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Summaries of Bruce Railsback’s lectures
in the one-semester course designated

GEOL 1122: Earth’s History of Global Change
at the University of Georgia for Spring Semester 2022.
The remarkably broad-ranging description of GEOL 1122 provided by the University of
Georgia is the following:
Geologic record of global change, including measurement of geologic
time, global geochemical cycles, sea-level and climate change,
biodiversity, evolution, ecological changes and extinctions.
The course has no prerequisites, so that developing a basic understanding of geology is left as a
hidden but necessary part of the course. The lectures summarized below therefore are required to
cover
Basic Earth materials like the elements (and their isotopes), minerals, and rocks, all
covered solely to let us talk about those Earth materials later in the course as
evidence of Earth’s history;
Basic principles used to understand Earth history, and their most fundamental conclusion
(the age of the Earth);
The history of life, which has great implications for the history of the planet;
Critical environmental processes needed to understand environmental history, and
The environmental history of the Earth, the topic of the course title and of much of the
course description.
This document provides summaries of Bruce Railsback’s lectures in GEOL 1122. These
summaries are provided to give students a text-based resource, in contrast to the visually oriented
Powerpoint-based lectures given in class. As a searchable document, it also can serve as a
glossary to enhance understanding of unfamiliar terms. However, these summaries are not a
substitute for attendance at lecture, a full set of lecture notes, and familiarity with the illustrations
used in lecture. Questions for GEOL 1122 exams are taken from lectures, from these lecture
summaries, and from readings assigned on the syllabus and via eLC, and from course exercises.
This document was improved by careful proof-reading by Chris Smith, Will Crumpacker,
and Max Deckman, graduate teaching assistants in the Department of Geology of the University
of Georgia.

Preface
Thinking about Earth’s history requires thought processes in which we do not usually
engage. The most mind-bending is to think about vast spans of time – billions of years – so great
that we may achieve our best understanding of them when our brains feel disorientated in
recognition of that vastness. With enough time, the improbable (not the impossible, but the
improbable), becomes likely if not inevitable. With enough time, tiny changes add up to huge
changes. That makes for an interesting history and an exciting if perhaps frightening future.
Another mind-bending aspect of Earth’s history is the potential for life to change, and to
cause change. Life takes advantage of every opportunity, whether it is viruses and microbes
invading multicellular bodies, the roots of trees forcing their way into bedrock, or humans
digging and drilling to depths in the Earth so great that solid rock penetrated by drilling explodes
from the pressure of the weight above. That aggressive nature of life, combined with the vast
time discussed above, means that if something is biochemically possible, either it probably has
happened in the past or probably will happen in the future. That too makes for an interesting
history and an exciting if perhaps frightening future.
One improbable development in very recent Earth history has been the appearance of
intelligent life: life that can infer the distant past and imagine various futures, life that can make
materials that never existed before and do things that never happened before. That life form has
transformed the planet in a few millennia, and it is doing so at accelerating rate. That life form is
capable of making choices that lead to a healthier and more sustainable planet, and choices that
do the opposite. That life form is you. The material that follows is intended to inform you about
the past of your planet, but with the goal of thinking about what its future can be. You will
determine that future with the choices that you make: choices about where and how to live,
choices about reproduction, choices about the leaders and policies that you support. The fate of
the planet is in your hands.

Pre-lecture: seeing the world like a geologist
One of the most fundamental messages of a course in Earth’s history is that Earth is
dynamic: it changes, and has changed, through time. This means that Earth as we see it today is
one snapshot in Earth’s evolution: it was different earlier, and it will be different in the future.
This is true at the scale of an exposure of rock being eroded today at Earth’s surface: previously
there was more of the rock in question, and much or all if it was within the Earth rather than
exposed, and in the future there will be less or none as erosion proceeds. It is similarly true at
much larger scale: The continents and oceans that we see today had different configurations in the
past, and they will have different configurations in the future. One key to understanding the Earth
is to realize that what we see is just one moment, and one configuration of Earth, through a vast
span of time. When we look out a window and see a person or a vehicle go by, it’s left to our
imagination to think about where that person or vehicle came from and where it will go – and the
same applies to the landscapes and Earthscape that we see today.
With regard to what “we see today”, geologists value entire natural landscapes, but they
commonly focus on places where Earth materials, commonly bedrock, are not covered by
vegetation or soil. These include natural outcrops (exposures of bedrock), roadcuts (linear
excavations made to let roads pass through hills), quarries (excavated areas from which rock is
extracted for building purposes), open-pit mines (excavated areas from which rock is extracted to
remove ores), underground mines (more-or-less vertical excavations to extract ores or coal), and
wells (generally vertical holes drilled as much as 35,000 feet (five miles) into the Earth).
If that is what we actually can see, there are also portrayals of what we think we would
see. Maps represent the distribution of things across more-or-less horizontal surfaces. Crosssections represent the distribution of things across vertical surfaces. Block diagrams do both. We
will see all of them in this course.
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Sources of geologic information in the field
Geologists have traditionally obtained much
of their information by examining and/or
sampling bedrock in the outcrops, roadcuts,

quarries, mines, and other exposures shown
here. In addition, earth scientists use seismic
surveys, aerial photographs, satellite images,

time-series of GPS data, and many other
kinds of information, and they study soils and
sediments in addition to bedrock.

Natural Outcrops
Roadcut
Quarry
Gravel
Pit

Cut bank
of stream
Well

Mine

Soil

Soil
Stream sediments

Dike of
igneous rock

Layers of various kinds of
sedimentary rocks

Fault

This
is a
block
diagram,
two sides
of which are
cross-sections.
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Time-series plots

Parameter of interest

Earth scientists commonly plot data on
graphs on which the horizontal axis is
time. This page is an introduction to

that kind of plot. The same data are plotted
twice here to illustrate that some people
make plots going one way in time and other
people make them the other way.

Greatest value of parameter
100 or 100,000 or 100,000,000 years ago

30
20
10

Value of parameter now
0
0

100
200
300
400
You are here Years ago, or Thousands of years ago, or Millions of years ago

on the timeline.
Time scales are different on different plots – this document use three colors
to show three options, any one of which might be used on an actual plot.

Parameter of interest

Greatest value of parameter
100 or 100,000 or 100,000,000 years ago
30
20
10

Value of parameter now
0
400

300
200
100
0
You are here
Years ago, or Thousands of years ago, or Millions of years ago on the timeline.
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Lxr
No.
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33

Topic and required reading
Basic stuff
Syllabus; minerals
Igneous rocks, metamorphic rocks, isotopes
Sedimentary rocks
Movement of rock: Structural geology and plate tectonics
Time
Goals and theories
Correlaltive and relative dating
Absolute dating
Age of the Earth and geologic time scales
Evolution of the Earth
Life
Biological evolution
Precambrian evolution
Phanerozoic life & chordate evolution I
Phanerozoic life & chordate evolution II
Environment
Greenhouse effect
Estimating past atmospheric CO2
Atmospheric history
Estimating past sea level
Climate & Ocean circulation
Estimating past temperatures
Major extinction events
Climate History
The Phanerozoic, Cretaceous and PETM
The Cenozoic / Glaciation
Quaternary glaciation
The last glacial cycle
Holocene 1 - Changing the world
Holocene 2 - the last 11,700 years
Holocene 3 - 20-21st Century environment
Holocene 4 - Resources
Holocene 5 - Part 1 - Greenhouse effect & warming
Holocene 5 - Part 2 - Greenhouse effect & warming
Holocene 6 - Alternatives
Holocene 7 - Changing ecologies
Summation

Part I. EARTH MATERIALS AND PROCESSES
Lecture 1: Minerals
Earth can be considered at a variety of scales, from large (the whole planet, perhaps in
comparison to the other planets) to small (the minerals that make up rocks, and the atoms that
make up those minerals) (see illustration). We will start small, at the scale of minerals, and work
our way up to rocks, to the natural structures in which we see rocks, to the continents and ocean
floor, and finally to the whole planet.
Earth’s crust consists mostly of oxygen, with a good bit of silicon, and with lesser
proportions of ninety other elements. Mineralogists make their highest-level division between
minerals with oxygen and silicon (the silicates) and, on the other hand, all the other minerals (the
non-silicates). We will use that division and begin with the non-silicates.
Non-silicate Minerals
Hematite (Fe2O3) is an iron oxide mineral that is the most oxidized form of iron. It is
therefore evidence of the presence of molecular oxygen (O2) that could oxidize iron. Thus, when
hematite is found in ancient earth-surface materials, it is evidence that there was O2 in the
atmosphere when those materials formed. The relevant earth-surface materials are commonly
ancient soils, or “paleosols”.
Magnetite (Fe3O4) is another iron oxide, and one that is less fully oxidized. It is
magnetic, and when it forms in cooling magma, it orients itself according to the magnetic field of
its time. In ancient rocks, it is commonly found in orientations not compatible with Earth’s
present magnetic field, providing evidence of reversals of Earth’s magnetic field and/or evidence
of changing positions of the continents.
Pyrite (FeS2) is an iron sulfide, rather than oxide. Both its iron and its sulfur are less
oxidized than they would be under Earth’s presently oxidizing atmosphere. Thus, when pyrite is
found in ancient earth-surface materials, it is evidence of an atmosphere that lacked O2.
Halite (NaCl) is sodium chloride, the salt that precipitates in greatest abundance when
seawater evaporates. Its presence in ancient sediments is therefore evidence of a limb of the
ocean (or a saline lake) in a region of considerable evaporation.
Gypsum (CaSO4-2H2O) is hydrated calcium sulfate. It forms during the evaporation of
seawater or the water of saline lakes and therefore is commonly evidence of ancient seas.
Anhydrite (CaSO4) is calcium sulfate that has no water (hence its name). It too forms
during the evaporation of seawater or the water of saline lakes (or results from the post-

depositional dehydration of gypsum) and therefore is commonly evidence of ancient seas. These
three minerals (halite, gypsum, and anhydrite) are thus all products of the evaporation of saline
waters and so are collective “evaporite” minerals.
Aragonite and calcite (CaCO3) are two forms (two polymorphs) of calcium carbonate.
Both are used by marine organisms to make their shells. Their calcium carbonate is the material
of limestone, a rock that is evidence of ancient seas.
Dolomite (CaMg(CO3)2) is a calcium magnesium carbonate. It commonly forms when
the calcium carbonate of limestone has some of its calcium replaced by magnesium. It is therefore
also evidence of ancient seas.
Silicate Minerals
There are many silicate minerals, but we will just name two at the ends of a spectrum and
then characterize trends in that spectrum. At one end is Quartz (SiO2), the chemically simplest
of the silicate minerals by consisting of only silicon and oxygen. Other minerals chemically
similar to it include potassium feldspar (KAlSi3O8). Because these minerals have much silicon
and aluminum, geologists have invented the word “sialic” for the minerals at this end of the
silicate spectrum.
At the other end the spectrum is Olivine (MgFeSiO4), a silicate of magnesium and iron.
It is a silicate, but note that the magnesium (Mg) and iron (Fe) atoms outnumber the silicon.
Geologists therefore have invented the name “mafic” for the minerals at this end of the silicate
spectrum. There are other minerals with a lesser proportion of magnesium and iron toward this
end of the spectrum.
Along this spectrum, we can talk about trends that have major implications for Earth and
its history. The first is that, in the presence of some H2O, the sialic minerals melt at lower
temperatures and the mafic minerals melt at higher temperatures. Thus, if part of Earth’s interior
is exceptionally heated and/or has H2O injected into it, the more sialic minerals there will
preferentially melt. Thus, with this partial melting, sialic magmas will rise toward Earth’s
surface, ultimately to cool and make areas of sialic rock at or near Earth’s surface.
A second trend is that the mafic minerals are more dense (largely because they have iron,
a dense element), and the sialic minerals are less dense. Thus parts of Earth’s crust that are
mafic tend to sink lower, and they make the ocean basins. On the other hand, the parts of Earth’s
crust that are sialic rise (or float, in a sense) higher. These parts make the continents.
At this point, mineralogy has provided one answer to “why are we here?”. We humans
are land-dwelling organisms dependent on the existence of continents. If H2O-induced partial

melting of Earth’s interior didn’t produce sialic magmas that rose to make the buoyant continents,
Earth’s dry land would only be Iceland, Hawaii, Fiji, and a scattering of smaller volcanic islands
made of mafic minerals. Thus, if H2O-induced partial melting of Earth’s interior didn’t produce
sialic magmas that rose to make the buoyant continents, Earth as we know it, land-based life as
we know it, and human life as we know it, would not exist.
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Minerals as the most fundamental level of observation in the Earth Sciences
Earth scientists make observations
at many different spatial scales, and
with many different foci of interest.
However, regardless of the focus of
interest, the smallest and most funda-

mental scale of observation in the Earth
Sciences is almost always that of
minerals. That is true whether we're
thinking of minerals in the igneous and
metamorphic rocks that dominate the

crust and mantle, minerals in sediments and sedimentary rocks near
the Earth surface, or the minerals of
which almost all fossils consist.

A contextual definition of “mineral”:
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Mineral: a stable configuration of atoms
that is in turn
+ + – + – –
a component of rocks and sediments
Typical textbook
definition of “mineral”:
Naturally occurring
inorganic crystalline
solid with set chemical
composition and
characteristic physical properties.

Crystalline

Not crystalline

Atoms of six elements

A non-ordered
phase that
would have
positive-positive
and
negative-negative
repulsions and
therefore would
not be
stable, and
therefore would
not be
a mineral.
Ordered
phases in which
positive-positive
and
negative-negative
repulsions are
minimized
LBR 1/2022
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Four minerals
consisting of atoms
of six elements

A piece of rock
consisting of sixteen crystals
of four minerals
consisting of atoms of six elements
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Non-silicate minerals relevant to historical geology
Mineral name
Oxides:
Hematite

Chemical formula

Significance

+3

Fe2O3

As the most oxidized form of iron, evidence of an O2-bearing atmosphere.

+2 & +3

Magnetite
Sulfides:
Pyrite

Fe3O4
+2

Used to determine direction to poles when a rock formed long ago,
and thus evidence regarding past continental positions.

0 & –2

FeS2

As reduced forms of iron and sulfur, evidence when found in ancient
Earth-surface materials of absence of O2 from atmosphere then.

Halides:
Halite
Sulfates:

NaCl

Evidence of evaporation of seawater (or lake water).

+6

Gypsum

CaSO4•2H2O

Anhydrite

CaSO4

Evidence of evaporation of seawater (or lake water).

Evaporite
minerals

Evidence of evaporation of seawater (or lake water).

Carbonates:
Aragonite

CaCO3

Calcite

CaCO3

Dolomite

CaMg(CO3)2

Two polymorphs

Used by organisms to make their shells etc.

Used by organisms to make their shells etc.,
and the main mineral in limestone, a marine sediment and thus evidence of presence of past oceans.

Forms when groundwater moves magnesium into limestones,
resulting in dolostone, and thus another clue of
marine deposition and past oceans.

II
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You are here.

2

1

Mafic to
ultramafic
oceanic
crust

Buoyant sialic
continental crust

1

H2O carried down
with sinking old
oceanic crust

Partial melting of more
sialic components of
mantle and oceanic
crust

Ultramafic mantle

Megascopic
results:

1

2
The words “you are here”
are included to emphasize
that, as a land-dwelling
organism, you would not
be here without these
geological processes.

Lecture 2: Igneous and Metamorphic Rocks, and Isotopes
From the minerals covered in Lecture 1, we increase our scale of observation in this
lecture to rocks. Rocks are solid aggregates of crystals of one or more minerals. “Rock” is a
word that we will use in the common sense of a human-scale body of mineral material, as with
the stones we try to skip across ponds. However, we will also use “rock” in a larger scale, as
when we say that the Georgia Piedmont is a region of a certain kind of rock and are no longer
thinking of a physically distinct body and instead thinking of a volume of the Earth.
Three fundamental kinds of rock are recognized by geologists: igneous, metamorphic,
and sedimentary. This lecture will cover the first two, but we will devote an entire later lecture to
sedimentary rocks because they are so critical to understanding the history of the Earth surface
and of global change.
Igneous Rocks
Igneous rocks are the rocks the form from the cooling of magma, where “magma” refers
to molten mineral material and its accompanying gases. Geologists divide igneous rocks most
fundamentally into two categories by the size of the rocks’ crystals. A rock in which all of the
crystals are large enough to be seen with the naked eye, or a hand-lens, is considered a coarsegrain rock. The growth of those large crystals from the atoms in a magma requires time, and thus
requires slow cooling. Slow cooling in turn requires that the magma becomes solid within the
Earth, rather than at the surface where it would have lost its heat rapidly. Thus a coarse-grained
rock is inevitably an “intrusive” rock, because the magma was intruded into pre-existing rock
within the Earth. Because Pluto was the Roman god of the underworld, these rocks are called
“plutonic”, and “pluton” will be a word for bodies of such rock.
The other category of igneous rocks is all the opposite. A rock in which at least some of
the crystals are too small to be seen with the naked eye, or a hand-lens, is considered a finegrained rock. The tiny crystals indicate that, at least in the last stages of magma’s travel, it
reached the Earth surface, where the magma cooled quickly in air hundreds of degrees cooler than
the magma itself. Thus a fine-grained rock is inevitably an “extrusive” rock, because the magma
was extruded from Earth’s interior onto the surface. Because Vulcan was the Roman god of the
forge, a hot and fiery Earth-surface place, these rocks are called “volcanic”, and “volcano” is of
course our word for where such bodies of rock form.
To name different kinds of igneous rock, geologists distinguish on the basis of crystal
size (as above) and on mineralogical, and ultimately chemical, composition. The latter sounds
challenging, but it turns out to be easy. Mafic (magnesium- and iron-rich) minerals are

commonly black because they contain reduced iron. Sialic (silicon- and aluminum-rich) minerals
are commonly clear, white, or at most pink, because they lack reduced iron. Thus we can make
the chemical and mineralogical distinction between mafic and sialic largely on color: dark for the
mafic minerals and light for the sialic minerals, with gray as the intermediate case.
Armed with the characteristics of crystal size and color/mineralogy/chemistry, we can
arrive at the simple system of six rock names that are used in the most basic classification of
igneous rocks. It is this 2x3 matrix:
Chemistry:

Sialic
(light)

Intermediate
(gray)

Mafic
(dark)

Texture:
Coarse/Intrusive/Plutonic

Granite

Diorite

Gabbro

Fine/Extrusive/Volcanic

Rhyolite

Andesite

Basalt

“Granite” and “Basalt” are in bold in the table above because they are the only two igneous rock
names that we will need (or at least that students are required to know) for this course.
The names for bodies of plutonic rock characterize the form of those bodies. Equant
bodies (roughly the same length all directions, although far from spherical) that are house- to citysized are called “plutons”. Larger equant bodies, state-sized to larger, are called “batholiths”
(literally, “deep rocks”, but very large masses of igneous rock formed at depth). Roughly planar
bodies that cut across earlier rock structure are called “dikes”, in the sense that like human-built
dikes they cut across landscapes. Roughly planar bodies that follow earlier rock structure are
called “sills”, like the sills or beams that are parallel to each other in a wooden building.
Metamorphic Rocks
Metamorphic rocks are rocks whose present nature is the result of changes to earlier
rocks (hence they are the results of metamorphism, just as insects undergo metamorphosis).
Metamorphism most commonly happens when rocks are buried deep in the Earth and subjected to
great temperature (sometimes approaching their temperature of melting) and great pressure. The
minerals of the pre-existing rock are converted to more dense minerals, and with sufficient time
larger crystals grow than those of the pre-existing rock. Laboratory experiments to generate the
minerals found in metamorphic rocks commonly show that temperatures of several hundred
degrees centigrade and pressures requiring depths of ten to twenty miles in the Earth are
necessary for these minerals to form. We will not need to know the names of the various kinds of
metamorphic rock (e.g., slate, schist, and gneiss). However, the fact that the presence of a

metamorphic rock now at the Earth surface requires it to have been exhumed from miles down in
the Earth will be very important to us as we consider the age of the Earth.
Isotopes
At this point we reverse our path: rather than proceeding from smaller scale to larger, we
go back to smaller scale, to look at the atoms that make up minerals. Specifically, we need to say
that not all atoms of a given element are identical – that not all of the carbon atoms of the CaCO3
of calcite and aragonite are exactly the same, and likewise not all the S atoms of the FeS2 of
pyrite are exactly the same. Instead, different atoms of one element can vary a little by weight,
because they have different numbers of neutrons (the subatomic particles that have no charge but
have mass). Carbon is a good example: 12C has the six protons that define it as carbon and six
neutrons to give its weight (6+6) of 12 mass units, but 13C has seven neutrons (and 6+7=13) and
14

C has eight (6+8=14). These different variants among the atoms of an element are isotopes, so

that we can talk about 12C, 13C, and 14C as isotopes of carbon. It’s no different than if we said a
soft drink (Lolacola) came in bottles of three sizes, 6, 12, and 16-ounce, and called them
6

Lolacola, 12Lolacola, and 16Lolacola.
Some isotopes are stable (their atoms seemingly last forever), and some isotopes break

down (and so they “decay” or “are radioactive”, because their decay releases energy). In our
example of carbon, 12C and 13C are stable, and 14C is radioactive. Both kinds will be useful to us.
The stable isotopes of some elements are separated by natural processes, and carbon is a great
example: photosynthesis greatly favors 12C and discriminates against 13C, so that we will be able
to infer that ancient deposits of carbon rich in 12C and depleted of 13C are evidence of
photosynthesis and thus ancient life. Radioactive isotopes will be useful because their decay
occurs at known rates, so that we can use the relative abundance of isotopes of an element to
determine the ages of geological materials.

14

C is a famous example, with its “radiocarbon

dating”, but several other elements have radioactive isotopes that will be useful to us too.
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Rate of cooling of magmas and the texture of igneous rocks
Slow cooling:

Fast cooling:
Maximum
possible
travel for
atom at left

Maximum
possible
travel
Multiple
possible
random
walks
Longer cooling time
allows longer random
walks of atoms to sites on crystals

Size of crystals:
Descriptive terms on the
basis of whether crystals
are visible to naked eye:

Shorter cooling time
only allows shorter random
walks of atoms to sites on crystals.*

coarse-grained
phaneritic

fine-grained
aphanitic

From the Greek word
ϕανερός for “visible”

Genetic terms on the basis
of whether the rock forms
inside the Earth or at its surface:
Genetic terms derived from
the names of Roman gods:

intrusive

extrusive

plutonic

volcanic

From Pluto, the god
of the underworld

From Vulcan, the god
of the forge

Another way to look at this is the much
greater surface area of smaller crystals
provides more surface area and thus
more sites for atoms to join
in a shorter time.*

(at least most of the crystals are
tiny and invisible; some earlyforming crystals may be large,
giving a porphyritic rock)
*The explanations above assume that many small
crystals will exist with fast cooling. Nucleation of
many small crystals happens as fast cooling induces a high saturation state that allows crystal
nuclei to grow despite their large ratio of surface
area to volume, which otherwise thermodynamically
disfavors their survival .
LBR
6/2012
SFMGIntrusiveExtrusiveOrigin01.odg
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Metamorphism and Metamorphic Rocks
In biology, we use "metamorphism" to talk about major
change through time in individual organisms (as from
caterpillars to butterflies). Rocks can likewise undergo

The process of
metamorphism:

"recrystallization"

change to the extent that their nature and appearance are
completely transformed. Thus the three fundamental kinds
of rocks are igneous, sedimentary, and metamorphic.

Shale
Clay minerals with
little preferred
orientation

Change in mineralogy and texture
of a rock because of increased
temperature and pressure
(and perhaps because of chemical substances gained or lost to passing fluids).

Less hydrous
The immediate
products of
metamorphism:

A very schematic model
of metamorphism

Newly-formed minerals,
perhaps micas
(e.g., muscovite)
For example, from analcime (NaAl2Si2O6·H2O)
after incipient
to albite (NaAlSi3O8)
metamorphism due to
temperature and
minerals
pressure
For example, from andalusite (D=3.14)
to sillimanite (D=3.24)

More dense minerals
New minerals
Coarser crystals
Crystals with preferred orientation

Slate
Small but
foliated
crystals

Foliated (planar minerals parallel to each other,
like the pages of a book)
Lineated (linear minerals parellel to each other,
like pencils in a box)

Regional metamorphism:
Two general styles
of metamorphism:

~300-700°C

Phyllite

caused by high pressure and temperature
with deep burial within the continents, and
thus commonly covering entire regions
when exposed by erosion.

Larger, but still
essentially
microscopic,
foliated
metamorphic
crystals

A batholith, pluton, dike, or sill
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Lack of significant and/or
sustained pressure results in no
preferred orientation of crystals.

Some
melting of
granite in
presence
of water

10 Conditions
not found
in nature
8
6
4
2

Earth- 0
surface
conditions

RE
200

GI

A
ON

L

Dry
melting
Some
melting of
basalt in
presence
of water

CONTACT
400

600
800
Temperature (°C)

30

20

10

0
1000

Depth (km)

caused by high temperature
near an igneous intrusion,
and thus at the contact
between the surrounding host
rock and the intrusive rock.

Pressure (kbars)

Contact metamorphism:

Schist
Foliated
crystals
visible to
the
naked
eye

Isotopes
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Things at the “same place” in the periodic table

14
13 Element
No. 6
12 Element
No. 6
6 protons 8 neutrons

CC
C

6 protons 7 neutrons

6 protons 6 neutrons

Element
No. 6

Carbon
Carbon
Carbon

15
14

18
17 Element
No. 8
16 Element
No. 8
8 protons 10 neutrons

7 protons 8 neutrons

NN

7 protons 7 neutrons

Element
No. 7
Element
No. 7

Nitrogen
Nitrogen

OO
O

8 protons 9 neutrons

8 protons 8 neutrons

Element
No. 8

Oxygen
Oxygen
Oxygen

36
34 Element
16
33No.Element
No. 16
32 Element
No. 16

19

9 protons 10 neutrons

F

Element
No. 9

Fluorine

16 protons 20 neutrons

An element is all of the atoms with
the same number of protons (e.g.,
6 for carbon). Within one element,
isotopes are atoms with different
numbers of neutrons (e.g., 6, 7, and 8
for carbon), which give the different
weights by which the isotopes are
known (e.g., 12, 13, and 14 for
carbon). When chemists were
first learning about all of this and
assembling the periodic table, they
realized that isotopes of an element
were all things that should be at
the same place in the periodic
table, and “same place” or “iso - tope”
from Greek gave the name “isotope”.
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P

SS
SS

16 protons 18 neutrons

15 protons 16 neutrons

16 protons 17 neutrons

Element
No. 15

Phosphorus

16 protons 16 neutrons

Element
No. 16

Sulfur
Sulfur
Sulfur
Sulfur

37
35

17 protons 20 neutrons

Cl
Cl

Element
17 protons
18 neutrons

No. 17
Element
No. 17

Chlorine
Chlorine
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Fractionation of carbon isotopes in photosynthesis
In photosynthesis,
Carbon dioxide + Water → Organic matter + Oxygen
6CO2 + 6H2O→ C6H12O6 + 6O2
the lighter isotope of carbon, 12C, is greatly preferred.
Stomatal portal to the biochemical machinery
that will manipulate carbon atoms

13C

12C

13C

13C

12C

12C
12C
13C
13C
12C

Photosynthesis

12C
12C

12C
12C

12C

12C

12C

13C

This makes carbon isotopes great tracers for biological carbon,
which will be enriched in 12C (i.e., depleted in 13C , and thus have a low δ 13C).
LBR SFMGCarbonIsotopes&Photosynthesis01.odg 5/2017

Lecture 3: Sedimentary Rocks, and Fossils
Sedimentary rocks are rocks that formed from sediments that accumulated at Earth’s
surface. Those sediments originate in some way from the weathering and erosion of pre-existing
rocks on Earth’s land surface. “In some way” includes mechanical weathering’s production of
solid particles like boulders, sand grains, and clay, and chemical weathering’s production of
dissolved solutes like dissolved calcium, bicarbonate, and sulfate. Those materials are
transported by flowing water (streams and rivers), by blowing wind (as in dust storms), and by
flowing ice (glaciers). The materials are deposited in river valleys, lakes, coastal plains, and the
coastal seas and deep ocean. However, their preservation for millions of years is most favored by
deposition in the last two in that list (coastal seas and deep ocean) and least favored by the first
two (river valleys and lakes), where erosion later removes them and sends them onward to be
sediments in lower regions.
Sedimentary rocks are significant to understanding Earth history because they tell us
much about the Earth – where there were seas and how deep they were, where there were
shorelines, and to an extent where there were inland features from which sediments survive.
From this, we can develop an understanding of past geography and climate. We will therefore
survey the different kinds of sedimentary rocks to see what they tell us.
Conglomerates are the rocks resulting from the deposition of gravel, which consists of
coarse rounded particles of pre-existing rock. Because those particles or clasts require much
energy to be moved, conglomerates record deposition in fast-moving water, as in river channels
and on wave-beaten shorelines.
Sandstones are rocks resulting from the deposition of sand. Because sand requires nontrivial energy to be moved, sandstones are evidence of deposition in moving water or hardblowing wind, as in streams and rivers, shorelines, and desert dunes.
Shales are rocks generated by deposition of clay or, more broadly, mud. Such small
particles only settle out as sediment in still water. Shales are therefore evidence of deposition in
lakes, on river floodplains, and in the sea away from shore.
All three of the above can be various colors. However, the word “redbeds” refers to
layers of red conglomerate, sandstone, and shale. The red color is the result of the presence of
some (commonly not much) oxidized iron, as in hematite. The oxidation of that iron requires O2
and thus air, and so it is favored in dry environments where water does not fill the pores of
sediments. Thinking geographically, redbeds are therefore commonly evidence of deserts, and
thinking historically they are evidence of times when there was O2 was in Earth’s atmosphere.

All of the above typically consist of pieces (“clasts”) of pre-existing silicate minerals and
rocks. They therefore are collectively called “siliciclastic” rocks.
Coal is the rock resulting from preservation of wood and/or peat. “Preservation” is the
important thought here, because wood rots in air and only survives to be a sediment if it is sealed
from air by standing water. Coal therefore accumulates in swamps, typically in coastal lowlands.
Limestone is a sedimentary rock consisting of calcite (CaCO3). Because seawater has
much dissolved calcium (Ca2+) and bicarbonate (HCO3–), CaCO3 is readily precipitated from
seawater, and many limestones contain fossils of marine organisms. Limestone is therefore
typically evidence of warm shallow seas (where “shallow” would mean the continental shelves
rather than the abyssal ocean).
Chalk is the sedimentary rock consisting of calcite (CaCO3) in which fossils of marine
plankton are found. Planktic organisms (tiny floating single-celled organisms) are abundant in
the oceans and their remains settle to the seafloor everywhere, but only far from shore in the deep
oceans are they the only particles settling in sufficient quantity to make a sediment. Chalk is
therefore evidence of deposition from deep seawater, and the presence of chalk on continental
crust is evidence of a time when sea level was exceptionally high.
Coal, limestone, and chalk are not siliciclastic and instead are biological sediments.
Layered chert, the siliceous rather than carbonate analog of chalk, is another biological
sedimentary rock.
The evaporite minerals, or evaporites, (gypsum, anhydrite and most notably halite or
“rock salt”) are only deposited from water made very saline by evaporation. Evaporation of
seawater sufficient to deposit salt requires two geographic conditions: (1) a location in the Horse
Latitudes at 20° to 30° North or South, where descending hot air causes much evaporation, and
(2) a location in a restricted arm or embayment of the oceans, where the evaporating seawater
cannot be diluted by the water of the open ocean. The Red Sea and the Persian or Arabian Gulf
are good modern examples. Evaporites are therefore evidence of a very specific place in
paleogeography.
Compared to the siliciclastic and biological sediments categorized above, evaporites are
chemical sediments.
Because sediments are deposited across large areas, but the kind of sediment deposited
typically changes through time, sedimentary rocks occur in layers. “Bed” is another word used
for a sedimentary layer (hence the ‘redbeds” above). The technical word for a layer of
sedimentary is rock is “stratum”, and the plural “strata” is a widely used word. “Stratigraphy”,

akin to “geography”, is a word used both for the nature of the layering in a group of sediments
and for the study of sedimentary layering.
At their simplest, layers of sedimentary rock are flat-lying and continuous, as one would
expect of a sediment deposited over a large area and left undisturbed thereafter. However,
disturbance seems to have been common, because we find layers of sedimentary rock tilted at
steep angles, folded into curves and bends, and broken off abruptly – all seemingly by the forces
of plate-tectonics that at larger scale move the continents and seafloor. To sort out and
understand all these disruptions, we have three rules or “principles” recognized in the 1600s by a
Danish scientist named Niels Steensen or, in formalized Latin, Nicolas Steno. Steno’s three
principles are
1) Layers are originally continuous (the Principle of Lateral Continuity). It’s unlikely
that a sediment would be deposited over one area, stop abruptly, and be deposited in
the same thickness somewhere else. Instead, layers beginning and ending abruptly
have probably been broken after their deposition, either by erosion or by tectonic
breakage.
2) Layers are originally horizontal when deposited (the Principle of Original
Horizontality). Loose sediment would roll or slide off a surface with significant slope.
Instead, layers that we see sloping (and in some cases vertical) today must have been
tilted since their deposition
3) Layers accumulate one on top of the other, so that lower layers are older, and higher
layers are younger (the Principle of Superposition). This is a central thought to
historical sciences ranging from geology to archaeology.
Steno’s three principles help us unravel many convoluted arrangements of layers. One
striking example is where a group of tilted layers is truncated below another group of layers, in
what is called an angular unconformity (“angular” because the layers are at an angle to each
other; and “unconformable” because we conclude that the layers do not conform to the passage of
time as closely as we might hope.

In the simple example at left, Steno’s Principle of Superposition tells us that the
horizontal layers are younger than the inclined layers below them. Steno’s Principal of Original
Lateral Continuity tells us that the inclined layers were not originally truncated as we seem them
today, and thus presumably that erosion truncated them. Steno’s Principal of Original
Horizontality tells us that those layers were not deposited in their present inclined orientation but
instead were deposited as horizontal layers. Thus we can infer a historical sequence in which the
lower layers were deposited, they were tilted, they were eroded, and sometime after that the upper
layers were deposited. Distressingly to us as historical geologists, we also infer that a
considerable amount of time is not recorded by the layers that we see (at least the time in which
the tilting and erosion were happening, and perhaps time in which other later/higher tilted layers
were deposited but eroded so that we have no remnant of them. This clear failure to represent all
the past time is why this arrangement is considered “unconformable”, in that it does not conform
with time.
The examples to the right are a little more complicated. In the middle, the lower layers
were bent as well as tilted. In the right, both the lower and upper layers have collectively been
tilted after the deposition of the upper layers (and in fact the lower layers were once tilted more
steeply than they are now).
The good news is that an angular unconformity is relatively easy to recognize, because of
the angular relationship of the layers at the unconformity. It’s more challenging to recognize a
disconformity, an ancient surface of erosion between parallel layers. Disconformities are
recognized either by more subtle evidence of erosion or by a gap in the sequence of fossils known
more completely from places where no erosion occurred.
Easiest to recognize is the last kind of unconformity, a nonconformity. In this case,
layers of sedimentary rock sit atop igneous or metamorphic rocks. Sedimentary rocks sitting atop
plutonic igneous rocks or metamorphic rocks have huge time implications, because the rock into
which the pluton was intruded deep in the Earth, or the rock overlying the zone of metamorphism

deep in the Earth, has been eroded. That erosion takes a long time, and so a non-conformity
represents a large quantity of unrecorded time.
Fossils are an important component of sedimentary (and a very few volcanic) rocks,
because they are evidence of ancient life. The most obvious are body fossils, which somehow
preserve the shape of an organism, most obviously with its shell or bone but sometimes with only
its impression. Much smaller, but otherwise much the same, are microfossils, which are so small
that a microscope is required to identify them. Trace fossils don’t preserve the organism’s body
shape but instead are tracks, trails, or burrows that record its activities. Coprolites are the
fossilized feces of an organism (in the word’s customary sense of the feces of a vertebrate, a
coprolite is a rare thing – perhaps that’s good news). Least evident but in a sense most significant
are biomarkers, the molecular fossils that are chemically extracted from sediment and are unique
to specific groups of plants or animals, so that they record of the presence of that kind of
organism at a particular place in the past.
Fossils are known almost entirely from sedimentary rocks, because those are the rocks
formed at Earth’s surface. A few organisms are occasional trapped in lava flows and volcanic
ash, so a few fossils are found in volcanic rocks. None are known from plutonic rocks, because
those rocks form at very high temperatures deep in the Earth. The same can essentially be said of
metamorphic rocks, although rocks at the transition from sedimentary to metamorphic sometimes
have features that might be the very altered remnants of fossils and are at best the subject of
skeptical argument.
A good thought to bear in mind about the fossils we see is that organisms have very
different potentials for preservation as fossils. An organism that produces some mineralized
structure like a shell leaves behind something uneaten and not prone to decay that can become a
fossil, and an organism that lives in the sea leaves its remains where they have a good chance of
being covered by sediment and buried in the sedimentary layers that will become sedimentary
rocks. On the other hand, organisms that don’t make hard parts like shell or bone are much more
likely to be completely destroyed by scavenging or decay, and the remains of organisms that live
on land rather than in the sea are much more likely to be destroyed by erosion. This is why we
know much more about ancient life in the sea, and specifically about life like molluscs, than we
know about life on land (and especially about life like alpine butterflies).
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The origin of sedimentary rocks
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more complete if it also included smectite-producing

Fe2+ then oxidized to an Fe3+-bearing solid.

bicarbonate as they weather.
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Sedimentary rocks as evidence of past environments and events

Siliciclastic

Sediment

Biological

Requirements for deposition

Environments

Greater significance
(and additional notes)

Gravel

Conglomerate

Fast-flowing water

Alluvial fans;
river channels;
wave-swept beaches

(Gravel and conglomerate consist of
rounded clasts; breccia consists of
angular clasts and has many origins.)

Sand

Sandstone

Flowing or agitated water;
strong wind

Rivers; coastlines;
desert dunes

When deposited in great abundance,
sandstones reflect times of nearby
mountain-building (orogenic) events.

Clay/mud

Shale

Claystone
Mudstone
Argillite
Lutite

Quiet water

Lake bottoms;
river floodplains;
continental shelves;
deep oceans

Shale is the most abundant sedimentary rock, in part because clays
are produced by the weathering of
feldspar, arguably the most abundant
mineral of the continental crust.

Continents,
especially deserts

Across long time scales, redbeds are
evidence of when air contained O2.

Fe3+-rich
versions
of the above

Redbeds

Dry oxidizing climates

Till: mixture of
clay- to bouldersized clasts

Tillite

Flowing ice (glaciers)

Peat
CaCO3
shells, etc.
CaCO3
microfossils
SiO2
microfossils
Chemical

Rock

Salt
(gypsum,
halite, etc.)

Coal

Trees in wet, non-oxidizing
environments

Till or tillite across continental-scale
At small scale,
areas is evidence of global-scale
alpine valleys;
at large scale, continents cooling and past “ice ages”.

Swamps

(Coal exists only from the Devonian
and later, after the evolution of trees.)
Widespread marine limestones
on the continents reflect times of
high global sea level.

Limestone

CaCO3-producing
organisms

Chalk

Little other
sedimentation

Deep sea

Chalks on the continents suggest
times of exceptionally high sea level
(but chalk-generating organisms have
only existed since the Mesozoic).

Little other
sedimentation

Deep sea

(The layered chert considered here should
not be confused with nodular chert that
forms as an alteration of limestone.)

Evaporation of seawater
or saline lake water

Restricted seas
in horse latitudes
(15-35°N or S)

Evaporites are important to paleogeography because of the restriction
of their deposition to narrow latitudinal
belts.

(layered)

Chert
Evaporite

Warm shallow
seas (usually)
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Nicolas Steno (or Niels Stensen in the usage of his native Denmark) lived from
1638 to 1686 and was a natural scientist trying to understand rocks and fossils.
He lived in an age when fossils were not yet widely accepted as remains of ancient
life, and when rocks were still viewed solely as the substrate on which humans
found themselves. In 1669, Steno published a treatise that included observations
about layers of sediment, and sedimentary rock, that were "gound-breaking" in
their time and are still fundamental to understanding geology and Earth's history.

Steno's three Principles of . . .
Original lateral continuity: layers of sediment now
truncated must have been deposited as laterally
continuous layers.
This principle follows from the
observation that sediments
accumulate across broad surfaces, such as plains, continental shelves, and areas of
deep sea floor, without abrupt
interruption.

From this principle follows at least part
of the Principle of Cross-Cutting Relationships: a feature cutting across layers
must post-date such layers. The fault
and erosional landscape in the sketch
above would be examples of such later
features (and the erosional surface
postdates the fault that it truncates) .

Original horizontality: layers now inclined must
have been deposited as nearly horizontal layers.
This principle follows from the
observation that sediments
accumulate on horizontal surfaces, or at most gently sloping
surfaces, such as plains and
continental shelves.

This principle has huge implications for physical geology,
because it implies that all tilted
and/or folded strata have been
moved from their orginal
situation by tectonic forces.

Superposition: younger layers overlie older layers.
This principle follows from the
observation that things deposited
from above accumulate on top of
older things, whether we observe
a desk, a garbage dump, or a
depositional landscape.

This principle gives us much of
historical geology: the concept of
sedimentary layers and the fossils
in them as historical records of
environments and life through time.

Younger

Older

What we infer about the past, using Steno's principles What we observe today

Steno's principles of sedimentary layers

LBR SFMGStenoPrinciples03 9/2009
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Unconformities, and their significance regarding geologic time
Uncormities are ancient surfaces of erosion. un-interrupted sequences of layers of sediThey are "unconformable" in the sense that they mentary rock. There are three commonly recogrepresent disruptions in otherwise simple and
nized kinds of unconformities, as shown here.

Angular Unconformity
An angular
unconformity, as its
name suggests, is
an unconformity
between layers that
are not parallel but
instead are at an
angle.
The upper, horizontal, layers
were deposited
atop the erosion
surface, so we
can step back in
time by removing
them.

Modern land
surface

A disconformity is
an ancient
surface of
erosion
between
layers that
are parallel.
The upper layers
were deposited
atop the erosion
surface, so we
can step back in
time by removing them.

In each case, the surface defining the unconformity is highlighted in red in the uppermost
panel.

Disconformity

Nonconformity
A nonconformity
is an ancient
surface of erosion
between overlying
sedimentary rock
layers and underlying unlayered
igneous or metamorphic rocks.
The layers were
deposited atop
the erosion
surface, so we
can step back in
time by removing
them.

Ancient land surface

Steno's principle of
lateral continuity
tells us that the
tillted layers were
originally continuous before being
eroded.

Steno's principle of
original hozontality
tells us that these
tilted layers were
deposited as
horizontal layers
and later tilted.
LBR
8/2010
SFMGUnconformities03

Prior to the erosion, there has to
have been rock
into which magma
was intruded or
beneath which
rocks were metamorphosed. Erosion of all that
rock would
require much
Just one unconformity demonstrates that our
time.
Earth must be, at the very least, millions of years old.
Working upwards through the example at left, much time
would be required to deposit the original layers; much time would
be required for them to solidify; much time would be required to tilt
them, much time would be required to erode them, much time would be
required to deposit the overlying layers, much time would be required for them to solidify, and much
time has been required to erode those layers to give the modern landscape. As he looked at one
such unconformity at Siccar Point in Scotland in the 1700s, James Hutton concluded with only a bit
of hyperbole that geologic time had "no vestige of a beginning, and no prospect of an end".
Prior to the
erosion, there
may have been
layers of sediment that were
eroded, and of
which no trace
remains.
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Three thoughts about fossils
1.

Fossils are preserved evidence of ancient life.
They include
a. Body fossils – materials that preserve the form of an ancient
organism, and in particular that of a macroscopic organism,
either
directly, as a shell or bone(s),
as a mold or cast,
or as an impression.
b. Microfossils – the tests (tiny housings) of very small
(commonly single-celled) organisms. Foraminifera,
diatoms, coccolithophores, and radiolarians are examples
of common organisms seen as microfossils.
c. Trace fossils – the tracks, trails, and burrows of ancient organisms.
Dinosaur tracks are a spectacular example;
worm burrows are a very common example.
d. Coprolites – the now-mineralized feces of ancient organisms.
e. Molecular fossils, or biomarkers – molecules unique to organisms,
or to specific kinds of organisms, and thus evidence of ancient
organisms. These are especially meaningful with regard to
abundant organisms that do not leave mineralized remains,
such as marine algae.

2.

3. Not all organisms have the same potential

to be preserved as fossils.
Characteristics that favor preservation include
a. Mineralized body parts, either
a massive mineralized form (as with many corals)
a shell (as in clams and snails),
a mineralized test (as in most foraminifera),
or bones (as in vertebrates)
b. Location in a place where sediment accumulates,
rather than where the landscape undergoes erosion.
Such locations include
The oceans (from which sedimentary rocks commonly survive
hundreds of millions of years).
Lakes (but with a lesser geologic duration than the oceans).
Rift valleys (again, with a lesser geologic duration than the
oceans).
This table provides some examples:

Fossils are most commonly found in sedimentary rocks.
That's because
The sediments of sedimentary rocks accumulate at Earth's surface
where organisms live.
Only a few organisms are trapped in volcanic eruptions that form
volcanic rocks.
Metamorphism destroys any fossils as sedimentary rocks are metamorphosed to become metamorphic rocks.
Organisms can't survive deep in the earth where plutonic rocks form.

Most likely to be preserved as fossils

Lecture 4: Structural Geology and Plate Tectonics
One of the major components of Earth’s history has been the constant movement of the
continents and oceans to give a continuously changing global geography. One way that we
unravel that history is by looking at how rocks are deformed and how they can serve as indicators
of past wrenching apart of continents, or alternately collision of continents. This lecture therefore
considers the structures made in rocks as they are deformed (thus “Structural Geology”) and then
works toward our current theory of how the continents and seafloor move, which is called “Plate
Tectonics”.
Structural Geology: How stress deforms rocks
The deformation of solids can be divided into brittle deformation, where solids break, and
ductile deformation, where solids bend or fold or even flow.
Brittle deformation, in which bodies of rock break, generate faults, which are broken or
sheared surfaces in previously continuous rock. To give ourselves a way to talk about the two
bodies of rock separated by a fault, we borrow the mining terminology in which the body of rock
above a fault is the hanging wall (because it was the body of rock hanging over the head of a
miner in a mining shaft along a fault) and the body of rock below the fault is the foot wall
(because it was under the feet of that miner). Those terms do us no good if the fault is vertical,
but most faults (or at least most that we see) are inclined, making the terms generally useful.
A normal fault is a fault in which the hanging wall has moved down. Generation of this
kind of fault requires extension or stretching (see the sketches in the attached figure). Thus
normal faults are common near divergent plate boundaries, where plates move apart (diverge) and
thus stretch the crust near their boundaries.
A reverse fault is a fault in which the hanging wall has moved up, and thrust faults are
the subset of reverse faults that are shallowly rather than steeply dipping. Generation of this kind
of fault requires compression or squeezing. Thus reverse and thrust faults are common near
convergent plate boundaries, where plates come together (converge) and thus compress the crust
near their boundaries.
A strike-slip fault is a nearly-vertical fault along which two bodies of rock have moved
past each other (“strike” is a word that geologists use characterize the horizontality, so “strikeslip” implies moving sideways rather than down or up). Generation of this kind of fault requires
lateral shearing, rather than extension or compression. Thus strike-slip faults are common where
two plates slide past each other, at transform plate boundaries.

In contrast to the brittle deformation described above, ductile deformation involves
folding and bending of bodies or layers of rock. Brittle (breaking) deformation is typical near
Earth’s surface (we Earth-surface beings think of rock as something that breaks rather than bends
or flows), but deeper in the Earth, at high temperature and under greater pressure, rock will
slowly deform in a ductile or plastic manner.
Anticlines are folds that squeeze older (lower) layers of rock into the middle, which in
simple cases means they are A-shaped folds. Synclines are folds that squeeze younger (higher)
layers of rock into the middle, which in simple cases means they are U- or Y-shaped folds. The
names are thus a convenient mnemonic device: Anticline and sYncline. Both kinds of folds result
from compression and thus are common near convergent plate boundaries, where plates come
together (converge) and thus compress the crust near their boundaries.
Earth’s crust
The discussion of structures above involves features that we can see in the field, and it
alluded to the features having been formed in Earth’s crust. The crust is the outermost rind of the
Earth, and it can be divided geographically into two categories, continental crust (the stuff of the
continents and continental shelves) and oceanic crust (the stuff of the deep ocean floor). The
two have several differences:

Those differences have a logical progression: the oceanic crust has iron and is therefore dense,
and its more dense nature combines with its thinness to mean that it sits low on Earth’s surface,
so that oceans’ water covers it. Continental crust has less iron and thus is less dense, and its less
dense nature combines with its thickness to mean that it sits high on Earth’s surface, somewhat
like an ice cube in water.
The thicknesses at right seem great to a human being who is at most 0.002 km tall, but
those thickness are tiny compared to Earth’s radius: 60 km is less than 1% of the 6370-km radius
of the Earth. Thus the crust that seems solid and durable under our feet is in fact just a thin rind
riding atop Earth’s more ductile interior, and the crust can therefore be torn asunder or shoved
together by slight and slow flow beneath it – and that gets us to plate tectonics.

Plate Tectonics
Plate Tectonics is a theory of the Earth’s behavior, and a relatively young theory. Until
the twentieth century, there was no theory of Earth’s behavior, because almost no one imagined
that the Earth had a behavior – it was seemingly static. In the early twentieth century, some
geologists (mostly in the Southern Hemisphere) found overwhelming evidence that the continents
had moved apart: the same kinds of rocks were found on continents whose shape suggested that
they had been broken asunder, directions of flow on ancient glaciers were compatible only with a
very different geography in which the southern continents were collectively over the South Pole;
fossils of plants were compatible only with contiguous continents. This gave rise to the idea of
continental drift, which strictly defined is the movement of the continents, with the behavior and
fate of the sea floor between those continents left unexplained, ignored, and a major problem.
By the middle of the twentieth century, geological investigation had shown that in some
places the continents had moved or are moving apart, suggestive of an expanding Earth, and that
in other place the continents had moved or are moving together, suggesting a contracting Earth
(neither of which is a physically workable idea). Meanwhile, evidence from the oceans showed
that the seafloor was a dynamic thing, created at mid-ocean ridges and moving away, in some
cases moving with the adjacent continents and in other cases colliding with the surrounding
continents. These ideas combined to give a theory in which the structure or architecture of
Earth’s surface (its tectonics) consisted of areas of oceanic and continental crust moving together
in single units (plates) – and thus Plate Tectonics. Those plates move together in some places to
give convergent plate boundaries and in some places move apart to give divergent plate
boundaries. Those two kinds of boundaries are commonly offset at jogs, or “transformed” at
places where two plates move past each other, without convergence of divergence – at transform
plate boundaries.

Characteristics of plate tectonic boundaries
Plate motion
Boundary type
of two plates

Volcanic features

Divergent (in ocean)
(more common than below)

Moving apart

Mid-ocean ridge
of young hot thermallySeafloor eruptions expanded seafloor

Divergent (on continent)
(less common than above)

Moving apart

Not much

Rift valley
(normal faults)

Age of rifted rock

Transform

Moving past each other

None

Not readily noticeable
(strike-slip faults)

Age of faulted rock

San Andreas Fault

Coming together

Island arc
of volcanoes

Trench where older plate
sinks, and oceanic
arc of volcanoes

Old seafloor;
young volcanic rock

Tonga, Marianas

Coming together

Continental arc
of volcanoes

Trench where oceanic plate
sinks, and continental
arc of volcanoes

Old continent;
young volcanic rock

Andes, Cascades

None

Huge mountain range
because neither plate sinks
(thrust faults)

Old

Himalayas

Convergent
(two oceanic plates)
Convergent
(one oceanic and one
continental plate)
Convergent
(two continental plates)

Coming together

Form
(and faults)

Rock age

Modern example

Very young
(newly-erupted basalt) Mid-Atlantic Ridge
East African Rift
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Plate tectonics:
divergent,
convergent, and
transform plate
boundaries
Plate tectonic theory envisions Earth's
surface as consisting of plates of rigid
lithosphere (the crust and uppermost mantle)
moving over, and locally sinking into, a ductile
asthenosphere (the rest of the mantle). Those
plates move relative to each other (in fact, the
defining characteristic of a plate is that all of it
moves together). Motion of plates relative to
each other is thus critical to the theory, and
there are three possible motions: moving apart
(divergence), moving together (convergence),
and moving past each other (at transform
boundaries).
The panel at the top here shows the three
kinds of boundaries and relates them to generation
and destruction of lithosphere. It also shows the
most likely or most dominant reason that plates
move: the cooling, and therefore sinking, of oceanic
lithosphere. The lower panel, less critical to understanding the whole theory, shows two possible kinds
of transform boundaries, one offsetting a divergent
boundary (a mid-ocean ridge) and one offsetting a
convergent plate boundary (a subduction-zone
trench).
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Continental Crust:

Rifting and evolution
of ocean basins from
Divergent Plate Boundaries
a time series

1

Early Rifting:

Continental sediments
Modern example:
East Africa Rift

Possible
lake

2

Key:
Open marine
sediments
(limestones,
shales, etc.)

Normal faults
Evaporites

Restricted Narrow Sea:

Sea level

Continental
Sediments
(redbeds)
(conglomerates,
sandstones, etc.)

Evaporites

3

Modern example:
Red Sea
Magma

4

Open Ocean:

Open marine sediments

Sea level
Mid-ocean
ridge
(youngest crust)

Passive continental margin
or "trailing margin"

Magma

This mafic magma is generated by pressure-release melting as
underlying asthenosphere moves up into volume vacated by rifting.

Passive continental margin
or "trailing margin"
Modern example: Atlantic Ocean

Continental Crust
Oceanic Crust
(basalts over
gabbroes)

The geology shown here
has had great implications for
archaeology in Africa, in that the
sediments shown in Step 2 in the
East African rift valleys are a far
more likely place for preservation
of fossils than the erosional
surface at the flanks of Step 2
and everywhere in Step 1.
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Part II. PRINCIPLES OF EARTH HISTORY, AND THE AGE OF THE EARTH
Lecture 5: Goals
The goal of a historical geology course is to understand or know the history of the Earth,
and thus it becomes relevant to think a little about “knowing”. The language of science offers
three terms about knowing:
a fact is something self-evidently true. Facts are therefore typically very simple,
like “granite is the bedrock at Place A” or “the CaCO3 of this limestone is the
mineral calcite rather than aragonite”.
a hypothesis is an idea that might explain a fact. More formally, it is a testable and
falsifiable proposition explaining the occurrence of a phenomenon or
phenomena, often stated as a conjecture to guide further investigation.
a theory is a much more fully developed explanation – it’s a coherent set of
propositions that explain a class of phenomena, that are supported by extensive
factual evidence, and that may be used for prediction of future observations.
They are stated above in the order of their formation – we see some thing or things
(facts), we have some ideas that we evaluate (hypotheses), and hopefully we get to a
well-developed generally applicable explanation (theory). The order of certainty is
clearly different, from hypothesis (at best a good guess) to a theory (a trustworthy
explanation according to what we know now) to a fact (something about which we
would all agree because it is evident in front of us).
Theories are powerful ideas that work well for us, at least at present. However, they
commonly have been changed in the past, as new knowledge forced us to revise them a little bit.
That thought extends into the future: no theory has been proven true for all time, and we may find
new evidence that causes some revision in the future. It is in this sense that the expression “just a
theory” is a two-edged sword: if we apply it to an idea that we don’t like, we have to remember
that the uncertainty that it implies also applies to some of our most treasured and trusted theories
too.
Hypotheses can be divided by how many of them we consider at a time. The account of
hypothesis-testing given in many physics and chemistry books is that of purely experimental
sciences: the scientist proposes a single hypothesis and then performs an experiment that either
disproves the hypothesis or, if not disproving, leads to accept the hypothesis as possibly true. An
alternate view is that of the natural or field sciences like geology, ecology, oceanography, and
meteorology and climatology in which controlled experiments are commonly unworkable and

instead scientists collect data about the real pre-existing world. In these fields, one more
commonly hears about multiple working hypotheses: the scientist (or scientists) envisions
several hypotheses, knowing most may ultimately be proven to be false, and collects data from
the natural world that allow evaluation of those multiple hypotheses, hopefully leading to
tentative acceptance of one and rejection of the others. Real-world examples show that the
method of multiple working hypotheses commonly works better than that of the single, and
sometimes over-riding, hypothesis.
The previous paragraph suggests that we have some basis by which to decide which
hypotheses are viable and which are not. In science, that basis is replicated physical evidence. In
other realms of human thought, other criteria may be used, including recourse to ancient texts, to
long-held beliefs, or to self-interest. However, in science, one is expected to accept only ideas
that are supported by evidence. A way to put that in the negative is Ockham’s (or Occam’s)
Razor, which is best stated as “explanations shouldn't involve ideas for which there is no
evidence”.
The relevance of this to historical geology is that no explanation of Earth’s history can be
a fact: we cannot travel back in time to directly observe what happened several million (or a few
billion!) years ago. Instead, we must collect evidence and arrive at theories that are supported,
and not contradicted, by evidence. That is the problem, but also the fun, of historical geology.
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Ways of understanding I
Through the course of human history,
people have had different ways of understanding their world and things in it. One
of the most fundamental improvements of

This page illustrates that concept by
presenting different ways of thinking about
human thought is to recognize that there some question, with different answers to that
are these different ways of understand- question designated by capital letters. Almost
ing, and then to decide which way of
all scientists would say that one of these ways
understanding is superior to the others. of understanding is better than the others.

When I was a small child, I was taught A,
so I think A is true.
I will profit most if B is true,
so I say B is true.
Insert a person's

name here
_____________
says that C is true,
so I think C is true.

D is consistent with ideas that I find
comforting, so I think D is true.
I have heard a voice or voices
that told me E, so I think E is true.
Insert the name of some

The sacred texts of the ________________
ancient cultural group here
clearly support F, so I think F is true.

Deep in my heart, I know that G is true.
All of the available evidence – chemical,
structural, contextual, and/or other evidence –
suggests that H is true, so I think H is true
(at least until new evidence contradicts it).
My ancestors believed that J is true,
and therefore I believe that J is true.
My understanding of the universe is based on a very
small number of fundamental principles, and from
those principles I deduce K, so I think K is true.
L is consistent with the idea that my family,
ethnic group, species, or planet is special,
so I say L is true.
Most people think M is true,
so M must be true.
LBR SFMGWaysOfUnderstandingPart106.odg ~2005 rev. 7/2017
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Ways of understanding II
Through the course of human history,
people have had different ways of understanding their world and things in it. One
of the most fundamental improvements of
human thought is to recognize that there

are these different ways of understanding,
and then to decide which way of understanding is superior to the others.
Part I of this pair of page illustrated
that concept by presenting different ways

of thinking about the origin of frips, an
imaginary category of imaginary things.
This page takes a slightly different tack,
by looking at ten different ways of evaluating the ideas of others.

Some possible ways of understanding

The person who speaks loudest is correct.
The tallest person is correct.

The government/state is correct.

The idea most supported by evidence,
and least dependent on unsupported assumptions,
is most likely to be correct.

The best-dressed person is correct.
The person wearing a uniform is correct.

The oldest person is correct.

The most attractive person is correct.
The person who most assures my security,
or who least threatens my security,
is correct.

The youngest person is correct.
Whatever most people say is correct.
LBR SFMGWaysOfUnderstandingPart201.odg
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Lecture 6: Correlative and Relative Dating
To talk about the past, we would like to be able to assign ages or dates to materials (for
example, bodies of rock) and events (for example, the first appearance of a kind of organism, or
alternately its extinction). One way is to determine the absolute age of something, where
“absolute” implies a quantitative age. That will be the topic of Lecture 7. The alternative is to
establish comparative ages, to say either that one thing is older than another (relative dating) or
that two things are of the same age (correlative dating). These comparative processes are the
topic of Lecture 6.
Correlative Dating
One might hope that correlative dating of layered sedimentary rock would be so easy
that one could say that layers in a sequence in one place A (for example, limestone above shale
above sandstone) could be matched in time with the same sequence at another place B, with the
limestone at A correlative in time with the limestone at B, the shale at A correlative in time with
the shale at B, etc. However, consideration of how sediments are deposited at various depths, and
thus at various distances from shore, shows that in fact our sandstone, shale, and limestone will
all have been deposited at the same time in migrating bands, rather at times specific to each kind
of rock. (To put “rock layers are not time layers” in six-syllable words, lithostratigraphy is not
chronostratigraphy). Only in exceptional cases of near-instantaneous widespread deposition, like
that of volcanic ash layers, will a rock layer mark a moment in time. If that seems like bad news,
good news will come out of it later.
So how we do match up the ages of different kinds of sedimentary rock? A British
engineer named William Smith realized that he could predict the kinds of rock through which he
had contracted to dig canals by looking at the fossils he found on the landscape: he saw the same
vertical/time sequence of fossils across all of Britain. From that thought comes biostratigraphy:
fossils of a particular species or genus presumably all lived at the same time, so their presence in
specific rock layers at different places presumably marks layers deposited at the same time. An
ideal fossil species for this purpose is a species that was widespread (allowing correlation across
great distances) but short-lived (and thus defining a moment in time, giving high resolution).
These species, called “index fossils”, are rare (a generalist species living over large areas is
probably a species that survived a long time), and more commonly biostratigraphers define a
period of time (a “biozone”) in terms of multiple species whose geographic ranges overlapped.
Biostratigraphy hopefully can be applied world-wide. At regional scale, another way to
recognize moments in time is to examine sequences of sedimentary rocks to see when sea level

was rising (a process called “transgression” as the shoreline moves onshore and transgresses onto
the land), and to see when sea level was falling (a process called “regression” as the shoreline
moves offshore and regresses off the land). The point of this is that the moment of highest sea
level must be the same everywhere. Thus, if we can identify the time of reversal from sea-level
rise (transgression) to sea-level fall (regression), we have identified that time of highest sea-level
and, doing this across a region, we have identified a “maximum flooding surface” that marks a
moment in time.
Relative Dating
If the business of the correlative dating above is matching things in time and to say “this
is the same age as that”, relative dating is the business of establishing comparisons and saying
that “this is older (or younger) than that”. It hinges on three ideas, commonly called “principles”.
The principle of superposition goes back to Nicolas Steno’s principals of layered rocks:
younger should lie over older. This follows from the logic of sediments accumulating
sequentially like the layers in a dump, where layers with cell phones lie over layers with land-line
phones which lie over layers with telegrams and hand-written letters.
The principle of inclusions says that chunks of rock included in other rocks must be
older than their hosts (those “other rocks”). The chocolate chips existed before the cookie; the
bricks existed before the wall.
The principle of cross-cutting relationships says that features that cross-cut other
features are younger than the features they cut. The pieces of the plate were there before the glue
that now holds them together; the building’s foundation was there before the root penetrated
through it.
These three principles combine to let us determine the sequence of geologic events that
happened in a given region.
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Movement of sedimentary facies with change of sea level
Shoreline at Time 5
Erosion of recent sediments

Shallowing-upwards successions

Sea level at Time 5

Maximum flooding surface

Facies: a body of sediment, or
of sedimentary rock. Here, the
sediments of a continental shelf
are divided into four facies. We
could instead speak of just two
(siliciclastic and carbonate) or
of many (supratidal sand,
subtidal sand, silty mud, fine
mud, muddy limestone, etc.)

Shoreline at Time 4
Sea level at Time 4

Regression:
Sea level falls.*
Shoreline moves seaward.
Shallowing-upwards
succession is deposited.
Shoreline at Time 3
Sea level at Time 3

* More precisely, relative sea level
falls as either true sea level falls or
Earth surface rises or does not
subside.

Deepening-upwards successions

Shoreline at Time 2
Sea level at Time 2

Transgression:
Sea level rises.*
Shoreline moves landward.
Deepening-upwards
succession is deposited.

Tens of miles

Erosion of land

Shoreline at Time 1
Sea level at Time 1

Sandstone

Shale

Surface of cont
inental shelf, as

Caveats: The lateral
seen from
sequence of facies shown here is only a simple
example and is not a model for all depositional systems. The planar surface
of deposition is only a graphic convenience to provide a simple example. Deposition of chalk on
a shelf, although common in the Cretaceous, is likewise only shown to provide a simple example.

Limestone

* More precisely, relative sea level

Chalk

rises as either true sea level rises
or Earth surface subsides.

side, at Time 0
LBR SFMGFaciesMovement03.odg 9/2012

Railsback's Some Fundamentals of Mineralogy and Geochemistry

Relative dating: superposition, inclusions, and cross-cutting relationships
S

In a sequence of layers of deposits,
higher layers are successively younger.

I

Bodies of rock included in surrounding
bodies of rock are older than their hosts.

C

Features cross-cutting other features
are younger than the features they cut.

Lecture 7: Absolute Dating
Lecture 6 gave us the power to understand age relationships in a relative sense (as in “A
is older than B, which is the same age as C”), but we had no idea whether A, B, and C were
collectively about 20,000 years old or 400,000,000 years old. Doing the latter – determining a
numerical age, usually some number of years, for a specific material – is the business of absolute
dating.
Absolute dating requires that the material to be dated have, in a sense, a clock inside it
that has ticked since the material formed. The clock that nature has provided in some materials is
the decay of radioactive isotopes. Thus we need to understand a little bit about the various styles
of radioactive decay. There are several styles of radioactive decay, but we will only have to
worry about three of them.
Alpha decay occurs when the nucleus of an atom (henceforth a “parent atom”) emits a
bundle consisting of two protons and two neutrons; that bundle is a “daughter” that specifically is
called an “alpha particle”. Emission of an alpha particle lessens the parent atom’s atomic number
by two (and thus changes the element of which we are speaking), and it lessens the parent atom’s
atomic weight by four. An important example is the decay of

238

U to yield 234Th: loss of two

protons has changed the atom from U (by definition having 92 protons) to Th (by definition
having 90 protons), and its loss of two protons has diminished the atomic weight by four, from
238 to 234.

238

U is a good example, in that alpha decay occurs largely in the heavy elements at

the bottom of the periodic table.
Beta decay occurs when the nucleus emits an electron, which was called a “beta particle”
early in the study of these processes. Emission of an electron from a nucleus may seem strange
because atomic nuclei contain no electrons, but if we rationalize a neutron as having the mass of a
proton but no charge because the positive charge of a cryptic proton is cancelled by the negative
charge of a cryptic electron, we’re in business: the neutron has divided into a proton that stays in
the nucleus, keeping the mass of the nucleus the same but increasing the charge by one, and into
an electron that, with its negative charge, is ejected from the nucleus. As one good example, our
234

Th produced by alpha decay above undergoes beta decay to 234Pa (staying the same weight

because the emitted electron has no mass, but moving one place to the right in the periodic table
because its new proton increases its atomic number by one). Another example is the decay of
14

C, which decays to 14N. Those two examples also illustrate that beta decay occurs throughout

the periodic table.
A third important kind of radioactive decay is electron capture. Electron capture is
effectively the reverse of beta decay: an electron enters (rather than leaves) the nucleus and,

combining with a proton and cancelling its positive change, turns a proton into a neutron, keeping
the atomic weight the same but decreasing (rather than increasing) the atomic number. An
important example is that 40K (with its atomic number of 19), which decays to 40Ar (with its
atomic number of 18). Decay of 40K is not only important for dating of geologic materials: it has
produced so much 40Ar that argon is the third-most abundant gas in Earth’s atmosphere (and
every few seconds we breath in the decay products of ancient radioactive decay!).
In our discussion thus far, we have assumed that radioactive decay happens for one step
and then stops. That is true for most of the radioactive nuclides of lighter isotopes high in the
periodic table, as in our beta decay of 14C and electron capture by 40K. On the other hand, the
heavier isotopes at the bottom of the periodic table undergo decay in a series of steps. For
example, the decay of

238

U to 234Th does not end with 234Th: instead, 238U decays in a long series

(238U-234Th-234Pa-234U-230Th-226Ra-222Rn-218Po-214Pb-214Bi-214Po-210Pb-210Bi-210Po-206Pb) to
produce 206Pb. In fact, all nuclides of elements heavier than Pb are radioactive, and most of them
decay to an isotope of lead. One convenient thought in all this is that the only decay that changes
mass is alpha decay, with the emission of a particle with a mass of four, so all decay series must
go from a heavier nuclide A to a lighter nuclide B where the difference in their masses is a
multiple of four (as in the loss of 32 mass units from 238U to 206Pb).
All of this wouldn’t mean much to us if decay did not follow known rates, so that we
could get to a measure of the time elapsed. Radioactive decay does indeed have known rates: for
a “collection of atoms” of a given nuclide, half will convert to daughter in a period called the
half-life. Of the remaining half that are still the parent, half of them will decay to daughter in
another half-life. After that, of the remaining quarter that are still the parent, half of them will
decay to daughter in another half-life – and so on. Thus after one half-life, one half remain
parent; after two half-lives, one quarter remain parent; after three half-lives, one eighth remain
parent, and more generally after n half lives (1/2)n remain parent nuclides.
The previous paragraph is general. More specifically, when we say “a collection of
atoms”, we commonly are working with a single crystal (perhaps the potassium of a potassiumfeldspar crystal of a granite), but we may also analyze the carbon of some ancient organic matter,
perhaps a piece of wood. When we say “half-life”, the actual numbers of years for half-lives vary
greatly. Examples include 209Bi with its half-life of 2x1019 years (far too long to be useful) to
238

U with its half-life of 4.5 billion years (useful for dating things millions to billions of years old)

to 14C with its half life of 5730 years (useful for dating things centuries old to about 40,000 years
old) to 223Fr with its half-life of 22 minutes (far too short to be of any use).

One might wonder how dependable radioactivity and half-lives are for determining age.
Experiments have shown that half-lives are remarkably constant and do not change in response to
changing chemical environment, temperature, pressure, gravitational force, or magnetic fields.
That is not surprising when one considers that radioactive decay takes place in the tiny nucleus of
an atom, in the isolated center of an electron cloud that absorbs all impact of chemical reactions
and changing physical environment. It is as if we packed a watch inside a few cubic miles of
cotton gauze or bubble-wrap.
Several heavier isotopes are useful for dating old things because those isotopes have long
half-lives.

238

U, 87Rb, and 40K are good examples, with half-lives of billions of years and the

capacity to date minerals millions to billions of years old. At the other extreme, 14C
(“radiocarbon”) has a shorter half-life (5730 years) and thus has the capacity for dating both
minerals and organic materials that are centuries old to about 40,000 years old.

14

C is also a

different sort of isotope because its short half-life means that no 14C survives from Earth’s origin.
Instead, 14C exists because cosmic neutrons hit 14N in the upper atmosphere, punch out and
replace a proton in the 14N nucleus, and thus convert 14N to 14C. That 14C becomes part of the
CO2 in the atmosphere, and photosynthesis converts it to the carbon of plants, some of which
becomes the carbon of animal life – and the remains of these life forms are thereby datable. The
only problem in this system is that the cosmic flux of neutrons converting 14N to 14C has not been
perfectly constant. This means that we have to calibrate 14C abundances in the ancient materials
we date by comparing them with the 14C abundances ancient materials of known age. The latter
are most commonly tree rings whose ages can be calculated by counting them back from the
present, moving through progressively older pieces of wood back to wood thousands of years old.
The result is a small change from uncalibrated 14C ages (in “radiocarbon years”) to calibrated
ages (in “cal years” – calibrated years and thus calendar years).
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Atoms

Nucleus

Components

Protons (which have positive charge)
& Neutrons (which carry no charge)

Electron "cloud" of orbitals
Electrons (which have negative charge)

Number of protons ("atomic number") is the
for example,
defining characteristic of an element
Significance to
characterization (e.g., Fe is defined as all atoms with 26 protons). 56Fe2+
of elements
Number of protons plus number of neutrons
and atoms
defines the isotope of an element
(e.g., 56Fe has 26 protons and 30 neutrons).
Fixity of
components

Number of protons and number of neutrons in nucleus
do not change, except in event of radioactive decay,
and the vast majority of atoms are not radioactive.

Mass

The mass of a proton is 1836 times that of an
electron, and the mass of a neutron is 1839 times
that of an electron. Thus the vast majority of the
mass of an atom is in the nucleus.

Radius

The nucleus of a typical atom has a radius of
about 5 femtometers, or 0.000005 nanometers
The red nucleus shown here is 100 times too
large to be to scale to the yellow atom shown.

Significance
to processes

Radioactive decay is largely a process of the
nucleus. Alpha decay emits a particle of two
protons and two neutrons from the nucleus. Beta
decay converts a neutron to a proton with the
emission from the nucleus of an electron, which is
lost into the great flotsam and jetsam of electrons.
Fractionation of isotopes of one element is separation
by mass, which depends on the number of neutrons
in the nucleus. For example, the lesser mass and
thus faster vibration of lighter isotopes means that 12C
is favored over 13C in photosynthesis and 16O is
favored over 18O in evaporation of H2O.

Difference of number of electrons from
number of protons defines the charge on an
atom. For example, among atoms of iron,
all with 26 protons, Fe2+ has 24 electrons
and Fe3+ has 23 electrons, whereas
elemental (uncharged) Fe has 26 electrons.

Electrons come and electrons go. A sulfur atom, with
atomic number 16, can change from S6+ with ten electrons
to S2- with 18 electrons, and back, over and over again.
Only about 0.05% of
the mass of an atom is
outside the nucleus.
An atom has a radius
on the order of
0.1 nanometers, or
2 x 104 times that of
the nucleus.

Electrons thus,
paradoxically,
occupy the vast
majority of an
atom's volume
but are a tiny
proportion of
its mass.

Bonding of atoms is effected by electrons, either by
their sharing in covalent bonding,
their flow from atom to atom in metallic bonding,
the localization of their probability in molecular
bonding, or
their difference from number of protons per atom,
yielding atomic charge and thus electrostatic
attraction, in ionic bonding.
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Half-lives of radioactive atoms and measurement of age
If one considers a population of
humans, one can't predict which individuals
will die when, but actuarial study can pre-

dict when some proportion of the population
will have died. If we consider a group of
radioactive atoms, we likewise can't predict

when any one atom will decay, but we can determine the time in which half of the population will
have decayed. This is the concept of half-lives.

Half-life: with regard to a population of atoms of one radioactive isotope,
the time in which half of those atoms will decay from parent to daughter.
In the sketches below, the square boxes will represent and enclose
an evolving population of atoms of one radioactive isotope (perhaps

Half-lives
elapsed:

Number of
remaining
parent atoms

0

Half of these parent
atoms will decay
in the next half-life.

P
P+D*

P
=
P+D*

2

3

4

Half of these remaining
parent atoms will decay
in the next half-life.

Half of these remaining
parent atoms will decay
in the next half-life.

Half of these remaining
parent atoms will decay
in the next half-life.

Half of these remaining
parent atoms will decay
in the next half-life.

1
2

Thus, after
n half-lives,

1 n
2

or 40K). For a geologist, the square boxes typically represent
time-series views of a crystal in which radioactive atoms are present.

1

1

Number of daughter atoms
generated by decay

238U

1
4

1.0

1
8
These five points correspond
to the five squares above,
and the curve joining them
is a reminder of all the
cases in between
and beyond

P 0.5
P+D*
0.0
0.0

1.0

2.0

3.0

4.0

Number of half-lives elapsed

5.0

1
16
The relationship at left is what lets
us use radioactive decay as a
clock to measure the age of a
material. That material (perhaps
a crystal of a mineral in a rock) must
be one into or from which neither
parent nor daughter atoms have
been added or lost – it must have
have been a closed system during
the time that we will call its age.
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Decay systems commonly used in radiometric dating
Parent &
Daughter

Decay
style(s)

Half-life

Useful
age range

Datable
material

87Rb → 87Sr

β

47 billion years

>100 million years

Mineral

232Th → 208Pb

α&β

14 billion years

>10 million years

Mineral

α&β

4.5 billion years

>10 million years

Mineral

1.3 billion years

>100,000 years

Mineral

710 million years

>10 million years

Mineral

<500,000 years

Mineral

<70,000 years

Organic
& CaCO3

238U
40K
235U

→ 206Pb
→ 40Ar
→

e- capture

206Pb

α&β

238U → 234U → 230Th*
14C

→ 14N

α&β
5730 years

β

This is “U-series” or “U-series Disequilibrium” dating, which is commonly used with the U in CaCO3 speleothems.

Number of
remaining
parent atoms

P
P+D*
Number of daughter atoms
generated by decay

1.0

Note the
difference
in materials
and the
difference
in useful
age range.

For these systems with long half-lives, the useful action
is in this part of the decay curve, and there is a
minimum useful time because the amount
of daughter produced over short times
is unmeasurably small.

0.5

For the 14C system with its short half-life, there is a maximum
useful time because the remaining amount
of parent becomes unmeasurably small.

0.0
0.0

1.0

2.0

3.0

4.0

Number of half-lives elapsed

5.0

6.0

7.0

8.0

9.0
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Calibration of
radiocarbon dates

2000

The calibration curve shown here is a crude reproduction
of the curve shown in Figures 1a and 1b of McCormac,
F.G., et al., 2004, SHCAL04 Southern Hemisphere
calibration, 0-11.0 cal kyr BP: Radiocarbon v. 46,
p. 1087-1092. Any actual calibration should use
the original relationships shown in that paper.

C years BP

The measured
radiocarbon age or
14C age of an ancient
14
C age of Sample A
material is expressed
14
in C years and must
be calibrated to yield
1500
an age expressed in
calendar years. The
plot at right is an
example of a calibration
diagram, with a red
calibration curve
established from studies
of tree-rings. It shows
1000
the calibration of three
hypothetical samples.
The three samples
show three possible
14
C age of Sample B
results dependent on
the shape of the
calibration curve.
Sample B is positioned
500
most favorably, in that
the steep slope of the
14
C age of Sample C
curve yields a narrow
age range on the
horizontal (calendaryear) axis. Sample A
hits a flat part of the
curve that yields a
0
broader age range and
thus a less tightly-defined age.
2000
Sample C is even more distinctive
(and unfortunate) in yielding two ranges
51 BC
of time from which the sample could
originate.

Generation of curves like the one at left require measuring the 14C in materials of known age. For the last few
thousand years, that can be done by counting tree-rings,
and thus the numbers of years old, of wood in which
radiocarbon is measured. For earlier times, corals are
dated by the U-Th method and their 14C is measured
to create a calibration curve.

14

The curve at left is for only the past 2000 years,
during which radiocarbon ages are commonly
greater than corresponding calendar-year
ages. Curves compiled for the last forty
to fifty thousand years (e.g., Kitagawa
and van der Pilcht 1998) show that,
for earlier periods, radiocarbon
are commonly less than
calendar-year ages,
sometimes by
thousands
Best estimate
of years.
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Analytical uncertainty
(e.g. 755 ± 20 14C yrs)

Note that these bounds are not
analytical uncertainties and
would not be appropriately
expressed as a ± error.
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The calibration curves shown here are crude reproductions of results shown in Figure 1 of
H. Kitagawa and J. van der Plicht,1988,
Atmospheric radiocarbon calibration to
45,000 yr B.P.: Late glacial fluctuations
and cosmogenic isotope production:
Science v. 279, p. 1187-1190 and
Figures 1a and 1b of McCormac,
F.G., et al., 2004, SHCAL04
Southern Hemisphere calibration, 0-11.0 cal kyr BP:
Radiocarbon v. 46,
p. 1087-1092. Any
actual calibration
should use the
original relationships
shown
in those
papers.
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Lecture 8: The Age of the Earth, and Geologic Time
The most fundamental question of Earth History is “What is the age of the Earth?”.
Humans have argued about this question vociferously, for at least two reasons. First, the question
greatly influences the perceived importance of humans: have we inhabited Earth for all of its
history, as if we were an essential part of its existence, or did it exist long before us, and we were
just a late arrival of no intrinsic significance? The second question influences our sense of
security: is this a young planet on which the resources that we have almost entirely consumed
were generated quickly and can be replenished quickly, or is it an ancient planet on which those
resources were generated over millions if not billions of years, making replenishment at our
human time scale impossible? Estimates of the age of the Earth have ranged from about 6,000
years (the calculation by Archbishop James Ussher from the Judeo-Christian Book of Genesis) to
billions of years if not more.
We will use two general approaches to get to the age of the Earth. The first is to look at
geologic but not radiometric evidence, an approach that will give us order-of-magnitude
estimates. The second is to look at radiometric evidence that will give us relatively precise
absolute ages. Both of them will say that the planet is much more than a few thousand years old.
Geologic non-radiometric evidence
The formation of angular unconformities requires a series of geological processes. In
sequence, these processes are the deposition of the series of underlying sediments, the
lithification of those sediments into rock, the tilting of the layers of those rocks, the erosion of
rock down to the level of the present unconformity, deposition of the overlying sediments, and
lithification of those later sediments to give the rock that we observe today. Each of those
processes will have required millions of years, so that they collectively require several millions of
years.
Exposure of plutonic rocks at Earth’s surface requires a long time. The processes
required are intrusion and cooling of magma to a solid state, which requires tens to hundreds of
thousands of years, and then erosion of the overlying rock that provided the thermal blanket to
allow slow cooling of magma as a coarse-grained plutonic rock. That erosion requires millions of
years at the least.
Exposure of metamorphic rocks at Earth’s surface requires a long time. Laboratory
experiments tell us the temperatures and pressures at which the minerals of metamorphic rocks
can form, and the pressures commonly require roughly ten miles of overlying rock. Thus ten (or
more) vertical miles of rock have to have been eroded to expose the metamorphic rock that we

see at the surface today, and our knowledge of modern rates of erosion allows us to calculate the
time required for erosion of ten vertical miles of rock. The result indicates that tens of millions of
years are needed at the least.
The three thoughts above provide very minimal ages of the Earth (minimal because
taking their results as Earth’s age assumes that the rocks involved formed as Earth formed, rather
than somewhere in the midst of Earth’s history – and the metamorphic rocks in the last example
clearly have to have had a non-metamorphic precursor that adds in more time). Two more nonradiometric methods tried to estimate the actual age of the Earth, rather than a minimum. One
was measurement of the combined thickness of all the sedimentary strata, typically in a
sequence across a continent, and use of a reasonable rate of deposition to obtain an age (thickness
= rate of deposition x time, so time = thickness/rate). The results were hundreds of millions of
years to low billions of years. However, even these results were minima, for two reasons: erosion
at unconformities in these sequences means that intervals of time were not represented, and all
such sequences of sedimentary rocks were underlain by metamorphic rocks that clearly required
more time, both for their initial formation, for their subsequent metamorphism, and for erosion to
expose them to allow deposition of the basal sediments in these sequences.
Another pre-radiometric attempt to quantify Earth’s age was determination of the
amount of salt in the oceans and division of that amount by its present rate of input from rivers.
This was akin to the approach using the thickness of sedimentary strata, in that it used the present
amount of a natural material and its rate of accumulation. The amount of salt in the oceans could
be determined from the salinity of seawater and the volume of seawater in the oceans; the rate of
input could be determined from the concentration of Na+ and Cl– in river water and the rate of
flow of river water to the oceans. The result from this approach is a few hundred million years.
This approach suffers from the same problem as the one posed by unconformities does for the
stratal method above: the oceans have lost much of the salt brought to them by rivers, because the
halite of evaporites removes salt from the oceans.
All five of the above demonstrated that Earth is millions if not billions of years old, much
older than the thousands of years summed from the Od Testament by Bishop Ussher. However,
all five are inevitably only minima, and estimation of the actual age of the Earth awaited the
understanding of radioactivity and radiometric dating.
Radiometric evidence
The development of radiometric dating in the 1900s set off a search for Earth’s oldest
mineral material. For many years this could be called “the search for Earth’s oldest rock”, and

the ages eventually reached about 4.0 billion years. However, those rocks were gneisses, a kind
of metamorphic rock, so their ages were again only a minimum, because those ages represented
the time of metamorphism of pre-existing rock. In 2001, individual sand grains (grains of the
mineral zircon, ZrSiO4, which readily hosts uranium) in sandstones in Australia were found to be
4.4 billion years old. However, zircon only forms in igneous rocks over subduction zones where
sinking oceanic lithosphere carries water into Earth’s interior, so these zircon grains had to postdate the accumulation of seawater on Earth, so the age of 4.4 billion years was again a minimum.
A more general way to determine Earth’s age is to determine the ratio of isotopes of lead
in the entire Earth (the “bulk lead isotope” method).

238

U decays to 206Pb at one rate (i.e., with

one half-life), and 235U decays to 208Pb at a different rate (with a different half-life).

204

Pb is an

isotope of lead that is not produced by radioactive decay, so that its amount on Earth is constant.
As a result, combination of the 206Pb/204Pb and 208Pb/204Pb ratios in a material allows
determination of the age of that material or system. In determining Earth’s age, the “material or
system” is the entire Earth. Seawater is a mixture sufficiently generated by the entire Earth that
its dissolved lead gives a reasonable approximation of Earth’s bulk 206Pb/204Pb and 208Pb/204Pb
ratios, and geologically young deposits of galena (lead sulfide) come to average 206Pb/204Pb and
208

Pb/204Pb ratios like that of seawater. Both of them yield an age of about 4.55 billion years.

(The “about” has come back to be an annoyance, because 4.5501 would round to 4.6, and 4.5449
would round to 4.5. Textbooks used to say 4.6 billion years, but more recent ones say 4.5 billion
years. Either is a good answer.) Similar research using other isotopic systems has yielded similar
results.
With that said, one might like to have further confirmatory evidence. We in fact have
samples of a huge chunk of the Earth, and/or a body that formed at essentially the same time as
Earth. That body is the Moon. Recent dating of samples brought back to Earth by NASA’s
Apollo missions gives an age of 4.51 billion years, very compatible with the age(s) given by
Earth materials.
Another way to approach Earth’s age is to observe that Earth is just one part of the Solar
System, which all seems to have formed at the same time. We have rock samples from the Solar
System beyond Earth and its moon: we have meteorites. The oldest meteorites are 4.565 billion
years old, again compatible with an age of 4.5 to 4.6 billion years.
Earth’s age, and why it matters
These four lines of radiometric evidence (the ages of Earth’s oldest mineral materials that
we have found, Earth’s bulk age, the age of the Moon, and the age of the rest of the Solar System)

combine to give an age for Earth of 4.5 to 4.6 billion years. For the human brain, that is an
incomprehensibly long time, so long that time as we know it in our lives is miniscule by
comparison. Even the history of our species becomes a blink of an eye. That thought has major
ramifications for how readily an ancient Earth can adjust to the large changes that we have
enacted in a geologically miniscule time. That may be the most profound thought offered by this
course.
Geologic time scales
The immensity of 4+ billion years poses the problem of how to talk about geologic time.
A course in American history would speak of various periods: Pre-Columbian, Colonial,
Revolutionary, Early Republic, Antebellum, Civil War, etc. Geologists have similarly used
words for a sequence of periods. The earliest system, developed in the 1700s, was gloriously
simple: Primary, Secondary, Tertiary, and Quaternary. However, “primary” and “secondary”
were both applied to kinds of rock, and by the 1800s it was apparent that those rocks were of
many different ages, so those terms were abandoned. “Tertiary” survived until about 2000, when
a stratigraphic commission ruled that it was not correctly defined, and it became the Paleogene
and Neogene. “Quaternary” was similarly ruled technically inadmissible, but the community of
scientists studying the Quaternary rebelled and the commission’s advocacy of terminological
purity was overruled by a century of Quaternary scientists publishing in journals like “Quaternary
Research”, “Journal of Quaternary Science” and “Quaternary Science Reviews”.
The second and presently standard geologic time scale is hierarchical, with four eons
divided into eras, the eras divided into periods, the periods divided into epochs, and epochs
divided into ages. The present eon is the Phanerozoic (the time of “visible (animal) life”), and its
eras are the Paleozoic (“old life”), Mesozoic (“middle life”) and Cenozoic (“recent life”). These
eras are divided into periods, with the name of each period commonly related to the place where
rocks and fossils characteristic of that period were first recognized (for example, the
Pennsylvanian period was defined from strata in Pennsylvania). We live in the Holocene Epoch
of the Quaternary Period of the Cenozoic Era of the Phanerozoic Eon.
The Bias in Favor of the Recent
One fundamental fact of historical geology is that we have more material surviving from
the more recent past than the distant past, and so we know more about the more recent past than
the distant past. In this course, we will call that pattern “the pull of the recent”, and it is evident
from the syllabus: we will spend at most two lectures on the first three eons of Earth’s history

(84% of Earth’s history), whereas we will spend five or six lectures on the Holocene epoch, the
last 12,000 years and thus about 0.0003% of Earth’s history.
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The idea of determining Earth's age
from the thickness of accumulated
sedimentary rocks . . .

Ideal: thickness of sedimentary
succession across a continent,
divided by rate of deposition,
gives time required for deposition
and thus age of Earth.

. . . and why it fails
Unconformity at base of sedimentary succession = time not accounted for

Nineteenth-century geologists aspired to
determine Earth's age by measuring the
thickness of the sedimentary strata that
had accumulated on the continents and
dividing by a reasonable rate of deposition.
They came up with elapsed times of

hundreds of millions of years, far longer
than the 6,000 years that theologians
had arrived at from the Hebrew Old Testament. However, the nineteenth-century
geologists' calculation could yield only
a minimum age for Earth, because it failed

to account for unconformities within the
sedimentary succession and failed to
account for the Precambrian rocks, largely
metamorphic rocks, that underlay and were
thus older than the sedimentary strata
that were measured.
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Anthropocene

*In the first decade of
the 21st Century, the
International Commission on Stratigraphy divided the
Cenozoic period
previously known as
the “Tertiary” into
“Paleogene” and
“Neogene”. Much
useful surviving
literature still contains
the word “Tertiary”
and the letter “T” as
its abbreviation.
Many Earth scientists
also continue to refer
to the boundary at
the end of the Cretaceous as the “K-T”
boundary, even
though it would be
the “K-P” boundary
in the new usage.
**The same action by the International Commission on Stratigraphy eliminated the term
“Quaternary”, folding the last 2.6 million years of Earth history into the Neogene. However, those last
2.6 million years of Earth history are so unique that, in response to scientific outrage, the Quaternary
period was later restored to the system by the ICS. As a result, however, some documents generated
in the early 2000s persist without the Quaternary in their time scales.
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section, and later times are higher, as follows from
the order of sedimentary strata.

A prequel to Lecture 9:

Some context in which to place the early history of Planet Earth
(this material will not be the subject of questions on GEOL 1122 exams)

Lecture 16 will present our understanding of the origin of the Earth about 4.5 billion
years ago, which is when the entire solar system in which Earth resides formed. Because some
students wrongly assume that 4.5 billion years is the age of the entire universe, this essay briefly
reports that our solar system is in fact a relative recent feature in the longer history of the entire
Universe, which is a much larger entity.
We now have multiple lines of evidence that indicate that the Universe formed twelve to
fifteen billion years in an explosion of energy and matter called the “Big Bang”. That evidence
includes (1) spectroscopic measurement of isotopes of uranium of at least two of the oldest stars,
(2) astronomical determination of the Hubble Constant and thus the time required for expansion
of the Universe, and (3) the Wilkinson Microwave Anisotropy Probe’s measurement of the
microwaves emitted during the Big Bang and still passing through the Universe.
During those twelve to fifteen billion years, the Universe expanded to have billions if not
trillions of galaxies, and in each galaxy there are billions of nebulae (“clouds” of dust and gas)
and solar systems, of which our solar system is just one. The galaxy in which we (and more
broadly our solar system) reside is the Milky Way galaxy.
Stars (and their solar systems of orbiting planets) form by condensing from the dust and
gas within nebulae, within galaxies. Some did that long ago, and some are still doing it today. In
our case, the solar system in which we reside condensed from a nebula to give a star and planets
about 4.5 billion years ago, the point at which our lecture will begin.

For people who ask “what existed before the Big Bang?”, the knowledge that black holes
pull in energy and matter allows the speculation that the history of our Universe as we know it is
only the most recent repetition of a cycle. This would be a cycle in which energy and matter
collect in one point until their concentration causes a universe-creating explosion after which that
universe spreads but ultimately is collected again by aggregation of black holes to a single point
to repeat the cycle with yet another Big-Bang-like explosion. In this series of cycles, the billionsof years history of the Universe that we know we be just one pass through the cycle. However, it
should be strongly emphasized that this series of cycles is entirely a speculation, because all of
evidence of previous cycles would be destroyed in the condensation and explosion ending one
and beginning the next.

Lecture 9: Evolution of the Earth
We have already concluded that Earth is about 4.55 billion years old, but we said nothing
about what happened 4.6 to 4.5 billion years ago as Earth formed. The lecture takes on that task
and the task of what happened to the physical body of Earth thereafter.
The Origin of the Earth
No rocks survive from Earth’s origin, so the evidence available to us is somewhat
different from our usual “go look at rocks” approach. The evidence that we have, or the
constraints on our inferences, are (1) that Earth is a layered planet with a core rich in iron and
nickel (the outer part of which is molten liquid), a mantle of ultramafic silicates, and a crust of
silicate minerals; (2) our knowledge of how Earth materials behave, in terms of melting
temperatures, radioactivity, mineral stability, and seismic properties; and (3) that Earth has many
characteristics like its neighboring planets, so that we have to understand Earth’s origin in terms
of the origin of the solar system, rather than as a “one-off” unique occurrence; and (4) our
knowledge of meteorites, pieces of other planetary or proto-planetary bodies in our solar system.
The “proto-planetary” part of the latter is important because it lets us see what might have gone
on in the accretion of a planet.
From the above, we infer that Earth originated as our solar system condensed in a solar
nebula. Most of the mass of the solar nebula condensed into the sun, but at the fringes matter,
mostly dust or at most sand-sized particles, underwent accretion (condensed) into lumps, one of
which was the beginning of Earth. This mass of solid particles would presumably have been
homogenous and undifferentiated, like a very large chondritic meteorite. This “cold” (i.e.,
unmolten) mass would have been heated by gravitational compression, meteorite impacts, and
(most importantly) the radioactivity of materials within it until it reached a completely molten
condition. That molten condition would have allowed, and in fact dictated, segregation by mass,
with the denser iron-and-nickel-rich material moving downward/inward to the center and the
lighter silica-rich material moving upward/outward. The iron-and-nickel-rich material, akin to
iron-nickel meteorites, became the core (the outer part of which has never solidified), and the
silica-rich material, akin to achondritic meteorites, became the mantle (and later, the crust). Any
gas left surrounding this first solid, then liquid, then solid-and-liquid spherical mass was probably
swept away in solar flaring, huge bursts of solar wind that stars emit soon after their formation.

Early Earth
One of the earliest events in Earth’s history was the formation of its only satellite, the
Moon. Geochemical evidence suggests that the moon originated in a huge impact with another
body of the cluttered early solar system, with the moon condensing from the scattered fragments
generated by the collision. That impact was only the most spectacular in a barrage of impacts,
most of which we would consider “meteorite impacts”. As soon as Earth had cooled enough to
have a solid surface, parts of the surface probably began to sink, and move laterally as their edges
sank, to give a primitive but fast sort of plate tectonics. Evidence of this includes (1) many
greenstone belts in Archean rocks, where greenstone belts are remnants of collisions of seafloor
with volcanic arcs, and (2) abundant early Archean sequences of rift-related rocks from rifts that
suggest plates moving apart (the complementary process of plate area being lost as plates sink).
This early version of plate tectonics led to the generation of bits of continental crust that
collided to form cratons, the Precambrian cores of the modern continents. In North America, the
best example of this is the Superior Craton (named after Lake Superior), which consists of
agglomeration of greenstone belts. Accretion of terranes around the Superior Craton led to the
Precambrian-to-Paleozoic age continent of Laurentia (named after the St. Lawrence Seaway),
something like the North American but without the region southeast of the Appalachians (added
later as Pangaea formed) and without much of the west coast (added later as island arcs collided
with western Laurentia) but with western Scandinavia (later split off as the North Atlantic opened
in the Mesozoic).
Changing Earthscapes
Laurentia is just one example of the early continents, all of which were carried across
Earth’s surface by plate tectonics in the Proterozoic and Paleozoic. The continents commonly
wandered freely as isolated entities but sometimes collected to form large masses called
supercontinents. For our purposes, we start that story in the late Proterozoic with Rodinia, a
supercontinent in which our Laurentia was locked between Amazonia (northern South America),
eastern Antarctica, and Siberia (all of which is relevant only to illustrate how different geography
was then, and later). Rodinia rifted apart in the latest Proterozoic to give scattered continents
along the equator and in the southern hemisphere in the Cambrian, with a huge northern ocean.
In the middle Paleozoic continents began to move together, and by the Pennsylvanian, Permian,
and Triassic they had assembled into a north-south supercontinent called “Pangaea”. In the
Mesozoic, Pangaea split apart with the opening of the Atlantic Ocean. In the Cenozoic, India
moved northward and collided with Asia along the Himalayas, Antarctica and Australia split

apart to make the Southern Ocean and thus the present round-the-world belt of ocean in the
Southern Hemisphere, and North and South America were joined as Central America was wedged
between them.
The Evolution of Eastern North America
Laurentia underwent three collisions on its eastern side in the Paleozoic, each of which
caused mountain-building events called orogenies that collectively built the Appalachians and
welded Pangaea together. They progressed from north to south, from the Ordovician-age Taconic
Orogeny from New England to Tennessee, the Devonian-age Acadian Orogeny in New York and
Pennsylvania, and the Pennsylvanian-to-Permian-age Alleghenian Orogeny from Pennsylvania
to Alabama. We will focus on the latter because it involves Georgia and the region to the
northwest.
There is evidence of a great collision of continents during Pennsylvanian to Permian time
in northern Georgia and to the northwest. The Piedmont of Georgia, in which Athens sits,
consists of intensely metamorphosed rocks that document a great thickness of rock thrust over
them by compression as two continents came together. The Blue Ridge is a region of thrustfaulted and folded metamorphic rock again indicating compression; Great Smoky Mountain
National Park provides a great example. The Valley and Ridge of northwest Georgia (and
onward northeast into Tennessee and Virginia) is a region of thrust-faulted sedimentary rocks that
demonstrate much compression from southwest to northeast. Farther northwest is a region of
no deformation but with vast expanses of Pennsylvanian-age sandstone that testify to a great
eastern mountain range as the source of their sand; that region extends from Tennessee to at least
Illinois. One result of this great collision is that the region southeast of the Appalachians,
previously attached to Africa in the Gondwanan continent, was welded onto eastern North
America. This means that Athens, Georgia, was part of Gondwanaland and only joined North
America about 300 million years, as Pangaea reached its greatest extent.
Pangaea split apart in the Mesozoic with the opening of the Atlantic. Sediments shed
eastward began building the Coastal Plain, which in Georgia is the region coastward to Augusta,
Milledgeville, Macon, and Columbus. The Fall Line is the boundary between the Piedmont and
Coastal Plain; its name comes from the waterfalls commonly present in rivers as they descend
from the Piedmont’s igneous and metamorphic rocks that are resistant to erosion onto the Coastal
Plain’s sedimentary rocks, which are more readily eroded. Cities often developed along the Fall
Line as boats that could no farther up-river were unloaded; from Alabama to Virginia these
include Tuscaloosa, Columbus, Macon, Milledgeville, Columbia, and Richmond.
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A simple model of the evolution of the early Earth, Part I
Randomly scattered matter drifts in the solar nebula

Particles' gravity pulls them together (denser particles are shown in darker colors).
A chondritic
ProtoEarth

Meteorite impacts and radioactivity heat the early Earth to the point of melting (red arrows indicate heat flow). Denser elements migrate to the center, and lighter to the outside.
Earth becomes an achondritic body.
Heat flux

Intense radioactive decay,
including that of 26Al
generated by cosmic radiation
Cooling of the surface makes the outermost rind denser, and parts of it sink.

Segregation
by mass

Magma
ocean

With extinction of 26Al in
Earth's interior because cosmic
radiation can not generate 26Al there, cooling begins.

Cooling &
solidification
of exterior

As those outer parts sink, water that they release induces melting of more siialic
components, and magma rises to make small volcanic chains See Part II for more.
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A simple model of the evolution of the early Earth, Part II
In Part I, cooling of the early Earth's surface made those outer parts sink, and water that was
released induced melting of more siialic components, and magmas roses to make small
volcanic chains.

Subduction zones pull crust toward themselves, pulling other proto-continents are drawn in.
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A simple model of the evolution of the early Earth, Part III
A small craton forms from three early trench-arc systems:
(Proto-)
trench

(Proto-)
Island arc

A small craton

A

B

C

At larger scale, the small craton in A to C is just one of many. The subduction of seafloor in front of them brings them together.

A second small craton

The small craton
In Part C

A third small craton

D

A growing
agglomeration of
small cratons

E
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A simple model of the evolution of the early Earth, Part IV
A small craton forms from three early trench-arc systems:
(Proto-)
trench

(Proto-)
Island arc

A small craton

A

B

C

At larger scale, the small craton in A to C is just one of many. The subduction of seafloor in front of them brings them together.

A growing
agglomeration of
small cratons

E
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Sketches of Evidence for Interpreted Events in the History of Eastern North America
GEOL 1122

Evidence for the OrdovicanTaconic Orogeny as the
collision of a volcanic island arc with eastern Laurentia:

1. Thrusted volcanic rocks in the
modern Taconic Mountans - evidence
of the volcanic arc itself

5. Queenston Delta of Late Ordovician siliciclastic sediments
shed from a large mountain range to east into rivers and deltas to west.
Albany, NY

Utica, NY

Buffalo, NY

3. Sedimentary succession from Middle Ordovician
shallow-water deposition (limestones) to later deep-water
deposition (black organic-rich shales). Deepening is
evidence of abortive subduction fo eastern Laurentia.

Connecticut

2. Thust faults at west edge
of modern Taconic Mtns evidence of major compression.
4. Ordovician deep-sea-fan deposits shed
into deep water from sediment source to east.

Evidence for the DevonianAcadian Orogeny as a continent-continent
collision of eastern Laurentia and Baltica (Western Europe):
Modern Catskill Mtns

Cleveland, OH

Britain

NW Europe
Old Red Sandstone - Mass of Devonian
siliciclastic sediments transported to east
from mountains in west.

(South-central New York)

Catskill Delta - Mass of Devonian siliciclastic sediments
transported to west from mountains in east.

Inferred mountain mass from continent-continent collsion
(Most evidence from mountains themselves
has been lost to subsequent orogeny)

Evidence for the Pennsylvanian Alleghenian Orogeny as a continent-continent
collision of eastern Laurentia and Gondwanaland:
Stone-Mountain-like
Lexington, KY

Masses of Pennsylvanian
sandstone - evidence of erosion
from a huge mountain range to
east in Pennsylvanian time.

granitic pluton

Knoxville, TN

Athens, GA

Valley-&-Ridge
thrust faulting and
folding of
Paleozoic
sedimentary rocks.

Blue-Ridge schists
Piedmont gneisses, and granites of
and gneisses evidences of intense Pennsylvanian age - evidence of intense
compression in base of large mountain
compression
range, and of intrusion.
This looks like the left half of our previous handout showing the typical features of a continent-continent collision.

Evidence for Triassic rifting:
Raleigh, NC

Cape Fear, NC

Piedmont
metamorphic rocks
and igneous rocks

Continental Shelf
Marine sedim

Evapo

Normal faults - evidence of
tensional stress (age of
sediments filling basins
establishes age of faults as
Triassic).

Triassic redbeds &
conglomerates- evidence of
continental sedimentation into
newly opened basins.

ents

rites

Redbed–evaporite–marine-sediment
sequence typical of rifted continental
margins that have undergone East Africa
Rift–Red Sea–ocean basin sequence of
evolution.
LBR 10/1998; rev. 11/2000

Part III. THE HISTORY OF EARTH’S LIFE
Lecture 10: Explanations of Biological Evolution
The topic of biological evolution has long been a contentious one, with the question of
whether evolution has happened dividing families and dividing American society. “Evolution”
(etymologically the “turning out” or “rolling out” of things) means “change”, and so “biological
evolution” refers to change of Earth’s life forms, or more broadly the change of Earth’s biota.
Because the topic has been and remains so controversial, this lecture examines the evidence of
evolution and then the basic explanations of it.
Evidence of evolution
There is much evidence that biological evolution has occurred. Firstly, we find fossils of
ancient organisms that are not present on Earth today – archaeocyathids are an entire phylum
that is no longer present, and all of the Mesozoic reptiles like dinosaurs, pterosaurs, plesiosaurs,
ichthyosaurs, and mosasaurs are a large group no longer present. Conversely, Earth’s present
biota includes many species (or high taxa) that were not present in the past – most species
have no fossils more than a few million years old, and entire large groups like mammals and
flowering plants are represented by fossils only since the Mesozoic. In fact, the entire geological
time scale of the last 600 million years is evidence that organisms have changed, because its eras
and periods are defined in terms of appearances and disappearances of organisms through time.
In short, even the most superficial awareness of fossils indicates huge change in Earth’s biota
through time.
One might, of course, choose to ignore or dismiss fossils and ask instead if there is
modern evidence of biological evolution. There are in fact many examples. One is the
evolution of multiple species of mice on the island of Madeira, where European sailors left one
species of European mouse that diversified into multiple species over a few centuries. Another is
the evolution of apple flies in North America since the 1800s, when the introduction of
domesticated apples from Europe provided a new ecological opportunity for flies that previously
timed their reproduction to exploit the less supportive native Hawthorne trees. Another is the
evolution of different species of clam worms from one original lineage in about three decades,
after researchers sampled a natural population, split the offspring of their samples into multiple
groups, and after thirty years found that the groups could no longer inter-reproduce. Another is
the evolution of new bacterial strains in years or even months, and another an even more striking
example is the evolution of multicellular bacterial structures (mimicking one of the most

important events in evolutionary history) in months. These are just a few examples among the
many known cases of biological evolution during observable history (as opposed to the prehistoric examples of the previous paragraph).
Explanations of Biological Evolution
The evidence above indicates that biological evolution has happened, but the next
question is how change of Earth’s biota has happened. At least four explanations or categories of
explanations have been proposed. Each must explain how new life forms have repeatedly
appeared: how prokaryotic microbes appeared in the Archean, how eukaryotes appeared in the
Proterozoic, how simple multicellular life like sponges appeared in the late Proterozoic, how
trilobites and molluscs appeared in the Cambrian, how amphibians appeared in the Devonian,
how reptiles appeared in the Pennsylvanian, how mammals appeared in the Triassic, etc.
Multiple sequential creations of life by divine beings is one explanation of biological
evolution. Many cultures have maintained that a divine being (the Black Hactcin for the Apache,
Pan Gu for the Chinese, Obatala for the Yoruba, Earthmaker for the Potawatomi) created life,
although none of them propose a sequence of creations like that needed to explain the fossil
record. To someone who does not believe in a particular divine being, explanation of life as
having been created by that particular being is a violation of Ockham’s Razor, because that
person sees no evidence for the existence of that divine being. For example, most American
students consider the Black Hactcin, Pan Gu, Obatala, and Earthmaker to be things for which
there is no evidence, and so they reject divine creation by those beings. If across all cultures there
are n creating divine beings (where n across all of human history is in the hundreds if not more),
people who believe in some divine being apply Ockham’s Razor n-1 times to all n divine beings
except their own, and skeptics apply it once more, or n times.
Multiple deliveries of life to Earth by extraterrestrial beings is a less popular but
analogous explanation, in that it appeals to beings beyond Earth for the driving mechanism of
evolution. Most students view this explanation to similarly fail treatment by Ockham’s Razor, in
that either they see no evidence for the existence of extraterrestrial beings or no evidence that
such beings could have traveled through interstellar space to Earth repeatedly.
In contrast to the two explanations above, the next two appeal to processes on Earth. The
first is inheritance of acquired traits. In this explanation, individual organisms engage in
behaviors needed to survive in their environment, and after developing their physiology with
those behaviors, they pass their developed characteristics to their offspring. The classic example
is the idea that a giraffe stretches its neck to reach leaves high in trees and then passes along the

characteristic of a long neck to its offspring. However, there is no known mechanism for this
transmission, because genes are fixed at conception and do not respond to behavior.
The second of the two explanations that appeal to processes on Earth, and the explanation
scientifically accepted for the last 150 years, is natural selection (“natural” because it happens
through natural rather than divine or extraterrestrial processes; “selection” because the process
selects among many candidates for survival). The idea of natural selection arises from three
observations about nature: (1) in any population of individuals of a species, there is variation,
whether in size, shape, biochemistry, or whatever – no two individuals are exactly the same; (2)
some variations are more useful than others (being fast is commonly more useful than being slow,
sensing food from a distance is more useful than being insensate, etc.); and (3) all organisms
over-reproduce, so that not all young survive to the age of reproduction. These ideas combine to
dictate that, among the young of a species, those with characteristics most useful to the
environment are more likely survive to reproduce and pass on their characteristics to the next
generation, whereas those with less favorable characteristics are less likely to survive to
reproductive age and to reproduce, so that their characteristics are not passed on. From one
generation to the next, the population changes little, but those small changes accrue across many
generations to become large change, especially in response to environmental change.
Here is where geologic time becomes relevant to biology: in a million years (a blink of
the eye in geologic time), a species in which young reproduce in their second year will pass
through one million generations, and even a slow-reproducing species like Homo sapiens will
pass through 50,000 generations in that million years. A very small change in each generation,
multiplied by tens or hundreds of thousands, can accrue to give large change across geologic
time.
Natural selection is commonly called “survival of the fittest”, although more accurately it
is “reproduction of the fittest” or sadly ““non-reproduction of the non-fit”. Fitness consists of
many possible characteristics: Senses, speed, strength, feather or fur coloration, food acquisition,
intelligence, communication, cooperation, and care for offspring are all examples.
If one questions whether this kind of selection can really change organisms across
generations, one need only look at the results of artificial selection, the process in which humans
have changed organisms by selective breeding of dogs, cattle, sheep, horses, cats, strawberries,
apples, lima beans, squash, broccoli, and so on. In about 10,000 years (a very fast blink of the
eye in geologic time), we have gotten Dachshunds and Chihuahuas from wolves, and broccoli
from weeds. This point was driven home in the 1900s by Soviet researchers who used selection
to transform foxes into extremely friendly dog-like organisms in a few decades. These human

experiments demonstrate that selection can enact great change in lineages, documenting not only
that evolution can happen but also how it can happen, via selective processes.
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Lecture 11: Precambrian (and early Cambrian) Life
The term “Precambrian” is a word for the Hadean, Archean, and Proterozoic collectively,
and thus for about four billion years, or about 88% of Earth’s history. This lecture therefore deals
with the earliest, but also longest, part of the history of life on Earth. During this time, life
crossed two of its greatest evolutionary hurdles, first from simple prokaryotic cells to complex
eukaryotic cells, and later from single eukaryotic cells to multicellular life.
The first question that one might ask is “why do we think there was life on Earth so long
ago”. The answer consists of multiple lines of evidence of early Precambrian life. One is that
we have found structures that look like microscopic life forms (i.e., microfossils) in rocks at least
3.4 billion years old. Another is that we have found macroscopic structures that are collectively
made by cyanobacteria (structures called “stromatolites”) in rocks that are 3.7 billion years old.
A third is that we have found sedimentary accumulations of carbon depleted in 13C, a
characteristic of organic matter produced by photosynthesis. A fourth is that we have found
natural biochemicals like porphyrins in rocks more than 3 billion years old. The four lines of
evidence combine to suggest that life existed in the Archean, if not in the Hadean. The exact
origin of this microbial life remains largely a matter of speculation, but genetic studies regarding
early life combine with modern marine biology and biochemistry to suggest that hydrothermal
vents on the seafloor are a likely place for inorganic processes to have supported the earliest
living, or at least “half-alive”, microbial organisms.
Fossils indicate that Precambrian life consisted only of prokaryotes (small cells with
little internal structure) until 2 billion years ago. These prokaryotes commonly built large
(meters-tall) stromatolites that only form rarely today but could flourish in a world with no
larger grazing organisms like snails or fish.
Somewhere between 1.3 and 1.8 billion years ago, larger cells that may have been
eukaryotes (cells with internal structures called “organelles”) first appeared. These eukaryotes
may have arisen through a process called “sequential endosymbiosis” in which small cells were
engulfed in larger cells and became the organelles of those larger cells. Evidence for this process
includes the fact that the mitochondria of all eukaryotes and the chloroplasts of all plant cells
have double walls, suggesting that they were engulfed by their hosts, and they have their own
DNA independent of the DNA of the host cells in which they reside, suggesting that they were
originally independent organisms. Modern natural organisms and modern experiments support
the validity of this model for the origin of eukaryotes.
All of the above is concerned with single-celled organisms, whereas fossils indicate that
multicellular algae first existed in the Proterozoic and the first multicellular animals existed in

the Neoproterozoic, the latest Proterozoic. Evidence of the latter includes biomarkers (chemicals
unique to specific organisms), impressions of soft-bodied organisms, and body fossils of simple
organisms that made mineralized structures. Modern evidence that this transition from singlecelled life to multicellularity is possible includes (1) the life cycle of slime molds, who make that
transition routinely, (2) the reassembly of sponges as multicellular organisms after they have been
artificially dispersed into single cells, and (3) experiments in which single-celled algae have
literally overnight combined to make multicellular life.
These developments late in the Proterozoic (and thus late in the Precambrian) set the
stage for the “Cambrian Explosion” of multiple phyla that made mineralized structures easily
recognized as fossils. The word “explosion” is an exaggeration, in that the process took tens of
millions of years, but it led to at least seven new phyla of animals. These phyla include
arthropods, molluscs, brachiopods, sponges, archaeocyathids, corals, bryozoans, and
echinoderms, as well as small shelly fossils of uncertain affinity and many soft-bodied organisms
that have no known skeletonized analogs. The result was a great diversity of life easily
recognized from fossils, and thus the Phanerozoic, the time of “visible animal life”.

Lectures 12 and 13: Phanerozoic Evolution
Lecture 11 presented the history of life for more than three billion years, from perhaps
3.8 billion years ago to 540 million (0.54 billion) years ago. This lecture presents the history of
life for the most recent 540 million years (the Phanerozoic Eon), a shorter time period but one
about which we know much more. The foremost goals of this lecture are to explain the origin of
the chordate species Homo sapiens (the species most responsible for modern global change) and
to make clear the evolutionary challenge that remains.
The “Phanero-zoic” Eon is literally the “visible animal” eon, the time from which easily
visible fossils exist. That easy visibility largely means fossils of organisms that produced hard
mineralized parts like shells, skeletons, or teeth. The term applied to the abrupt appearance of
organisms with these hard parts is the “Cambrian Explosion”. The word “explosion” makes this
sound like an instantaneous event, but in fact it took place over tens of millions of years.
What went on in the so-called Cambrian Explosion is also less than clear. At least three
general views are possible:
In one view, the oldest view, animals abruptly diversified into many new phyla, and
coincidentally at the same time they began to biomineralize, so that their hard parts
made the new kinds of organisms recognizable as fossils. In this view, the
Cambrian Explosion is all about new forms of soft tissue, and the development of
biomineralization around these new forms was a coincidence.
In a second view, counterposed if not opposite to the first, is that changes of seawater
chemistry increasingly favored biomineralization (the making of hard parts by
organisms), so that evidence of previously diverse but soft-bodied life became better
preserved and more visible to us. In this view, the Cambrian Explosion is all about
a new propensity for biomineralization and thus capacity for preservation of fossils,
and diversification of organisms may have not been great.
In a third view, something of a compromise but a very logical one, is that changes of
seawater chemistry favored biomineralization, allowing biostructural diversification
that coincidentally meant that life became better preserved and more visible to us.
In this view, the Cambrian Explosion was triggered by the onset of biomineralization, which led to an arms race (better, a shell race) as both predation and protection
took on new mechanisms and forms.
In the Ordovician and thereafter, there were abundant and diverse marine fossil-making
organisms, and fossil-rich limestones from the Ordovician and later periods are abundant.
Among the fossils in the Ordovician and Silurian were primitive chordates (organisms with
notochords, and thus like ourselves in the most broad biological sense). Among these chordates
were primitive fish that had mineralized coverings of their heads (although “skull” might be a bit
of an exaggeration).

Life on land is not known from the Cambrian, and in the Ordovician it was probably only
algae coating wetter parts of the landscape. By the Silurian, there were small simple plants on
land, and at most “moss forests” near rivers and streams. Silurian animal life on land included
small arthropods like millipedes.
By the Devonian, plant life on land had developed sufficiently to allow dwarf forests of
trees a few feet tall. Animal life on land also increased, largely in the form of arthropods. In the
seas and estuaries, fish diversified in the early Devonian, and bony fish divided into two groups,
one being the ray-finned fish most familiar to us today and the other being lobe-finned fish. Rayfinned fish have relatively weak but very maneuverable fins that allow rapid and precise
movement in water. Lobe-finned fish have strong limbs that allow them to push on things around
them for propulsion and, in the Devonian, they lived in estuaries where such propulsion may have
been important.
From our perspective, the most important development among animals on land in the
Devonian was the evolution of amphibians from lobe-finned fish. Much evidence supports an
evolutionary linkage between lobe-finned fish and amphibians:
Both lobe-finned fish and amphibians had/have limbs consisting of one bone nearest
the body, two bones farther out, and more-or-less radiating bones farthest from
the body. Any human can feel for their humerus (the bone of their upper arm),
their radius and ulna (the two bones of their lower arm) and the various bones
of the wrist, hand, and fingers to get a good idea of this pattern.
Both lobe-finned fish and amphibians had/have similar skull structures, with the
same number of bones in both the skull itself and in the lower jaw.
Both lobe-finned fish and amphibians had a similar convoluted tooth structure. In
fact, the earliest amphibians are called “labyrinthodonts”.
Embryonic amphibians (for example, the tadpoles of frogs) are very similar to fish.
The Mississippian and Pennsylvanian saw little large-scale change in Earth’s biota. The
Permian, however, saw a major event among vertebrates with the evolution of reptiles from
amphibians. Early reptiles were so similar to amphibians of their time that experts have long
debated whether particular fossil genera should be considered amphibian or reptile. However,
from a functional perspective, the change was great: amphibians lay soft eggs that cannot survive
out of water, and so amphibians were and are restricted to environments that are water-filled for a
significant part of each year. Reptiles, on the other hand, produce an egg enclosed in an amniotic
membrane that keeps water in, so that the egg does not dessicate. This allowed reptiles (and still
allows reptile and their evolutionary descendants today) to live in dry environments and thus to
inhabit a much greater proportion of Earth’s land.

The Permian ended with a huge extinction event so profound that it divides the Paleozoic
(“old-animals”) Era from the Mesozoic (“middle-animals”) Era. Life recovered in the Triassic
Period, and by the Late Triassic two major evolutionary events occurred. One was the evolution
of dinosaurs on land, and in parallel with them pterosaurs (non-bird flying reptiles) in the air and
plesiosaurs and ichthyosaurs in the seas. As a result, most ecosystems were dominated by reptiles
in the Mesozoic Era, which is often called the “Age of Reptiles”.
The other major evolutionary event among vertebrates in the Late Triassic was the
evolution of mammals from reptilian ancestors. Our fossil evidence of this is sufficiently detailed
that we can identify a transitional group, the cynodonts, that was the evolutionary bridge between
some mammal-like reptiles and the true mammals. This table presents that evidence:

Differentiation
of teeth

Reptiles

Cynodonts

Mammals

No
differentiation

Partial
differentiation

Full
differentiation
(incisors to molars)

Bones of
lower jaw

Dentary bone
and other bones

Enlarged dentary;
others diminished

Dentary
bone only

Jaw-skull
joint

Articular and
quadrate bones

Both (A-Q and D-S)
joint mechanisms

Dentary and
squamosal bones

Roof of mouth

No secondary
palate

Partial secondary
palate

Full secondary
palate

During the Jurassic and Cretaceous, mammals diversified but in general remained small,
and they were not of great significance to the overall terrestrial ecosystem. On the other hand,
reptiles dominated both the terrestrial and marine ecosystems. The Jurassic also saw the
evolution of birds from dinosaurs.
Reptilian dominance of Earth’s ecosystems came to an abrupt end at the closing of the
Cretaceous (the Cretaceous-Paleogene or “K-P” boundary) in a huge extinction event commonly
attributed to an asteroid impact. This event was so profound that it divides the Mesozoic
(“middle-animals”) Era from the present Cenozoic (“recent-animals”) Era. Cenozoic ecology has
been dominated by mammals, which diversified greatly in the Paleogene, the first period of the
Cenozoic.

Among the orders of mammals that diversified in the Cenozoic were primates, of which
we are one species. Historically, the idea that humans are biologically/genealogically descended
from primates and closely related to chimpanzees is a contentious one, but a great array of
evidence supports that idea. Such evidence includes
1. The fossil record of a sequence of primate genera from late-Cretaceous ancestors
to the genera Australopithecus and Homo.
2. Great similarity in the comparative anatomy of modern primates and humans,
both in skeletal structure and in structure of the brain.
3. Great similarity of biochemistry, to the extent that A, B, and O blood types are
found both in humans and in chimpanzees.
4. Great similarity of chromosomes of humans with those of primates, and most
strikingly so those of chimpanzees.
5. Great (98-99%) similarity of the DNA of Pan (chimps) and Homo (humans).
As one goes back through this lecture, the strongly-grounded argument that emerges is
that the species Homo sapiens is biologically descended from Late Cretaceous to Cenozoic
primates, and thus from Mesozoic mammals, and thus from Permo-Triassic reptiles, and thus
from Devonian to Permian amphibians, and thus from Ordovician to Devonian fish, and thus
from primitive Cambro-Ordovician chordates.
Humans nonetheless have far greater mental capacity than other animals, giving them the
power for intelligent behavior and ethical reasoning. In this respect, human evolution continues,
as we try to induce more members of the biological species Homo sapiens to use their large
brains to engage in self-controlling, respectful, and cooperative behaviors that are truly “thoughtfull” and uniquely human(e).
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Primate Evolution
with emphasis on the origin
of Homo sapiens
from Levin, 1991, The Earth Through Time;
Martin, 1990, Primate Origins and Evolution;
Else & Lee, 1986, Primate Evolution;
Ciochin & Corruccini, 1983, New Interpretations
of Ape and Human History;
Ciochin & Fleagle, 1985, Primate Evolution
and Human Origins;
Wood 2002, Nature 418, 133-135;
Brown et al., 2004, Nature 431, 1055-1061;
Ni et al., 2013, Nature 498, 60-64;
Berger et al. 2015, eLife 4, 09560.
Caveat lector: This diagram was generated
by a geologist, not a primatologist.
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Purgatorius
Stem placental mammals

Key points:
Primates have diversified greatly during the Cenozoic.
The ancestry of Homo sapiens is recorded by a lengthy
succession of fossil species and genera.
The modern primates that we know today are the survivors among
a larger array of earlier primates, some whom went extinct.
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Brain & neocortex volumes of modern primates
Simians (~Haplorhine primates)
Prosimians (~Strepsirhine primates)

Neocortex Volume (mm3)

10 6

Homo sapiens sapiens

2.9X
difference
Gorilla gorilla
Pan troglodytes (chimps)
Papio anubis (olive baboons)

10 5

Cercopithecus
(includes word-using
monkeys)

10 4

Cebuella pygmaea
(pygmy marmosets)
Tarsius sp.
10 3

(Haplorhine
prosimian)

Selected insectivores

10
1 ml

3

10

2.7X
difference

This plot illustrates that
1) Humans have the same scalable brain
architecture as other primates, compatible
with evolution of humans from primate
ancestors (but an unlikely coincidence if
humans had a non-primate origin), and
2) Humans nonetheless have far larger
brains, giving them far greater capability for
moral reasoning, for analyzing the past, and
for planning for the future.

4

10 ml

Total brain volume

10

5

100 ml

(mm3)

10

6
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Data from Stephan, H., Frahm, H., and Baron, G., 1981, New
and revised data on volumes of brain structures in
The neocortex is the outer part of the brain and is the location of analysis and reasoning. It
insectivores and primates: Folia Primatologica, v. 35, p. 1-29.
is found only in mammals. By contrast, the limbic system or "lizard brain" is just above the
See also Barton, R.A., and Harvey, P.H., 2000, Mosaic evolution
brain stem and is concerned with responses to stimuli and maintainence of body functions.
of brain structure in mammals: Nature, v. 405, p. 1055-1058.
Haplorhines evolved from strepsirhines by becoming diurnal and developing vision over smell. Strepsirhines use vision and smell
LBR 8/10/2000;
about equally. Haplorhines have a special retina and fully developed enclosed eye socket, and they have lost the rhinarium, the nose
rev. 12/3/2007
that is moist and continuous with the upper lip. Tarsiers are haplorhines, but the most primitive ones, and they have returned to
nocturnal behavior. They have the haplorine retina adapted to daylight, but they have very large eyes to compensate in darkness.

Three great advances in human cognitive/psychological evolution
1. Symbols and Language
Humans have developed a
remarkable aptitude for the use of
symbols. Many animals, from bees
to chimps, have signs that they
associate with specific things.
Humans, however, have symbols,
which can have many meanings
and that, when arranged in sets,
can represent complex thoughts.
This ability to use and understand
symbols has taken humans far
beyond all other animals, and it
led scholar of language Kenneth
Burke to define humans as the
“symbol-using animal”.

Words for natural things we encounter:

sand, rock, wolf, berry, nut, river, hill, snow

Words for physical things we make:

wheel, building, bridge, ship, airplane, space station

Words for conceptual things we make:

plan, budget, history, theory, equation, philosophy

Words for things we do:

communication, navigation, government, education, war

Words for diffuse things:

network, ecosystem, current, society
Words for abstract things:

freedom, future, democracy, prosperity, optimism

Expressions for things that we think exist or happen,
even though we can't see them:

electron, ice age, tectonic plate, black hole
Expressions for things that could happen:

visit by space aliens, 27-pitch perfect game, cold fusion

Expressions for things that we can imagine,
even though we don't think they exist:
LBR HumanPsychologicalEvolution01.odg 10/2014

ghosts, fountain of youth, time travel, ESP

Three great advances in human cognitive/psychological evolution
2. Greater temporal perspective: Envisioning a different future
Humans have developed the ability
to envision the future, beyond that of any
other species. This has allowed the
development of agriculture (with the
ability in spring to envision a harvest
in autumn), construction (with the ability
to envision turning stone, mud, or wood
into a building, or a city), and human
relations (with the ability to envision
the productivity of individuals working
together, and to envision the advantages of living in constructive peace
rather than in destructive conflict).

A journey of a thousand miles starts with a first step.
Lao Tzu, Tao Te Ching (Ch. 64, line 12 (~500 B.C.)

We have it in our power to begin the world over again.
Thomas Paine, Common Sense (1776)

We cannot predict the future, but we can invent it.
Dandridge M. Cole (b. 1921- d. 1965)

What one needs to do at every moment of one's life is
to put an end to the old world and to begin a new world.
Nikolai Berdyaev, The Beginning and the End (1947)

I have a dream.
Martin Luther King, Jr. (1963)

LBR HumanPsychologicalEvolution01.odg 10/2014
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Great advances in human cognitive/psychological evolution in the Quaternary
3. Greater relational perspective: Taking the role of the other
With the development of human intelligence,
many cultures (among them Confucian, Buddhist,
Greek, Christian, and Islamic) have expressed what
is known as the ethic of reciprocity:
“Treat others as you would have them treat you”
or, in the negative,

This greater relational perspective arises in
part from the greater temporal perspective in Part 2:
a being that can envision the future actions of others
can envision others' responses to that being's
behavior.

“Don't do to others what you wouldn't want done
to yourself”

“Never impose on others what you would not choose for yourself."
Confucius Analects XV.24 (b. 551– d.479 BC)

“Hurt not others in ways that you yourself would find hurtful.”

Gautama Buddha Udanavarga 5:18 (~Fifth Century B.C.)

"Do not do to others that which angers you when they do it to you."
Isocrates Nicocles or the Cyprians 3.61 (b.436– d. 338 BC)

”Do

to others what you would want them to do to you."
Jesus Christ (Matthew 7:12, Luke 6:31) (~30 AD)

“As you would have people do to you, do to them;
and what you dislike to be done to you, don't do to them."

The Prophet Mohammed Kitab al-Kafi (~625 AD)
LBR FQSHumanPsychologicalEvolution01.odg 10/2014
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Human evolution, as opposed to that of Homo sapiens
Darwinian (uncivilized) Homo sapiens

Human (civilized) Homo sapiens
Humanity (noun): 1. Human beings as a group.
2. The quality of being benevolent. See also “humane”.

1

Reproduces maximally

Reproduces at most at a rate
that sustains a sustainable population

2

Seeks advantage for self and offspring

Seeks advantage for all,
including non-offspring

3

Sees others as competitors, nuisances,
or resources to be exploited
Plants and most animals

Sees others as possible collaborators,
or at least as beings who deserve as
much respect as oneself
(“Do unto others as on you would
want them to do to you”)

4

Cooperates with others only to the
extent sufficient for #2 above.

Much cooperation with others

5

Attends to future only to the extent
sufficient for #2 above

Much attention to future
Human (civilized) Homo sapiens

Ants, bees, wolves, uncivilized H. Sapiens

5 million
years ago

Homo

Australopithecus

Primate ancestors
4 mya

3 mya
Neogene

2 mya

H. sapiens
The final
stage of
0 primate
evolution

1 mya

Quaternary

The essence of human civilization is cooperation toward a better future.
It is up to each one of us to be a truly human being.

LBR 9/2018
FQS-HomoSapiensVsHuman02.odg

Part IV: Environment
Lecture 14: The Greenhouse Effect
Solar radiation reaching the Earth’s surface warms the things that it strikes. This is
obvious to anyone who has enjoyed the warmth of the sun’s rays on their skin on a cool but sunny
day. It is also obvious to anyone who has touched the roof of a car that has sat in the sun. Less
obvious, except to those who have walked on the hot sand of a sunny beach, is that the sun’s rays
warm the Earth under our feet.
That warming of, and input of energy to, the Earth surface by sunlight leads the Earth
surface to emit energy as longer-wavelength radiation that humans cannot see. We can, in
favorable circumstances, feel it: on a sunny afternoon, a brick wall that has been in sun, but is
now shaded, will radiate energy that one can feel not by touching the bricks but by holding one’s
hand an inch or so away from the bricks. The Earth surface performs this release of infrared
radiation after every sunny day, if not after every day.
Infrared radiation in general, and specifically for our interests infrared radiation emitted
by the Earth surface, can be absorbed by gas molecules. At atmospheric scale, this warming of
air is called a “greenhouse effect”. The infrared radiation from the earth surface is absorbed in air
as vibrational energy between the atoms of gas molecules. Infrared radiation can thus be
absorbed by gas molecules consisting of two different atoms (e.g., carbon monoxide, CO) or three
or more atoms, regardless of similarity or difference (e.g. carbon dioxide, CO2, or ozone, O3).
The three most abundant gases in Earth’s atmosphere (N2, O2, and Ar) do not meet these
requirements and therefore are irrelevant to a greenhouse effect. However, the next two most
abundant, water vapor (H2O) and carbon dioxide (CO2), are major greenhouse gases, and methane
(CH4) is a significant greenhouse gas a little farther down the list of atmospheric constituents.

All of this is relevant to planets in general, and to Earth specifically, because the energy
trapped by gas molecules like H2O and CO2 warms the planet’s atmosphere. In Earth’s case, the
present warming is significant: with no greenhouse effect (no H2O and/or CO2 in the atmosphere),
Earth’s average surface air temperature would be about −18 °C (0 °F), and thus Earth would be
frozen solid across a large proportion of its surface. Instead, the present greenhouse effect keeps
Earth's average surface temperature around 14 °C (57 °F).
Those thoughts apply to the modern Earth and the modern sun, but they are also relevant
to the distant past: in the Archean, solar luminosity was as little as 75% of the present sun, and
hence one hears the expression “Faint Young Sun”. With no greenhouse gases, Earth’s water
would have all been frozen, but high concentrations of greenhouse gases may have trapped
sufficient energy from that faint young sun to keep Earth sufficiently warm to have liquid water.
The previous paragraph presented the “good” side of the greenhouse effect, keeping the
Earth warm when solar radiation alone would otherwise have let Earth freeze over. At the
opposite end of the continuum would be times when incoming solar radiation would be sufficient
to keep Earth from freezing over but the greenhouse effect would further warm the Earth beyond
habitability.
The magnitude of the greenhouse effect, in terms of degrees warmed, is greater at lower
temperatures than at higher ones. At planetary scale, this means that greenhouse warming has a
greater effect at high latitudes (i.e., in polar regions). At smaller scale, this means that
greenhouse warming has a greater effect on winters, and winter nights, than on summers and on
summer daytime highs.

We will see that, in the more recent past (the last billion years), Earth’s temperature has
been correlative with CO2 concentration. This is also relevant to the future, at the scale of the
next few decades, as increased trapping of energy by molecules of CO2 and CH4 likely leads to
higher temperatures. We will return to that topic late in the course.
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The Greenhouse Effect

Energy flux

Sun's light

Earth's
re-radiation
0.1

1.0
Visible

10
Infrared

100

Wavelength (µm)

Sun

Planet with no greenhouse gas:
energy absorbed by surface is re-reradiated
through atmosphere and back to space.

Planet with some greenhouse gas:
some of energy absorbed by surface is
re-reradiated through atmosphere and back
to space; some is trapped in atmosphere,
warming the atmosphere.

Planet with much greenhouse gas:
less of energy absorbed by surface is
re-reradiated through atmosphere and back
to space; more is trapped in atmosphere,
warming the atmosphere considerably.
LBR FQS-GreenhouseEffectCartoon01.odg 7/2020
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Lecture 15. Estimating past atmospheric concentrations of carbon dioxide
Lecture 13 demonstrated how greenhouse gases like carbon dioxide have the potential to
warm Earth’s atmosphere. However, a skeptic would ask if past concentrations of carbon dioxide
have really caused warming. To answer that skeptic, we need to be able to estimate past
atmospheric concentrations of carbon dioxide. This lecture presents some of the ways that we
can do that. These methods hinge on proxies, parameters that we can measure in ancient
materials that tell us the extent of ancient processes. In the strict sense, a proxy is a parameter
that can be directly transformed into an environmental parameter. Less strictly, it is a parameter
than can be incorporated by means of a mathematical model into an environmental parameter.
We’ll see both here.
At least five proxies have been used to estimate ancient atmospheric CO2 concentrations.
One (and the most intuitive) is the density of stomata in fossil leaves, because stomata are the
openings through which plants take in CO2 for photosynthesis. Greater stomatal density
reflects lower atmospheric CO2 concentration, because the plant had to bring in more air to
get its needed CO2, whereas lesser stomatal density reflects greater atmospheric CO2
concentration.
A second is the δ13C (the ratio of the carbon isotopes 13C to 12C) of fossil mosses and liverworts
(which are primitive small plants) because these plants fractionate carbon isotopes as a
function of the CO2 of the air around them. Greater CO2 concentration allows mosses and
liverworts to be more discriminating in their favoritism of 12C and disfavoritism of 13C, so
smaller δ13C of a fossil liverwort reflects more ancient CO2.
A third is the δ13C of alkenones and phytane (specific kinds of chemical compounds in the
organic matter generated by marine plankton). Like liverworts, plankton increasingly
discriminate against 13C as the concentration of CO2 in the water around them increases, so
smaller δ13C of planktic alkenones and phytane reflects more ancient CO2.
A fourth is the ratio of boron to calcium in the CaCO3 of marine microfossils, because
incorporation of boron as a trace element is pH-dependent, and pH of seawater is controlled
by the seawater’s CO2 concentration. The details are beyond the scope of this course.
A fifth is the δ13C of ancient soil carbonates, which records the mixing of different proportions
of low-δ13C CO2 respired from plant roots with higher-δ13C CO2 from the atmosphere, so
that higher δ13C values indicate greater atmospheric CO2 concentrations. The details are
beyond the scope of this course.

A sixth method that incorporates proxy data in a model to calculate atmospheric CO2
concentrations is the one that is applicable farthest back in Phaneozoic time and so deserves our
attention. This method calculates atmospheric CO2 concentrations as a function of the δ 13C
of limestones through time. The carbon of limestones comes from the inorganic carbon of the
ocean-atmosphere system, and thus the δ13C of ancient limestones tells us how the 13C/12C ratio of
the ocean-atmosphere system changed through time. Sedimentary burial of photosynthetically
generated organic carbon from the oceans preferentially removes 12C, leaving the oceans with a
greater 13C/12C ratio. Thus times when the δ13C of limestones increased are inferred to be times
in which carbon was removed to organic-rich sediments, and thus the CO2 concentration of the
atmosphere lessened. This qualitative relationship is the start of a logical process that allows
modeling of atmospheric CO2 concentrations from the Cambrian to the present. The method is
best suited to see long-term change in the atmosphere.
Anyone distressed at the repeated occurrence of “δ13C” above should be reassured that an
easy trend emerges. For the three δ13C proxies that we will use (δ13C of mosses and liverworts,
δ13C of marine alkenones and phytane, and δ13C of ancient limestones), greater δ13C means less
CO2, and smaller δ13C means more CO2. Once one sees that all three relationships are inverse,
the whole business gets simpler.
The result of these efforts described above is recognition of a pattern of atmospheric
CO2 concentrations through Phanerozoic time (the last 540 million years). It is most readily
generalized as very high atmospheric CO2 concentrations in the early Paleozoic, a drop in the
Devonian with the evolution of land plants, low values in the Late Paleozoic (the Pennsylvanian
and Permian), high values in the Mesozoic and Paleogene, and low values in the Neogene and the
Quaternary (until the last century or so).
Anyone reading the last paragraph might respond that the results are very nice, but 550
million years is only about 12% of Earth’s history – what about the earlier 88%? A paper
published in 2015 attacked that question by using data from Archean and Proterozoic paleosols
(ancient soils) that contain CaCO3 (a carbonate material and thus one allowing inferences about
CO2 in the soil gas). The paper’s methods are beyond the scope of this course: there are eightysix equations (an exceptionally large number in the geochemical literature) scattered through the
body of the paper and its four appendices (also an exceptionally large number). However, one
can at least make this qualitative statement: Phanerozoic carbonate-bearing paleosols have

formed and form today because plant roots pump CO2 in soils and thereby drive generation of
solid carbonate. In the Precambrian, there were no plants, so that concentrations of CO2 in soils
sufficient to form carbonate minerals there had to be driven by very high concentrations of CO2 in
the atmosphere. That general thought will suffice for us.

Age
Age
CO2 concentration of atmosphere
Source
(years ago)
(named) (times present atmospheric concentration)
publication
4.0-2.5 billion
Archean
100-10,000
Catling & Zahnle (2020)
~2.77 billion
Archean
85-510
Kanzaki & Murakami (2015)
~2.75 billion
Archean
78-2500
Kanzaki & Murakami (2015)
~2.46 billion
Proterozoic
160-490
Kanzaki & Murakami (2015)
~2.15 billion
Proterozoic
30-190
Kanzaki & Murakami (2015)
~2.08 billion
Proterozoic
20-620
Kanzaki & Murakami (2015)
~1.85 billion
Proterozoic
23-210
Kanzaki & Murakami (2015)
520 million
Cambrian
18-26
Berner (2006, Fig. 18)
520 million
Cambrian
25
Mills et al. (2021)
300 million Pennsylvanian
1-2
Berner (2006, Fig. 18)
150 million
Cretaceous
3-9
Berner (2006, Fig. 18)
150 million
Cretaceous
6-11
Mills et al. (2021)
Present
Holocene
1
(by definition)
Berner, R.A., 2006, GEOCARBSULF: A combined model for Phanerozoic atmospheric
O2 and CO2. Geochimica et Cosmochimica Acta 70, 5653–5664.
Catling, D.C., Zahnle, K.J., 2020, The Archean atmosphere. Sci. Adv. 2020;6:eaax1420. Their summary
estimate draws on multiple studies, including that of Kanzaki & Murakami (2015).
Kanzaki, Y., Murakami, T., 2015, Estimates of atmospheric CO2 in the Neoarchean–Paleoproterozoic from
paleosols. Geochimica et Cosmochimica Acta 159, 190–219.
Mills, B.J.W., Donnadieu, Y., Goddéris, Y., 2021, Spatial continuous integration of Phanerozoic global
biogeochemistry and climate. Gondwana Research, in press.
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Stomatal density as an indicator of atmospheric CO2 concentration
Stomata (the plural of “stoma”) are pores found
in the epidermis (the “outer skin”) of leaves,
stems, and other organs of plants. Each pore is
bordered by a pair of specialized cells known as
“guard cells” that are responsible for regulating
the size of the stomatal opening. Stomata allow
the CO2 needed for photosynthesis to enter the
plant, and they allow the O2 produced by photosynthesis to leave the plant. They are thus
critical to photo-synthesis, but they also allow
H2O to leave the plant, which is not to the plant’s
advantage.

Little CO2 in atmosphere:
Many stomata needed to
admit sufficient
CO2

Stomata are present in all land plant groups
except liverworts. Many plants have more
stomata on the lower surface of the leaves than
the upper surface. Stomatal size varies across
species, with end-to-end lengths ranging from
10 to 80 µm (.01 to .08 mm) and width ranging
from a few to 50 µm (.05 mm).
Stomata can be found on fossil land plants
from as long ago as the Silurian period, and
their density on plant fossils has been used to
estimate past concentrations of CO2 in the
atmosphere.

Intermediate case

The text above was adapted from Wikipedia's page on “Stoma” as available on 28 October 2020

Much CO2 in atmosphere:
Few stomata needed to
admit sufficient
CO2

LBR SFMG-StomatalDensity&CO2-01.odg 10/2020
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13CO

2

12CO

2

Plant

Air

Fractionation of carbon isotopes by bryophytes

Less CO2 in atmosphere

More CO2 in atmosphere

Photosynthesis has fewer
CO2 molecules among which to choose.

Photosynthesis has more
CO2 molecules among which to choose.

More 13CO2 is used in photosynthesis.

Less 13CO2 is used in photosynthesis.

Plant has greater δ13C.

Plant has smaller δ13C.

For the sake of clarity, air is shown as having equal proportions of 13C and 12C,
but in reality the air would be roughly 1% 13C and 99% 12C.
LBR FQSBryophyteCO2Fractionation01.odg 9/2021

Lecture 16. Atmospheric (and early oceanic) History
The Hadean
The surface of earliest Earth, that of the Hadean eon, was probably at times a magma
ocean (a molten surface) that cooled to a dry basaltic landscape. We think this surface probably
had no atmosphere, for two linked reasons. One is that solar flaring of young stars blasts away
the atmospheres of their nearest planets, and in our solar system Mercury seems to epitomize that
process. The second is that the composition of noble gases in our present atmosphere is unlike
that of the Sun, suggesting that our atmosphere is not simply a bit of the gases of the solar nebula
that hung around our planet from it beginning. Thus we think Earth began with a dry surface and
with no atmosphere, and later processes had to generate the oceans and atmosphere that we know
today.
The Archean
As Earth aged, its early atmosphere presumably accumulated as the result of volcanic
outgassing. Modern volcanoes release many gases including carbon dioxide (CO2), water (H2O),
carbon monoxide (CO), hydrogen (H2), methane (CH4), ammonia (NH3), nitrogen (N2), and
hydrochloric acid (HCl). For animals like ourselves, the most distressing feature of this list is the
absence of oxygen (O2). That absence of O2 is supported by the existence of pyrite-bearing
sediments of Archean age: pyrite cannot survive for long on the Earth surface in our modern O2bearing atmosphere, so its presence in Archean sediments is evidence of an O2-free atmosphere
then. The idea of an O2-free atmosphere also supported by a lack of fractionation of sulfur
isotopes during the Archean and a lack of sulfate (oxidized sulfur) in Archean sediments.
Oceans, or at least small bodies of water, existed in the Archean, because we find
Archean sedimentary rocks that appear to have been deposited in water. The water presumably
came in part from the volcanic outgassing discussed above. It may have also been delivered by
comets, although the roll of comets in this process remains uncertain.
The Proterozoic
The main atmospheric event of the Proterozoic Eon, and arguably of all of Earth history,
was the oxygenation of the previously O2-free atmosphere. This happened around two billion
years ago in what is called the “Great Oxidation Event”. Evidence of this change is largely the
opposite of the evidence in the previous paragraph, most notably sedimentary rocks with iron
oxides like hematite and not pyrite, the iron sulfide. Those iron oxides are most evident in
Banded Iron Formations and in redbeds. Other evidence includes fractionation of sulfur isotopes

after the oxidation event and a presence of at least some sulfate (oxidized sulfur) in postoxidation-event sediments. The O2 was probably introduced into the atmosphere by
photosynthesizers, most importantly cyanobacteria.
Sufficient marine sediment exists to say that oceans, not just ponds, lakes, and small seas,
existed in the Proterozoic. In fact, the Late Proterozoic featured one exceptionally large ocean,
because agglomeration of much Earth’s continents into one supercontinent, Rodinia, meant that
the rest of Earth’s surface was left to be occupied by ocean crust.
The Faint Young Sun problem and atmospheric CO2
Astronomers’ efforts to understand the evolution of stars have shown that our Sun’s
luminosity as the solar system formed should have been about 30% less than that of today.
According to the same astronomical research, the Sun’s luminosity should have increased steadily
since about 4.2 billion years ago. The result is that Earth’s surface, warmed only by the planet’s
own internal heat and the solar radiation hitting its surface, should have had only frozen rather
than liquid H2O at its surface until about two billion years ago. That claim is clearly disproven by
evidence from the Archean and early Proterozoic of life in bodies of water. From this emerged in
the 1960s the “Faint Young Sun” problem: how could Earth have had (liquid) water and life if the
sun was “faint” and not warming the Earth as much as today?
The consensus from research over the last six decades is that the Faint Young Sun
problem is solved by greenhouse gases. As we saw in the previous lecture, methods now exist to
estimate the CO2 content of the Precambrian atmosphere, and they yield CO2 concentrations
hundreds of times greater than those of today. Furthermore, that Archean atmosphere probably
had concentrations of un-oxidized greenhouse gases that are scarce in the modern O2-rich
atmosphere. Those gases include ammonia (NH3) that today would be oxidized to nitrous oxide
and water, methane (CH4) that today would be oxidized to carbon dioxide and water, and
hydrogen sulfide (H2S) that today would be oxidized to sulfur dioxide and water. However, as
the O2 concentration in the atmosphere increased in the Proterozoic with the Great Oxidation
Event, the greenhouse effect of CO2 almost certainly became the dominant mechanism keeping
Earth warm. That was a good thing: even in the pre-industrial era, an Earth with no greenhouse
effect would have had an average temperature of about −18 °C (0 °F), leaving much of the planet
frozen. It is possible, however, to encounter too much of a good thing.

The Phanerozoic and atmospheric carbon dioxide
Sufficient well-dated sedimentary rock survives from the Phanerozoic Eon that we can
say much more about change in the atmosphere and CO2 than we could say about the first three
eons. That sedimentary rock includes limestones in general, which allow application of Robert
Berner’s modeling approach, and more specifically sedimentary rocks with the fossil leaves,
fossil liverworts, alkenones, etc. that provide proxies of past CO2 concentrations.
The pattern of atmospheric CO2 concentrations through time that emerges from
Berner’s (and others’) modeling is very high atmospheric CO2 concentrations in the early
Paleozoic, a drop in the Devonian with the evolution of land plants, low values in the Late
Paleozoic (the Pennsylvanian and Permian), high values in the Mesozoic and Paleogene, and low
values in the Neogene and the Quaternary (until the last century or so). The low of atmospheric
CO2 concentrations in the Late Paleozoic was largely the result of massive burial of un-oxidized
carbon as coal in the period that Americans call the Pennsylvanian (named after the state that
Americans think of as coal country), or in the time interval that Europeans call the Carboniferous
(the “carbon-bearing” period because of the abundance of coal of that age in Europe).
The other methods to determine past atmospheric CO2 concentrations since the Devonian
largely coincide with Berner’s results. Results from ancient soils support the drop in CO2
concentrations in the Devonian as land plants became significant. With the advent of land plants,
fossil leaves and their stomata became significant, and stomatal densities support paleosol data
suggesting low CO2 concentrations in the late Paleozoic (the Pennsylvanian and Permian). The
same sorts of data support higher CO2 concentrations in the Mesozoic, and alkenone and boronisotope data further support decreasing CO2 concentrations over the most recent fifty million
years, down to pre-industrial values.
The significance of this pattern is that it is strongly correlative with the pattern of global
climate during the Phanerozoic, the topic of a forthcoming lecture.
The Phanerozoic and atmospheric oxygen
The modeling approach used to estimate atmospheric CO2 concentrations can be
extended to yield estimates of atmospheric O2 concentrations. The most striking aspect of the
results is a maximum in atmospheric O2 concentrations in the Pennsylvanian and Permian. This
is another logical result of the deposition of coal in the Pennslvanian/Carboniferous, in that the
burial of unoxidized carbon took no oxygen with it. Geologic evidence of this peak in
atmospheric O2 concentrations includes Pennsylvanian-age charcoal seemingly generated by

forest fires in the O2-rich atmosphere and exceptionally large Pennsylvanian-age fossil insects
that could survive in air rich in O2.

CO2 concentration
of atmosphere
Age
Age (times present atmospheric Global
Source
(years ago)
(named)
concentration)
climate
publication
~2.77 billion
Archean
85-510
Not frozen, Kanzaki & Murakami (2015)
~2.75 billion
Archean
78-2500
despite
Kanzaki & Murakami (2015)
~2.7 billion
Archean
>2600
“faint
Lehmer et al. (2020)
~2.46 billion
Proterozoic
160-490
young
Kanzaki & Murakami (2015)
~2.15 billion
Proterozoic
30-190
sun”
Kanzaki & Murakami (2015)
~2.08 billion
Proterozoic
20-620
“
Kanzaki & Murakami (2015)
~1.85 billion
Proterozoic
23-210
“
Kanzaki & Murakami (2015)
520 million Cambrian-Ord’n
18-26
Warm
Berner (2006, Fig. 18)
440 million Late Ordovician
1.5
Glacial
Witkowski et al., (2018)
380 million
Devonian
4
Warm
Witkowski et al., Foster et al.
300 million Pennsylvanian
1-2
Glacial
Berner (2006, Fig. 18)
210 million
Late Triassic
6
Warm
Foster et al. (2017)
150 million
Cretaceous
3-9
Warm
Berner (2006, Fig. 18)
150 million
Cretaceous
3-4
Warm
Foster et al. (2017)
23-18
Early Neogene
1.5-2.5
Transitional
Witkowski et al., (2018)
Pre-industrial
Holocene
1
Glacial
(by definition)
Berner, R.A., 2006, GEOCARBSULF: A combined model for Phanerozoic atmospheric O2 and CO2.
Geochimica et Cosmochimica Acta 70, 5653–5664.
Foster, G.L., 2017, Future climate forcing potentially without precedent. Nature Communications 8:14845.
Kanzaki, Y., Murakami, T., 2015, Estimates of atmospheric CO2 in the Neoarchean–Paleoproterozoic from
paleosols. Geochimica et Cosmochimica Acta 159, 190–219. (“concentration of >70% by volume”)
Lehmer, O.R., et al., 2020, Atmopsheric CO2 levels from 2.7 billion years ago inferred from
micrometeorite oxidation. Science Advances 6, eeay4644.
Witkowski, C.R., 2018, Molecular fossils from phytoplankton reveal secular PCO2 trend over the
Phanerozoic. Science Advance 4, eaat4556.

This document is relevant to Lecture 16 and many that follow it.

Lecture 17. Sea-level change across the Phanerozoic
One of the most profound changes of the Earth surface, or at least of the continents’
surfaces, has been changing sea level. In our late-Cenozoic time, sea level has been low enough
that most continental crust has been exposed, and the area of flooded continental crust, the
continental shelves, has been small enough that it is commonly forgotten. At other times unlike
our own, the seas have covered almost the entire continents. This lecture examines (1) how we
know sea level has changed, (2) what we infer about the history of sea level, and (3) what we
think are the reasons that sea level changes.
Indicators of past sea level
Across Phanerozoic time, the sediments that we are most commonly sure are of marine
origin are limestones. This is because limestones almost always have marine fossils; non-marine
limestones are rare because they typically are eroded from their continental settings, and they are
recognizable because of their lack of marine fossils. When found on the continents, marine
limestones are evidence that sea level was high enough to flood the continents when they were
deposited, and limestone found well into continental interiors are taken as evidence of even
higher sea level when they were deposited.
What can be said of limestones as indicators of sea level is even more true of chalks.
Chalks consist of the remains of deep-sea organisms and thus, if found on the continents, are
evidence of even higher sea level when they were deposited. However, the organisms generating
chalks only became abundant in the Mesozoic, so chalks are not useful as indicators of sea level
before then.
If limestones and chalks are the sedimentary rocks that are the best indicators of past high
sea level, the best indicator of low sea-level is no sedimentation at all, and in fact its opposite:
erosion. Widespread unconformities thus become good indicators of low sea level. One of the
most widespread unconformities is the so-called “Great Unconformity” at the boundary between
Precambrian and Cambrian strata.
We visualize strata and unconformities in three ways. The simplest technologically is to
map the geology of Earth’s continental surface (done by geologists over the last two centuries),
and to examine these maps to see how much of the continental surface area has marine
sedimentary rocks (typically limestones) of different ages (an approach that we use during
Lecture 17). This is a horizontal approach. The second is a vertical approach, examining records
from drilled boreholes (mostly drilled over the past century in the search for petroleum) to see
what ages of limestones were encountered. The third is also vertical, using seismic profiles

through the continental margins (generated over the past few decades in the search for petroleum)
to see the landward and seaward shifts of shorelines and coastal sediments.
The history of changing sea level
At the scale of the entire Phanerozoic, the approaches discussed above yield consistent
patterns. The history of sea level can be generalized as low sea level in the late Proterozoic,
rising sea level in the Cambrian, high sea level in the Ordovician and Silurian, dropping sea level
in the Devonian to Permian, lowest sea level (like that of the Quaternary) in the Triassic, rising
sea level in the Jurassic, high sea level in the Cretaceous, and dropping sea level in the Cenozoic.
The height of “high” has been debated but is at least 200 meters higher than present sea level and
has been estimated to have been several hundred meters higher than present sea level. The lowest
low may be about 150 meters below present sea level and may have happened as recently as
20,000 years ago, when storage of H2O as glacial ice drained the continental margins.
Causes of sea-level change
There are at least four causes of sea level change. One is warming or cooling of the
oceans’ water, causing expansion or contraction of the water itself, which would cause a few
meters of rise or fall, respectively. The second is growth or melting of glacial ice on land, which
could cause as much as 200 meters of sea level fall or rise, respectively. The third is assembly of
supercontinents with continent-continent collision, or disaggregation of supercontinents, which
could cause tens of meters of sea level fall or rise, respectively. The fourth is increase or decrease
of the rate of seafloor spreading at Mid-Ocean Ridges, which would expand or contract the global
volume of the Mid-Ocean Ridges, which could cause hundreds of meters of sea level rise or fall.

Lecture 18 - Part 1. Earth’s climate system
Any understanding of Earth’s climate system begins with two fundamental observations:
our planet is heated by the Sun most at the equator and heated least at the poles. Thus at the
Equator air is warmed, becomes less dense, and rises. At the poles, air is cooled maximally and
sinks. Everything else follows from that.
Wind belts and weather
The air rising from Earth’s surface at the equator reaches the top of the troposphere (the
top of the mixed part of the atmosphere), which at the equator is at an altitude of about 18 km,
which is about 11 miles or 60,000 feet. The departure of that air from the Earth surface means
that atmospheric pressure along the Equator is low.
At the top of the troposphere, roughly half of the rising equatorial air turns north and the
other half turns south. At that altitude, the air cools and, by the time it has travel to 20° to 30°
North or South, it has become sufficiently dense to sink back to the Earth surface. The movement
of air downward means that the zones at 20° to 30° North or South, the Horse Latitudes, are
zones of high atmospheric pressure.
The zones of atmospheric pressure, low at the equator and high at 20-30°N and 20-30°S,
pull and push air toward the Equator. Thus, on a non-rotating planet, we would expect north-tosouth winds in the low-latitude Northern Hemisphere, and south-to-north winds in the lowlatitude Southern Hemisphere. However, Earth rotates, so the Coriolis Effect turns winds in the
Northern Hemisphere to their right, and it turns winds in the Southern Hemisphere to their left.
The result is that, both north and south of the Equator, there are belts of winds from east to west,
the Equatorial Easterlies or commonly just “the Easterlies”.

The easterlies come together from the northeast and the southeast at the Equator. This
convergence of winds, driven by heating and rising of air, between the Tropic of Cancer to the
north and the Tropic of Capricorn to the south is called the Inter-Tropical Convergence Zone or
ITCZ.

At the poles, cooling rather than heating causes air to become dense and sink. The
descent of air to the Earth surface there means that atmospheric pressure at the poles is high.
Winds thus flow away from the poles. Thus, on a non-rotating planet, we would expect north-tosouth winds in the high-latitude Northern Hemisphere, and south-to-north winds in the highlatitude Southern Hemisphere. As before, however, Earth rotates, so the Coriolis Effect turns
winds in the Northern Hemisphere to their right, and it turns winds in the Southern Hemisphere to
their left. The result is that, in both the northern and southern polar regions, there are belts of
winds from east to west, the Polar Easterlies.

In between these two zones of predictable winds, things become less predictable. In
general, air movement from the high pressure at 20-30° N and S to the low pressure at about 60°
N and S drives winds that the Coriolis Effect turns to cause westerly winds. However, these
pressure zones themselves are less predictable than those at the Equator and poles, and the winds
in between these less predictable zones, the Westerlies, meander greatly. As a result, winds and
weather in the mid-latitudes are very variable, and one commonly hears people say “If you don’t
like today’s weather, wait until tomorrow”. In contrast, in the Equatorial Easterlies and Polar
Easterlies zones, conditions change so little from day to day that “weather” as an expression of
variability is hardly a concept.

Rainfall and seasons
The zones of atmospheric pressure discussed above have profound implications for
rainfall. The rising air near the Equator cools and H2O condenses to give rainfall that is regular
and abundant, so that the Inter-Tropical Convergence Zone (ITCZ) is a zone of great rainfall. On
the other hand, the sinking air at 20-30°N and 20-30°S warms and is dry, giving the deserts in
that zone exemplified in the Northern Hemisphere by the Sahara and the deserts of the southwest
US and Mexico. Farther toward the poles, the rising air at about 60° N and S cools to give rain
and snow exemplified by the climate of Scotland or Tierra del Fuego. At the poles sinking cold
air provides little precipitation, and in Antarctica one finds “dry valleys” without glacial ice
because so little snow falls.
The previous paragraph portrays a static planet that would exist if its rotational axis were
perpendicular to the plane in which that planet orbits its star (a planet with no seasons). That’s
not our planet. The zone of maximal heating near our planet’s equator migrates northward in
June and July and migrates southward in December and January. This means that the zone of
“equatorial” rainfall migrates northward in June to August and migrates southward in December
to February in a monsoonal system (a “monsoon” isn’t just a lot of rain; it’s a yearly pattern of
hot-season rainfall, with dry conditions the rest of the year). The zones of dry conditions at 2030°N and 20-30°S migrate north and south with the seasons too. As a result, much of the world
from 10° to 35° N and S sees a wet summer season but dry conditions the rest of the year, taxing
the capacity of agriculture to support societies.

If the last sentence sounded bad, in fact our Earth is worse. Temperature varies over
oceanic locations, even though the high heat capacity of water keeps such variation low. On the
other hand, dry land does not buffer temperature as much, so that seasonal variation of
temperature is more extreme on land (this is why everyone would prefer to live in Bermuda and

not in west Texas, even though they’re at the same latitude). Extremes in temperature on land in
turn drive extremes in rainfall. This is most easily seen on the largest continent, Asia: the
monsoonal rainfall pattern for which India is famous also extends to northern China. The same
pattern holds in North America, if less strongly: western Kansas gets most of its precipitation in
summer, and the expression “southwestern monsoon” is applied to the summer rainfall of Arizona
and New Mexico.
The climate system at decadal to millennial time scales
All of the above is modern climatology, but one might ask what it has to do with past
climate and “Earth’s History of Global Change”. We return to the thought that land, compared
to ocean, goes through greater extremes of temperature. What is true for the Dakotas (and more
generally large land masses) through the seasons is true at longer time scales: If Earth as a whole
cools (perhaps because of a decrease in greenhouse gas concentrations), its land masses cool
more. Because most of Earth’s land is in the Northern Hemisphere, this means that cooling in the
Northern Hemisphere is more extreme, and climate zones like the equatorial rain belt in the InterTropical Convergence Zone (and the dry zones to its north and south) migrate southward.
Conversely, if Earth as a whole warms (perhaps because of an increase in greenhouse gas
concentrations), its land masses warm more, warming in the Northern Hemisphere is more
extreme, and climate zones like the equatorial rain belt (and the dry zones to its north and south)
migrate northward. Thus, both for the past and the future, warming and cooling have had and will
have major implications at any one location not just for temperature but also for greater or lesser
rainfall, with resultant implications for flood and famine.
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Lecture 18-Part 2. Ocean Circulation
The open ocean, which is floored by ocean crust, is typically about five kilometers (and
thus about 5,000 meters or three miles) deep. The most fundamental distinction that
oceanographers make about the oceans’ water is between surface water in the upper few hundred
meters and deep water that fills the lower ~4,000 meters. The reason they make this distinction is
that the surface water is generally warmer and thus less dense, whereas the deep water is cold
(less than 5°C, even at the equator) and thus more dense. The boundary in temperature, the
thermocline, creates a boundary of density that generally keeps surface water and deep water
from mixing. We will therefore start talking about ocean circulation by considering circulation of
the surface water, and then we’ll extend our thoughts to the deep water.
Surface Currents
The winds discussed in the previous lecture push water at the sea surface and thus drive
the surface currents of the oceans. The Coriolis effect makes the current direction a bit to the
right of the wind direction in the Northern Hemisphere, and a bit to the left in the Southern
Hemisphere. The most consistent winds (the Tropical Easterlies) thus consistently drive currents
from east to west, just north and south of the Equator. These currents ideally turn poleward on
the west sides of ocean basins, taking warm and saline water with them. At higher latitude they
turn east under the westerlies, and on the east side of the ocean basins they hit land and turn
equatorward to close huge loops called “gyres” of currents. The only exception is in the Southern
Ocean, where no land blocks the currents’ eastward flow and so one continuous current, the
Antarctic Circumpolar Current (or more poetically the West Wind Drift) circles the globe from
east to west.
The most pronounced example of a warm current moving poleward on the west side of an
ocean basin is the Gulf Stream in the western North Atlantic: The Gulf Stream is a figurative
pipeline that gushes warm saline water to the far northern Atlantic. This is the result of a series
of geographic coincidences: warm water leaks from the Indian Ocean around southern Africa into
the South Atlantic, the South American coast splits some of the westward-flowing South Atlantic
Equatorial Current off into the Northern Hemisphere and thus toward the Caribbean, water
circulates through the Caribbean and Gulf of Mexico and thus warms and evaporates to become
more saline, and finally the Gulf Stream follows a smooth shoreline from Florida to Virginia and
thus is conveniently funneled toward the North Atlantic. In the North Atlantic, the Gulf Stream
gives up some of its heat to the westerly winds, which carry that heat and water vapor to Europe,

giving Europe its warm climate and regular rainfall. In giving up that heat, the water cools, a
thought to which we will return below.
Deep Ocean Circulation
Compared to the surface currents, water moves much more slowly at depth in the oceans.
Thus we understand deep ocean circulation not by directly measuring the speed of water
movement but by measuring the concentrations of substances that come from the sea surface and
are depleted while the water is at depth. One of the most diagnostic of these is dissolved O2,
which is the atmosphere’s second-most-abundant gas. Abundant dissolved O2 in deep water is
thus a good indicator of seawater that recently left the sea surface and sank to depth. On the other
hand, the consumption of O2 by biological processes means that small concentrations of dissolved
O2 in deep water indicate water that has been at depth a long time and moved far from where it
sank. Dissolved O2 is thus a great natural tracer of deep ocean circulation; the chlorofluorocarbons and tritium (3H) that humans put in the atmosphere in the twentieth century are examples
of anthropogenic tracers that have been used too.
The inescapable conclusion that emerges from studying the distribution of these tracers is
that a great proportion of the ocean’s deep water originates in sinking from the surface in the far
north Atlantic, off the coast of Greenland. Deep water masses are named after their sources, so
this water is called North Atlantic Deep Water (NADW). O2 concentrations below the
thermocline are greatest in the North Atlantic, less in the South Atlantic, and even less in the
Indian and Pacific Oceans, demonstrating that there is no other northern or equatorial source. O2
concentrations do suggest that some deep water sinks around Antarctic, and it is called Antarctic
Bottom (AABW), but its volume is less than that of NADW.
Where this water comes back up, or upwells, has been a greater subject of debate. At
present, most physical oceanographers believe that most of the NADW upwells around
Antarctica, in the Southern Ocean. This view leaves the deep Indian and Pacific as vast stagnant
reservoirs of old (several centuries-to-a-millennium-or-so-old) deep water, a contention supported
by low O2 concentrations in the North Pacific.
A unifying view: the Atlantic Meridional Overturning Circulation (AMOC)
Three ideas from the previous sections (The Gulf Stream brings much saline water to the
far northern Atlantic, North Atlantic Deep Water move south at depth, and much upwelling
occurs around Antarctica) have recently been combined into one concept, the Atlantic Meridional
Overturning Circulation (AMOC). In this view, surface water comes north through the equatorial

Atlantic, Caribbean, and Gulf of Mexico, warming and becoming more saline. In the far North
Atlantic, it cools but retains its salinity, so that it has two characteristics (low temperature and
considerable salinity) making sufficiently dense to sink through the weak thermocline of the
North Atlantic. It then moves south through the deep Atlantic, and after three or four hundred
years upwells around Antarctica. As surface water, it eventually moves into surface currents that
work their way up the South Atlantic, and those currents lead northward to the Gulf Stream and
close the loop. It is the “Atlantic Meridional Overturning” Circulation because many physical
oceanographers think little of its water moves through the Indian or Pacific (thus it’s “Atlantic”),
because much of its motion is southward at depth and northward at the surface, along lines of
longitude or meridians (thus it’s “Meridional”), and because sinks at the north end and rises at the
south end (thus it’s “Overturning”). One prominent physical oceanographer, Stefan Rahmstorf,
portrayed the AMOC’s function this way: the saline Gulf Stream water cools and becomes more
dense as it goes north in the North Atlantic, and “where the highest densities are reached, in the
Greenland Sea and in the Labrador Sea, the water sinks down, drawing further water northward
like the plug-hole of a bath.”
The AMOC is significant to modern climate because it brings much warmth to the far
North Atlantic (compare the climate of Stockholm to anywhere else at the same latitude). Along
the way, it brings warmth to the Gulf Coast of the United States, and probably to the U.S.
southeastern Atlantic coast. The AMOC’s significance to past climate is that it seems to be a
fragile system that breaks down when the North Atlantic gets cold and sea ice blocks sinking of
north-coming water (the “plug-hole” of the bath gets plugged). Thus, once the North Atlantic
freezes over, the entire North Hemisphere loses a major source of northward-moving heat, and a
cold Northern Hemisphere then pushes the Inter-Tropical Convergence Zone and its related belts
of wet and dry climate southward. The AMOC’s significance to future warmer climate is that it
seems to be a fragile system in that direction too, because melting of Greenland (and other highlatitude) ice seemingly dilutes northward-coming Gulf Stream water sufficiently that the
Greenland - Gulf Stream mixture is not sufficiently saline, and thus not sufficiently dense, to sink.
The result would be a major redistribution of heat across the planet, presumably leaving more
heat in the Southern Hemisphere, which is presently the home of Earth’s greatest mass of frozen
H2O.
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The surface currents of the oceans I: a very simple map
This map shows the names of surface currents and
paths of surface currents that oceanography students
students are, as a minimum, commonly required to

know. The goal is to provide systems of currents
sufficiently similar in the five major ocean basins that
students can have a simple general model without

focusing on specifics. Part II of this series of pages provides
a more detailed and hopefully more accurate summary of
the surface circulation of the oceans.
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The surface currents of the oceans II: a less simple map
This map attempts to summarize the paths of surface
than the simple system of gyres shown in Part I of this
currents as seen in NASA animations. It is therefore
series. It also provides a general indication of the
more complicated, and in some cases more enigmatic, locations of eddies that modify the currents.

Part III shows one moment in the NASA animations
and thereby demonstrates that this document is a still
a tremendous generalization of a complex system.
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The surface currents of the oceans V: the Atlantic Conspiracy
At least five factors of geography and ocean circulation
conspire to deliver warm saline water to the North
Atlantic in the Gulf Stream. Then, in the North Atlantic,

cold westerly winds from Canada, cooled further as they
pass over the Labrador Current, take heat from the Gulf
Stream and carry it eastward. That does two things. First,

the heat carried east warms northwestern Europe
(compare London's Summer Olympics and Calgary's
Winter Olympics). Secondly, it leaves Gulf Stream

water cooled but still saline, and thus dense
enough to sink as North Atlantic Deep Water,
which is the whole point of this document.
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Weakening of the Atlantic Meridional Overturning Circulation in the Anthropocene

Curry & Mauritzen, 2005, Dilution of the Northern North Atlantic Ocean in recent decades: Science 308, 1772-1774; Gierz et al., 2015, Response
of Atlantic overturning to future warming in a coupled atmosphere-ocean-ice sheet model: Geophysical Research Letters 42, 6811-6818;
Rahmstorf et al., 2016, Exceptional twentieth-century slowdown in Atlantic Ocean overturning circulation: Nature Climate Change 5, 475-480.

Lecture 19. Estimating past Earth-surface temperatures
Understanding Earth’s climatic history inevitably requires estimating past temperatures at
Earth’s surface. This lecture presents five methods, two qualitative and three quantitative.

Paleobiogeography
One approach to estimating past distributions of temperature, but not specific
temperatures, is paleobiogeography. Sorting out that long word, one gets to “the geography of
ancient life”. It is the activity of mapping the distribution of temperature-sensitive fossils on
paleo-geographic maps of different time periods. Periods in which warmth-loving organisms like
corals lived at high latitudes are inferred to have been warm, and periods in which warmth-loving
organisms were restricted to lower latitudes are inferred to have been cooler. The method
assumes that we can be confident about the thermal affinities of long-extinct organisms (for
example, that a Paleozoic coral of one anthozoan order had the same temperature sensitivity of
modern corals of a different order). It also rarely gives quantitative results, although it can
provide some quantitative insight when fossils of plants that would freeze are found at paleolatitudes where year-round temperatures would be expected to be below 0°C in the modern global
climatic regime. Paleobiogeography gave us our earliest hints about climate history, and the
general patterns that it suggested have largely been supported by more precise and quantitative
later work.
Glacial deposits
Another approach to estimating past distributions of temperature is analogous to
paleobiogeography in examining the paleolatitude of temperature-sensitive relics of the past. In
this second approach, however, the relics are non-biological. Instead, this method uses the
paleolatitude of glacial deposits. The two kinds of glacial deposits used are tills (mixtures of
clay, silt, sand, and rock left behind on land by glaciers themselves) and dropstones (pieces of
rock dropped from icebergs into fine-grained sedimenta of oceans or lakes). Dropstones have the
complication that floating logs and flying birds can transport sand-sized-and-larger material to the
sea and thus mimic iceberg-rafted debris. Tills, on the other hand, are nearly unmistakable and
therefore are of great importance in recognizing past cold periods.

Oxygen Isotopes
The most widely used method to estimate past Earth-surface (and deep-ocean)
temperatures measures ratios of two stable isotopes of oxygen, 16O and 18O, in ancient materials.
In Lecture 2, we began talking about isotopes, and then we focused on the stable isotopes of
carbon. In Lecture 7, we talked about radioactive isotopes as a way to determine the ages of
geologic materials. Here we return to stable isotopes, but those of oxygen, as a means to estimate
past temperatures and thus as a way to understand past climate.
Oxygen has three stable isotopes, 16O, 17O, and 18O; the good news is that we can ignore
17

O. As with carbon, we express the abundance of 18O relative to that of 16O with the parameter

δ18O, where a greater value of δ18O indicates a greater proportion of 18O than does a smaller value
of δ18O.
We can simplify the use of oxygen isotopes in understanding past climate to three rules:
1. Greater δ 18O of minerals (e.g., calcite, aragonite, or quartz) precipitated from
standing water results from lower temperatures. Here’s a nano-scale
explanation: The heavier form of oxygen, 18O, vibrates more slowly and so is
preferentially incorporated in growing minerals, and this preferential
incorporation is more pronounced at lower temperatures.
2. Smaller δ 18O of glacial ice results from lower temperatures. Here’s a cloudscale to storm-scale explanation: As snow forms in the atmosphere at moderately
cold temperatures, the heavier and more slowly vibrating 18O is preferentially
incorporated in the ice crystals, leaving 16O in the atmosphere. At colder
temperatures, the removal of H2O is more complete, so that both 16O- and 18Obearing H2O are removed by ice crystals, giving glacial ice with a smaller δ18O.
3. Greater δ 18O of a marine mineral results from more glaciation. Here’s a
global-scale explanation: 16O evaporates from seawater more readily than the
heavier 18O, so that in times of more glaciation, more 16O is stored in glacial ice,
leaving seawater with a greater proportion of 18O. The marine minerals formed
in such cold glaciated times correspondingly have a greater δ18O.
Note that Rule 1 and Rule 2 work in opposite directions, because they apply to entirely
different processes (segregation of dissolved solutes into solids vs. condensation of gases into
solids). Note also that Rules 1 and 3 work together conveniently for us: a colder and thus more
glaciated world with lower sea level is characterized by greater δ18O of marine minerals, such as
the calcite generated by marine organisms.

δ18O data from marine organisms like foraminifera are commonly plotted with more
positive values downward, which looks strange until one realizes that the data become visually
useful with warmer and higher sea-level up, and colder and lower sea-level down.
The coincidence in Rules 1 and 3 is convenient, but resolution of exactly how much
temperature change and exactly how much change of sea level is not easy. A solution to this
problem, developed only in the last decade, is to analyze CaCO3 (calcite or aragonite) for CO32groups that have both an 18O and a 13C. This “clumped isotope” method yields a unique
temperature, long the “Holy Grail” of isotopic geochemistry, and we will see some of the
recently-published early data of this sort, in addition to much of the more conventional and more
abundant δ18O data produced since the 1950s and still being churned out today.

Mg/Ca ratios of calcite
When the mineral calcite (CaCO3) forms in seawater, we imagine Ca2+ ions drifting up to
and joining the surfaces of growing calcite crystals. However, Mg2+ ions, whose home in the
period table is just above Ca2+, are five times as abundant as Ca2+, and so they are candidates to
join a growing calcite crystal two. At lower temperatures, that doesn’t happen very much,
because the Mg2+ ions are surrounded by water molecules that keep them from fitting on the
growing crystal. At higher temperatures, however, the water molecules vibrate away from the
Mg2+ ions more, leaving the latter freed to enter the calcite crystal.

The good news out of all that chemical thinking is that we have a way to determine the
temperature at which a calcite crystal formed from seawater – we have a “paleothermometer”
whereby greater concentration of Mg as a trace to minor component of calcite represents greater
temperature. Quantitatively, the relationship of Mg/Ca ratio to temperature varies depending on
the organism generating the calcite, even down to different kinds of foraminifera, but for our
purposes the qualitative idea that greater Mg/Ca ratio in calcite represents greater temperature
will serve us well.
Tex86
The oxygen isotope and Mg/Ca methods of determining past temperatures discussed
above depend on the inorganic chemistry of ancient sediments. Examination of organic
sediments from the oceans has found that there are compounds whose composition varies with the
temperature at which they formed. The organic chemistry involved is far beyond the scope of
this course, but the ratios of the abundance of various carbon chains are used to construct a
parameter called “Tex86”, where the “Tex” comes from “tetraether index” and “86” comes from
the number of carbon atoms in the various chains. For our purposes, it will suffice to say that an
estimate of past seawater temperature was generated by the Tex86 method or is a “Tex86
paleotemperature”.

A very simple model of paleobiogeography and its implications for past climate
Warmer world

Fossils of terrestrial reptiles

Fossil coral reefs

Glacial deposits
Cooler world
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Fractionation of oxygen isotopes in formation of minerals from solution
Warmer – greater vibrational energy – less segregation
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Cooler – less vibrational energy – more segregation
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Fractionation of oxygen isotopes in formation of glacial ice
Warmer – less complete condensation – Greater δ18OIce
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Change of sea level and seawater δ18O with glaciation
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Greater δ18O of CaCO3 in limestone
indicates lower/colder temperature.

Generalization . . .

At lower temperature, the heavier isotope
(18O) goes from the seawater into a
lower-energy home ( in a crystal) more.

Explanation . . .

Smaller δ13C of organic carbon (mosses,
liverworts; alkenones and phytane in
organic matter) indicates more CO2.
Abundant CO2 lets photosynthesizers be
selective and use more atoms of the more
reactive 12C, lessening their proportion of 13C.

Greater δ18O of CaCO3 in limestone
indicates more glacial ice.
16O-bearing

H2O evaporates from seawater
more and thus falls more as the snow that
becomes glaciers, leaving the oceans depleted
in 16O and by comparison enriched in 18O.

Smaller δ13C of carbon in limestone
CaCO3 indicates more CO2.

Greater δ18O of glacial ice indicates
higher/warmer polar temperature.

If the oceans don't bury 12C-rich carbon
in sediments, that 12C-rich carbon stays
in the ocean-atmosphere system,
lessening the proportion of 13C.

Colder air freezes out both H218O and H216O from
atmospheric vapor to give smaller δ18O;
warmer air lets H216O stay in the atmosphere,
so that the falling snow is enriched in H218O.

Smaller density/frequency of stomata
of plant leaves indicates more CO2.
Abundant CO2 mean plants need fewer
windows to let in enough CO2 for them to
photosynthesize.

Abrupt decrease of δ13C of atmospheric
CO2 indicates combustion of ancient
organic matter, including coal and oil.
Organic matter has a very low δ13C, so addition
of its carbon to air lower's air δ13C.

Paleobiogeography: Higher latitudes of
warm-loving organisms (e.g., corals,
reptiles, tropical plants) indicate a
warmer world.

Glacial deposits nearer the equator
indicate a colder world.

Maxima in Hg/TOC indicate massive
volcanism.
Mercury (Hg) is emitted with magma during
volcanism. Dividing by concentration of total
organic carbon (TOC) is necessary because Hg
binds with carbon and thus is concentrated by it.
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Greater proportions of serrate-margined
leaves indicate cooler conditions.

Greater Mg/Ca ratios in calcite (CaCO3)
indicate warmer conditions.
Higher temperature causes faster vibration of Mg
in solution, so that Mg atoms escape from the
H2O molecules enveloping them, and the Mg
atoms can enter growing CaCO3 crystals.
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Lecture 20. Major Extinction Events
The story of life presented in previous lectures was largely one of the evolution of new
forms of life. The story of life also contains major extinction events. Those extinction events
have a positive side for the survivors, and we mammals are a great example: we would still be the
riff-raff dodging dinosaurs if not for the extinction event that ended the Mesozoic Era and
Cretaceous Period. However, extinction events clearly were disasters for the species, genera,
families, orders, and even classes of organisms that went extinct, and they hold significant lessons
for a species like ours that has, knowingly or not, taken control of its planet.
Extinction is defined as the death of the last member of a species or higher taxon.
However, that’s not what we’re likely to see recorded in sedimentary rocks, because such a small
proportion of organisms are preserved as fossils and such a small proportion of fossils are found
by geologists or more specifically paleobiologists. We inevitably infer an earlier extinction event
than the real one, although the difference is commonly small in the scale of geologic time.
Another relevant thought that is that extinctions differ not only in proportion of taxa that
went extinct but also in their ecological significance: an extinction eliminating organisms that are
the foundations of ecosystems is an ecological disaster, whereas as an extinction that eliminates
predators and scavengers is less so. In marine ecosystems, corals are the foundations of the most
diverse ecosystems (coral reefs), so extinction of corals is an ecological disaster among extinction
events.
One of the most important questions about extinction events is what causes them.
Proposed causes are numerous and range from the boring (falling sea level) to the spectacular (a
supernova). In the last few years, evidence has emerged supporting a general model that seems
to apply to at the least the five most ecologically significant events. It is a model in which large
volcanic eruptions (probably flood basalts rather than explosive tall volcanoes) release carbon
dioxide (CO2) to the atmosphere. That CO2 causes
(1) a greenhouse effect that warms the atmosphere,
(2) a resultant warming of the sea surface that causes less sinking of surface water and
thus anoxia (absence of O2) in the oceans, and
3) acidification of seawater as CO2 combines with H2O to give H2CO3, carbonic acid.
The flood basalts may or may not be preserved as evidence, but the timing of their release of
gases to the atmosphere is recorded by enrichments of mercury (Hg) in sediments. Release of

volcanic CO2 is made evident by decreases in the δ13C of limestones, because volcanoes release
CO2 with a δ13C smaller (more negative) than that typical of limestones, Warming is made
evident by decrease in δ18O of those limestones.
Extinction events have been comparatively common in Earth history, and in fact
biostratigraphers have used extinction events to define many period boundaries and epoch
boundaries. Among these events, five (the “Big Five”) were commonly recognized as the
greatest: one at the end of the Ordovician, one late in the Devonian (between the Frasnian and
Famennian ages), one at the end of Permian, one at the end of the Triassic, and one at the end of
the Cretaceous. More recent research has concluded that of these, three were most significant, the
Ordovician, Permian, and Cretaceous events. We will focus on these three.
The extinction event a most well-known in popular culture is the extinction event at the
end of the Cretaceous Period (the Cretaceous-Paleogene or K-P boundary). Most famously, all
dinosaurs except birds went extinct. Other Mesozoic reptiles like the pterosaurs (flying reptiles)
and plesiosaurs and mosasaurs (reptiles of the sea) went extinct. Less famously, ammonoids
(coiled and chambered marine molluscs) went extinct. An even less glamorous but biologically
huge group of organisms that went extinct were CaCO3-secreting marine plankton. From the
broadest perspective, 39% of all genera and 62% of all species went extinct, making the event at
the end of the Cretaceous the third-largest of all time.
At first glance, the cause of the extinction event at the end of the Cretaceous seems
obvious: the Chicxulub meteorite impact near Mexico’s Yucatan Peninsula seems synchronous
with the Cretaceous-Paleogene extinction event, and its magnitude seems to have been sufficient
to cause the event. Its magnitude as an earthquake has been estimated at 10 to 11.5, it generated a
layer of iridium-enriched dust found around the world (it was first recognized in Italy), and it set
in motion seiches (waves reflected back and forth across sub-oceanic basins) as far away as North
Dakota. With regard to synchrony, its layer of ejective debris recovered by drilling off the coast
of South Carolina lies above latest-Cretaceous deep-sea sediments and below earliest-Paleogene
deep-sea sediments.
Despite the seemingly convincing evidence reported in the previous paragraph,
controversy remains about the cause of the Cretaceous-Paleogene extinction event. In latestCretaceous sediments from southeastern Texas, one can find spherules of Chicxulub ejecta and,
just above those spherules, tsunami deposits seemingly caused by the Chicxulub impact. Above
the tsunami deposits are about 20 cm of fine-grained slowly-deposited sediments containing

Cretaceous marine microfossils. Only at the top of those sediments does one find the CretaceousPaleogene boundary, suggesting that the Chicxulub impact preceded the end of the Cretaceous. If
one returns to the previous paragraph and the spherules amidst deep-sea sediments off South
Carolina, one must remember that those deep sediments are deposited at the rate of a few
millimeters per thousand years, so that the slightest mixing or erosion can leave a gap in time of
thousands of years. As a result, a minority of Earth scientists argue, or at least accept the
possibility, that the impact preceded by some non-trivial amount of time the extinction event that
defines the end of the Cretaceous. That amount of time may have in fact been 300,000 years.
If that alternate view is correct, what caused the truly end-of-the-Cretaceous extinction
event? The latest Cretaceous was a time of vast volcanic eruptions in India (the Deccan Traps),
suggesting an abrupt increase in the CO2 concentration of the atmosphere and of seawater. The
resulting acidification of seawater (CO2 combines with H2O to form H2CO3, carbonic acid) would
explain the extinction of marine calcareous plankton that would have probably been impervious
to a meteorite impact. The Indian eruptions have been shown to surround the K-P boundary in
time, and their greatest output as measured by deposition of mercury from the atmosphere
coincides with the K-P boundary.
The present most comprehensive conclusion is that understanding the end-Cretaceous
extinction need not be an either-or choice between impact and volcanism. It’s not hard to
envision that, during an episode of warming and ocean acidification, a huge asteroid impact and
resultant short-term but extreme cooling could have combined to stress Mesozoic reptiles beyond
survival. Subsequent eruption could have finished the job, especially in making the oceans so
acidic to cause extinction of plankton, the most fundamental organisms of the Earth’s largest
ecosystem, the marine ecosystem. One recent paper even proposes that the impact could have
enhanced the rate of eruption, so that warming and ocean acidification may have been greater
after the impact than before and thus administered the final coup de grâce to end the Mesozoic.
Quantitatively, the greatest extinction event was the one that ended the Paleozoic Era and
Permian Period. Roughly 62% of genera and more than 80% of Earth’s species alive in the Late
Permian went extinct. Entire classes of organisms went extinct, including trilobites and the two
extant classes of corals. Of the 67 genera of bivalves (“clams” in a very general sense) alive in
the Late Permian, 40 went extinct. More broadly, the event has spawned books with titles like
“When Life Nearly Died” and “How Life on Earth Nearly Ended 250 Million Years Ago”.
The question of greatest interest is what caused the extinction event that defines the end
of the Permian. Oxygen-isotope evidence suggests that Earth warmed by about 10°C in the latest

Permian. Carbon-isotope evidence suggests that some mechanism introduced a great amount of
13

C-poor (low-δ13C) carbon into the atmosphere. That carbon could have come from volcanism

(prior to the latest Permian, ocean-atmosphere δ13C was greater than that of volcanic CO2), or it
could have come from deposits of organic carbon (which has a very low δ13C). Combining those
two thoughts, it has even been proposed that dikes of magma associated with volcanism in Siberia
(the Siberian Traps) intruded coal layers and vaporized coal to release masses of methane to the
atmosphere. Regardless, the oxygen- and carbon-isotope evidence combine to suggest heating as
the result of increased concentration of greenhouse gases in the atmosphere.
Evidence independent of isotopic evidence, and from fossils themselves, further supports
the idea that a greenhouse-heating event caused the extinction event that defines the end of the
Permian. Study of the geographic distribution of the species that went extinct shows that species
at high latitudes (near the poles) were considerably more likely to go extinct that species at low
latitude (in the equatorial to tropical regions). That finding is strikingly consistent with the
observation discussed in our lecture on the greenhouse effect that greenhouse warming is greater
in colder settings and thus at high latitudes. The specific mechanism of marine extinction may
have been warming of the high-latitude sea surface, so that O2-bearing surface water previously
cold enough to sink and take O2 to depth (very broadly analogous to our modern North Atlantic
Deep Water) was warmed and thus made less dense so that it would not sink and therefore did not
carry O2 to depth. The resulting anoxia of a stagnant global ocean has been credited with causing
the enhanced extinction at high latitude and more broadly much of the entire marine extinction
event. As with the Cretaceous event, there are spikes in mercury concentration at the extinction,
supporting the volcanic model of CO2 release.
The third of the Big Three is the extinction event at the end of the Ordovician. It has
commonly been blamed on glaciation in the late Ordovician, although in general glaciation does
not seem to have caused mass extinctions and, in this specific case, the linkage in time of
glaciation and extinction is not close. Recent work has, as above, shown spikes in mercury
synchronous with anoxia and declines in marine productivity during the extinction event, again
suggests a volcanic release of CO2.
The relevance of all this is that Earth’s greatest extinction appears to have been
caused by warming driven by increased concentrations of greenhouse gas in the atmosphere, a
phenomenon in progress today.

A very schematic explanation of massive volcanic release of carbon dioxide. Note that the flood
basalt covers a much larger area than the classic conical volcano (especially if the third dimension
is considered), releasing much more carbon dioxide. At right is the possible Permian baking of
coal to release both carbon dioxide and methane, a much more powerful greenhouse gas.

Part V: Climate History
Lecture 21. Phanerozoic climate, the Cretaceous, and the PETM
(the Paleocene-Eocene Thermal Maximum)
Phanerozoic climate
At regional to global scale, temperature is probably the parameter of greatest interesting
understanding past climate (rainfall is critical too, but it’s more regionally variable). Lecture 19
gave us several tools to estimate past temperature. Those included (1) paleobiogeography, the
study of the geographic distribution of climatically sensitive fossils during different time periods,
(2) glacial sediments deposited on land, such as tills; (3) glacial dropstones, bits of rock dropped
from icebergs into marine sediments; (4) conventional δ18O data largely from planktic forams
(single-celled CaCO3-generating plankton in the surface water of the ocean) and benthic forams
(which live on the seafloor); (5) clumped oxygen isotope data; (6) Mg/Ca ratios in marine CaCO3
and (7) Tex86 data from marine organic matter.
Synthesis of data like those discussed above indicates a Phanerozoic history of climate
that, starting from Late-Proterozoic glaciation,
(a) warmed in the Cambrian to
(b) a warm interval in the Ordovician to Devonian,
(c) cooled in the Late Devonian to Mississippian to
(d) a cool interval (somewhat like Quaternary climate) in the late Paleozoic, especially in
the Pennsylvanian when glaciation occurred;
(e) warmed in the Triassic to
(f) a warm period in the late Jurassic, Cretaceous, and early Paleogene, and
(g) cooling in the Neogene to a cool and glaciated Quaternary.
If one were to look at the above and say “Who cares?”, the most practical and
fundamental answer is this: The pattern of warm and cool above is strikingly similar to the history
of atmospheric CO2 that we found in Lecture 15. Periods of larger concentrations of CO2 were
warmer periods, and periods of smaller concentrations of CO2 were cooler periods. This finding
has considerable significance for a planet on which atmospheric CO2 concentrations are
increasing quickly.
Cretaceous climate
From the Cretaceous onward, we can lean more about past climate because we have more
data (the “pull of the recent” discussed in Lecture 8). For example, with more data we can make

inferences about climate at different latitudes or in different regions. Furthermore, we can use
δ18O data from planktic forams (single-celled CaCO3-generating plankton in the surface water of
the ocean) and benthic forams (which live on the seafloor). The planktic data tell us about seasurface conditions at the paleolatitude at which they were found; the benthic data tell us about
high-latitude conditions because, at least today, the oceans’ deep water descends from surface
water in polar regions.
If the previous section’s general view was that Cretaceous climate was warm, the more
nuanced view is that, although the equatorial to tropical regions were probably not much warmer
than today, high-latitude regions were considerable warmer. The entire picture is “a more
equable climate” than that of today, one in which temperature gradients from equator to pole were
less than those of today. The likely cause of this pattern was the greater concentration of CO2 in
the Cretaceous atmosphere inferred in Lecture 15, because the “greenhouse” effect of CO2 is
greater at higher latitude.
The PETM (the Paleocene-Eocene Thermal Maximum)
The warm climate of the Cretaceous persisted into the early Paleogene, which consisted
of three epochs (the Paleocene, the Eocene, and the Oligocene)*. However, a pronounced
exceptionally warm event occurred at the Paleocene-Eocene time boundary, about 56 million
years ago. During this event, temperatures rose considerably (5 to 10°C) and seawater became
acidified (its pH dropped from about 7.65 to 7.25, which is a 2.5x increase in acidity). This event
appears to have been caused by an abrupt increase in atmospheric methane (CH4) and/or carbon
dioxide (CO2) concentrations. One result was an extinction event sufficiently profound that it
defined the Paleocene-Eocene boundary in the eyes of geologists in the 1800s, long before
anything was known about Paleocene-Eocene warming or greenhouse gases.
The extreme warmth of the Paleocene-Eocene boundary time led modern geologists to
call the event a “thermal maximum”, and so it is called the “Paleocene-Eocene Thermal
Maximum” or “PETM”. It is significant today because it is an obvious analog for modern CO2
and CH4 releases to the atmosphere of the last 150 years, although (alarmingly) it was probably
less abrupt than our contemporary event.
_____________________________
*Alas, the decisions of the people who control the geologic time scale force us to look carefully at
“g”s and “c”s as we speak of the Paleogene period, of which the first epoch is the Paleocene (and
both are long, long, after the Paleozoic Era).
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Lecture 22. Cenozoic History, and Glaciers
This lecture has two related parts. The first advances our understanding of Earth History
through the last 65 million years and thus explains the configuration of the Earth as we know it
today. Because the story leads to glaciation of the Earth in the last few million years, the second
part of the lecture introduces the nature and mechanics of glaciers, so that we can better
understand glacial history in Lecture 23.
Cenozoic Climate History
We can now return to our history of climate, last discussed with the Paleocene-Eocene
Thermal Maximum or PETM about 56 million years ago in the Paleogene. The Eocene epoch,
the second epoch of the Paleogene, remained warm. However, in the Oligocene, the third of
those Paleogene epochs and thus about 36 million years ago, ice sheets began to develop in
Antarctica and the bottom waters of the oceans (which sink from the polar regions) began to cool.
In short, the (to our eyes) globally warm and equable climate of the Cretaceous and early
Paleogene came an end. The most likely cause was a drop in the atmospheric concentration of
CO2. Another cooling event came about 14 million years ago in the Miocene epoch of the
Neogene period, and it too coincided with a drop in the atmospheric concentration of CO2. The
third noteworthy cooling event came 2 to 3 million years ago, with the developing of ice sheets
(continental-scale glaciers) across the Northern Hemisphere. This event was the beginning of the
Quaternary Period in which we live. Understanding this event requires an understanding of
glaciers.
Glaciers and Glaciation
A glacier is a flowing mass of ice and pieces of rock (“mineral material”), where the ice
accumulates with the survival of snow over multiple summers. A glacier flows from a cold
region where snow falls and accumulates to a warmer region where it melts (or to a body of water
where it calves to form icebergs). The flow of a glacier delivers its mineral material to the
glacier’s downstream melting end, where some of the mineral material may be carried away by
meltwater as “outwash”, a layered sediment of sand and gravel, but much of it is left as till, a
deposit characterized by a jumble of particle sizes from clay to silt to sand to pebbles to boulders.
“Moraine” is the term for a deposit of till, where “ground moraine” is the till deposited under a
glacier and thus smeared across a landscape and “end moraine” is the till deposited as a ridge at
the end of a glacier and thus marking where a glacier neither advanced nor retreated but instead
maintained its downstream end for several years, if not several decades or centuries.

Glaciers can be categorized by their scale and setting. Alpine glaciers flow from high
mountain ranges down valleys to lowlands, over distances of miles to perhaps a few tens of miles.
Continental glaciers or ice sheets are much larger, flowing from higher latitudes to lower
warmer latitudes and thus across hundreds of miles. Alpine glaciers, and especially their lower
termini, are evidence of cold periods at the scale of decades to centuries, but continental glaciers
are evidence of major glaciations at the scale of thousands to tens of thousands of years (because
the accumulation of vast masses of ice in continental glaciation requires much time).
Erratics are large pieces of rock (large boulders) left among the till of continental-scale
glaciation, and they are “erratic” in the sense that they are rock types have nothing to do with the
underlying bedrock. For example, in North America one finds large boulders of metamorphic
rock from the Canadian Shield in tills atop Paleozoic limestones in the midwestern United States.
These erratics make it obvious that some huge transporting mechanism (not just water or wind)
carried material hundreds of miles, thus testifying to the magnitude of continental-scale
glaciation.
A dropstone is a feature analogous to an erratic, but it is deposited from an iceberg (not a
glacier itself) into sea sediments (not onto land in a moraine). It is a “drop”stone because it was
dropped from the melting iceberg into the ocean onto the seafloor. The latitude of dropstones of
various ages is used as evidence of the warmth or coldness of global climate: the lower the
(paleo)latitude at which they are found for a given time, the colder the oceans must have been
then.
The formation of glaciers requires cool summers to avoid melting the previous winter’s
or winters’ snow (so long as the winter temperature is below 0°C, further coldness is irrelevant)
and considerable snowfall (because inevitably some snow is lost to summer melting, and a
considerable thickness of snow is needed to compress the lower layers into ice and make it flow).
For example, there are regions that receive much snow but summer melt consistently precludes
development of glaciers (Buffalo, New York, would be an example), and very cold regions where
there is so little snow that glaciers do not form (the dry valleys of Antarctica are an example).
The requirement of cool summers will be relevant as we consider glaciation in the Quaternary,
because times of less tilt of Earth’s axis give cooler summers at high latitude (i.e., less
seasonality) and thus greater probability of the survival of snow to form glaciers.
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Erratics and dropstones
Erratic

Dropstone

A boulder that is found on or in till, and is unlike
the underlying bedrock (hence the name)

A single sedimentary particle
much larger than the multitude of
grains around it in a layered
water-deposited sediment

SIMILARITIES
A larger particle than the multitude of particles among
which it is found, and thus a sedimentological anomaly
Deposited by moving but melting ice, and thus evidence of glaciation
Found on or in glacial till on land

DIFFERENCES
Found in sediments that were deposited
in the ocean (or in a lake).

Deposited by a glacier on land

Deposited from an iceberg at sea (or in a lake)
that had broken off from a glacier

Large (several centimeters to
a few meters in diameter)

Typically small (millimeters to a
few centimeters in diameter)

Sufficiently large to have enough internal
variability to be linked to a source rock
from which it was eroded
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Typically so small as to be mono-mineralic and
therefore commonly not linkable to a specific source,
unless as a group from which an average
composition can be estimated
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Seasonality and the survival of glacial ice
The formation and survival of glacial ice
depend on two things: abundant snowfall (to supply the material) and cool summers (to allow that material to survive
without melting). The second of these
means that, for a given annual average
temperature (the solid line below),

the critical issue is the deviation from the
annual average in the summer. That deviation is seasonality: the extent to which
seasons deviate from the mean. As the
three FQS pages on Milankovitch cycles
show, variations in Earth's orbit can lead
to variation in seasonality and thus to
varying extents of glaciation.

More tilt or obliquity: high-latitude regions warmed in summer

Temperature

High-seasonality scenario
Summer melting that
destroys potential glaciers
0°C

Average
annual
temperature
(same for both
scenarios)

Cool summers that allow survival of ice
to make glaciers
Low-seasonality scenario
Less tilt or obliquity: high-latitude regions not warmed in summer

Seasonality: the magnitude of variation between summer and winter
LBR FQSSeasonality&Glaciers01b.odg rev. 6/2019

Lecture 23: Quaternary Glaciation
Evidence, Scale, and Cause
The defining feature of the Quaternary Period (the period in which we live) is glaciation
at continental scale, with resultant changes of sea level. Global-scale evidence for huge
glaciation comes from the oxygen isotope record of marine forams, which indicate further cooling
of the deep oceans (and thus of the polar regions) and storage of H2O out of the oceans as glacial
ice. Regional-scale evidence for huge glaciation consists of till across the northern US, Canada,
and Eurasia; end moraines marking the termini of glaciers across those regions; erratics that
document long-distance transport by glacial ice; striated bedrock surfaces that document both the
passage of glaciers and the direction of their travel, and many other landforms (drumlins, eskers,
kames, etc.) beyond the scope of this course. The latter lines of evidence document glacial
masses that covered North America from the Arctic south to the Ohio and Missouri Rivers, and
that were two miles (three kilometers) thick in their centers.
The cause of this enhancement of the glaciation that began about 36 million years ago has
been debated. Continental geologists favor the idea that plate-tectonic wedging of modern
Central America between North America and South America, and thus closing of the MidAmericas Seaway that previously let the warm water of the tropical North Atlantic pass to the
Pacific, forced warm water north and caused transport of water vapor over the Arctic and
surrounding regions. Marine geologists favor the idea that the drop of sea level, reducing the sea
area of Earth and thus lessening Earth’s absorption of solar radiation, caused global cooling.
However, climate scientists who model atmospheric processes argue that only the documented
decrease of atmospheric CO2 concentration two to three million years ago can account for the
cooling that allowed enhanced glaciation.
Periodicity
From a temporal perspective, the most striking feature of Quaternary glaciation is its
periodicity. Evidence of this first came from the land, where geologists recognized that a vertical
sequence of tills on paleosols on tills on paleosols etc. could only be understood in terms of
repeated advances and retreats. Those geologists inferred four successive advances and retreats
(four turned out to be a considerable underestimate); they named the advances after Midwestern
states, but only the time label for the most recent advance (Wisconsinan) remains in use today.
Much the same happened in Europe. Better evidence of the periodicity of glaciation came from

the oxygen isotope record of marine forams, which documented about fifty (not four!) cycles of
glaciation during the Quaternary.
The timing of the marine isotope stages, and thus of glacial advances and retreats, has not
been constant through the Quaternary. Before about one million years ago, the marine isotope
stages had a periodicity of about 40,000 years. Since about one million years ago, the marine
isotope stages have had a periodicity of about 100,000 years. The evidence of this periodicity
comes not only from our drilling into the seafloor to examine marine sediments but also from
analogous drilling into glacial ice (where both O and H isotopes of H2O record temperature
changes through time), from drilling in lake sediments (where changes in pollen record changes
of climate), from stalagmites (where changes in the δ18O and δ183C of calcite records climate
changes), and from many other sources.
These cycles of glacial and interglacial periods recorded as marine isotope stages are also
cycles of lower and higher sea level. We know this from examining the position of fossil coral
reefs, which indicate that sea level was as much as 120 meters lower in glacials than in
interglacials.
Cause of the periodicity of Quaternary glacials and interglacials.
All this raises the question of the cause of the periodicity of Quaternary glacials and
interglacials. There is now widespread agreement that the timing of Quaternary glacials and
interglacials was controlled by fluctuations in Earth’s orbit that caused changes in how much
solar radiation Earth received and the latitudes on which it was focused. These fluctuations in
Earth’s orbit, which is an ellipse around the sun, consist of three phenomena known as
Milankovitch Cycles. One cycle is change in the eccentricity of the orbit, from more elliptical to
less, on a cycle of about 100,000 years. (It would seem that we have explained the 100,000 cycles
of the past million years, but the effect of changing eccentricity is miniscule). A second
fluctuation is in the tilt or obliquity of Earth’s rotational axis, which is presently 23.5° but
fluctuates from 22.0 to 25°C on a cycle of about 40,000 years. Tilt of the rotational axis gives us
the seasons, including the summer that melts snow and ice, so lesser tilt would allow more
glaciation. The third fluctuation is precession of the equinoxes, the movement of the place in
Earth’s orbit at which the various seasons occur, which follows a cycle of about 20,000 years.
One way to think about precession is to understand that it would cause Northern Hemisphere
summer to change from being in January (when Earth is on the side of the sun opposite the
constellation Capricorn) to being in July (when Earth is 180° opposite in its orbit, on the side of
the sun opposite the constellation Cancer). This change of the positions of the seasons in the

elliptical orbit dictates that the seasons change in how warm or cold they are, which again gets us
to survival of snow and ice to make and sustain glaciers.
At this point, the cycles of about 40,000 years characterizing the Quaternary from 2.5 to
1.0 million years ago are readily explained in terms the cycle of tilt or obliquity. The cycles of
about 100,000 years over the last million years can be viewed as an interaction of the 40,000-year
obliquity and 20,000-year precessional cycles, but another way to look at this is that ice sheets
during glacial maxima seem to have been larger during the last million years than before, and
growth of large glacial masses takes time, favoring extension of the process to a longer cycle.
With all that said, remember that the first paragraph of this had the word “timing” in
italics. The Milankovitch cycles provide a good match in terms of time, but calculation of the
change of heating of Earth show that the cycles of incoming solar radiation are insufficient to
account for the change of Earth’s temperature. Some amplifying mechanism is required to turn
the weak solar cycles into the large glacial cycles on Earth. The amplifier seems to be cyclic
change in the atmospheric concentration of carbon dioxide (CO2). We know that because
drilling into the glacial of ice of Antarctica and sampling of the ancient air trapped in bubbles in
that ice shows cyclic variations of CO2 concentration that match perfectly (and in detail slightly
lead) the cycles of climate. The same is true for variation in methane (CH4) concentration
through time, which is relevant because methane, while less abundant in air than carbon dioxide,
is a more potent greenhouse gas. The ultimate inference is that the Milankovitch cycles of
incoming solar radiation have caused ecological and oceanographic changes that have caused
change of CO2 and CH4 concentrations in the atmosphere, which have caused changes from
glacial to interglacial conditions.
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Milankovitch cycles II: tilt of Earth's axis, seasonality, and extent of glaciation
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Milankovitch cycles III: precession of the seasons, seasonality, and extent of glaciation
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Lecture 24: The Most Recent Glacial Cycle
In our last lecture, we saw that there have been about fifty glacial cycles in the
Quaternary Period (the last 2.5 million years), and about ten glacial cycles in the last million
years (and thus the change in cyclicity about a million years ago is called the “Mid-Pleistocene
Transition”). The Quaternary Period is divided in a very lopsided fashion into two epochs: the
Pleistocene epoch is all of the Quaternary, except the most recent interglacial in which we live
(hence the Pleistocene is a reasonable match for “The Ice Ages”), and the Holocene Epoch is that
most recent interglacial, and thus the most recent 11,700 years.
Another way to divide time, and one for which strange words are not needed, is to see
time in terms of the oxygen isotope record of marine forams. The increases and decreases in
δ18O, and thus increases and decreases in glaciation, are called Marine Isotope Stages that are
numbered back from the present. Thus we live in the interglacial designated MIS 1 (more or less
the same as the Holocene epoch), and the most recent growth of glaciers (the Wisconsinan to oldfashioned geologists of the land) is MIS 2. This establishes a pattern in which odd MISs are
interglacial periods and even MISs are glacial periods. The only hitch is that early workers
designated as MIS 3 and MIS 4 events that we would now see as fluctuations in the most recent
glacial period, so that the most recent interglacial before our own is designated at MIS 5. With
that caveat, the interglacials go back in time 1, 5, 7, 9, 11, 13 . . ., and the glacials go back 2, 6, 8,
10, 12, 14, . . .. Many of them are divided into substages, like the MIS 5e that is one of five
substages of MIS 5.
The task of this lecture is to talk about the most recent glacial cycle, from MIS 5 (the
interglacial before our own) to MIS 1 (our present interglacial). There are three reasons for
focusing on the most recent glacial cycle: (1) as the most recent, it is the one from which the most
evidence survives; (2) it is the one in which Homo sapiens began to play an active role; and (3) it
is the one in which we live, or lived.
The last interglacial before our own
The Eemian or Sangamon, or MIS 5e, is the last interglacial before our own. It is of
interest for exactly that reason: as the last interglacial before our own, it gives the clearest (if not
most accurate) sense of what an interglacial might be like. The most relevant observation is that
sea level was higher, probably about six meters higher than that of today. To a resident of
Savanna (or Charleston or Miami or New York City), it is sobering to think that, with just a bit of
nudge, nature would raise sea level twenty feet higher than its present level.

Dansgaard-Oeschger (D-O) Events
The transition from the last interglacial to the Last Glacial Maximum was a slow (perhaps
90,000 years) process that involved cooling and growth of glacial ice, in that order (the
accumulation of continental-scale ice sheets is a slow accumulative process). Paleoclimate
records around the world indicate that climate was extremely unstable, with at least fifteen if not
twenty short-term cycles within the period from 70,000 to 15,000 years ago. These are called
Dansgaard-Oeschger (D-O) Events after two paleoclimatologists who contributed to their
recognition.
D-O events began with surges of glaciers that calved numerous icebergs into the North
Atlantic (we know this from the abundance of dropstones or “ice-rafted debris” in North Atlantic
sediments, and the peaks in abundance of ice-rafted debris are called “Heinrich Events”). With
the introduction of freshwater from the melting icebergs, the surface water of the North Atlantic
was diluted (became un-salty) enough that surface water would not sink to make North Atlantic
Deep Water, and the Atlantic Meridional Overturning Circulation (AMOC) weakened, bringing
less warm water to the North Atlantic. Greenland and the North Atlantic therefore cooled in what
is called a “Greenland Stadial”, where a stadial is a glacial advance. With the AMOC no longer
bringing warm water north in the Gulf Stream, heat accumulated in the South Atlantic and
Antarctica. Thus, as the North Atlantic cooled, the Southern Hemisphere warmed, in an
alteration called the “Bipolar Seesaw”. All this was the first half of a D-O event.
The second half of a D-O cycle reversed the above: after a few years or decades, the
AMOC returned to its previous strength, the North Atlantic and Greenland warmed, and the
Southern Hemisphere cooled (the other half of the Bipolar Seesaw). The most significant
implication of all this is that climate can change abruptly, in a matter of years to decades, and it
did so multiple times. These climate fluctuations must have been challenging to our Pleistocene
ancestors and influenced their evolution.
The Last Glacial Maximum
As noted above, the period from 120,000 years ago to 20,000 years ago was one of
cooling and growth of glacial ice, with the latter taking a long time. The ice sheets covering
northern North America and Eurasia reached their greatest extent, and sea level dropped to its
lowest (about 120 meters lower than today) about 22,000 years ago and remained very low until
about 18,000 years ago. The period from roughly 22,000 to 18,000 years ago is therefore called
“The Last Glacial Maximum” (it is also MIS 2). In North America, glacial ice extended south to
the Ohio and Missouri rivers. In the Atlantic, the Atlantic Meridional Overturning Circulation

(AMOC) came to a stop, in part because sea ice like that of the Arctic Ocean of today extended
south beyond Iceland and thus beyond where surface water sinks in the AMOC.
The Transition to the Holocene
About 18,000 years ago, glacial ice sheets began to retreat much more rapidly than they
had advanced. As a result, sea level began to rise as H2O returned to the oceans. The warming
was not monotonic but instead began with a long warming phase called the Bølling-Allerød
interval that was interrupted by the Younger Dryas, a cooler phase about 12,000 years ago, before
warming resumed that brought Earth to the Holocene, our present interglacial epoch of the
Quaternary.
Australopithecus and Homo in the Quaternary
The genus Australopithecus appeared in Africa about five million years (and thus before
the Quaternary), and by two million years ago (in the Quaternary) its descendants of the genus
Homo had spread across much of the Old World (Africa and Eurasia). Homo sapiens evolved
from earlier genera of Homo a few hundred thousand years ago in Africa and, like its
predecessors, spread out from Africa sixty to one hundred thousand years ago. Homo sapiens
spread as sea level was falling, creating isthmuses or at least shorter seaways to cross than those
allowed by modern geography. Homo sapiens thus island-hopped to Australia about 40,000 years
ago and crossed (probably walked across) the Bering Strait from Siberia to North America about
20,000 years ago. All this happened in the archeological Paleolithic (the Old Stone Age), which
is essentially the same time period as the Pleistocene, from 2.5 million years ago to ten to twelve
thousand years ago.
Extinction of Large Vertebrates
A major biological event at the end of the Pleistocene is the extinction of large
vertebrates (most notably mastodons and woolly mammoths, but also giant sloths, peccaries,
moas and large eagles, and many more species). Two explanations have been proposed, (1) that
these organisms could not survive the climatic transition from the last glaciation to the Holocene
interglacial and (2) human hunting and/or environmental impact led to their extinction. The
former seems unlikely because these species had survived many previous climatic transitions
from glaciation to interglacial in the cycles of the Pleistocene. On the other hand, the coincidence
of human arrival with extinction, whether 40,000 years ago in Australia or 16,000 to 10,000 years
ago in the Americas or a few centuries ago in New Zealand, provides strong evidence for a

human cause (as do, of course, piles of vertebrate bones outside human villages of the early
Holocene). Thus, even before the beginning of farming and metallurgy, Homo sapiens had
exerted a profound influence on ecology, a trend that would increase in the Holocene.
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The last glacial cycle in marine sediments, Greenland ice, and Antarctic Ice

Lecture 25: The Holocene I: Changing the World
When one sees something close up every day, that “something” becomes so familiar that
we don’t notice it. On the other hand, seeing the same something from a distance can suddenly
make it more apparent. This lecture, which is presented as a Powerpoint file for students to view
at a time of their choosing, looks at Earth from a distance. Its point is that human change of
landscape, which we hardly notice on a day-to-day basis, is striking when seen from above. The
lecture therefore uses imagery from satellites and aircraft to make the point that we members of
Homo sapiens have changed the surface of the planet vastly during the Holocene, to the extent
that even the most casual glance from space reveals with extent of our impact.

Lecture 26: The Holocene II – the last 11,700 years
The Holocene Epoch is by definition the most recent and present interglacial in the
Pleistocene Period’s alternating glacial and interglacial phases. It also stands out for other
reasons. Compared to the previous glacial phases in which climate varied greatly, the Holocene
has been a time of relatively constant climate (although we will see, from our human scale, many
significant climatic changes in the Holocene). It has been the time of human agriculture, which
has inevitably changed Earth’s surface. It includes the time of human civilization, which has
further transformed the planet at a scale justifying the term “Global Change”.
The 8.2 ka event
The earlier part of the Holocene was a time of comparatively warm climate, to the extent
that most paleoclimatologists think of it broadly as the “Holocene Thermal Maximum”. One
major dip occurred about 8,2000 years ago, when glacial meltwater broke out from Canada to the
North Atlantic and slowed or stopped the Atlantic Meridional Overturning Circulation (AMOC).
As a result, transport of heat northward was diminished and at least the Northern Hemisphere
cooled and became drier. Archeological evidence shows that early human farmers were impacted
by this event.
Early Civilization
At the larger scale, the Holocene Thermal Maximum or “Climatic Optimum” continued
until five or six thousand years ago. Human proficiency with agriculture became sufficient to
produce excess food (food for more than just the people producing it), allowing some people to
live in the earliest cities (which by their nature are too densely populated for their residents to
produce their own food). Those non-farming people were also liberated from food production to
engage in crafts and trades, and some were liberated to regulate the behavior of others, so that the
first civilization(s) developed in Sumer, in southern Mesopotamia, 7,000 to 5,000 years ago.
However, a period of drought about 5,900 years ago terminated the earliest of these civilizations.
Civilization nonetheless resumed, and one of its important products was writing.
The 4.2 ka event
A number of recognizable civilizations and cultures existed by about 4,300 years ago,
including the Akkadian Empire in Mesopotamia and the Egyptian Old Kingdom, which produced
the great pyramids. Most of these collapsed about 4,200 years ago as climate across the midlatitude regions of the Northern Hemisphere cooled and dried for a few decades to at most a

century or so. However, the arid zones of the Southern Hemisphere became wetter, as did the
high-latitude regions of the Northern Hemisphere, as climate belts largely moved southward.
200-300 AD or CE
Climate in East Asia and the Mediterranean regions was sufficiently stable two to three
thousand years ago to allow civilizations to flourish in both regions, especially those of China and
of the Roman Empire. However, the Roman Empire nearly disintegrated in the 200s AD or CE,
at least in part because cooling drove the Goths southward from Scandinavia into the Roman
realm. At the same time, as climate belts shifted southward, climate in the arid regions of
southern Africa became wetter, facilitating the beginning of the Iron Age there.
The Medieval Warm Period
The cooling of the 200s AD was a harbinger of generally cool climate in Europe during
that continent’s post-Roman Dark Ages. However, climate in the North Atlantic region warmed
to give something called The Medieval Warm Period from about 900 to 1300 AD or CE. Norse
people made their way across the North Atlantic to Newfoundland, and Europeans farther south
flourished to the extent that huge cathedrals were built and the continent launched the Crusades, a
military attempt to conquer the Middle East. Elsewhere around the world, climate changed but
did not warm, so that the period is known more broadly as the Medieval Climate Anomaly.
The Little Ice Age, and some generalizations
Climate in Europe and China, or more broadly across the Northern Hemisphere, cooled
from the 1400s to 1800s in what is called the Little Ice Age (although it was absolutely not an ice
age in the sense of Quaternary glacial stages). In the arid regions of the Southern Hemisphere,
climate became wetter as climate belts shifted southward.
At this point, some generalizations can be drawn from the 8.2 ka event, 4.2 ka event, 200300 AD or CE period, and the Little Ice Age: (1) natural climate events have seriously impacted
human life and societal structures; (2) natural climate events have largely involved abrupt cooling
rather than warming; (3) climate change has varied with latitude and region, leaving some regions
drier and others wetter.
Major change
Beginning about 1450, Europeans began to enact major changes, most obviously in their
colonization of the African and Asian coastal regions and their colonization of the entire

continents of South America, North America, and Australia. The Industrial Revolution led to an
increase in consumption of fossil fuels, and thus to anthropogenic release of CO2 into the
atmosphere beyond that of natural ecosystems. The Industrial Revolution enhanced technologies
that further disrupted natural ecosystems through logging of forests, agricultural transformation of
landscapes, and world-wide transportation of both humans and plants and animals. One major
result was a ten-fold increase in human population; another was the introduction of many nonnatural chemical compounds (e.g., CFCs, DDT, and plastics) and increase in the concentrations of
some natural ones (e.g., lead). The next few lectures look at this transformation in more detail.

Temperatures from the Last Glacial Maximum to the future
This page shows estimates of past variation in global temperature
and model predictions of temperature change in the 21st century.
Another FQS page shows a similar but much longer record, for
the last 800 thousand years; that page is called “Temperatures

from the Last Glacial Maximum to the future”. Both pages show
that the predicted warming is unprecedented in recent geologic
history.
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dioxide concentrations during the last deglaciation. Nature,484, 49-54.
Marcott, S. A., Shakun, J. D., Clark, P. U., and Mix, A. C. A reconstruction of global and
regional temperature for the last 11,300 years. Science, 339, 1198-1201.
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Analysis at data.giss.nasa.gov/gistemp/graphs_v3/ accessed 20 December 2015.
Intergovernmental Panel on Climate Change (IPCC), 2013. Summary for Policymakers.
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Great advances in human cognitive/psychological evolution in the Quaternary
4. Literacy, as opposed to orality
One of the great advances of human capacity
in the Holocene was the development of writing
(a technological innovation) that enabled literacy
(the storage and manipulation of thought in written
form). Comparison of the paired lists below

Orality: the world with spoken
but not written language

illustrates that civilization as we enjoy it would be
impossible without literacy (and the lists themselves
are examples of what literacy can do for us).

Literacy: the world with writing

Arbitrary decisions

Laws

Spoken agreements

Contracts

Seasonal or lunar time

Dates

Oral couriers

Definitive long-distance communication

Lore

Communication across time

Memory

Lists

Variation in meaning through
space and time

Dictionaries

Ideas sufficiently simple to
be held in one's mind

Theories

Unrecorded numbers

Numerals

Walter J. Ong, 1982, Orality and Literacy
(Methuen, London & New York).
Facorellis, Y., et al., 2014, Radiocarbon dating
of the Neolithic lakeside settlement of Dispilio,
Kastoria, northern Greece. Radiocarbon, v. 56,
p. 511-528.
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Lecture 27: The Holocene III: Some 20th-to-21st-Century Environmental Problems
This lecture tells how five environmental problems were addressed in the United States
(and to an extent by the whole world) in the second half of the twentieth century. All can be
construed to follow the same pattern: development by engineers and scientists of a new
technology that seemed a good idea, recognition by scientists and others that impacts of the new
technology was problematic, denial by industry and government, citizen advocacy of solutions
and change, and legal changes and/or international agreements that began to lessen the problem.
Atmospheric Testing of Nuclear Weapons
Nuclear weapons had seemed like a good idea to nations trying to end World War II in
their favor and subsequently trying to control the world in the 1950s, but it became apparent that
the world was on the brink of nuclear war and (more to the point of this lecture) that atmospheric
testing of nuclear weapons was a deliberate environmental disaster. Soviet leader Nikita
Khrushchev and two U.S. presidents, Dwight Eisenhower and John Kennedy, wanted to reach a
treaty banning atmospheric (if not all) tests of nuclear weapons, but they faced opposition in their
respective countries. The Partial Test-Ban Treaty was finally reached in 1963, and levels of
radioactive nuclides in the atmosphere soon began to decrease, although they remain above preWWII levels in many Earth-surface materials.
Water Pollution
By the 1960s, twentieth-century America’s “better living though chemistry” had also
produced pollutants that fouled lakes, rivers, and streams. Recognition of this problem led to
passage of the Clean Water Act in 1972. The act was passed with broad support in Congress (in
fact, by an 86-0 vote in the Senate, but it was vetoed by President Richard M. Nixon and only
sustained when Congress overrode the veto). The Act was nonetheless thwarted by the Nixon
Administration until the U.S. Supreme Court dictated the Act’s enforcement in response to
Train v. City of New York in 1975. The Act led to many clean-up efforts and precluded at least
some spills that would have happened otherwise, and it has been hailed as a major environmental
accomplishment of the United States.
DDT
DDT is a pesticide developed in the 1930s, and it was soon seen as a miraculous solution
to mosquito infestations. By the 1950s, scientists with the U.S. Fish and Wildlife Service became
aware that aquatic ecosystems sprayed with DDT were seriously impacted, especially at high

trophic levels like those occupied by birds. One of those scientists, Rachel Carson, wrote the
book Silent Spring to expose this problem to the public. Carson was vilified by
people in government and industry, but her book publicized the issue sufficiently that public
pressure led to bans on the widespread application of DDT. As a result, bird populations
recovered, although traces of DDT are still found in unsprayed ecosystems around the world.
Chlorofluorocarbons (CFCs)
Chlorofluorocarbons (CFCs) were first produced as refrigerants in the early 1900s to
replace methyl chloride, which had been used a refrigerant but was toxic. It was assumed that
CFCs, after leaking to the atmosphere, broke down quickly and that any released chlorine was
removed from the atmosphere by natural processes. Research by James Lovelock in the early
1970s showed that CFCs and their chlorine persisted in the atmosphere, especially the
stratosphere, much longer than expected and at much higher concentrations. Research by
chemists Sherwood Roland and Mario Molina showed that the chlorine released by CFCs could
destroy vast quantities of ozone, an oxygen compound that absorbs ultraviolet radiation in the
upper atmosphere and thus is critical to human health. Rowland was attacked for his work, and
the United States government delayed action to limit release of CFCs, but international
agreements eventually were reached to eliminate release of CFCs. As a result, the concentration
of CFCs in the atmosphere is presently diminishing, although their long lifetime means that they
will still be in the atmosphere in diminishing abundance through the 21st century.
Lead
Lead has long been recognized as a substance injurious to the human nervous system, but
it became common in the environment in the twentieth century in three ways. The smallest in
scale, but most obviously pernicious, was the use of lead in the solder used to join pipes, so that
drinking water was contaminated. At larger scale, lead was used in paint and so was scattered
through the environment wherever painted structures and materials stood or went. At the largest
scale, lead was used as an additive in gasoline and thus was sprayed into the air from tailpipes,
leaving lead both locally along roads but also in air that circulated in winds around the world.
Realization of the widespread nature of lead pollution came with the work of geochemist Claire
Patterson, who found in his efforts to measure concentrations of lead isotopes that everything he
encountered was contaminated with lead. Research that he and others conducted went on to show
that lead was moving through the atmosphere to as far away as Greenland and Antarctica, where
it accumulated in glacial snow and ice. Patterson was blocked by people in industry and

government from participating in meetings as awareness of the lead problem spread, but public
pressure eventually led to the banning of production of automobiles requiring leaded gasoline.
Today, lead is still present in the environment, especially along highways built before the 1980s.
However, both overall environmental concentrations of lead and concentrations of lead in human
blood have plummeted. Twenty years after the ban on new vehicles using leaded gasoline, rates
of violent crime began to drop too, as people dosed with lead as infants passed the age at which
most violent crime is committed.
The pattern from all five cases is development of a new technology or chemistry that
seemed a good idea, recognition by scientists and others that the new technology of chemistry
was problematic, denial by industry and government and vilification of the scientists reporting the
problem, citizen advocacy of change to rectify the problem, legal changes and/or international
agreements that that began to lessen the problem, and lessening (but persistence) of the problem.

Data are from Bergqvist, N.-O., and Ferm, R., 2000, Nuclear Explosions 1945-1998: Defense Research Establishment, Stockholm.
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Lecture 28: The Holocene IV: The Holocene Human Harvest of Earth Materials
This lecture examines the way in which the species Homo sapiens has in a few thousand
years, or even just a few hundred years, extracted Earth materials that formed across tens of
millions of years, if not billions of years. Conceptually, this topic could include the use and abuse
of soil in agriculture, the consumption of sand, gravel, and building stone for construction, and/or
the selective breeding of plants and animals for a variety of purposes from agriculture to horse
racing and falconry. However, the lecture will focus on just two topics, the metal ores and
hydrocarbons.
Metal ores
The extraction of metal ores was initiated with the Chalcolithic period or Copper Age that
began in eastern Europe or western Asia about 7,000 years ago (~5000 BCE) and progressed to
the Bronze Age and then the Iron Age. Metal tools gave our ancestors the capacity most
fundamentally to cut things (e.g., wood and hides) but also to contain materials and to build
strong structures, and today we cannot, or would prefer not to, imagine life without metals. The
early harvesting of metals from the Earth used materials so rich in copper, tin, iron, etc., that
those metals were evident to the naked eye and could be extracted relatively simply. However,
those rich ores were soon almost all consumed, and extraction progressed to less rich ores. That
trend has continued to our time, with materials so poor in metal that they were not mined a
century ago now the ores that we mine today, and as we now re-mine the wastes of past mines.
This requires more extreme techniques, both with regard to the mining itself and to the chemical
processes used to extract the metals from the low-grade ores. In short, we have in a few millennia
consumed most of, and all the best of, the ores that Earth’s internal processes produced over
billions of years, and we have resorted to progressively more extreme measures to extract metals
from increasingly less profitable ores.
Hydrocarbons
Until the last few centuries, our ancestors harvested energy from burning recently dead
organic materials (mostly wood, and some peat) and from devices turned by flowing air and water
(i.e., with windmills and waterwheels). Coal, a solid hydrocarbon consisting of ancient plant
remains, was mined for burning by many early societies, but its extraction and burning vastly
accelerated in the 1700s, to the extent that its large-scale use effectively defines the beginning of
the Industrial Revolution. The next fossil hydrocarbon to be exploited, and the one most familiar
to Americans, was petroleum oil, a liquid hydrocarbon derived largely from ancient planktic

algae whose remains settled to the sea floor. More recently, natural gas, largely methane derived
from same materials as petroleum or oil, has been used as a fuel. This historical progression was
also one of increasing energy yield per carbon atom, so that, of the three, natural gas produces the
most energy per molecule of carbon dioxide produced.
The historical progression of extraction was one of convenience: coal could be mined
with a pick at the Earth surface, oil must be recovered by drilling but can be transported in a
bucket, gas must be recovered by drilling but must be conveyed by pipelines. The extraction of
oil by drilling began in about 1860 CE with a well that went to a depth of about 70 feet. Over the
subsequent 160 years, drilling has progressed to more than 35,000 feet (i.e., about seven miles).
This trend in depth represents an increasing desperation for new oil reserves. That desperation is
also seen in the trend of extraction processes from (i) hoping oil will flow out of the ground to (ii)
pumping oil out of the ground (“primary recovery”) to (iii) injecting steam or water in flanking
wells to liberate and push oil toward producing wells (“secondary recovery”) to (iv) pulverizing
the host rock in situ to liberate mobile oil from it (“fracking”) or mining the host rock and heating
it to extract viscous immobile oil. In short, we have in a little more than a century consumed
most of, and all the best of, the oil accumulations that Earth’s biota produced over tens if not
hundreds of millions of years, and we have resorted to progressively more extreme measures to
extract oil from increasingly less profitable sources.
Solutions
If one sees a problem in our rapid consumption of resources that only accumulate over
geologic time, at least four avenues could be combined to yield solutions. With regard to metals,
intense recycling could presumably leave us at something close to stasis with regard to available
metals, where “stasis” would be no increase of per-person use of metals (a presently wildly
variant parameter geographically) and no growth of population. With regard to oil or more
broadly hydrocarbons, alternate energy sources provide at least partial solutions. With regard to
both, lesser consumption per person and smaller human population would both provide at least
partial solutions. Any or all of these would require changing attitudes and beliefs, and thus
require both technological and cultural developments that are the challenge of the next
generation.

Grades of ores mined through time
Ore grade (linear scale)

(Copper, gold, lead, zinc, nickel)

Sources:
Gerst, M.D., 2008, Revisiting the cumulative grade – tonnage
relationship for major copper ore types. Economic Geology
103, 615-628.
Mudd, G M, 2009, The sustainability of mining in Australia :
key production trends and their environmental implications
for the future. Research Report No RR5, Department of Civil
Engineering, Monash University and Mineral Policy Institute,
Revised - April 2009.
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Lectures 29 and 30: The Holocene VA and VB: The Greenhouse Effect & Global Warming
The idea that humans have caused global climate change has been a very contentious one
in the United States, and voters in Georgia have consistently expressed their skepticism about
global climate change with their support for candidates who question global climate change.
These lectures therefore approach the topic by considering questions that a skeptic would ask
about global warming (or more broadly global climate change) and answers that science provides.
For the purpose of these lectures, the idea of global warming is defined as follows:
Anthropogenically increased concentrations of CO2 (and CH4 (methane))
in Earth’s atmosphere have caused and will cause more absorption of
energy in the atmosphere (an enhanced “greenhouse effect”) leading to
non-natural increases in temperatures on Earth.
1a. Hasn’t global climate change been shown to be a deception?
No: claims of a “climategate” conspiracy have been disproven by nine independent
studies, one of which was funded by industrialists seeking to prove the reality of “climategate”.
1b. Isn’t there disagreement among scientists about global warming, so that there’s no
consensus?
There is consensus: research shows that 97% of climate scientists believe that Earth has
warmed as the result of human activities.
2. It doesn’t seem any warmer to me, so why should I think that there is global warming?
The southeastern US is one of the few places that has not experienced warming to the
extent of the rest of the country and world.
3. It still snows, so why should I think that there is global warming?
To answer specifically, generally warmer winters will still have cold days on which snow
can fall. More broadly, climate is a pattern, whereas weather is variation.
4. Is there really a “greenhouse effect”?
Yes. Since the 1800s, physicists have known that gases can absorb energy from radiation
passing through them. Specifically, with regard to the atmosphere and climate, CO2 and CH4
absorb wavelengths of the radiation that the Earth surface emits after heating by the sun.

5. Water vapor is a greenhouse gas that is more abundant than CO2 or CH4, so why should we
worry about CO2 and CH4?
There has always been water vapor in the atmosphere, which has always caused a
greenhouse effect. The question is change, and there is no evidence that the concentration of
water vapor in the atmosphere has changed.
6. Do humans do things that increase the CO2 (and CH4) content of Earth’s atmosphere?
Yes. Oxidation/burning of organic matter (soil organic matter, wood, coal, oil, and
natural gas) directly produces CO2. Husbandry of cattle, growing of rice, storage of organic
matter in landfills, and natural gas leaks all produce or release methane.
7. Has the CO2 (and CH4) content of Earth’s atmosphere really increased?
Yes. Direct measurement of the atmosphere and analyses of air trapped in glacial ice
independently and collectively demonstrate a 43% increase in atmospheric CO2 and 154%
increase in CH4.
8. Has absorption of energy in the atmosphere really increased?
Yes. Satellite observations confirm that less infrared radiation leaves Earth than did
previously.
9. Have humans really increased the concentration of CO2 (and CH4) in Earth’s atmosphere?
Yes. Changes in the carbon isotope ratio of atmospheric CO2 demonstrate unequivocally
that human combustion of fossil fuels has increased the CO2 concentration of the atmosphere.
10. Can greater CO2 (and CH4) concentrations in the atmosphere really cause warmer climate?
Yes: there is a correlation of atmospheric CO2 with global climate over time scales from
decades to hundreds of millions of years. That has been one of the points of this course.
11. Has humans’ transfer of CO2 to the atmosphere been significant compared to the past?
Yes: humans’ rate of transfer of CO2 dwarfs most past CO2-driven warming events.

12. Has Earth become warmer since the Industrial Revolution?
Yes: Thermometer records of air temperature, proxy records of air temperature, warming
in caves, melting of glaciers, decrease of sea ice, warming of lakes, warming of the oceans’
water, and the rise of the tropopause all indicate warming.
13. Didn’t global warming end several years ago?
No: The records discussed above show sustained warming, and even accelerated
warming.
14. Has the increase in global temperature been a continuation of natural trends and cycles or the
result of anthropogenic CO2 (and CH4)?
Extrapolation of trends and analysis of climate drivers indicate that anthropogenically raised
atmospheric concentrations of CO2 have caused, and will continue to cause, increases in global
temperature. Natural trends and cycles would have caused cooling.
15. We can’t predict the weather, so how can we claim to predict climate?
Weather is hard-to-predict short-term variation; climate is predictable long-term
variation – and in fact it has been predicted well thus far.
16. Isn’t all the warming because of the sun?
No. Physicists and atmospheric modelers who study the influence of the sun conclude
that changing solar irradiance is inadequate to explain the warming observed over the last few
decades.
17. If the Little Ice Age was a cooling event, isn’t it a good thing that we have warmed the Earth
with CO2?
We have already far over-corrected relative to the Little Ice Age and Medieval Warm
Period.
18. If Earth was going into another ice age, isn’t it a good thing that we have warmed the Earth
with CO2?
We have already far over-corrected relative to the Holocene thermal maximum.

19. Why should we care?
Rising temperatures, rising sea level, changing rainfall, and ocean acidification are
among the reasons for concern about increasing CO2.
20. What about methane (CH4)?
Release of methane from the seafloor and tundra could create an abrupt high-temperature
event like the Paleocene-Eocene Thermal Maximum (the PETM). This is global warming’s
“sucker punch”: rising CO2 might cause steady but predictable rise of temperatures, whereas
sudden release of methane could abruptly raise temperatures dramatically.

The variability of weather and
the predictability
of climate
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(or some other
meteorological variable)

Temperature

Daily temperature across one year:
one day is hard to predict ten days ahead.

Ten-day average for same year

Ten-day averages for multiple years

Climate State #1 for those years:
predictable

Climate State #1 for those years
People sometimes ask “If we can't predict the weather ten days
from now, how can we predict climate a hundred years from now?”
The answer lies in the fact that weather is by definition random, but
climate is more constant and thus more predictable. A
meteorologist can't tell you the high temperature in Chicago ten
days from now with much precision or confidence, but a
climatologist can tell you the average high for a month six months
from now with greater precision and much more confidence.

Climate State #2 for a series
of years, earlier or later:
predictable and different
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Global temperature change 1880-2016: land vs. ocean
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Global temperature change 1880-2016: Northern vs. Southern Hemisphere

Temperatures from the Last Glacial Maximum to the future
This page shows estimates of past variation in global temperature
and model predictions of temperature change in the 21st century.
Another FQS page shows a similar but much longer record, for
the last 800 thousand years; that page is called “Temperatures

from the Last Glacial Maximum to the future”. Both pages show
that the predicted warming is unprecedented in recent geologic
history.

Temperature (°C relative to early Holocene)

Sources, from left to right:
Shakun, J. D., Clark, P. U., He, F., Marcott, S. A., Mix, A. C., Liu, Z., Otto-Bliesner, B. L,
Schmittner, A., and Bard, E. 2012. Global warming preceded by increasing carbon
dioxide concentrations during the last deglaciation. Nature,484, 49-54.
Marcott, S. A., Shakun, J. D., Clark, P. U., and Mix, A. C. A reconstruction of global and
regional temperature for the last 11,300 years. Science, 339, 1198-1201.
U.S. National Aeronautics and Space Administration (NASA) GISS Surface Temperature
Analysis at data.giss.nasa.gov/gistemp/graphs_v3/ accessed 20 December 2015.
Intergovernmental Panel on Climate Change (IPCC), 2013. Summary for Policymakers.
In: Stocker, T.F., Qin, D., Plattner, G.-K., Tignor, M., Allen, S.K., Boschung, J.,
Nauels, A., Xia, Y., Bex, V., Midgley, P.M. (Eds.), Climate Change
2013: The Physical Science Basis. Contribution of Working
Group I to the Fifth Assessment Report of the Intergovernmental Panel on Climate Change. Cambridge University
Press, Cambridge, United Kingdom and New York, NY, USA.
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Greater storm surges and higher sea level with global warming
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Lecture 31: The Holocene VI: Alternatives for the late Holocene
Students who have been persuaded that humans have impacted Earth negatively,
particularly with emissions of CO2, commonly ask “But what do we do?”. There are many
possible answers that involve innovation, but one answer is to look around the world at societies
that enjoy lifestyles as comfortable as our own but that use about half as much energy per person
and produce about half as much CO2 per person. Europe is an example, and this lecture looks at
one region in Austria to see how the Europeans do it.
A large part of the European solution involves transportation via convenient mass transit.
For Americans who disfavor mass transit as inconvenient and unpleasant, the emphasis here is on
convenient mass transit. Convenient mass transit involves linked bus, train, air, and bicycle
transportation that allows travel to every city, town, and village. It involves systems that move
quickly, so that mass transit is faster than private transportation. It also involves systems that are
fuel-efficient.
A common response of Americans to the European example is that American geography
precludes European-style transportation, especially because the rail network in Europe depends
on dense population unlike that of the United States. However, the United States had a rail
network linking most of its towns until the 1950s and 1960s, when promotion of automobiles led
to the disuse and disassembly of the passenger rail system. The problem is thus not one of
geography.

Lecture 32: The Holocene VII: Changing Ecologies
For all of the Phanerozoic until the Holocene (for more than 500 million years), Earth’s
ecosystems had, at their highest trophic levels, hunter-gatherers (fish, large amphibians, large
reptiles and birds, mammalian carnivores like lions and wolves, and most recently hunter-gatherer
humans). Only during the Holocene were ecosystems transformed so that agriculturalists and
then industrialized humans took over the highest trophic levels. That was a huge ecological
transformation, and its implications are the subject of this lecture.
The contrasts in this ecological transformation were great. Top consumers in natural
ecosystems avoided predators; humans in agricultural and industrial systems eliminate predators.
Top consumers in natural ecosystems consume enough food to survive; humans in agricultural
and industrial systems maximize production of food and other goods. Top consumers in natural
ecosystems tolerate competitors for food resources; humans in agricultural and industrial systems
eliminate competitors for food resources. Top consumers in natural ecosystems tolerate species
competing ecologically with their food resources; humans in agricultural and industrial systems
eliminate species competing ecologically with their food resources. Top consumers in natural
ecosystems rarely store food and, if they do, do not eliminate the species consuming their stored
food; humans in agricultural and industrial systems eliminate organisms attacking their food
stores and structures. To generalize, the pattern here is that top consumers in natural ecosystems
are tolerant of organisms around them and seek only resources sufficient to survive, whereas
humans in agricultural and industrial systems intend to maximize food or research production
through complete control. This is true even when humans deal with humans: much of recent
history is the story of agricultural and/or industrialized humans removing hunter-gatherer humans
from the land on which the latter lived.
The previous paragraph is about food; much the same can be said in comparing huntergatherers’ treatment of resources for other needs to how agricultural and/or industrialized humans
consume resources for their housing, environmental control, and goods. All of this involves
greater environmental impact by an agricultural and/or industrialized human than by a huntergatherer. Any semi-quantitative analysis of collective environmental impact, taking into account
both increasing human population and increasing per-person environmental impact, suggests that
collective environmental impact by humans has sky-rocketed and is likely not sustainable.

____________________________________________________
Lecture 33 is a summary in itself and so is not summarized here.

