Lecture 12

1. Size and shape of the Earth

Geodesyis the science that studies the shape and sittee &arth. The shape of the earth
was long known to be round. Aristotle and Pythagdrath argued that the earth was a
sphere from the curved shadow it cast during lwwipses. About two thousand years
later, Sir Isaac Newton suggested that the earth ned a perfect sphere, but rather
somewhat flattened at its poles.

From mathematical considerations of the combineitational and centrifugal forces
which the earth experiences, Newton computed HeaEarth's shape should beddate
spheroid, a solid formed when an ellipse is rotated abasitaixis (see Figure 14).
Expeditions to Peru in 1735 and to Lapland in 1@@&firmed this theory. The difference
in axes is about 1 part in 300. This means théhsagtjuatorial diameter is 7,926 miles,
while its polar diameter is 7,900 miles.

Although the difference between equatorial and pdiameters is only 26 miles, the
oblate shape of the earth complicates geograpimatters. the earth's size was computed
at the Royal Library of Alexandria. This famousréby, which was founded by
Alexander the Great (a student of Aristotle, whoved the earth was round), had a
collection of a half million scrolls. As the primyacenter of learning in ancient times, the
Royal Library lured many great scholars to its fiaBesides Eratosthenes and Ptolemy,
who measured the earth's size, there were othepusmesearchers, like Euclid,
Archimedes and Hypatia (a famous female

mathematician).

Eratosthenes became head librarian at the
Royal Library around 235 BC. There, he
made the first accurate measurement of the
earth's circumference. His value (based on
the altitude of the noontime sun as seen from
Alexandria and Syene on the first day of
summer) was approximately 25,000 miles.
The actual equatorial circumference is
24,902 miles. In 150 AD, Claudius Ptolemy
recomputed this measurement based on the
altitude shift of Canopus, second brightest
star in the sky. His figure equaled 18,000
miles.



2. The Earth’s interior

The Earth, the Sun, and the rest of the solar systeas formed 4.54 billion years ago by
accretion from a rotating disk of dust and gas. Themense amount of heat energy
released from gravitational energy and from theagleaf radioactive elements melted the
entire planet, and it is still cooling off todayebser materials like iron (Fe) sank into the
core of the Earth, while lightesilicates (Si), other oxygen (O) compounds, and water
rose near the surface.

The earth is divided into four main
layers: theinner core, outer core,
mantle, and crust. The core is
composed mostly of iron (Fe) and is
so hot that the outer core nsolten,
with about 10% sulphur (S). The
inner core is under such extreme
pressure that it remains solid. Most
of the Earth's mass is in the mantle,
which is composed of iron (Fe),
magnesium (Mg), aluminum (Al),

~ § silicon (Si), and oxygen (QGgilicate
compounds At over 1000 degrees C, the mantle lid bat can deform slowly in a
plastic manner. The crust is much thinner than any ofother layers, and is composed
of the least dense calcium (Ca) and sodium (Najni@um-silicate minerals. Being
relatively cold, the crust is rocky aihittle , so it can fracture irarthquakes two types
of seismic wave behave differently, depending anrniaterial. CompressionRl waves
will travel and refract through botfuid and solid materials. She&r waves however,
cannot travel through fluids like air or water. i cannot support the side-to-side
particle motion that makes S waves.

Seismologists noticed that
records from an earthquake
made around the world
changed radically once the
event was more than a certain
distance away, about 105
degrees in terms of the angle
between the earthquake and
the seismograph as measured
at the center of the earth. After
105 degrees the direct P- and
S- waves disappeared almost
completely, but slowsurface
wavesand waves taking other




paths would arrive from over the horizon. The dregond 105 degrees distance forms a
shadow zone At larger distances, some P waves that travelutn the liquid core (path

K on the figure above) would arrive, but still na@ves. The Earth has to have a molten,
fluid core to explain the lack of S waves in thadbw zone, and the bending of P waves
to form their shadow zone.

3. The age of the Earth

he generally accepted age for the Earth and theofethe solar system is about 4.55
billion years (plus or minus about 1%). This vaisi@lerived from several different lines
of evidence. Unfortunately, the age cannot be cdeatpdirectly from material that is

solely from the Earth. There is evidence that ep&ign the Earth's accumulation caused
the surface to be molten. Further, the processe=rasfion and crustal recycling have
apparently destroyed all of the earliest surfadee ®ldest rocks which have been found
so far (on the Earth) date to about 3.8 to 3.9dnilyears ago (by several radiometric
dating methods). Some of these rocks are sedimgrdad include minerals which are
themselves as old as 4.1 to 4.2 billion years. Rouk this age are relatively rare,
however rocks that are at least 3.5 billion yearsage have been found on North
America, Greenland, Australia, Africa, and Asia.

While these values do not compute an age for thithEtlney do establish a lower limit
(the Earth must be at least as old as any formatiort). This lower limit is at least
concordant with the independently derived figure4d5 billion years for the Earth's
actual age.

4. Motion in the Earth’s interior

The tectonic plates do not randomly drift or wanaleout the Earth's surface; they are
driven by definite yet unseen forces. Although stigts can neither precisely describe
nor fully understand the forces, most believe thatrelatively shallow forces driving the
lithospheric plates are coupled with forces origim@amuch deeper in the Earth.

What drives the plates?

From seismic and other geophysical evidence andrdary experiments, scientists
generally agree with Harry Hess' theory that tlaeptriving force is the slow movement
of hot, softened mantle that lies below the rigiatgs. This idea was first considered in
the 1930s by Arthur Holmes, the English geologistowater influenced Harry Hess'
thinking about seafloor spreading. Holmes specdlakat the circular motion of the

mantle carried the continents along in much theesatay as a conveyor belt. However,
at the time that Wegener proposed his theory ofimental drift, most scientists still

believed the Earth was a solid, motionless body.néte know better. As J. Tuzo Wilson
eloquently stated in 1968, "The earth, insteadppiearing as an inert statue, is a living,



mobile thing." Both the Earth's surface
and its interior are in motion. Below
the lithospheric plates, at some depth
the mantle is partially molten and can
flow, albeit slowly, in response to
steady forces applied for long periods
of time. Just as a solid metal like steel,
when exposed to heat and pressure, can
be softened and take different shapes,
so too can solid rock in the mantle
when subjected to heat and pressure in
the Earth's interior over millions of
years.

Conceptual drawing of assumed convection cella@émantle (see text). Below a depth
of about 700 km, the descending slab begins tersaitd flow, losing its form.

The mobile rock beneath the rigid plates is beliete@ be moving in a circular manner
somewhat like a pot of thick soup when heated tibrigo The heated soup rises to the
surface, spreads and begins to cool, and then bexddsto the bottom of the pot where it
is reheated and rises again. This cycle is repeatenl and over to generate what
scientists call aconvection cellor convective flow.While convective flow can be
observed easily in a pot of boiling soup, the idéauch a process stirring up the Earth's
interior is much more difficult to grasp. While vi@ow that convective motion in the
Earth is much, much slower than that of boiling somany unanswered questions
remain: How many convection cells exist? Where had do they originate? What is
their structure?

Convection cannot take place without a source af.l¢eat within the Earth comes from
two main sourcegadioactive decayndresidual heatRadioactive decay, a spontaneous
process that is the basis of "isotopic clocks" usedlate rocks, involves the loss of
particles from the nucleus of an isotope (plaeen) to form an isotope of a new element
(the daughte). The radioactive decay of naturally occurring roial elements -- most
notably uranium, thorium, and potassium -- releasesrgy in the form of heat, which
slowly migrates toward the Earth's surface. Resitlaat is gravitational energy left over
from the formation of the Earth -- 4.6 billion ysaago -- by the "falling together" and
compression of cosmic debris. How and why the escabp interior heat becomes
concentrated in certain regions to form convectelts remains a mystery.

Until the 1990s, prevailing explanations about withives plate tectonics have
emphasized mantle convection, and most earth sstetielieved that seafloor spreading
was the primary mechanism. Cold, denser materialects downward and hotter, lighter
material rises because of gravity; this movementmatterial is an essential part of
convection. In addition to the convective forceans geologists argue that the intrusion
of magma into the spreading ridge provides an sfdit force (called "ridge push") to
propel and maintain plate movement. Thus, subdugiimcesses are considered to be



secondary, a logical but largely passive consequearicseafloor spreading. In recent
years however, the tide has turned. Most scientisis favor the notion that forces
associated with subduction are more important geafloor spreading. Professor Seiya
Uyeda (Tokai University, Japan), a world-renownggegt in plate tectonics, concluded
in his keynote address at a major scientific carfee on subduction processes in June
1994 that "subduction . . . plays a more fundanemtig than seafloor spreading in
shaping the earth's surface features" and "runthegplate tectonic machinery." The
gravity-controlled sinking of a cold, denser oceasiab into the subduction zone (called
"slab pull") -- dragging the rest of the plate ajomith it -- is now considered to be the
driving force of plate tectonics.

We know that forces at work deep within the Earthterior drive plate motion, but we
may never fully understand the details. At preseahe of the proposed mechanisms can
explain all the facets of plate movement; becahsed forces are buried so deeply, no
mechanism can be tested directly and proven beyeagbnable doubt. The fact that the
tectonic plates have moved in the past and alenstving today is beyond dispute, but
the details of why and how they move will continieechallenge scientists far into the
future.



5. The Earth’'s atmosphere

The Earth did not always have the same atmospherarg/so fond of breathing today.
The earliest atmosphere was rich in carbon dioaiewater vapor with smaller amounts
of hydrogen, helium, methane and ammonia. As tleae grew in size, more and more
carbon dioxide was dissolved into the water. Moegbon dioxide combined with
compounds to form silicon dioxide, limestone, aatci carbonate and other mineral
sediments. This began to leave the atmospheréricitrogen.

The removal of all that carbon dioxide wasimportant step in Earth's history. Too
much carbon dioxide in the atmosphere will trapt iigaa process called the greenhouse
effect. Sunlight coming in warms the surface. Hiwn radiates from the surface as
infrared radiation. But carbon dioxide will not@N infrared radiation to escape and so
the planet continues to heat up with no way forlibat to escape. Ultraviolet radiation
from the Sun removed the methane and ammoniaur c@rent atmosphere consists of
about 79% nitrogen, 20% oxygen and tiny amountsaiér vapor, carbon dioxide, ozone
and argon. The atmosphere reaches about 150 kne ahavplanet. It also thins as
elevation increases, humans have a difficult timeathing and functioning at high
elevations without oxygen support.

Scientists have divided our atmosphere intger& determined by variation of
temperature with height. In the lowest level, thepbsphere, temperature decreases with
height up to about 10 km. The troposphere is therlahere our weather occurs



Above the troposphere is the Stratospherehand, the temperature increases with
height. The increase in temperature is caused grption of ultraviolet radiation by the
ozone layer which is at the top of the stratospherelhe mesosphere is the next layer up
in the atmosphere. Again the temperature decreagths height. Above this is the
ionosphere, the highest layer in the atmosphereaaadher layer where temperatures
increase with height due to ultraviolet radiatidmis layer is also filled with charged
particles. The ionosphere was important in commatioos. Before satellites were in use,
the only way to send radio signals beyond the baorizvas to bounce them off the
ionosphere.

There are a number of forces
which drive atmospheric circulation.
The main driving force is heat from
the Sun that is re-radiated back into
the atmosphere from the surface.
There is uneven heating because
continents are warmer than the
oceans. It is because of this uneven
heating that there are high and low
pressure areas in the atmosphere.

As an example, consider air at the
equator. It is hot and so rises.
Because it is rising, the atmospheric
pressure at the equator is low. Air
from nearby high pressure areas will
move toward the low pressure areas,
creating winds. Now add the
complication introduced by the
Earth's rotation. The effect caused by
rotation is the Coriolis effect. This
causes winds in the northern
hemisphere to veer toward the east,
and winds in the southern
hemisphere to veer towards the west.
Low pressure occurs  when
atmospheric cells rise and high
pressure occurs when the cells fall.
The upward and downward
movements within the cells at
latitudes near 30 and 60 degrees
produce the high speed winds we call
the jet stream.



