
should pray. Abu Rayhan Biruni who lived
from 973-1048 CE was a mathematician who
estimated the radius of the Earth from one
city (Selin, 1997). To do this he measured the
angle from a location on the ground to the
tip of a mountain in the distance (Goodman,
1992; see Figure 1.12). Using trigonometry,

Biruni determined the radius of the Earth to
be

6 339.9 km, which is less than 17 km
different from modern calculations. This was
a measurement that was not come upon by
the Christian world until the 16th century
CE (Goodman, 1992).

During this entire evolution of the
understanding of a spherical Earth in the
West, astronomy in ancient China was
making little progress. Throughout the
middle ages, it was still strongly believed that
the Earth was a flat rectangle with four

distinct corners (Cullen, 1980). It was not
until the 17%
astronomers journeyed to Ming China, and
successfully argued for the spherical shape of
the Earth, that the Chinese accepted the fact
to be true (Cullen, 1980).

century when Western

The European Debate

The final revolution in the understanding of
the shape of the Earth did not occur until
the 18% century. While measuring the force
of gravity at different points on the Earth,
scientists  happened to come  across
discrepancies in the force of gravity. These
irregularities lead to the realization that the
FEarth could not be exactly spherical (Hoare,
2005). This triggered a race to determine in
what way the Earth’s shape varied from a
sphere. The two major organizations which
proposed various theoties over the 17% and
18% century were the Royal Society of
London which was dominated by Sir Issac
Newton’s published work in the first edition
of Principia of an oblate spheroid (see Figure
1.13 left; Hoare, 2005). Newton assumed the
Farth was a fluid body and thought it would
originally be spherical if not for the rotation
(Greenburg, 1995). With the rotation, he
believed the centrifugal force was the cause
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for the differing gravitational forces between
the equator and Paris and this would mean a
flattening of the Earth’s poles was necessary
producing an oblate spheroid  shape
(Greenburg, 1995).

The Academie Royale des Sciences in France
were convinced of the Earth being a prolate
spheroid (see Figure 1.13 right), which
argued against Newton and the English
(Hoare, 2005). René Descartes who
described the Farth as an egg shape and thus
extended at the poles proposed the Earth to
be a prolate spheroid. The French scientific

Figure 1.13. An ellipsoid is
a sphere-life shape with one
stretched axis. An ellipsoid
can either be oblate (lef?)
meaning it is stretched
horizontally, or prolate (right)
in which case it is stretched
vertically. During the 18th
century, a large debate
occurred aronnd the direction
of the stretch of the Earth.
The Academie Royale des
Sciences believed the Earth
was prolate, while the Royal
Society of London insisted on
it being oblate.
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community  would  practically  ignore
Newton’s ideas even though he was part of
the Academie. This dispute would eventually
lead to the development of two major
expeditions to provide evidence and confirm

the Earth’s figure once and for all.

The Journeys for the Truth

The two major expeditions stimulated by this
controversy in the 18" Century were the
Peru and Lapland expeditions. These
expeditions were primarily organised by a
member of the Academie, Pierre Louis
Maurpertuis (1698 - 1759), a mathematician
who had a great interest in the shape of the
Earth (Hoare, 2005). The aim of both
expeditions was to measure a degree of the
latitude in their respective areas in order to
compare the Earth’s shape in different
regions  (Hoare, 2005). These two
expeditions would make for the first
scientific journeys to be carried out on a
global scale.

The Peru expedition was carried out by three
members of the Academie; Pierre Bouguer
(1698 - 1758), Chatles-Marie de La
Condamine (1701 - 1774), and Louis Godin
(1704 - 1760) (Ferrerio, 2011). The party
departed France on May 16%, 1735 with the
purpose of measuring the distance of one
degree of latitude near the equator using the
survey method now known as triangulation
(Hoare, 2005). They would create a chain of
triangles over hundreds of miles in length
and use star sightings at the ends of the chain
to determine the approximate distance of
one degree (Ferreiro, 2011). However, upon
arriving and initiating the task, various
complications arose involving conflicts with

the Spanish who were dominant in the area
(Ferreiro, 2011). As well, in the Peruvian
terrain it was difficult to measure as it

Modern Measurements
of Earth: GRACE and Its
Application in Geology

contained many different trails, hills, and
rivers (Hoare, 2005). What was thought to be
a quick measure of a component of the
Earth’s geometry would eventually lead to an
expedition that lasted eight years. In spite of
various difficulties, they were able to produce
a measurement of 56 768 toises (110 648.8m)
(Hoare, 2005). Toise was the common
measurement of the French in the 18®
century and converts to approximately
1.949m (Hoare, 2005).

The Lapland expedition was executed much
more efficiently than the Peru expedition.
Planning began as soon as the Peru
expedition began and the party left Paris on
April 20, 1736 (Hoare, 2005). The plan was
to survey the North, similar to the Peru
expedition, to determine the distance of one
degree of latitude. Originally set to the
Arctic, it was determined the conditions
there would be too harsh and thus the final
chosen destination was south at the Swedish-
Finnish border (Hoare, 2005). Though they
encountered harsh climate and tough terrain,
the French team did not experience as many
issues as the Peru party as they had good ties
with the Swedish hierarchy. It took just over
a year for the team to successfully survey the
land and produce a final value of 57 395
toises (111 862.9m). This determined that a
degree of latitude in Lapland was greater
than that in Paris (57 119 toises) (Hoare,
2005). Even without the Peru expedition, the
conclusions regarding the FEarth’s shape
could be made from this expedition. Much
controversy would follow and various other
scientific expeditions would occur, however
it would not change the fact that Newton
had been correct and the Earth was a slightly
oblate spheroid (Hoare, 2005).

Methods of measuring the Earth’s shape and
size have grown exponentially in both their
accuracy and complexity. A large portion of
this growth occurred in the second half of
the 20™ century. Duting the arms race
between the United States of America and
Russia, both military powers were desperate
to petfect their self-guided missile systems
(Cloud, 2000). In otder for this to occur,
both the force of gravity acting on the
missile and the exact distances between two
points on the Farth are necessary pieces of
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data. Interestingly, this huge demand for
precise geographical data provided funding
for the implementation of many geoscience
disciplines around the world in a number of
universities. As a result, measurements of the
Earth and their applications now have their
own branch of Earth sciences (Cloud, 2000)

Geodesy is the branch of applied
mathematics and FEarth science that deals
with the representation of the Earth and
positioning on it. Using a combination of
ground-based and  orbiting  sutveyors,
researchers have been able to measure the
size and shape of the Earth to within
centimetres. This has also allowed for the
discovery of the most exact description of
the shape of the Earth. A Geoid is the figure
that represents the shape the oceans would
form, taking into account the gravitational
and centrifugal forces acting upon them
while ignoring tidal and wind forces (Fowler,
2005). The result is a surface that has the
same scalar potential at every point. As seen
in Figure 1.14, this shape is much more
irregular than the reference ellipsoids used
for Global Positioning and navigational
systems in the past. This is due to
discrepancies in the exact densities and
elevations of the Earth’s crust.

The main obstacle to recording something as
large and intricate as the shape of the Earth,
and its gravitational field is the shear amount
of data involved. Although originally
proposed by Gauss in the 19% century, the
Geoid was only accurately recorded within
the last couple of decades. This is because
computers only recently became powerful
enough to handle such large amounts of
data. These technologies have also allowed
researchers  to  extrapolate  additional
information such as the density of the
different layers of the Earth, the exact length
of days and to continue to keep track of the
ever-changing shape of the Earth.

In order to capture such an intricate
representation of  Earth, complex
gravitational measuring technologies are

requited. Two of the most important of
these devices are the Gravity Recovery and
Climate Experiment (GRACE) satellites.
GRACE is a collaboration between the
German Aerospace Centre and NASA to
map out the irregularities in the KEarth’s
gravitational field (Tapley, 2004). It consists
of two satellites orbiting the FEarth,

continuously sending microwaves between
each other. They are 220km apart, and can
detect any variation from this distance that is
greater than 10 micrometres (Swenson,
2002). A change in this distance occurs when
the satellites pass over an area of gravity
irregularity one after the other (Tapley,
2004). The change in  gravitational
acceleration changes the distance between
the two satellites, which is then recorded. By
collecting these data, geologists are able to
study the shifts in the Earth’s crust caused by
earth quakes, the specific shape of oceanic
basins, and even detect never before seen
impact craters created millions of years ago
(Zlotnicki, Bettadpur, Landerer, & Watkins,

Deviation of the Geoid from the idealized figure of the Earth

{difference between the EGM9S geold and the WGSE4 reference ellipsosd)

Red areas are above the idealized ellipsoid; blue areas are below.
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2013). This technology also allows
researchers to see into the core of the Earth,
allowing them to begin to understand the
magma cutrents that control so much of the
climate, magnetic field and plate tectonics of
Earth.

By using the GRACE satellites, researchers
have also been able to determine the relative
density of the rock in certain areas. Using the
size and angular momentum of the Earth, it
was calculated that the Earth should have a
flattening ratio of 1:230, when in actuality it
is known to be 1:298.25. (Williams, 2004).
This revealed that the density of the Earth
was a function of the depth of rock under
observation. From the eatliest civilizations,
humans understood the importance of the
shape of the Earth, however now
technologies such as GRACE, have given
researchers the ability to quantify its
characteristics.

+854m

Figure 1.14. A Geoid is the
most accurate representation
of the Earth’s shape. 1t is
shown here relative to the
shape of the 1dealized Figure
of the Earth. These deviations
of the elevation create a
surface with constant
gravitational potential at
every point. This is the shape
oceans wonld form is the
lunar and wind forces were
ignored, and therefore only
looking at gravitational and
centrifugal forces acting on the
Earth.
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Heliocentricity vs. Geocentricity

Heliocentricity vs.
Geocentricity

Figure 1.15. A depiction of
the synodic periods used by
Mayan astronomers. The
time between the first and
second inferior conjunctions
was used to make predictions

about celestial time scales.

Since the dawn of human cognition, people
have wondered about the nature of the light
and darkness that cyclically invaded out lives
and the heavenly objects above that seemed
to covary with these shifts. Today, we refer to
these concepts as the Sun and Moon, the
planets, the stars, day and night. We
understand a great deal about these celestial
bodies and the circumstances leading to their
appearance.

Heliocentrism is a theory that claims that the
planets in our Solar System orbit around the
Sun, something that is common knowledge in
today’s world. Prior to Polish mathematician
Nicolaus Copernicus (1473-1543) and his
seminal work De  Revolutionibus — Orbinm
Coelestinm (On the Revolutions of the Celestial
Spheres) in 1543, geocentrism went relatively
unquestioned (Kuhn, 1957 p. 351). This was
the belief that all heavenly bodies orbit a
motionless Barth which is at the centre of the
universe. Through this lens, many ancient
civilizations made astoundingly accurate
predictions and sophisticated calendars based
on their maps of the night sky. It was the
progression of these ancient ideologies which
eventually led Copernicus to explore a

seemingly fundamental truth and to
eventually change the world’s cosmic
perspective.

Early Stargazers

Understanding of the ideas of renowned
ancient Mayan astronomers is quite common
today. False apocalypses aside, these people
accurately predicted eclipse events and the
precise lengths of years and seasons long
before modern instrumentation  could
confirm these phenomena (Bricker et al,
2013; Thompson, 1974). Monitoring the
movement of the heavens was considered
crucial for Earthly events and a way to receive
information from the Gods. For all their
motivation and skill, they were unaware of
sidereal periods, the time it takes for an object
to orbit around the Sun. Instead, they made
their predictions and observations using the

synodic periods of celestial bodies, observing
how long it would take a particular body to
come back to the same spot in the sky relative
to the Sun as seen on Earth (see Figure 1.15)
(Rosa, 1995). Possibly the most meaningful of
Mayan innovations was their precise
evaluation of time scales and creation of
accurate  calendars. These  ancient
astronomers recorded their ideas as eatly as c.
1000 BCE-250 CE during the Pre-Classical
period of Mayan Civilization, a time when the
complex nature of the necessary calculations
would have been extremely daunting (Haug et
al., 2003).

First inferior
conjunction

Second inferior conjunction

In the Indian subcontinent, similar ideas also
took shape. Evidence of this comes from the
Vedas prose text Shatapatha  Brabmana
(Brahmana of one hundred paths) from the
Iron Age of India in 1000 BCE-200 BCE
(Glaz 2013).  Within this scripture are
concepts including the relatively exact length
of a year and the notion that the Sun and
Moon are roughly 108 times their diameters
away from the Earth (Kak 1998). Ancient
Indian astronomers of the Vedas faith also
believed in a flat Farth and geocentricity, as
well as the influence of the heavens as signals
through which Gods could communicate. It
was this belief that helped the subcontinent of
India in playing a large (albeit controversial)
role in shaping Western mathematics and
astronomy throughout the course of history
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(Katz 2003).

Similarly sophisticated ideas can be found in
ancient Chinese astronomy dating back to the
Kai Thien (Heavenly Canopy) cosmology of
the Bronze Age Shang Dynasty between 1600
BCE-1046 BCE (Needham 1974). Kai Thien
cosmology was a geocentric view in which the
universe was a set of nested bowls, with the
heavens and FEarth forming concentric
hemispheres resting on a circular ocean
surrounding a flat Earth. These anonymous
stargazers conceived accurate notions of the
lengths of days, seasons and years and the
radius of the Earth, as well as accurately
predicting solstice, equinox and eclipse events
(Krupp 2012). The most significant of these
early observations from Chinese civilization
was the ability to approximate FEarthly
distances and measures from looking
outwards, a concept that is not intuitive today
and most certainly would not have been at this
time either (Baxter 1989).

The accomplishments and perspectives on
astronomy gained from ancient Mayan, Indian
and Chinese civilizations are interesting and
unique, however they were relatively isolated
and their ideas did not permeate the globe.
Contrary to these was ancient Greek society,
whose reach was long and scholars were
plentiful (Krupp, 2003, p.24). Ancient Greek
civilization offers us more specific and less
anonymous records through which the
transition from geocentricity to heliocentricity
can be examined.

Progression of Ideas in Ancient
Greece

One of the earliest Greek astronomers of note
was Anaximander (c.610 BCE—546 BCE).
Anaximander was among the first proponents
of an archaic version of the scientific method,
in which he attempted to discover the nature
of things by recorded observations. He made
efforts to move explanations of physical
processes away from mythology, and
theorized a mechanical model of the universe
(Kahn, 1994). In his depiction, Earth was a
cylinder with flat top and bottom where the
world (as people knew it) existed. This
cylinder was not supported by anything,
simply floating in the centre of the infinite
with balls of fire rotating around it on physical
wheels as the Sun and moon and other
prominent objects in the night sky (Graham,
2000).

In the 4% century BCE, Greek philosopher
Aristotle (384 BCE—322 BCE) proposed his
model of the cosmos. His biggest
contribution to the advancement of
astronomy was Aristotelean Physics, a set of
principles that dominated western thought for
nearly five centuries. Within this system,
heavenly bodies were not composed of
Earthly elements, but rather comprised of
acther, a special and eternal substance. They
were thought to be rotating in perfectly
concentric paths at fixed rates and were not
attached to any sort of physical wheels to
allow for this motion. As well, Aristotle
believed the Earth to be spherical and
unmoving (Kyore, 1943).

Following the theories of Aristotle came
Greco-Roman  mathematician  Claudius
Ptolemy (c. 90-168), whose geocentric model
remained a world view standard for millennia.
In his 27 century work titled Almagest, he
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proposed ideas about the cosmos that would
become truths from c. 200-1500 (Pedersen,
2011, p.11). The main change he made to
Aristotle’s model was that heavenly bodies
had two orbits: a deferent and an epicycle (see
Figure 1.16). The deferent orbit described an
object’s motion around the midpoint of the
equant and the Farth, and the epicycle was a
smaller orbit which described an object’s
motion around a continuously moving point
on the deferent orbit (Toomer, 1998, pp. 27-

Figure 1.16. A depiction of

the Ptolemaic model of the

cosmos, including the deferent

and epicyclic motions. The X

represents the location of the
midpoint of the equant and
the Earth.
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32).

Misconceptions Surrounding
Geocentricity and Heliocentricity

Historical evidence suggests that we should be
far less dismissive of past opponents to
heliocentricity. Though today there is
irrefutable evidence of the Earth’s rotation
around the Sun heliocentricity, many factors
impeded the theory’s acceptance. A lack of
empirical evidence along with the implications
that came with heliocentricity made it difficult
to accept for a long time. This changed with
successors of the ancient Greek astronomers
like the Italian astronomer Galileo Galilei
(1564-1642), the German astronomer
Johannes Kepler (1571-1630), and the
English physicist Isaac Newton (1642-1727)
contributing by consolidating the theory later
on (Danielson, 2001).

Copernicus started compiling work in 1514
and finished his seminal piece De Revolutionibus
orbium coelestium (On the Revolutions of the
Celestial spheres) in 1543. His model had two
fundamental tenets: The solar system was
heliocentric and that the Earth was geokinetic.
The latter refers to the notion that Farth in
fact rotates and is not stationary. This
contrasted the Ptolemaic model which was
geostatic, meaning that the FEarth was
motionless. Heliocentricity also contrasted
with the view proposed by Ptolemy of
geocentricity that suggested all celestial bodies
rotated around the Earth (Price, 1969, pp.
197-218).

While common perception of geocentricity is
that the Earth is the centre of the universe, the
actual theory states that it is at the centre of
the universe. This fine distinction reflects the
actual as opposed to perceived view of the
scholars referring to Ptolemy and Aristotle
(Singham, 2007). American historian Thomas
Kuhn (1922-1996) clarified that the Earth was
not considered to be especially important in
the grand scheme of things (Kuhn, 1957,
p.57).

The universe was believed to be finite and the
Earth was believed to be the most massive
object in it. This was a physical explanation of
why celestial bodies were orbiting around the
Earth simply because the Earth’s centre
coincided with that of the universe. The
selfish, anthropocentric view is overturned by
the notion of the squalid basement; the closer

one was to the stagnant, motionless center of
the earth the further one was from the
heavens orbiting up and away from the center
(Kuhn, 1957, p. 70). Resistance to changing
geocentricity was thus not brought by a sense
of pride or egocentric human views, but in
fact by seemingly logical conclusions derived
from the existing understanding of the
physical world at the time.

The Catholic Church is associated as being a
vehement opponent to heliocentricity.
However, little resistance initially came from
the religious community. A scientist-cleric
himself, Copernicus was invited to present the
ideas from his manuscript De Revolutionibus
orbinm coelestinm to disciples of the Catholic
Church. There was little controversy of
Copernicus' heliocentric viewpoint for several
decades until Protestant Reformation leaders
extended their influence on the Catholic
Church. To proponents like Martin Luther,
the Bible was a valid scientific authority on
matters of the physical world. Copernicus'
theoties also contradicted fundamental tenets
like where the physical location of God's
throne would be if the universe were infinite
(Singham, 2007).

Historically, the issue was more complicated
than delineating the two sides of science and
religion. During the mid-16" century as
Copernicus’ theories started to spread, the
ideas were initially contained within the
astronomical and then the greater scientific
community (Hess & Allen, 2008, p.26). These
scholars were interested in making better
predictions of planetary motions and
acknowledged the usefulness of Copernicus’
theory. However, since the heliocentric model
did not provide significantly better results
than Ptolemy’s model and raised many
physical and theological issues it was treated
more as a tool than conceptual framework
(Singham, 2007).

Obstacles to Scientific Paradigm
Shifts

When considering obstacles to the acceptance
of new scientific paradigms, one of the first
issues to examine would be prevailing
scientific concepts of the time. According to
Aristotle, there were four fundamental
elements which had affinities to travel up
(towards the heavens like fire and air) and
travel down (toward the ground like earth and
water). If the Earth was not at the centre of
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the universe then how could objects thrown
up fall back down at the same spot? There was
no reason to believe that Farth was not the
most massive object in the universe. If it was
not at the centre then this would imply that
the universe had no center. Questions like
these represent a tendency to use Occam’s
razor. Though Copernicus’ theory was more
complex, it lacked the mathematical accuracy
needed to compete with the Ptolemaic model
and produce a paradigm shift (Kuhn, 1957,
Pp- 266-269).

Copernicus himself experienced little of this
opposition as these debates came about in the
early 17% century, decades after his death.
However, proponents of his theories were
warned against defending Copernicanism on
suspicion of heresy. Galileo was one such
follower of Copernicus who could have
brought the necessary observational evidence
to bolster Galileo’s
contribution to science is all the more

heliocentricity.

meaningful due to his objective reasoning
amidst external pressures. Famous scientists
like Albert Einstein look to Galileo as a
historic figure, dubbing him the father of
modern science.

Strengthening Copernicus’ Theory

Despite being put on trial and sentenced for
life under house arrest under the conviction
of heresy, Galileo was doing more than just
defending the views of Copernicus and
heliocentricity (see Figure 1.17). In his book
Dialogne on the Two Chief World Systems, Ptolemaic
and Copernican, he weighed in arguments from
both viewpoints while incorporating his new
telescopic  evidence into this ongoing
discussion (Finocchiaro, 2011).

Though his work significantly strengthened
the case for heliocentricity, it by no means
provided ultimate proof for the theory
(Pamerino, 2008). The necessary progressive
framework describing the changing speeds of
planetary motion would not be proposed until
1687 by Newton. The elliptical orbit of
planets which was also missing from
Copernicus’ theory was available to Galileo
through Kepler’s first law outlined in
Astronomia Nova (Russeull, 1995). This law
stated that the planets moved in elliptical
orbits around the Sun. However, it was not
readily accepted at the time and Galileo
dismissed Kepler’s theories. Since the
evidence for heliocentricity was not

conclusive and his argument was lacking,
Galileo was forced by the Roman Catholic
Inquisition to confess that heliocentricity was
false.

Today, we know that the Earth is orbiting the
Sun in an elliptical fashion and we are also
aware of how insignificant our planet really is
amongst the grand scales of the universe. The

terms Heaven and the heavens are no longer
synonymous, and previously invisible celestial
bodies such as Jupiter’s moon Europa and
binary star systems are being investigated
(Hussmann et al., 2006; White & Ghez, 2001).
Perhaps the most crucial modern initiatives
directly concern us and focus on our planet’s
orbit.

The external challenges put on the scientific
process seem timeless since even rigorous
methods can be subject to misinterpretation
and miscommunication. Looking at past
scientific knowledge, there were many gaps in
understanding of the dominant theories of the
time. The public perception is that the
Catholic ~ Church  was  undermining
Copernicus’ efforts. Looking at the historical
evidence a different, more balanced
petspective emerges.

With all our knowledge now, it is easy to
wonder how scientists could have missed
something so seemingly obvious. The
problems our predecessors faced is part of a
cycle of scientific discovery that continues
today. Ultimately, this is what separates
science from the realm of belief and gives it a
unique place in our society. As unpopular or
popular as a finding may be, if there is
sufficient evidence and the experimental
methodologies are sound then science accepts
it as fact, continuously updating our
previously conceived ideologies and theories
along the way.

Figure 1.17 Portraits of
Galileo Galilei (left) and
Nicolause Copernicus (right)
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Misinterpreted
Milankovitch: Earth’s
Orbit and Climate
Change

In the last several years, one would be hard
pressed to find a topic that is more prevalent
and controversial than global warming and
climate change. There are those who would
say that we are reaching a critical juncture
where our societal development has us on the
precipice of a biogeochemical tipping point,
and others who would claim that changes in
climate are a part of the planet’s history and
nothing new. The latter groups would not be
wrong, as the Earth’s climate is influenced by
the eccentricity of its orbit, angle of axial
rotation and the rotation of this axis, however
it seems that current climate trends vary from
historical patterns (Kaufman et al., 2009; John
Imbrie and John Z. Imbrie, 2013).

" Perihelion

Flanet

Figure 1.18. Representation
of an elliptical orbit. The
peribelion (closest distance to
the Sun) and aphelion
(farthest distance from the
Sun) are illustrated.

Milankovitch Cycles

These variations in the Earth’s orientation
with respect to the Sun and their subsequent
impact on climate patterns are known as the
Milankovitch cycles. They are named after
Serbian astronomer Milutin Milankovic
(1879-1958), who first theorized that
eccentricity, axial tilt, and precession could
have such an effect in 1914 (see Figure 1.18).
These attributes combine to influence the
amount of solar radiation, or insolation, that
different parts of the globe receive at different
times of the year. The changes in insolation
can have an impact on climate by influencing
temperature, glaciation, and sea levels

(Kaufman et al., 2009).

The eccentricity of the Earth’s orbit operates
on a 100 000 year cycle, ranging from neatly
circular to slightly elliptical. Currently, we are
slightly more eccentric than average over the
course of the cycle (Berger, Loutre, & Mélice,
2000). The causes of the changes in elliptical
shape are the interactions the Earth has with
other large masses such as Jupiter and Saturn.
In times of increased eccentricity, there is an
overall increase in insolation, as the Earth is
closer to the Sun at the perihelion point of
otbit. In times of a more circular orbit, climate
tends to favour glaciation as the Earth does
not pass as close to the Sun and insolation
values are lower (Berger, Loutre, & Mélice,
2000).

The axial tilt or obliquity of the Earth shifts
from 22.1°-24.5° and back on a 41 000 year
cycle. As obliquity increases towards 24.5°,
higher latitudes in each hemisphere
respectively have increased relative insolation
during their summer and see a decrease in
their winters. When obliquity is at the other
extreme, the opposite is true, with high
latitudes  experiencing  relatively  lower
insolation in their summers and higher in their
winters (Williams & Pollard, 2003). Periods of
lower obliquity encourage glaciation by
melting ice accumulations less during the
summer. Currently, we are near the midpoint
of the cycle and are not experiencing effects
of either extreme.

Axial precession refers to the 26 000 year
cyclic spinning of the Earth’s rotational axis in
a gyroscopic fashion. When the axis is pointed
towards the Sun in the perihelion point of the
elliptical orbit, the northern hemisphere
experiences more seasonal fluctuation in
insolation while the southern hemisphere
regresses towards milder insolation, as the
axis is also pointed away from the Sun at the
aphelion. The opposite is the case when the
axis is pointed away from the Sun at the
perihelion, as it is currently (Williams, 1994).
This gyroscopic motion occurs because the
Earth is an oblate spheroid as opposed to
being petfectly spherical. Due to the axial tilt,
an extended portion of the Earth (either the
north or south hemisphere) is closer to the
Sun and experiences increased gravitational
pull. The subsequent torque produced is
perpendicular to the axis of rotation, resulting
in gyroscopic motion (Williams, 1994).
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Evidence for Milankovitch Theory

Evidence for the cyclic nature of these
phenomena and their effects on the Earth’s
climate is found in ice core samples. Danish
scientist ~ Nicolas  Steno’s  (1638-1683)
principle of succession applies to ice and
snow as well as sediments. The top layers are
more recently accrued, while lower layers are
older (Berthault, 2002). With this in mind,
scientists ate able to extract core samples
from ice sheets. They then wuse the
composition of air bubbles trapped in the ice
as a proxy to reconstruct the atmospheric
environment at the time of freezing. The
composition of the atmosphere and local
temperature can be determined using this
method. Using this data, a time scale can be
constructed to show the trends over time
(Bender, et al. Sowers and Brook, 1997). For
temperature, it appears that Milankovitch
cycles and the phenomena they predict do in
fact covary with the measured climate
changes. This is evidenced in the pivotal work
of Shackleton and Opdyke in analyzing
stratigraphic cores, specifically one in the
Pacific named core V28-238. The
oxygen isotope levels and magnetic
stratigtaphy of the sample details
sediment deposition over the past
870,000 years. The findings lead
scientists to believe that ice had
historically  accumulated in  the
Northern Hemisphere, in line with
Milankovitch theory. While it does
seem as though Milankovitch cycles
play a role in global climate change,
they are not necessarily the only factor
and are simply the best current explanation
for historical patterns (Ewing, 1999).

Number of Published Articles

O = N W & O O N @

Scientific lllusions on Global
Cooling

Just as with Copernicus’ contemporaries,
public perception of scientific consensus is
not always accurate. During the 1970’s a
mixture of unfamiliarity with primary
literature ~ and  scientific  journalistic
sensationalism led to the concept of global
cooling. Writers for journals relating science
to the masses such as Science Digest and
National ~Geographic made premature
assumptions  with  grave  implications
(Cooligan, 1973; Matthews, 1976). Journalists
would both oversimplify the literature and
selectively refer to certain findings (Weart,

2010). At the time, a popular topic was cold
weather and certain studies fit well within the

media’s narrowly constructed narrative
(Peterson, Connolley & Fleck, 2008).

The echoes of the scientific writers who cried
global cooling can still be heard today.
Pulitzer Prize-winning journalist George Will
stated findings on levels of floating ice in the
sea as counter-evidence for global warming,
Increased glaciation tends to lead to lower sea
levels, however in this instance the findings
were sensationalized and taken out of context
(Will, 2009). These assertions can be refuted
by the following two reasons. The first reason
is that global warming today has accumulated
evidence over the decades when compared to
the relatively inconclusive evidence for both
global warming and global cooling during the
1970s  (Bryson, 1974), (see figure 1.19).
Second, the majority of scientists believing in
global cooling held this view consistently
(Sarewitz, 2004). Thus this so called paradigm
shift of scientific consensus from global
cooling to global warming never actually
occurred.
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Linking Challenges Faced by Galileo
and Today’s Climatologists

The astronomers in the 17th and the scientists
in the 21st century can be thought in terms of
the Buddhist allegory of blind persons trying
to describe an elephant. Through our limited
means, we try out best to decipher the bigger
picture. There will be disagreements in what
the object in question is, but this is inevitable
in the search for knowledge. As new data put
the scientific debate of heliocentricity to an
end, the same will eventually happen for the
debate of global warming. Going forward, we
will continue to better understand the world
in which we live and hopefully be better
informed on global decisions regarding
environmental policy and climate change.

Figure 1.19 Number of
papers supporting different

theories of climate change.
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Deep Time: The
Discovery of Geologic
Time

Scientific  theories are shaped by the
historical and philosophical perspectives of
the era from which they arise. Historically,
the acceptance of scientific theories has often
been determined by the religious and
political arena in which a scientist lived. The
pathway to discovering the true age of the
Earth is a  series of convoluted
interpretations and perspectives of a variety
of cultures and scientists.

Sacred Perspectives of Time

“When Adam was 130 years old, he had a
son...and named him Seth. After the birth of
Seth, Adam lived another 800 years...and
then he died. When Seth was 105 years old,
he had Enosh”

(The Bible, Genesis 5:3-6)

Using this biblical account of the desendents
of Adam, James Ussher (1581-1656), an Irish
Archbishop of the Elizabethan period,
determined how much time had passed
between the creation of Adam and the birth
of Jesus Christ. His calculation dated the
beginning of the Earth to the evening of
Saturday, October 2274, 4004 BC. Usshet’s
belief of a 6000-year-old Earth was held as
an absolute truth by both Protestants and
Catholics for well over a century, and is still
held by some today (Jackson, 2000).

Ussher’s time frame did not take into
account the formation of any of the
geological structures or fossils seen around
the world. In Ussher’s time, it was widely
accepted that fossils were the remains of the
creatures that once lived on Earth. The story
of the Great Flood of Noah's Ark was
thought to explain the existence of marine
fossils on mountain tops. While this theory
has now been proven to be false, the idea
that water erodes and deposits sediment to
form stratified layers is correct (Lewis, 2000).

Early Geologic Time

By the end of the 17% century, religious
dogma was being challenged by empiricists
who believed the Earth was much older.

Edward Lhywd (1660-1709) was one of the
first to attempt to scientifically determine the
Earth’s age. He calculated that the Earth was
two to three thousand-years-old based on the
rate of boulders falling in the Llanbens
Valley, in Wales. His theory was as follows:
two to three boulders will fall down the
valley during the average lifespan of a
person, which Lhywd estimated to be 60
years. This gives the frequency of falling
boulders to be one boulder every 20-30
years. He counted the number of boulders
lying in the valley, and estimated this value to
be at least 10 000. Under the assumption that
the valley was present at the formation of the
Earth, he estimated the age of the Earth to
be two to three hundred thousand years old
(Jackson, 2000).

In 1715, Edmond Halley (1656-1742) took a
very different approach to Lhywd. Halley
proposed that the age of the Earth could be
determined by analyzing the salinity of the
ocean, with the assumption that at the time
of creation the concentration of salt was
zero. His theory had numerous control flaws
and a lack of sufficient historical data,
preventing him from calculating an actual
estimate (Eicher, 1970).

Around the same time, Benoit de Maillet
(1656-1738) also calculated the Earth’s age
based on the oceans. His tactic was quite
different from Halley’s, as he proposed
estimating the age of the Earth by studying
seashell fossils on Italian mountain ranges.
Based on his own observations, he calculated
the rate of sea level depletion to be
approximately three inches per year. Using
the altitude of these seashells he estimated
the age of the Earth to be over two billion
years. His work remained unpublished due to
the perceived preposterousness of this
immense timescale (Jackson, 2006).

Georges-Louis Leclerc (1707-1788), Comte
de Buffon, diverged from the previous
attempts to date the Farth by land
formations and the oceans; instead, he took
an extraterrestrial perspective. He used the
newly developed techniques of Newton’s
calculus and physics to estimate the Earth's
age at 70 000 years. Leclerc believed that the
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planets had begun as molten balls of rock
ejected by the Sun. Although his hypothesis
was not correct, it opened the idea that the
world may be incredibly old. However, his
work was not well received as it differed too
much from the biblical account of the
Earth’s creation, and thus was generally
considered sacrilegious (Jackson, 2000).

Although these diverse methods to estimate
the age of the Earth were flawed, they are
integral to the scientific discovery process.
They are notable for their courageous
attempts at empirical determination of the
age of the Farth, and for being some of the
earliest endeavours to separate scientific
thought from religious belief.

The Discovery of Deep Time

James Hutton (1726-1797) was responsible
for one of the greatest paradigm shifts in the
earth sciences (see Figure 1.19). He initially
studied medicine and chemistry, but as a
farmer Hutton spent much of his time
studying soil composition, erosion, and
deposition. Hutton joined the Royal Society
of Edinburgh, an organization of amateur
and professional scientists. Along with two
of his Royal Society friends, chemist Joseph
Black (1728-1799) and economist Adam
Smith (1723-1790), Hutton founded the
Opyster Club discussion group, which gave
him access to newly published papers and
exposed him to new ideas in science (Gould,
1987).

In the 1750s, Hutton travelled around Britain
and mainland Furope examining the
diversity of landforms as they related to
various geologic processes. Hutton’s greatest
geologic observation occurred on the cliffs at
Siccar Point while on a boating trip with
fellow scientist John Playfair (1748-1819).
Hutton noticed that there was an
unconformity  consisting of layers of
vertically bedded wacke overlain by younger,
horizontally bedded sandstones. This site has
since been named Hutton’s Unconformity
(see Figure 1.20). Hutton recognized that
both types of rock were marine deposits. He
postulated that the wacke must have been
deposited  horizontally under the sea,
cemented, and uplifted out of the sea, then
tilted until it stood vertically. It then was
eroded and covered by new deposits which
were later cemented.  Finally, the entire
structure was uplifted out of the water to its

current location on land. The amount of
time this would have taken is unfathomable,
especially considering that this structure sits
on top of still older rocks. Playfair was awed
by Hutton’s interpretation, and encouraged
him to publish his ideas (Gould, 1987).

Hutton’s first publication, Concerning Systems
of the Earth, Its Duration and Stability (1785),
was a lengthy abstract describing his belief
that sediments could be cemented together
by heat or precipitates, creating new rocks
that could in turn form their own sediments
through erosion. He also explained that these
cemented rocks could be uplifted by the
same heat that formed them, causing the
land to expand and move to higher
clevations. Hutton proposed that this
subterranean heat caused twisting and
breaking of the rocks as they moved, and
thus caused the folding and fractures we see
today. He described, with incredible

accuracy, the cyclic processes of rock

formation, uplift, and erosion that result in
modern geologic structures. Hutton believed
these processes were ongoing, and had likely
been cycling for a very long time. Thus he
speculated that the Earth must be incredibly
old.

Hutton edited and republished his work as a
true paper, Theory of the Earth (1788) which

Figure 1.20. Hutton in the

field. He was infamons for
breaking off pieces of rock

with a small hammer, a

practice frowned upon by his

colleagues.
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Figure 1.21. Hutton's
Unconformity at Siccar Point.
The vertically bedded wacke
deposits predates the nearly
horizontal overlying sandstone
beds. The amount of time
needed to arrange this
structure must have been
immense, prompting Hutton
to theorize Deep Tinze.

introduced an interesting idea about the age
of the Earth. In Hutton’s words, the world
has “no vestige of a beginning - no prospect
of an end” (Hutton, 1788 pg. 304). The
Earth’s constant cyclic process of creating,
uplifting, eroding, and then recreating rock
gives no indication of its age, only the
assumption that it must be unfathomably
old. Hutton termed this massive span of time
as “Deep Time”, and described its magnitude
as simply too long for humans to imagine
(Jackson, 2006). Hutton believed that the
Earth had been created at some point in the
distant past, but that the processes that
formed the Earth must have been quite
different from the ones that currently shape
it. The cyclic nature of geologic processes
makes it impossible to determine how many
cycles have occurred. Thus, estimates based
on salt concentrations in the ocean or the
height of fossils above sea level, are
inconclusive as these conditions may have
occurred multiple times (Jackson, 2000).

Unfortunately, Hutton was a rambling and
dry writer, and so few ever read his work.
This resulted in little recognition during his
life, however, this also prevented Hutton
from the criticisms of those who strongly
believed in the biblical account of a young
Earth. Hutton’s friend John Playfair wrote
the book lustrations of the Huttonian Theory of
the Earth after Hutton’s death which made
Hutton’s work easier to understand. The
largest proponent of Hutton’s work was

Charles Lyell (1797-1875), who wrote the
widely read Principles of Geology. Lyell used
Hutton’s idea of an extremely old Earth with
observable, repeating processes, to develop
the theory of uniformitarianism. Lyell’s
uniformitarianism  claims  that  current
geologic processes are the same as those in
the past, and will be the same as those in the
future. Lyell used Hutton’s idea of Deep
Time to account for the slow rate of geologic
cycles (Gould, 1987).

Hutton was undeniably an intelligent and
observant man, however, his theoties were as
much a product of his society as his own
mind. Edinburgh in the 18® century had an
atmosphere of humanism and reason,
making it more acceptable to challenge the
biblical idea of a young Earth. Thus Hutton’s
ideas were met with less resistance than they
would have been met with at other points in
history. A strong community of fellow
intellectuals allowed Hutton access to the
ideas of other geologists, which in turn

helped him develop his own theories (Gould,
1987). In short, Hutton was born in the right
place, at the right time, and had the right
connections necessary for the creation of the

paradigm-shifting idea of Deep Time.

Geologic Time After James Hutton

Although neither James Hutton nor Charles
Lyell actually proposed an estimate for the
FEarth’s age, they opened the idea that the
FEarth was much older than originally
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thought. This paved the way for further
empirical study with fewer cultural and
religious restrictions.

Despite Hutton’s claim that ocean salinity
could not predict the Earth’s age, this idea
was revisited in 1899 by John Joly. He
theorized that the Earth was 90 million years
old based on his assumption that the ocean
was originally freshwater, and that amount of
salt deposited into the ocean by rivers from
the erosion of rocks was uniform (Jackson,
2000).

Many geologists of Joly’s era began to look
to rock formations in an attempt to estimate
the age of the Farth. They tried to determine
the rate of deposition of modern
sedimentary  environments and  then
extrapolate from this data on the assumption
that the rate of ancient deposition is
equivalent to modern values. Weaknesses in
these estimates include erosional processes
introducing gaps in the geologic record and
problems in accurately estimating rates of
deposition. Due to these errors, estimated
ages of the FEarth based on deposition ranged
from 3 Mya to 1.53 Bya, averaging just under
100 Mya (Eicher, 1976).

Like Leclerc’s idea of an originally molten
Earth that cooled over time, William
Thompson (1824-1907), known as Lord
Kelvin, also looked to heat for an answer.
Kelvin used a three factor approach in
attempting to determine the Earth's age.
Firstly, he concluded that the age of the
Earth was limited by the age of the Sun. He
utilized the theory that the Sun was hotter in
its infancy due to the gravitational energy
required to pull in the meteorites which
comprised its mass. Kelvin varied his
estimates but finally settled on a solar age of
20 million years. Secondly, he estimated the
age of the Earth based on the thermal
gradient of heat flows from the interior to
the exterior crust, with the assumption that
the heat of the Earth was dissipating from its
originally molten state. Based on inaccurate
data of the heat of fusion of rocks, he
estimated the Earth's age to be 98 million
years old. Lastly, Kelvin assumed that tidal
friction would alter the shape of the Earth,
and as the Earth has essentially retained its
shape, he concluded that it must be relatively
young. Due to his highly technical and
quantitative analysis, his estimate was
accepted by the scientific community and

society at the time. This, however, caused
much conflict in the work of the previously
mentioned geologists as well as evolutionary
biologists, such as Charles Darwin (1809-
1882). Many of the geologists adjusted their
interpretations of geologic processes to fit
the widely accepted estimate of Kelvin
(Jackson, 2000).

The Earth is 4.6 Billion Years Old

In the late 1800s and early 1900s, renowned
scientists such as Antoine Henri Becquerel,
Marie Curie, Pierre Curie, and FErnest
Rutherford discovered and developed the
study of radioactivity. The concept that
decay occurs as elemental transformation
and emissions of waves of varying intensities
was the missing puzzle piece in determining
the true age of the FEarth. It also has
applications in dating the finite age of many
rocks associated with different geologic time
periods (Hicher, 1976).

One of the first uses of radioactivity in
studying geochronology was in 1905. Robert
John Strutt (1875-1947) used the principles
of radioactivity to determine the age of gases
trapped in ancient rocks. This idea gave
precise estimates, but they were not accurate
due to the leakage of gases from the rock
(Jackson, 2006).

Building on Strutt’s work, Bertram Borden
Boltwood  (1870-1927) discovered  that
radioactive uranium decays into a stable
isotope of lead. He theorized that the ratio of
radioactive uranium to stable lead could be
used to determine the age of any uranium-
lead bearing rock. He was able to examine
mineral specimens and determine their age
range to be between 400 Mya and 2.2 Bya
(Jackson, 2000).

In 1911, Arthur Holmes (1890-1965), a
student in Strutt’s lab, narrowed these
estimates by dating Archean rocks from Sri
Lanka at 1.64 Bya. Holmes discovered that
decay rates were constant, and used Alfred
Niet's  (1911-1994)  theory that lead-
containing rocks acquire their lead from the
decay of uranium and from lead that was
present at the formation of the solar system.
By plotting the ratios of the primeval and
radioactive lead in two lead containing rocks,
Holmes was able to plot isochrons. The
isochrons were linear plots of the two rocks,
in which intersecting points create a line
whose slope indicates the age of the Earth to
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Figure 1.22. Isochron used
by Patterson in 1956 to
compare the ratios of primeval
lead isotopes in meteorites.
This isochron indicates the
Jormation of meteorites, and
thus the formation of the
Earth, to have occurred 4.55
Bya.

be 3.4 Bya. However, it was difficult to
determine which lead was truly primeval, and
which had been formed at a later date
(Lewis, 2000). Harrison Scott Brown (1917-
1986) theorized a way to overcome this
problem.  Brown  hypothesized  that
meteorites were formed around the same
time as the Farth, and thus dating lead in
meteorites would reveal the age of the Earth.
He also knew that meteorites contained lead,
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Modern Perspectives of
Geologic Time

“The key to the present lies within the past”
is a famous claim made by Charles Lyell;
however, the past is equally useful in
predicting the future (Simpson, Pittendrigh,
and Tiffany, 1957 pg. 741-742). Through a
modern lens we can better understand
humanity’s place in the Earth’s wvast
timescale, and see how far the Earth has
come. This modern perspective also allows
us to look to the future of our planet by
extrapolating what we have learned from the
past. Our perspectives and understanding of
Earth's history are continuously evolving as
we collect and interpret more data from the
geologic record.

Current Geologic Time Scale

Although it is now common knowledge that
the Earth is about 4.6 billion years old, this is

but no uranium. Therefore, all the lead
contained in the meteorite must be primeval.
He set his student Clair Cameron Patterson
(1922-1995) to date the lead in the Canyon
Diablo meteorite found in  Arizona.
Patterson cut the meteorite open and
removed pieces of black sulphide. He
dissolved it in acid to separate tiny fragments
of lead that he then placed in a mass
spectrometer. The mass revealed which ratio
of lead isotopes were present. He repeated
this process on other meteorites and
developed an isochron (see Figure 1.21) that
dated the Earth at 4.55 Bya (Lewis, 2000).

After thousands of years of disproven
estimates and speculation, Patterson was able
to give a clear answer to a fundamental
question. His answer gave a new perspective
on the Earth and the extent of time itself.
Patterson was only able to successfully
determine the Earth’s age using the methods
discovered by the aforementioned scientists.
To this day 4.55 billion years remains the
scientifically accepted age of the FEarth.
However, like so many dates before, it is
subject to change as new technologies and
discoveries are made.

still a relatively recent discovery. It is only
within the last 60 years or so that we have
understood the vast timescale of the Earth
with any accuracy. Billions of years is
difficult to comprehend, especially when we
consider that things we believe to be ancient,
like the Pyramids of Giza or the dinosaurs,
are actually quite recent in terms of Earth’s
history. In short, the world is old, much
older than we can truly imagine. The
discovery of the age of the Earth puts into
perspective the incredibly small period of
time that humans have been in existence (see
Figure 1.22). With the ability to
radiometrically date rocks and fossils, comes
a better understanding of how recent human
development is relative to other forms of life
and geologic events. 4.6 billion is such a large
number that the immensity of it can be easily
be lost. Consider that a billion seconds
before this book was published it was the
1980s, a billion minutes ago was the year 100
CE, and a billion hours ago Homo sapiens had
recently evolved (Kramer, 2013). Therefore,
a billion years, let alone 4.6 billion years, is a
tremendous amount of time.

Emma Butcher & Nicole Yokubynas
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Imagine the entirety of geologic history
could be compressed into a single year, with
the formation of the planet culminating at
12:00 am on January 1¢¢ If this were the case,
continental land would not appear until
March. The first life would develop in the
oceans during May, while the first land plants
and animals appear in November. Dinosaurs
would go extinct on the 26® of December.
Early humans do not appear until the
evening of December 31, and Hutton wrote
his Theory of the Earth less than a second
before midnight (Eicher, 1979).

Clues to the Future

Predicting the future of the Earth may be
even more perilous than interpreting the
past. There is no way to know with certainty
how long the Earth will persist, however that
has not stopped researchers from devoting
their lives to estimating this complicated
event. In the modern world, doomsday
warnings of global warming and asteroid
practically
Although climate change and catastrophes
have the ability to cause mass extinctions, the
Earth itself will still remain. The most recent
estimates have determined that life as we
know it will cease to exist on Earth in about
1.75 billion years. At this point, the Sun will
have expanded and caused high enough
temperatures  to  render the  FEarth
uninhabitable to even the most resilient
organisms (Rushby et al., 2013). The final
demise of the planet itself is a topic of much
debate. The Sun expanding and engulfing the
Earth as it transitions to a red giant star is a
popular theory. Current estimates generally
place this event at around 6.5 billion years in
the future (Sackmann, Boothroyd and
Kraemer, 1993). If this is cotrect, then the
FEarth is a little over one third of the way
through its existence. However, as the Sun
expands it will lose mass, thus causing
changes to planetary orbits. Some models
have suggested that Earth’s orbit will have
increased in radius enough to avoid
becoming consumed by the Sun. If this is the
case, then there is no way to know when the
Earth will end. The planet will continue to
orbit around the dense mass of the Sun’s
collapsed core in darkness and at extremely
low temperatures. By this point all water will
have evaporated, the atmosphere will be
non-existent, and the FEarth’s inner

impacts  are commonplace.

geothermal heat will have disappeared thus
stopping tectonic processes. Without these
factors geologic cycles will cease to exist and
the Earth will continue on as a solid mass of
rock. Although it is possible that the Earth
could be destroyed by a collision with a
larger extraterrestrial body, the incredible
vastness of space makes this unlikely
(Sackmann, Boothroyd and Kraemer, 1993).

As such, there is no clear evidence pertaining
to the timing of the end of Earth, and it is
possible that the planet could exist on a
nearly infinite time scale. Although Earth’s
current age has been well theorized and
substantiated, there is no concrete theory as
to how long the Farth’s lifespan will
ultimately be.
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Figure 1.23. Modern
interpretation of the Earth’s
timescale, depicting the
development of different life
Jorms in relation to the

formation of the Earth. Note

how late humans appear.
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Figure 1.24. The four
elements that make up the

terrestrial region.

Tracing Our
Atmosphere: The
Development of Ideas
from 400BCE to the 18"
Century

The recurring theme in this chapter so far is
documenting the development of theories
and ideas related to the Earth’s origins.
Previous sections illustrate the diverse
amount of history involved in the formation
of ideas and theories related to topics such as
the shape of the earth and the discovery of
geologic time. This section however, seeks to
highlight and explain the evolution of the
understanding of the atmosphere. From
Greek antiquity to the chemical revolution,
this section will focus on the accumulation of
theories that were necessary to determine the
composition of the atmosphere. It will also
touch on similar, yet much more complex,
research being done today on the effects of
trace gases.

Greek Philosophy

Discovery of the composition of the
atmosphere dates back to the ideas proposed
by ancient Greek philosophers of the early
3rd century BCE. Aristotle (c. 384-332BCE)
proposed theories about the different
phenomena he witnessed through a process
of thinking known as natural philosophy
(Lindberg, 1992).

At the time, Aristotle was striving to find an
explanation of the physical world without
including the notion of divine intervention
(Brutsaert, 1982). His ideas worked towards
explaining the &osmo5, which means the
“ordered world” in Greek, and finding a
division between the natural and the
supernatural (Lindberg, 1992). Aristotle’s
viewpoint on metaphysics allowed him to
analyze the various phenomena he witnessed
in nature through his theory of change. The
theory is based on four causes; formal cause,
material cause, efficient cause, and final cause

(Lindberg, 1992). Out of the four different
causes, the final is arguably the most
pertinent as it aims to explain the role of
purpose — ‘teleology’. The purpose of a
substance is based on the nature of its
behaviour. This natural tendency is sought
out by using past experiences to deduce the
common characteristics for the substance.
According to Aristotle, discovering the
nature of a substance is much more valuable
than determining minor differences or
irregularities (Wilson, 1999). Hence, the four
different postulates in his theory of change
are intended to assist in analyzing a foreign
situation and trying to make sense of it.

Aristotle uses this theory to understand
cosmology. A sub-discipline which he
investigated further is meteorology, which
led him to author a treatise called Meteorologica
(Aristotle, 350BCE). In this treatise, he
agrees to a previous idea proposed by
Empedocles (c. 490-430BCE) that the
terrestrial region in which everything on
Earth is found can be broken down into four
elements; earth, water, fire, and air (figure
1.23; Aristotle, 350BCE). The presence and
certain combinations of these four elements
fill up a “void” area in space, also known as
the upper atmosphere (Aristotle, 350BCE).
He goes on to further develop an idea stated
by  Herakleitos FIRE

(fl. 500BCE) of

dual exhalation

(an  idea  of hot

evaporation) by
stating the
following; AR
“...the  vapor
[atmis] cools and

condenses again wet
as a result of the

loss of heat and

the height and

air turns into water: and the generated water
falls again into the earth...The exhalation
containing the most amount of moisture is,
as we have said before, the origin of rain: the
dry exhalation is the origin and natural
substance of winds” (Aristotle, 350BCE).
Aristotle’s ideas stem from speculation based
on the ideal of natural philosophy. Another
concept he proposed that supported his
theory of a void which filled the sky is that
plants  obtain = food  from  various
combinations of the four elements (Sherman,

WATER
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1933). The manner in which he deduces
these concepts is alluring to say the least. He
constructs his ideas based on observing the
natural world, and both his own writing and
novels written by modern authors convey a
similar outline of Aristotle’s deductive
reasoning. From a modern scientific
approach, Aristotle’s theory would stand for
nothing unless proper evidence is provided
through experimentation, but for that aecon,
his ideas were a radical change from the
standard at the time. As a result of this,
Aristotle’s theories proposed in Meteorologica
were widely accepted within society at the
time.

Development of the Phlogiston
Theory

The birth of natural philosophy undoubtedly
had a large influence on the method in which
science was taught and understood. In the
1200s, the teachings of this philosophy
started to become an integral part of the
undergraduate curriculum, showing that
Aristotle had a lasting effect on history even
after his death (Lindberg, 1992). Aristotle's
influence is notable due to its impact and
creation of a unique and imaginative method
of thinking. The birth of natural philosophy
undoubtedly had a large influence on the
method in which science was taught and
understood. In the 1200s, the teachings of
this philosophy started to become an integral
part in the wundergraduate curriculum,
showing that Aristotle had a lasting effect on
history even after his death (Lindberg, 1992).
By analyzing the literature, Aristotle's
influence is notable due to its impact and
birth of a unique and imaginative method of
thinking.

Moving into the 17th century, several
scholars started to realize that they were
intellectually limited by following Aristotle’s
philosophy of thinking (Lindberg, 1992;
Wilson, 1999). Scientists such as Galileo and
Robert Boyle strived to propose new ideas
for comprehending the “nature” of
substances as proposed by Aristotle. These
new ideas had to include derived concepts
that could spark debate, provoke criticism, or
further scientific ideas (Lindberg, 1992). This
led to a greater appreciation for the
hypothetical status of scientific claims and
the importance of conducting experiments in
order to challenge relevant theories.

Before advancing into the 18th century, it is
critical to mention the scientific attempts of
Joachim Becher (1635-1682) and his pupil,
Georg Ernst Stahl (1660-1734), to advance
theoretical ~ chemistry — (Wisniak,  2004).

Founded by Aristotle’s deep-rooted concept
considered  that

in  Meteorologica, Becher
perhaps all
material
consisted
of a
relative
ratio  of
earth and
water,
which
could be
aggregated
by air
(Aristotle,
350BCE,;
Wisniak,
2004). The
addition
of fire matter was suspected to be the cause
of a metal’s calx (see Figure 1.24 for an
image of a crumbly residue of lead carbonate

after the process of calcination). Soon
afterwards, Stahl eclaborated wupon his
teachet’s theories of combustibility to

include the inflammable principle of a
suggested  “fifth  element”,  phlogiston
(Wisniak, 2004; Woodcock, 2005). A number
of materials were thought to combust due to
theit  contemporary ~ composition  of
phlogiston, derived from the Greek term for
“fire of the Earth” (Woodcock, 2005).
Deviating from his instructor’s assumption
of calcination, Stahl suggested that a calx was
deprived of the original metal’s phlogiston
and should ultimately weigh less, when in
fact, the product was later found to weigh
more (Wisniak, 2004). There were no precise
notions of the gas phase around the time, yet
many respected European chemists adopted
the concept of phlogiston for the 50 years
preceding Stahl’s death. The accumulation of
opposing discoveries caused an appearance
of confusing adjustments to the phlogiston
theory, resulting in the labeled “decadence
period” (Wisniak, 2004).

Extinguishing  the

Phlogiston

Theory of

The first major scientific contributions to

Figure 1.25. A white metal

calx (powdery substance

formed after an ore or mineral

is heated) of lead carbonate
after being heated.
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Figure 1.26. A drawing of
Cavendish's apparatus for
making and collecting
hydrogen gas, which he called
"inflammable air", by
dissolving metals in varions
acids.

atmospheric chemistry can be traced back to
the late 18th century (Marini-Bettolo, 1986).
Many suggest that this point in time may
have been the most compelling in the history
of chemistry due to an unintended rivalry
between the era’s two leading chemists,
Joseph Priestley (1733-1804) and Antoine
Lavoisier (1742-1794; Woodcock, 2005).
Moreover, findings on the composition of
water by Henry Cavendish (1731-1810) once
complemented those of Priestley’s research.
However, the contributions of both of these
chemists are often overlooked since they
were later refined by Lavoisier to support his
theory of combustibility and promote the
chemical revolution (Seitz, 2005).

precision and emphasis on the composition
of water. It was in 1781 that Cavendish
thoroughly analysed an earlier experiment, in
which inflammable air (hydrogen) exploded
with a mixture of air (containing oxygen),
and detected a thin film of pure water that
had previously gone unnoticed (Seitz, 2005).
As aforementioned, Cavendish followed the
views of the phlogiston principle and
hypothesized that dephlogisticated air was a
form of water that lacked the inflammable air
(phlogiston). Nearing the start of the
chemical  revolution, Cavendish  had
uncovered a range of atmospheric and
elemental knowledge, but could not generate

a unifying theory to account for the

Well before the chemical revolution began,
Henry Cavendish had been experimenting on
the precise measurements of gaseous
elements and the composition of water
(Seitz, 2005). By 1766, he began to focus his
personal research on the study of gases and
realized that ambient air could be divided
into more than its primary component; he
then compared the chemical and physical
properties of each isolated chemical
component. Cavendish considered the
plausibility of phlogiston and postulated that
it was hydrogen or the inflammable air’ that
was the cause of combustion (see Figure
1.25). Around the time that Priestley began
experimenting on dephlogisticated air in the
1770s, Cavendish returned with more

E;
_
g

AL U

atmosphere. The task required a profound
and imaginative perspective to revolutionize
the science of chemistry and overthrow the
theory of phlogiston (Seitz, 2005).

IR

Journeying into a time period where new
methodologies in science aimed to obtain
knowledge which can be put to use, Joseph
Priestley made great discoveries based on
this novel method of thinking. Growing up
as a child, Priestley was grounded in a
religious background and inevitably grew up
to become a minister (Hiebert et al., 1980).
However, he didn’t limit himself to a divine
perspective on everything. Priestley was a
firm believer in the fact that both religion
and science could co-exist in a relationship
that would not try to contradict each other.

Devon Crawford & Daim Sardar
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The prevailing theory at the time surrounded
the idea of phlogiston as previously
mentioned, but he thought this was too
general to further the area of chemistry
(Gabriel and Fogel, 1956). Between the years
1771-1774, Priestley conducted several
experiments in order to generate a new
theory within this
topic  area  (see
Figure 1.26; Gabriel
and Fogel, 1950).
The  process of
making these
discoveries

employed a very
different ~ method
than that of
previous
In his notes, he
follows an organized
method where he
makes many
observations about
the experiments that
he conducts and

centuries.

follows-up with analysis on how to further
develop the research question (Hiebert et al.,
1980; Priestley, 1970). Most notably, Priestley
conducted an experiment in August 1774
concerning the formation of what he coined
to be “dephlogisticated air” produced from
the burning of mercuric oxide (Priestley,
1774). Amazed and perplexed by the new
type of “air”, the subsequent experiments
involving it were performed in an isolated
environment. This showed that it could
cause a flame to burn intensely and could
keep a mouse alive for a much longer period
than without the “ait”. As a result,
conducting this experiment led to disprove
the theory of air as a single element, but
rather a mixture of different “airs”. The
literature presenting this information shows
that Priestley was very unsure about the
discoveries he made and their significance
(Hiebert et al., 1980; Gabriel and Fogel,
1956). Both Priestley’s own notes and a
recollection of events written by Aaron J.
Thde convey the message that Priestley didn’t
identify the importance of his findings nor
did Cavendish around the time of his
experiments on water. It was not until a few
years later that the term oxygen was coined
as a component of air by Antoine Lavoisier
(Hiebert et al., 1980).

The first child of the Lavoisier household,
Antoine, originally planned to follow his
father’s career in law. Soon after graduating
from the Paris Law School in 1764 with a
legal degree, Lavoisier pursued his passion
for chemistry (Bell, 2005). From a spell
working with the geological survey and
geologist
Jean-
Ftienne
Guettard,
Lavoisier
developed
an  interest
in
determining
the precise
quantitative
analyses  of
geological
samples.
After many
attempts,
such as
presenting
his research on gypsum, the Academy of
Sciences accepted him at the age of twenty-
five, making him the youngest to have ever
been elected (American Chemical Society,
2013;  Jackson, 2005). Lavoisier first
encountered the phlogiston theory during his
years at law school. Although, in order to
discuss the theory with his colleagues, his
wife, Marie Anne Peirrette Paulze, had to
translate  Richard Kirwan’s “Essay on
Phlogiston” into French (Eagle and Sloan,
1998). This knowledge of the theory soon
became extremely vital to his attacks on the
phlogiston principle and his study of
combustion in 1772 (American Chemical
Society, 2013).

The Chemical Revolution

The year is 1774, in Paris, a formal dinner is
held assembling a group of FEuropean
thinkers. Priestley was the guest speaker for
the evening and discussed his thoughts of
experimentally obtaining “pure ait” that was
free of the phlogiston, hence the obsolete
title for oxygen, dephlogisticated air. Two
years beforechand, while Priestley was
extracting unknown gases from the
atmosphere, Lavoisier was concentrating on
understanding combustion. Through
superior weighing techniques, he found that

Figure 1.27. A reproduction

from Joseph Priestley's book

Experiments and
Observations on Different

Kinds of Air, 1774-1786;

displays the apparatus of

on gases, including oxygen.

Joseph Priestley’s experiments
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certain substances experienced an increase in
weight as they burned instead of a decrease;
thus, Lavoisier believed he had identified the
phlogiston theory’s ultimate flaw (Perrin,
1986). It was only after hearing Priestley’s
views in Paris that Lavoisier envisioned the
truth and would act accordingly (Jackson,
2005).

Lavoisier was able to invent a balance that
could correctly weigh to 0.0005g, which
aided in accurately replicating Priestley’s and
Cavandish’s studies on mercury oxide and
water respectively (Woodcock, 2005). After
petforming Priestley's experiment in 1777,
Lavoisier trusted his own hypothesis that the
process of calcination is a synthesis reaction
in which metals absorb and react with
atmospheric substances to gain weight, and
the decomposition of these products with
carbon reduces the substances back to their

original weight (Wisniak, 2004).
Consequently, there was no extra weight to
account for the supposedly released

phlogiston. This, along with many other
findings, led to Lavoisier’s concept of the
conservation of mass. Lavoisier drew a
similar conclusion in 1783 by accomplishing

Trace Gases: Small
Changes, Big Effects

The increase in overall average temperatures
of both the atmosphere and oceans on Earth
is thought to be the result of climate
warming. Since the Industrial Revolution, the
increase in these temperatures has gained an
increasing amount of societal attention as the
effects of climate change become more
noticeable (see Figure 1.27). Although the
majority of the population is familiar with
the effects of increased carbon dioxide in the
atmosphere, it is also important to note that
there are various other gases that may have
an impact on global temperatures. In the 19t
century, chemists were highly intrigued by
the composition of the FEarth’s air and
strived to isolate its specific elements. Yet, it
was not until the 20% century when a group
of gases known as trace gases, were

an accurate experiment on the formation of
water, in as similar way to Cavendish
(Woodcock, 2005). Lavoisier and his team of
four had an incredible knack for inventing
popular nomenclature for chemical elements
and compounds; hence, a renamed system
was developed in which the term oxygen was
created to formally represent
dephlogisticated air.

Lavoisier executed a widespread range of
analytical work in his French arsenal
laboratory before he was guillotined to his
death. Ultimately, he was able to recognize
the properties of new elements, identify the
constituents of minerals, and properly
document his results to present them to the
scientific ~ community.  Amateur  and
professional scientists began developing an
interest in the ever-growing field of
chemistry and the composition of the
atmosphere. After which, new elements and
different compositions of materials were
rapidly being unearthed. The chemical
revolution allowed for exciting research to be
conducted in a variety of disciplines,
including that of atmospheric chemistry
(Seitz, 2005).

discovered and found to be involved in the
greenhouse  effect and  other  toxic
implications (Marini-Bettolo, 1986). Trace
gases today in the atmosphere include
dimethyl  sulphide (DMS), ammonia,
methylamines, organo-halogens (e.g.
bromomethane), some volatile trace metals
(e.g. mercury, selenium, antimony), and a few
persistent organic pollutants (Pacyna and
Hov, 2002). Despite the fact that these gases
only occupy a combined 1% of atmospheric
composition, the subgroup of greenhouse
gases are known to be the most important
because of their impact on the FEarth’s
climate. Greenhouse gases such as carbon
dioxide, nitrous oxide, ozone, and water
vapour are involved in the changes within
the atmosphere. These changes led to a
number of environmental issues such as
photochemical smog, toxic air pollutants,
and acid rain (Ma et al.,, 2012). The focus in
the scientific community today is based
around understanding how these trace gases
go into the atmosphere and which factors
contribute to this. One of the reasons is
attributed to anthropogenic events.

Devon Crawford & Daim Sardar
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Anthropogenic Events

The burning of fossil fuels and biomass
produces a lot of pollution due to the
formation of elements of gas and aetrosol
phases (Devyatova and Yurkevich, 2013).
This interaction between humans and the
environment worldwide and s
hypothesized as a fundamental reason why
global temperatures have been steadily rising.
In addition to this, anthropogenic activity
(i.e. industrialization, urbanization) greatly
influences

occurs

the exchange of trace gases
between the ocean and the atmosphere.
Numerous scientists are focusing their
efforts on sea-air fluxes because oceans
provide a source for many of the trace gases
present in the atmosphere (Pacyna and Hov,
2002). These studies are based on the fact
that oceans act as a heat sink for these gases.
Two processes mediating this transfer of
gaseous elements into the atmosphere are
molecular diffusion and turbulent mixing
(Pacyna and Hov, 2002). The latter of the
two is more significant to trace gases because
of the decrease in distance to the interface
which exists between air and water according
to Pacyna and Hov. Measuring the amount
of a specific trace gas in the atmosphere is
accomplished through various techniques.
These range from using a Fourier transform
spectrometers  to an  ion  mobility
spectrtometer to measure gas phase
compounds present in air to determine the
quantity of a specifc gas (Viitanen et al,
2011).

Coastal Regions

New ideas are being proposed to suggest that
coastal regions have an equal or even bigger
contribution to trace gas composition of the
atmosphere. Evidence to support this claim
stems from the reasoning that anthropogenic
activity affects coastal regions more so than
larger bodies of water (Pacyna and Hov,
2002). An example of this can be seen in
studies conducted by FEuropean research
programs that focus on the role of
continental margins in the transfer of gases
between air and sea through biological
organisms (Wollast and Chou, 2001). The
resultant carbon based deposits are much
more predominant in coastal regions. A
similar  relationship is  observed for
depositional events triggered by precipitation

and runoff, that cause an increase in
chromophoric dissolved organic matter to be
delivered to coastal areas (Pacyna and Hov,
2002). These new research initiatives are
advancing the current knowledge of how
trace gases are transported in the first place
and how they are mediated to standards.
Further research into this matter will have to
be done multidisciplinary

approach because the factors affecting trace

through a

gas elements in water bodies are also related
to socio-economic issues.
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Next Steps

Spending time on this issue, as well as
discovering the processes and factors by
which trace gases accumulate in the
atmosphere is very important because efforts
in reducing pollution around the world will
emerge directly from new discoveries in this
area. Countries such as China who rely
heavily upon industrialization as a means to
boost their economy have been facing a
decade of severe photochemical smog and
haze pollution as a result of increased ozone
accumulation in the atmosphere (Ma et al,
2012). Situations similar to these Chinese
envitonmental issues are the reasons why
scientists are focusing a lot more of their
time on this issue, and are testaments to the
importance of understanding trace gases
within the atmosphere.
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“It is not the strongest of the species
that survives, nor trie most intelligent
that survives. It is the one that is the

most adaptable to change”

CHARLES DARWIN
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Chapter 2: Shaping Life As We Know it

One of the most spectacular and unlikely events that has occurred on
our planet is the development of life. But how did the story of life
begin? Perhaps it originated in a hydrothermal vent at the bottom of
the ocean, or perhaps on a meteor arriving from space. Regardless of
how life began, what is certain is that through every stage of life, the
Earth and its geologic processes have played a critical role in its
progression. Today, species including humans permeate the globe and
have adapted to fill every niche imaginable.

There are perhaps two periods of time most critical to the
development and dispersion of human life. The first is the Cambrian
Explosion of the Paleozoic, where multicellular life first began to take
the great diversity of forms we see on Earth today. From this
diversification sprang the many necessary predecessors to human life.
The second is the development and spread of humanity itself, during
the Pleistocene epoch. Climatic factors, coupled with the opening of
new niches, provided the evolutionary pressures that initiated the rise
of modern humans from more distant mammalian ancestors.
Eventually, these humans would move to inhabit every region of the
Earth.

Fossils have been critical in studying both of these events; they provide
one of the very few windows through which to view the past. In the
case of the Cambrian Explosion, one fossil bed in particular has
provided key pieces of knowledge: the Burgess Shale. However, since
its discovery, the Burgess Shale has bred controversy over the
interpretation of its organisms and the processes which may have
created them. Similarly, the first hominid fossil discovered was hotly
debated before being accepted as a precursor to humans.

A recurring theme in paleontology is the difficulty associated with
interpreting new information from a fragmented and imperfect fossil
record. This has resulted in a scientific history rich with competing
theories, unanswered questions, and periods of intense debate. In the
pages that follow, the discoveries and controversies associated with the
Cambrian and Pleistocene periods are examined.
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The CambrianExplosion:
200 Years of Debate

Cambrian Explosion

Two Snowball Earths

Figure 2.2. A projection of
Earth’s history and the
diversification of life over 4.5
Ga.

The Cambrian Explosion refers to the rapid
rise of multicellular life that occurred 542
million years ago, signifying the transition
between Neoproterozoic and Paleozoic Eras
(see Figure 2.2). The first notion of what
would later be named the Cambrian
explosion was explored by geologist William
Buckland in 1837, as an example of scientific
based evidence of creation. That a reverend
would seek to defend his views via science
may seem odd to some, but is perfectly
reasonable in context of the eatly 1800s. For
most of the past 2000 years, the Bible has
been interpreted literally (Prothero, 2007). It

First Hominids wasn’t  until
Dinosaurs the scientific
Mamanate revolution,
:::j;ams which began
Multicellular Life in the 16th
Eukaryotes century, that
il science began
to be

accepted as a

rival to

theology

among

intellectuals.

Following

this, a second

shift

First Snowball Earth occurred
during the

Enlightenment, where science  gained

acceptance as the method for determining
truth. The first of these shifts was rooted
directly in scientific successes. Among the
most important of these include the rise of
heliocentricity, a deeper understanding of
human anatomy and circulation, as well as
the birth of the scientific —method
(Fitzepatrick et al., 2004). Inspired by the
explanatory power of science, outspoken
philosophers began to champion empiricism
and reason. In employing this new
framework for thought, many had issues
interpreting the Bible and religious doctrine.
John Locke and other prominent intellectuals

began to advocate a reduced interpretation
of the Bible (Locke, 1824). What followed
was a strong shift away from biblical
literalism, and a general weakening of the
perceived position on the Bible (Prothero,
2007).

As science usurped theology, some believers
undertook the task of reconciling the two.
One man caught in the middle of this
conflict was William Buckland (1784-1850).
A geologist educated at Oxford, Buckland
was commissioned by the FEatl of
Bridgewater to write a novel that married
recent geologic findings with a literal
interpretation of the Bible (Gordon, 1894).
One point of much contention was the age
of the Earth. Buckland stood by the
conclusion that the Earth is drastically older
than the age commonly cited by Christianity.
However, he amends this by positing there
was a large gap in time between “those
actions performed at the beginning” and
those “performed in a number of days.” In
his quest for the remnants of creation, he
stumbled on the finding that “ancient marine
animals occur in the same division of the
lowest transition strata with the earliest
remains of vegetables.” This apparently
spontaneous appearance of life — both
animal and plant — fit Buckland’s criteria for
a creation event (Buckland, 1836). While it
had not garnered the bombastic title we
know it by today — this mention marked the
Cambrian Explosion’s debut in academia.

The rapid appearance of complex fauna in
the Cambrian fossil record was also a
significant contributor to Charles Darwin’s
doubt concerning his theory of evolution by
natural selection in the late 1850s (Gould,
1989). The appearance of these skeletal
remains put Darwin’s well-accepted theory
of evolution into question; there was no
evident transition period pre-dating the fauna
of the Cambrian time (Morris, 2006). Darwin
viewed the explosion as a reflection of the
inaccuracy of the fossil record. He believed
all evidence of a rich Precambrian period was
not represented in the geological record due
to the specificity of environments n