Introduction to Environmental Science and Engineering
(ENV —167)
Anders Meibom

Welcome

Lectures in:
SG 0213 from 1:15 — 3 pm on Mondays
INM 200 from 2:15 — 4 pm on Wednesdays.

Please be on time.



Our program

Week day

Sep.03 Menday
Sep.10 Wednesday
Sep.15 Monday
Sep.17 Wednesday
Sep.22 Monday
Sep.24 Wednesday
Sep.29 Momnday
Oct.01 Wednesday
Oct.06 Monday
Oct.08 Wednesday
Oct.13 Monday
Oct.15 Wednesday
Oct.20

Ohct.22

Oct.27 Monday
Oct.29 Wednesday
Mov.03 Monday
Mov.05 Wednesday
Mov.10 Monday
Mow.12 Wednesday
Mov.17 Monday
Mov.19 Wednesday
Mov.24 Monday
Mov.26 Wednesday
Dec.01 Monday
Dec.03 Wednesday
Dec.08 Monday
Dec.10 Wednasday
Dec.15 Monday
Dec.17 Wednesday

Topic Teacher

Introduction Anders Meibom

Oceans, mountains and poles Hendrik Huwald
Hannes Peter

Mo class

Soils, microbes and plants

Ma class
Mo class

Emnvironmental sensing, mapping, robotics, environmental health, data science

Jérome Chappellaz

Anders Meibom

Visit to SKIL and SPOT
lanina Altshuler
Wenyu Gu

Priya Ramakrizhna
Christoph Bachofen
Exam 1

Pacle Perona

Flarian Breider

Tamar Kaohn

Visit to water purification plant

Mirko Kovac

Stephane Joost

Stephane Joost - Exercise
Deviz Tuia

Exam 2



Now — let’s introduce the star of the show .....



The Earth
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The Earth

A planet with an average radius of 6371 km.

How did it form?

Internal structure and composition.
How old is it?

How does it work?

The climate system: atmosphere, hydrosphere, cryosphere and biosphere

... a brief introduction.

A good resource:
Understanding the Earth by Grotzinger and Jordan.
Publisher: Freeman and Company. 5
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The Solar System
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The inner planets are The four giant outer planets and Pluto is a snowball of
small and rocky. their moons are gaseous, with methane, water, and rock.
rocky cores.

Figure 9.3
Understanding Earth, Sixth Edition
© 2010 W. H. Freeman and Company



The Solar System
Distance from Earth to the Sun: 150 million kms (= 1 A.U.)

Jupiter

How did the Solar System form?




Solar System formation

A diffuse, roughly spherical, slowly . . . .
rotating nebula contracts under the 21 ﬂat: rapld|y I‘Otatll‘lg disk forms, with the

f°:‘e"f?’/_ﬂt_‘"\ matter that will become the proto-Sun
concentrated at the center.

=

Figure 9.2 part 2
Understanding Earth, Sixth Edition
© 2010 W. H. Freeman and Company
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The planets form in this disk, which is why
they all circle the Sun in roughly the same plane:
The ecliptic.



Solar System formation

£ The enveloping disk of gas and dust accretes
into kilometer-sized chunks called planetesimals.

Planetesimals Proto-Sun

l —

Planete5|mal

Figure 9.2 part 3
Understanding Earth, Sixth Edition
© 2010 W. H. Freeman and Company



Solar System formation

I/} The terrestrial planets build up through
collisions of planetesimals. The giant outer
planets form mostly from gases.

Terrestrial planets Giant outer planets

\\:,/

Sun Planets
VAN
— —
'.

Solar system

Figure 9.2 part 4
Understanding Earth, Sixth Edition
© 2010 W. H. Freeman and Company



The Earth:

How did it form? V

Internal structure and composition.
How old is it?
How does it work?

The climate system... a brief introduction.
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The Earth’s internal structure and composition

Mantle

Crust

Liquid iron outer core:
Earth’s magnetic field
is created here.

Solid iron
inner core
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The Earth’s internal structure and composition

Seismic waves travel through the Earth and are refracted/reflected
at interfaces where the density changes, just like light:

Two laser beams travel from air into water and
are reflected with a mirror.

Dending on the angle the reflected beams are
either reflected back at the water/air interface
(and end up on the table), or return to the air.

Seismic waves, which are either compressional
(P) waves or shear (S) waves, do something
similar inside the Earth.

Figure 14.1
Understanding Earth, Sixth Edition
© 2010 W. H. Freeman and Company
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The Earth’s internal structure and composition

@BwUs
m Wavelength
Seismic waves are either
compressional (P) or shear (S) waves. Y -»>
am i 4

The speed of wave propagation depends Low censity
on the density of the medium... R ) Udsubedmedun

;_‘r’r‘ 7’—1’—17{#"’,“” 7— ,“’?’ 7 :{r’;;’f‘fw’;’;‘."';’r”’;‘I‘J__;: +

High density
Sound is a P wave propagating at 0.34 km/s in air and at 1.5 km/s in water
P waves in rock (granite) propagates at 6 km/s...

S waves travel slower and cannot propagate in a fluid medium like air,

water or...the Earth’s liquid outer core.
So, if we have a strong earthquake... P and S waves take off from the epicenter...
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The Earth’s internal structure and composition

Seismic waves travel through the Earth and are refracted at interfaces
where the density changes, arriving (or not) back to the surface at
different times, allowing the inner structure to be determined:

Although S waves reach the core, they cannot
travel through its liquid outer region, and therefore
never emerge beyond 105° from the focus.

P waves cannot reach the surface within the
shadow zone because of the way they are
refracted when they enter and leave the core.

Mantle Inner core
Outer core

Key
blue: P waves
green: S waves

Figure 14.2
Understanding Earth, Sixth Edition
© 2010 W. H. Freeman and Company
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The Earth’s internal structure and composition

| Abrupt changes in density
between Earth’s major
interior layers are caused

by changes in the chemical
6 ﬁl composition of those layers.

12

Density g/cm3
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, : Why is there so much metal
Deépth(km) i

: - (mostly Fe with some Ni)
Nickel
pom (6%) at the center of the Earth?

Iron (94%)

(.
: Because of the material from which
Oxygen Sulfur Nickel
| (5%) (5%) (5%)

it formed (look at meteorites) and
Orygen | L g sificon because Earth got really warm

Calcium Aluminum Iron during |tS formation, partla||y melted
(2.5%) (2.4%)  (6.3%)

y/ a— and differentiated.
w = |
(46%) (28%)

Calcium Magnesium Aluminum Iron Other
(2.4%) (4%) (8%) (6%) (6%)

The mantle and crust are silicates, i.e., primarily consisting of O and Si.

But the crust silicates are lighter than the mantle silicates.
16



The Earth’s internal structure and composition

Meteorites are fragments from asteroids, i.e., small planets orbiting the Sun between
Mars and Jupiter. Their orbits get perturbed (by the gravitational pull from Jupiter) and
enter Earth-crossing orbits. They fall on the Earth often.

Some of them are similar to the material Earth was initially made of:

17




The Earth’s internal structure and composition

Iron Lighter Crust Mantle Liquid iron outer
matter (0-40km) (40-2890 km) core (2890-5150
km)
Solid iron
inner core
(5150-6370
km)

During gravitational differentiation, ...to give us Earth as a
iron sank to the center and lighter layered planet.

material floated upward...

Figure 9.5
Understanding Earth, Sixth Edition
© 2010 W. H. Freeman and Company



Here is where | went when | was a student - to look for meteorites:

Satellite photo of Antarctica.
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Why are the meteorites there on the blue ice?

w ICE MOVEMENT AND METEORITE CONCENTRATION
Mouvzmsm DE LA GLACE ET CONCENTRATION 9Es METEORITES
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A dead musk-ox...




The Earth:

How did it form? V

Internal structure and composition. \/
How old is it?
How does it work?

I-b Plate tectonics

The climate system... a brief introduction.
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How old is the Earth?

All the terrestrial rocks (i.e., the crust) that we have access to are ‘destroyed’ by
melting (volcanism), erosion, recycling, deformation ... all the processes that take
place all the time in the mantle, in the crust and on the surface.

Our only source of material from when the Earth formed are primitive meteorites.
These meteorites formed at the same time and were not ‘destroyed’ by the same
processes because they were never part of a big planet, just a small (km sized)
asteroid... so they have preserved their original composition.

We have these meteorites, e.g., from Antarctica as you saw, but how can we date
them?

Answer: Radioactive elements... notably uranium (U) that decays to lead (Pb).



How old is the Earth?

100
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If you have a rock or a mineral that, when it formed contained some 233U and no 2°¢Pb,
and you can measure (by mass spectrometry) the concentration of both isotopes,
then, knowing the half-life of the parent, you can calculate the age of the rock or mineral.

The oldest components we can find in meteorites dated this way give an age of

4.56 billion years (10°). The meteorites formed in the same process as the Earth when
the Solar System formed, as we discussed, so this is taken as the age of the Earth

and the Solar System in general.

This is consistent with the age of the oldest rocks in the crust, which are ca. 4.4x10° years
old. But most crustal rocks are much younger — why? Plate tectonics....
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How old is the surface of the Earth?

So, the Earth formed 4.56 billion years ago... but why is any terrestrial rock we can
find so much younger ... the answer is that everything in the Earth’s mantle and
crust is part of the plate tectonic cycle...

First of all — there are two types of crust covering the Earth:
Continental crust and oceanic crust.

Both types of crusts are silicates, but they have lower density than the mantle
underneath and therefore float on the mantle.

But the continental crust is the lightest and therefore floats higher, which is why
the continents stick out of the global ocean...

The ocean covers the oceanic crust with an average depth of 4-5 km.

And the ocean covers about 70 % of the surface of the Earth.

44



How old is the surface of the Earth?

Less dense continental crust floats on denser mantle

g - Jﬁ‘
0 (km) \ -
10 Contlnentaill crust
20 i A(2:8 g/em?) o
o Ve W S S Oceanic crust
30 Voo | L (3.0 g/cm?)

Horizontal distance not to scale (3.4 g/cm3)

The continents generally formed early in the evolution of the Earth and are so light
that they cannot sink back into the mantle. Their rocks are typically billions of years old.

In contrast, the oceanic crust, which is created all the time, also sinks back into the
mantle. This is called subduction.

So continents stay on the surface and are old.

Oceanic crust is created and destroyed all the time —and is much younger...
45



How old is the surface of the Earth?

Here is the principle of the plate tectonic cycle.

Oceanic crust is formed by magma rising from the mantle at mid-ocean ridges and
subducts under the lighter oceans. This takes place continously (keeping the surface
area constant). The continents are being pushed around... creating continental drift.

This creates earthquakes, volcanoes and mountain chains!

Continent e @G-8 Spreading rates

o— Oceanic Crust <«4— _ =& QOceanic Crust ~' are 1-10 cm / year

Magma
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How old is the surface of the Earth?

b ¢ Wt

Each colored’band represents
a span‘é’f time within which the

rocks'in that band formed

The boundaries between
bands,arecontours of
&au’a'ﬁ;e, called isochrons. -

wloge

\

o 11 20 33 40 48 56 68 84 120127132 140 148 154 180
Age of rocks (millions of years)

Figure 2.15
Understanding Earth, Sixth Edition
© 2010 W. H. Freeman and Company



Magma rose from the mantle, creating

new oceanic spreading centers that

pushed old continental plates apart.

This will of course continue into the
future, e.g., pushing Europe/African
and the Americas further apart.

You can search for movies showing
the reconstructed plate motions on
e.g. Youtube...

BREAKUP OF PANGAEA

3 The breakup of Pangaea was signaled by the
opening of rifts from which lava poured. Rock

(f) Early Jurassu, 195 Ma
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/4 By about 150 million years ago, Pangaea
was in the early stages of breakup. The
Atlantic Ocean had partially opened, the
Tethys Ocean had contracted, and the
northern continents (Laurasia) had all but
split away from the southern continents
(Gondwana). India, Antarctica, and
Australia began to split away from Africa.

5 By 66 million years ago, the South
Atlantic had opened and widened.

India was well on its way northward

toward Asia, and the Tethys Ocean
was closing to form the
Mediterranean.

6 The modern world has been produced over the
past 65 million years. India collided with Asia,
ending its trip across the ocean, and is still
pushing northward into Asia. Australia has
separated from Antarctica.
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Figure 2.16 part 3
Understanding Earth, Sixth Edition

assemblages that are relics of this great event can
be found today in 200-million-year-old volcanic
rocks from Nova Scotia to North Carolina.

(g) Late Jurassic, 152 Ma
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Plate tectonics create topography:

1 Typical elevation
of land surface
is 0-1 km.

x
X0,o ¢

Elevation (km)

Mariana
Islands

D

Himalayan Marianas
Mountains Trench

Challenger
Deep

2 Typical depth
of ocean s
4-5 km.
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The Earth:

How did it form? V

What is it composed of ? v
How old is it?
How does it work? V

I-b Plate tectonics

The climate system... a brief introduction.
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Earth system:
Interactions of the climate, plate tectonic and geodynamo systems.

THE PLATE TECTONIC SYSTEM |

( THE CLIMATE SYSTEM involves interactions among the
involves interactions among the atmosphere, lithosphere, asthenosphere, and deep
hydrosphere, biosphere, cryosphere, and mantle
lithosphere ASTHENOSPHERE

LITHOSPHERE b Weak, ductile layer of
ATMOSPHERE CRYOSPHERE Strong, rocky outer mantle beneath the
Gaseous envelope Polar ice caps, shell of the solid Earth lithosphere that
extending from glaciers, and that comprises the crust deforms to accommo-
the Earth’s surface other surface and uppermost mantle date the horizontal and
to an altitude of ice and snow to an average depth of vertical motions of
about 100 km about 100 km; forms plate tectonics
\ \ \the tectonic plates
"\ DEEP MANTLE
HYDROSPHERE Mantle beneath the
Surface waters b asthenosphere,
comprising all extending from about
oceans, lakes, ey 400 km deep to the
rivers, and ground- core-mantle boundary
waters (about 2900 km deep)
BIOSPHERE \
All organic matter i\ ‘ N J
related to life near — ] | E
Earth’s surface These geosystems
are energized by
4 N Earth’s internal
r heat.

14

\\\ /
THE GEODYNAMO SYSTEM

involves interactions between the
inner and outer cores

“— This geosystem is
energized by
solar radiation.

INNER CORE OUTER CORE

Inner sphere composed Liquid shell composed primar-
primarily of solid iron, ily of molton iron, extending
extending from about 5150 from about 2900 km to 5150
km deep to the Earth’s km in depth

center at 6370 km

This course will focus on the
climate system and its components.



The Earth is an open system:

The Sun drives Solar energy is Earth's internal engine is _and radioactivity
Earth’'s external  responsible powered by trapped in its interior.
engine for our climate heat from its formation...

and weather

Sun

Heat radiating from Earth Meteors move mass from
balances solar input and heat the interplanetary space to
from interior (which is minor). Earth (this is also minor).



The Atmosphere:

Composition (mole fraction):
78% N,
21% 0,

Thelast1 %:

Ar, CO,, water vapor,
methane (CH,), ozone (0O;7),
other trace gasses.

EARTH

500

400 f—

Air denisty
— .
300 [— fe 0t

Air molecules LA
—

Altitude (km)

Low High

Incrasing

. @ 75 % of its mass is in the troposhere
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The Keeling curve

(]
5]
(=]

8

CO; Concentration (ppm)
o
=
|

1750 1800 1850 1900 1950 2000
Years (C.E.)

2

Monthly mean CO, concentration
Mauna Loa 1958-2024

420 .
Seasonal variation

400

380

CO, fraction in dry air (umol/mol)
Departure from yearly average

360

CO, fraction in dry air (umol/mol)

340

320

1960 1980 2000 2020

Year 54

Data : Dr. Pieter Tans, NOAA/ESRL (https://gml.noaa.govicoggitrends/) and
Dr. Ralph Keeling, Scripps Institution of Oc (https: ucsd.edu/). Accessed 2024-12-24
https:/Aw.wiki/4ZWn




Earth’s biosphere — seasonal changes...

Land Vegetation (NDVI
-
Ocean Chlorophyll (mg/m’

You can find the movie here: https://svs.gsfc.nasa.gov/11861/




Overview of Geologic Time

‘ 0.2 Ma

4560 Ma First appearance

Earth and planets form of our species,
@ ‘ 66 Homo sapiens

Start of rise of atmo- 5Ma

4000 Ma 3500 Ma spheric oxygen First hominids —
Oldest Record of magnetic field 125 Ma .
4510 Ma continental Fossils of primitive Earliest flowering ————
2500 Ma

Moon forms rocks 3800Ma  bacteria @ Viiiika plants
4470 Ma Evidence of s 5 i i
Oldest lunar erosion by Q :Ilajor phase of clon;:;\ent 542 Ma Earliest land animals Mass
‘'ormation complet i “Bi " extinctions
rocks waTer Evolutionary “Big Bang 443|350 251 200
| | EEEEEEEEEEREEEEENE | [
4000 Ma 3000 Ma 2000 Ma 1000 Ma 0 Ma
HADEAN ARCHEAN PROTEROZOIC PHANEROZOIC
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