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PREFACE TO THE SECOND EDITION:
FOR THE INSTRUCTOR AND STUDENT

As the title indicates, Earth’s Evolving Systems attempts to
bridge the gap between traditional historical geology texts
and the study of Earth’s systems. The response to the first
edition of Earth’s Evolving Systems has been quite gratifying,
especially given the recent emphasis by a National Science
Foundation—sponsored webinar by the American Geophys-
ical Union and American Geological Institute in October
2015 entitled “Geoscience Workforce and the Future of
Undergraduate Geoscience Education.” The respondents to
this webinar emphasized at the outset the complex, dynamic
linkages among Earth’s systems, the role of “deep time” (and
thus the role of the scale of time in understanding process),
the origin and evolution of life, climate change, and energy
resources. All of these topics were emphasized in the first
edition of Earth’s Evolving Systems and continue to be empha-
sized in the second.

Nevertheless, there is always room for improvement,
and 1 have attempted to respond positively to reviewers’
comments on the first edition. This has of course involved
some compromises, given each instructor’s approach to his
or her particular course and research and teaching interests.
Chapters have been updated with information on significant
advances that have been reported in the literature over the
past several years. Themes stated at the beginning of each
chapter are now restated or rephrased, in some cases as “big
concept” questions, which are highlighted at relevant points
in the text margins of the chapters. As before, each chapter
is followed by a summary that provides a detailed overview
of the chapter.

The following key points about the second edition are
applicable to all chapters:

B As in the first edition, a major theme of the text is the
method of multiple working hypotheses and debates,
among them the origin of the theory of plate tectonics,
the origins of the atmosphere and life, the tectonics of the
western United States, human evolution, and the recog-
nition of Milankovitch cycles.

B Discussion and contributions and photos of some major
women scientists to the earth sciences, such as Marie
Tharp and Lynn Margulis, have been included in the rel-
evant chapters.

B An extensive list of references is provided at the end of
each chapter, along with a list of key terms and review
questions. In addition, a second set of questions, called
“Food for Thought,” is provided to stimulate students to
think beyond the chapter material.

Part I: Earth Systems: Their Nature
and Their Study

Major changes were made to Chapters 1-6 to improve the
flow of the material in Part I:

B Chapter 1: A brief discussion of Vladimir Vernadsky, the
founder of Earth systems science, has been added. The
discussion on the nature of historical sciences such as
geology has been improved by eliminating Chapter 18
from the first edition and incorporating certain elements
of that chapter into Chapter 1.

B Chapter 2: As before, much of the discussion of Earth’s
history revolves around the framework of the tectonic
cycle. Plate tectonics has therefore been moved from
Chapter 6 to Chapter 2.

B Chapter 3: The discussion of the interactions among
Earth’s systems has been simplified, and the introduc-
tion and discussion of specific stable isotopes have been
pushed back to the chapters where they are explicitly tied
to the geologic record. A new section has been added to
this chapter, “How Does the Tectonic Cycle Affect Other
Earth Systems?” which describes the effects of the tec-
tonic cycle on sea level, ocean circulation, the hydrologic
cycle, and major lithologies.

B Chapters 5 and 6: Chapter 5, which presents evolu-
tion, remains largely unchanged, but it now precedes
Chapter 6, which deals with geologic time and stratig-
raphy. Discussion of iterative evolution has been moved
from Chapter 14 to the section on marine organisms dur-
ing the Paleogene.

Part Il: The Precambrian: Origin and
Early Evolution of Earth’s Systems

B Chapter 7: Chapter content has been updated to reflect
the most recent research.

B Chapter 8: A few reviewers questioned the relevance of
a chapter on the origins of life in an Earth science text.
However, I believe that life’s origins are among the most
fascinating chapters in Earth’s history and that this is
when the initial, fundamental interactions among all of
Earth’s systems began to occur. Life has been a geologic
force throughout much of Earth’s history, as empha-
sized throughout the text. The study of the interac-
tions between life and Earth therefore serves as a bridge
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between the biologic and inorganic worlds. Furthermore,
like evolutionary theory, origin of life studies present via-
ble alternatives to Creationism. A new paragraph at the
beginning of the chapter now reiterates the rationale for
retaining Chapter 8.

B Chapter 9: Chapter content has been updated to reflect
the most recent research.

B Chapter 10: The discussion of the origins of various
important fossil phyla has been augmented.

Part Ill: The Phanerozoic: Toward the
Modern World

B Chapters 11-15: Chapters on the Phanerozoic con-
tinue to use the tectonic cycle as a basic framework for
understanding the history of the Earth. Many figures
in these chapters have been replaced and sections on
various taxa augmented with multiple photos and new
artwork.

B Chapter 15: The section on human evolution in Chapter
15 has been completely revised and reviewed by two pro-
fessional paleoanthropologists.

Part IV: Humans and the Environment

B Chapter 16: As before, Chapter 16, which is on rapid

climate change, sets the stage for the Gordian knot of
natural versus anthropogenic climate change and its
sociopolitical implications for future climate and energy
resources, which are discussed in Chapter 17.

B Chapter 17: As explained in Chapter 1, the initial study

of Earth systems was a response to anthropogenic effects.
Humans are now a major, if not the most important, geo-
logic force on the planet. The emphasis on the environ-
ment and “sustainability” at many academic institutions,
including my own, does not diminish the importance of
historical sciences, such as geology, in addressing these
problems. In fact, the inclusion of chapters on anthro-
pogenic impacts and their potential resolution is a prime
opportunity to make historical geology not just an exer-
cise in the “past” but to make it “contemporary” and “rel-
evant” and to potentially awaken students’ latent interest
in the history of Earth and its lifeforms. Consequently,
I have occasionally tied certain portions of Chapters 16
and 17 to examples from the geologic record.

Ron Martin
Newark, Delaware
August 10, 2016
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THE STUDENT EXPERIENCE

The second edition of Earth’s Evolving Systems: The History
of Planet Earth was designed with numerous features to cre-
ate an engaging learning environment for students and to
enhance their experience with the text:
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gasinand Range PO olocene precess 1. How do Paleogene and Neogene events differ from 5. How might have tectonism contributed to the growth
(3 grasses \qors\—and%‘abe“ prece55\on ofthe equinoxe® each other? Make a chart labeled Paleogene and Neo- of glaciers over both poles of Earth?
Cagrasses Juande Fuca plate primates gene across, and down the left side of the chart list 6. What is the evidence for Q’\e advance and retreat of
cQastRa“%eS e Bonne\l\\\e a0 Gran et the following: () cqnt'mema\ movemen@, (b) vsea northern hemisphere glaciers from land? From the
e e i ot Tevel, (©) atmospheric CO,, (@ o.cean C\rculangn, deep sea? v ‘ ) .
CocosP mammo an Andre? (&) oxygen, O plankton, (® calcite compensation 7. How do the three major Milankovitch frequencies
gdiluvial theo™y M-‘\a“kov'\tch cydes Sjerra Nevadd depth, (h) {errestrial plants, and (i) terrestrial animals. interact to produce climate change? Do all three fre-
East pacific RiSe rmoraines _ single orighn i 2. Onamap of North America or another continent(s) of quencies always accentuate glaciation or warming?
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Fault, Sierra Nevadas, and Yellowstone hotspot. 10. What is the difference between 2 species and a race?

3. What was the effect of the uplift of the Himalayas on
global climate? (See also Chapter 2)

4. What was the effect of the rise of the Tsthmus of Panama
on global climate and life on land and in the oceans?

11. What was happening on Farth about 10,000 to
11,000 years ago?

® Food for Th .
ought—More in-d
?uﬁstic)ns) the Food for ThOugiEth [han the Review B Sources and Furth
or indivi activities are n urther R : .
ndividual or group assignments in or out O?f;l‘te;t eading—The list of refer-
e

ences for the ch .
classroom - ) e chapter is a gr
S . They will challenge students to think criti begin additional research i ngt eat plgce for students to
y about the material presented in the chapt iti- o special topics.
er.

Alroy, j 2001
$Nd-Pleige,

Am
ulti
cen, Species

> 189, € me, overki]] ;
Asfay, 3-180 8alaung) ill sipyg
nga;l al. 200 R e eXﬁ“;:Z[xllon of the
Baldriqg, ;}Awash‘ Ethimains of Fon, - Science,
W s ) 'Opia. 0 erect, W . 20,
;1 Journey, g l?o . Geat, ature, 416, 3'?7&0,,1 Bour; 3 3 dnwngoz Food o,
est- ROV . Camb, gfh 10 billg m 320, Monagierger 2070 1Ce mh 1:1: ietq
ics and s€ '\mema&'\O“ of [‘(\e\’\‘]‘.‘ e Nt;wf. 1199 D, * Cam ;VE "> 9 pl latecf est: 15005, 4, R 1996 gE B ion,r)_; C,hange
e 3 Describ® the et (erms oF the method of mult? er B 5055 6, Febpyp. litio O ;,,, 4 Onastergj, Hgust 3) .74\u7r of arig 4, g
p o ) in > B.200 : d ress 'R Joog ) rica, s,
ocribed 1 the mUmted States i Ok New, ssi :88_gp Llemm, t . 1999 . Scien,
C le of 09 bypot}’\ﬁse g LS o EwO\'\m‘% othese® e hz;‘:\‘] P"“mmes tater affect BS’zifg(l 8 ;I,Skulld "ersjﬁ‘o P 4 Science Scien[en;r icas of r}lerhe Killing Id €€ News,
1 of the Basi® 2 ding 2t daptation ™ & 1 02. 24 €s famj urph lews, 156075 Os| elds;
Ading Ve > 180, ily o DPhy, J. 6(23). C Charj ‘ha
e for e 0(:%‘“ e left side a0 e a he: “\E’ox 4. How ‘\\mon of humans? o hoth debated? T early ance, ;;Iu“;ﬂ’s Srpris, Tee. Scion A lég};'opphger g) iﬁmgﬁlhansma[ic m;x:bbed
O (he evO mans S a et - Sci € Foss; Sci g oG L, mals?
‘nyponhe - » qnclude 1 u e il 1 e W Slution. al. 5, ence N, ossil f; Cient; anle ), » Brimp, Is?
4 “Evidence 4 from U Why i ¢ for huma® ev! ne ) ens, 16209, 2 Upr N i 8702); Plumeg all, G,
the top W (he force p 5. Why Typo of ¢ new ()19 OO » Xijup 146_155  2nd m ., and
idence & tled “SUE differe yP 2 ad, Ominj - s et g] « 33, oung; Hyn,
(he gedlog® e Loht place v th 6. Of u favor and WhY® Lesiadap's Centra) 4p oM the and eqyy, The o1, 2005, gy
evidence: 0O the T i wwo <ot derned which O°¢ D3 Geance OF (he finding of Ple Fica. Nagypg, PP P @013)69 haplorpin oot K0 e
. 45" Wil e 8 s gifican 1 iy e, as| 90=64 e
o the FYPORES® s of the nd RS 7. What i € S8 0 and Euop I E iy onsk 8 90 I, ang. g volution,» FC skele
for each o o mt%x‘onh m and Southe™ 61' jnboth N O species © oS & et N Kenyg, pyo: D of Theyg <K M Robe.. nctions. yg,,» ® 4. 2 e, 498 7437
O the text NO - tistactory - frequent: ™ a jaw fragme €5, vy, CCCdings o7 PICHE ‘MG, CIts R G re, 437 2004
asized INE T ether it 52 g, Quite e LS n o cus fr et - 431, 63 colo,
e\:mg cach thesis, i ‘C’\h egion (: does MO o foss) (fag“\‘;“pems 3 d (ﬂ;m(a 5. 0rg/cgiy onal dggy. ;‘e‘:gafauna; éf,z 01 Ney » 9640 & Of ice.qge
ol A i it () e NE ter 0 . 3 g ) ine - ages fc
3 idence Wit dictsit¢ . hap B et al, % Ru 0. S - or th
explains 1€ 0 C0 e othet ©).0F co;“fé‘oq e e i o BTG s of S Kno oo dj‘éﬂam o Scence 209 13§§exfincuo§ ff;‘ Austrgliyy,
in it one . metho single g5 €oce; lant; * an ~18 out
D'\s\causs-‘lo“Y ""'5“\‘5‘“@“;0‘:261) Cugq\er’s correlation of parts) 73;231\’“110;1“1; v ﬂtonurscilonran years, II;p;koclimaleMgln%e AQz, #6,000
ap! . - the 8 Cadem 0 Pri_ gati g Changes | 97
; theses (5¢¢ Jange 35" u W of Sci ion lin 8es oy,
working 1y PO el to chan® extin Ciences, i e 0 and T the
es e 0! 0 X 3 mat ui J. P:
2 Wh'\c‘nm““"‘\‘ \:So glaci e moverer'® 2, 119" Pied op e 1114 Pileocengpr @ ¥
- real i 3 . i > CO. =14 no; >
advance @ d et Gibbons, 4 31, 540545 mate ang o Om;e, L) g logical s Specia i;?hy "
co(\(\“e“‘s‘z Paleo, Uman ey, lates: g, < Jon C CCIeLy of A, ficarig
Guo, z Puzzle. s, lons ution arth gng wegr o H 1 ericy,
5 T et g €, 333 1. Preser tringer Planegg, id.
2 M, . 200, , 137 C 1y Sci &
7 280 infor. 0~137. eXquisite Stuary, 4 - ences, 57 41‘A””Ma1
— 1 115, 1T from e deserf e Kosintge, Ethiopig ., 7462
and [}, SS deposiy, ICation , tio; 004 ‘P A, Higp, e, 423 60,
Leakey, hort gy ef\jk' P 1979 4 * 1 Ching Natyye 4am1°5 in g, leistocene o I 2-695,
"R , NJ: g . s 431 lang 0 Hoj, and
d Loy VJ: Engloy, 1. 98€5: Sopy Tatters, , 684, deer 0lo
le e o) all, 61 a C
D‘ZZZ‘Z/ life anu;n’ R 19gs inShem?ZVI"g the mys. ennﬁ;/li 1997 0 5. 1d wooly €Xtinc.
Leake, leday De the futyye of Extiy Tattersy)) ) ';8'7’01,,} 2790( i 3“ Fica again moh,
M. G g ank Ction; p Ao 200 “60— - and
emn . ctal 2 ind. at- meric, ) @y 67. a
= /:{nca sho gl. o New Yory Tavare, g Z\ZH’ 2821 )'56685;% Were p, 820n? i
L €, 410, iverse - nid o7 S Marshay ot al
eal;ex M SI; 433449 € midje Pl;goenus from gy q ;"; R D, all, . R, one. Scientifye
C. . 2Poo cen, - age s S
from I;G tie, ¢ Dean, ap ineage . tes. NO[ e Iy C’“g the fosgiy oligo, ¢ -
nomje do"b' For, nd Leajey, | ’i\IFejbe] eMpletor, Aa["'e, 416, 7;'6“’"011 ancgsrec(’rd 10 esy Mar.
iversiy, Northey,” 5 S Aneg o R 20 > 726-72 tor of imate
n Te, 02, 5 exta;
rly 1, o Y2 conf {ossi]. ekua, 4 e[‘115, 45.5) Our of Africy nt
88,201 lzaoj Wil Dmanis; aGIg 002, %800 and g,
ilson, orgia in,
L E. o . Scien, I
B ce, 29, arl)
clknap, p, € diversiy, ; 85-89. Y Homo fron,
oIy

The Student Experience XV




N
ew and
Revi
sec . sed
ond €d1[10n, 11'1C1ﬁ:1t and Photos—Th
lng over — e a 1
150 n. rt in thi
ew ima S
ges and

150 revi
revise d .
illu .
to strat
support stu derltslons, has been signi
as they absorb ngmﬁcantly improved
ew info €
rmation

O
Mercury Venus arth Mars Jupiter Saturn Neptune
D\ame\e\' (k) 48718 12,104 12,756 6,194 142,800 1205 51,200 49,500 \olcanic
piameter i relation 1 atn 3P 95% X 53% 1,120% 941% 401% 388% istand &
Mass in f elation 1o Eart 5% 82% S 10.1% 31,7 80% 430% 1,460% LTZO%
pensity (g/ 543 524 552 39 13 01 12 16
Rotation pero (days! 586 243 0997 1026 041 043 012 067
\nclinatio!  axis of rotation 00 1714 234 252 31 261 919 29
eq Kdegreesj
surface gravity in relation to 38% 91% 38% 253% 107% 92% 118%
Earth
the garth and sun
-

s =astono™ qrit,0r the gistance bee”

\ Mortison Formation \
— Retreatind ndance 582

\ Folding and thrusting

| @B Franc\scan Group

\
viante R 19 nge Bt esadsword
e B 1RO

atomone S g ey O

Granging B9

@

QShMQﬂ)%\I\\ﬂs\uﬂJr\(,

(a)The Morrison

g the Jurassic

\GURE 2 (@ ¢ of h gh\y-fo\ded ghrust shee
inthe A\ps.The huge blod rocks that he' peen thrust over
ounge’ ks are €@ led NaPPeS: (v photo of the Alps showing FIGURE 13.37 Seaways,\ec\omcs, and sed\memat\or\ inthe interior of We rern N erica duin
ex\eng\\[e folding Formanor\,wmch (o molasse ohed froM the wes(ma\f\\\ed the Sun ance 52 (b) Exposur® of the Morrison Formation:
fisngsea've! overland e
Elevator trave's
e path: whet
e
B H
E 2
v g
&
vaporation M2 ¥ g 0
snale : = term colaPse
gandston® . Ocean Circulation unable 10 re-estantish 1 much 1onge’ time
| SR )
Warm
Greatly increased meltwate? input.
\ocality Z
B A=
Limeston® =0 e
—
=
| Rock
cold
oean Creulato” state
(@ sttt U P i oV © R O e
mmuw.m\,mwmw it
FA RE o Clima' nodes yster s |00P’ (a)How ahy: (esis 100P ks Any U e n th e\eva\or,youcan reverse
o0 st 60909 [vu\ulmﬂnmmamulﬂhmuqhhm,!md pacicGore P Foue 268 direction pretty much at @ y point? gob \ the way Y \ came: However,ﬁyo ke the escalatons fy reur® o your initial
Justratin ot ockan Jrmeare sotthe ame @k ceatevel ses the e osition new path, Shown. (0 Hyste(es\s\o for climate [ peratur ) bility 852 unct § NADW Pr d inthe North
sirating o A ’ . antic0cea™ The mod - North Atlent€ pasic cimate op  day) el putexcee threshol
5 an ard. AL fhree € nonments st throv! ut the ages of
N yalue, OC® o circulat! jumps ached i ointin! down) per wa de (unpert d nt-day St ) e lowet
of s,dﬁersoven e arealn jich the 1O expose \M\scorre\ ions
oottt e and or I e represe the exd < rlobite . aead o e \so\\d it tine), her ADW 5. imate ¢ ly rett Ldas‘ned\me pol Tng, tothe arm M s er\me)when
sultf 10 “” ange p(e‘? ! flobites % e\t\Na\erh s M oatedsuﬁ\cxem\y that bot! f th mor Jerate W mand \d mod! o could und: moder®
roduce ccurate B 6538\osxraugraphy for further discussi! fine rocks g ‘ st gl \ N s at e g \ el
e sa eer\me\oca\mes o tormation onditions- ottom (125 gladt m um); escalators artA, L@ mud ¢ distu! i args of me' wate
) g o gnutdown ™ o NADW for™ o for longe fodsof B s is Pres oly what ened d acial intenvas nen mud
rea(ewc\umesofme\t (erwou\dh e b released

Th
e Student Experience



TEACHING TOOLS

A variety of Teaching Tools are available for qualified instruc- B Lecture Outlines in PowerPoint format—The
tors to assist with preparing for and teaching their courses. Lecture Outlines in PowerPoint format provide lec-
These resources are accessible via digital download and mul- ture notes and images for each chapter of Earth’s
tiple other formats: Evolving Systems: The History of Planet Earth, Sec-

ond Edition. Instructors with Microsoft Power-
Point can customize the outlines, art, and order of
presentation and add their own material.
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B Test Bank Material—The author has provided 500+

XX

multiple-choice questions, including true-false, match-
ing, and identifications. Each chapter has approximately
30 to 40 questions. The author of this text has used
some—but certainly not all—of these questions in his
introductory course. Many questions ask for basic fac-
tual information, others are intended to make students
“think about it.” In some cases, essentially the same
questions are worded differently. Alternative wordings
and answers are suggested for some questions. Some
questions refer to specific figures in the text. Instruc-
tors are welcome to modify the questions as they see fit.
Short and long essay questions can be developed from

Teaching Tools

the Review Questions and Food for Thought exercises at
the end of each chapter and the Concept and Reasoning
Checks embedded throughout. These could be used in
smaller classes as writing assignments. Students could
be assigned the questions ahead of time or given a list to
choose from. These questions are available as an instruc-
tor download.

B Instructor’s Manual—An Instructors Manual contain-

ing an instructor’s overview, instructional aids, answers
to Review and Food for Thought questions, and sugges-
tions for homework or in-class projects and assignments
is available for each chapter.
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EARTH SYSTEMS:
THEIR NATURE
AND THEIR STUDY

Part | of Earth’s Evolving Systems examines the principles and con-
cepts critical to the study of the processes of each of the basic Earth
systems: the solid Earth, the hydrosphere, the atmosphere, and
the biosphere. In examining these systems, Part | emphasizes the
following:

1. Why study Earth history?
2. Basic components and behavior of each system and how they
evolve
. How changes in the distributions of the continents and oceans
affect the other systems
. How the interactions of Earth’s systems regulate climate
. Theimportance of geologic time to the study of physical and bio-
logical processes
. How we study Earth’s systems







Introduction:

Systems

Investigating Earth’s

MAJOR CONCEPTS AND QUESTIONS ADDRESSED IN THIS CHAPTER

) Why study the history of Earth?
(2 How did the science of Earth systems arise?
(3 Whatis a system, and how does it work?

() What are Earth’s systems, and what are their basic
characteristics?

1.1 Why Study the History of Earth?

1.2 What Are the Major Earth Systems, and What
Are Their Characteristics?

BOX 1.1 The Origins of the Science of Earth Systems
1.3 Geologic Time and Process

(E)
Y

1.4

1.5
1.6

Why is geologic time important to understanding how
Earth’s systems interact?

How do different processes act on different durations
of time?

How do we study Earth’s systems and the history of
their interactions?

Directionality and the Evolution of Earth
Systems

Geology as an Historical Science
Method and Study of Earth’s Evolving Systems

The Anasazi cliff dwellings at Mesa Verde National Park, Colorado. The Anasazi (the “Ancient Ones”) civilization vanished suddenly, possibly as a result of prolonged drought. The Anasazi civilization once encompassed an
area the size of New England in the Four Corners region where Colorado, Utah, New Mexico, and Arizona meet today. Based on archeological evidence, the Anasazi civilization flourished during what s called the Little
(limate Optimum from about 900—1300, and traded with other civilizations as far south as Mexico and Central America. The Anasazi adopted an agricultural lifestyle and built extensive cities in the sides of cliffs. However,
the Anasazi began to disperse from about 1280—1300, leaving behind their dwellings, and their civilization disappeared. Similarly, increasing evidence indicates that modern global change—due to the combustion of
fossil fuels—uwill alter precipitation patterns, leading to more intense heat waves and prolonged drought in different regions all over the world, including North America.

Courtesy of National Park Service.




Why Study the History
of Earth?

Earth’s Evolving Systems is about the history of the

~ Earth, the natural processes that have shaped it, and

the history of these processes and their interactions through

vast intervals of time. Geology is the science that studies the
history of the Earth and its life preserved as fossils.

Why should we be concerned about Earth’s history?
Because understanding how the Earth changes and has
changed tells us about how natural processes affect humans
and how humans affect natural processes. The history of the
Earth confronts us with events and possibilities that we can-
not imagine. Many natural processes act so slowly we would
be unaware of them except for the geologic record of their
activities preserved by rocks and fossils. Most people are
unaware that Earth’s environments are constantly changing.
We assume that landscapes—mountains, valleys, rivers and
streams, and coasts—do not change because the changes are
typically so slow and subtle they take place over time spans
equivalent to many, many human generations; from many
millions of years down to millennia and centuries. Also, some
processes are so infrequent or sudden, we would not know
they occur except, again, to look at the geologic record.
™ Scientists have only recently begun to appreciate just
o how strongly changes in Earth’s environments have
affected—and still affect—humankind, from our evolution-
ary beginnings through the origins of ancient settlements
and civilizations—and perhaps their collapse—right up to

the present (refer to this chapter’s frontispiece). Humans
have now begun to affect Earth’s environments at rates much
faster than the rates of natural processes. The rapid growth
of human populations (Figure 1.1) has led to the spread of
agriculture and deforestation, heavy industry and power
plants fired by fossil fuels, and the dependence on petro-
leum (oil and gas) to power automobiles for transportation
(Figure 1.2).

The burning of fossil fuels releases greenhouse gases,
especially carbon dioxide, into the atmosphere. Greenhouse
gas traps solar radiation as heat in Earth’s atmosphere, caus-
ing the atmosphere and surface to warm (Figure 1.3). With-
out carbon dioxide in the atmosphere, Earth’s average surface
temperature would be about —18°C (0.5°F) instead of its cur-
rent (and more comfortable!) temperature of +15°C (59°F).
But humans have begun to burn fossil fuels at an unprece-
dented rate, and no one really knows what the outcome
will be of the rapid accumulation of carbon dioxide in the
atmosphere. In fact, carbon dioxide levels in the atmosphere
have increased about 30% since the beginning of the Indus-
trial Revolution (Figure 1.4). We know this based on carbon
concentrations in gas bubbles found in core samples taken
through the glacial ice of Greenland and Antarctica. The bub-
bles are a record of the composition of ancient atmospheres.
As the use of fossil fuels has increased, so too has Earth’s aver-
age surface temperature, so that the greenhouse effect is no
longer considered by most scientists to be purely natural. As
far as scientists can tell, these changes will continue through
the 21st century and beyond, potentially affecting future
human generations, environments, and ecosystems.
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Data from: United States Census Bureau, International Programs Center, 2001.

FIGURE 1.1 Human population growth. Global human population growth since 8,000 B.C. Note the steep rise of population growth
beginning in the 1800s in response to the Industrial Revolution and advances in medicine and sanitation.
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energy consumption. Given the projection, society might

CO,

Heat

History 2016 Projections FIGURE 1.2 Historical and projected trends of world
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: become increasingly dependent on fossil fuels unless
200 ! other energy sources are found.
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Data from: the United States Department of Energy, Energy Administration, /s ional Energy Annual, 2002, 2003 (May—July 2005),
2005, and System for the Analysis of Global Energy Markets, 2005 and 2006.
( a) © Studio 1a Photography/Shuttestotk, Inc.
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FIGURE 1.3 (a) How a greenhouse works. Solar energy penetrates through the glass and is reflected by the floor of the greenhouse as
infrared radiation. The infrared radiation is trapped by the glass ceiling and warms the interior of the greenhouse. (b) The atmospheric
greenhouse effect works in the same way; atmospheric carbon dioxide acts like the glass ceiling of the greenhouse by trapping solar energy
that has been reflected by (c) the Earth’s surface as infrared radiation; this warms the atmosphere. Other gases like methane (CH,) can
combine with oxygen to produce carbon dioxide (CO,) and greatly exacerbate global warming. Water vapor also contributes to warming,
But, scientists have focused on carbon dioxide because of the rapid increase of carbon dioxide concentrations in Earth’s atmosphere during

the past half century.
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FIGURE 1.4 (a) Earth’s average surface temperature increased during the last half century as compared to the previous 20,000 years.
Note that some civilizations or settlements flourished during times of very mildly increased temperatures that were much lower than
those of the past half century and projected into the future. There were also far smaller human populations during earlier times. (Compare
Figure 1.1.) (b) Since carbon dioxide concentrations in the Earth’s atmosphere began to be measured in 1958, atmospheric carbon dioxide
has risen steadily. These measurements were taken at a station at Mauna Loa, Hawaii. Another station takes measurements in Antarctica.
The oscillations reflect seasonal changes in photosynthesis.
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The fact that Earth’s environment has likely affected

past civilizations and that anthropogenic—or
human-generated—activities such as fossil fuel combustion
are thought by almost all scientists to be affecting Earth has
led to the study of Earth as a series of systems. A system can
be viewed as a series of parts or components that interact
together to produce a larger, more complex whole.

Geology, then, is not just about describing and naming rocks
and fossils. The entire Earth can be viewed as a system, and it is
the record of the interactions of its component systems that we will
study in this book. Geology is the science that examines the
evolution of the natural processes on Earth, the evolution
of life, and the evolution of these interactions and how they
have caused Earth to evolve toward its present state. It is the
geologic record of rocks and fossils that preserves the history
of these interactions. This is what geology studies. Humans
are now the primary geologic force on our planet because
of the rapidity of anthropogenic change. It is the science
of Geology that provides the clues as to how the Earth and
its life have behaved—often unpredictably from a modern,
anthropogenic view.

What are these systems and how do they interact? Over
what scales of time do these systems and their processes
interact? What methods do we use to study the history of
these systems, and how do we determine the durations of
time over which these systems interact? It is these questions
to which we devote the rest of this chapter.

Atmosphere (3.8 bya)

Lithosphere
(4.0 bya)

(77 What Are the Major Earth
Systems, and What Are Their
Characteristics?

Earths surface environments are regulated by four

major systems and their component subsystems
(Figure 1.5). The solid Earth system consists of the nonliv-
ing, solid Earth, from its center to its surface, including the
continents and the seafloor. The atmosphere comprises the
gaseous envelope surrounding Earth, whereas the hydro-
sphere consists of the oceans, rivers and streams, lakes, and
ice contained in mountain glaciers and polar ice caps. Gla-
ciers and related environments are sometimes grouped into
a separate system called the cryosphere. The biosphere
consists of all living organisms and their dead remains.

In this chapter, we consider the traits systems share in
common. First, each major Earth system consists of a series
of parts or components that comprise a larger integrated and
complex whole. Each of these components in turn consists
of smaller parts with their own systems. Some compart-
ments may serve as reservoirs, in which certain types of
matter (e.g., carbon from photosynthesis) can be stored—or
sequestered—for some length of time ranging from perhaps
days or weeks to tens of millions of years or more. Second,
most natural systems, both living and nonliving, are open
systems (Figure 1.6). This means that the reservoirs of the

Hydrosphere
N (3.8 bya)

SCRE N ~ S Gases

released

Biosphere
(3.5 bya)

FIGURE 1.5 The four major systems of the Earth and the basic processes within each. Note that each system has its own components and
that each system is cyclic. The approximate ages of the systems are shown as billions of years ago (bya).
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BOX 1.1 The Origins of the Science of Earth Systems’

Like so many other scientific disciplines, the science
of Earth systems originated through the work of more
than one person. But if its origins can be traced to
one person in particular, it would likely be the Russian
scientist Vladimir lvanovich Vernadsky (1863-1945),
whose work and integrity are a source of national
pride in both Russia and the Ukraine (BOX Figure
1.1A). Vernadsky is so famous that he has had streets
and monuments erected in his honor and his image
reproduced on postage stamps. In perhaps his
greatest work, The Biosphere, Vernadsky stated that
life is not only a geologic force, it is the geologic force,
and that the role of life on the Earth has increased
through time. Indeed, humans have become the
prime geologic agent on Earth.

But Vernadsky also had very broad, interdisciplinary
interests, stimulated by the work of the French

© RIA Novosti/Science Source.

BOX FIGURE 1.1A Vladimir lvanovich Vernadsky.

systems exchange matter (chemical substances) and energy
(like sunlight) with their surrounding environment. It is
the flow of matter and energy through systems and their
exchange of matter and energy with other systems and the
surrounding environment—termed fluxes—that keeps
open systems functioning. For example, convection cells
(like those found in a pot of boiling water) transfer heat and
molten rock from deep within the Earth toward its surface
during the process of seafloor spreading. The heat is radi-
ated from Earth’s surface into the surrounding environment

8 Chapter 1
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chemist Louis Pasteur, one of the founders of
medical microbiology, and the French physiologist
Claude Bernard on the concept of homeostasis (the
tendency of a system to maintain its internal stability
in response to external disturbances). Vernadsky also
conducted experimental studies on minerals with the
French chemist Henri Louis Le Chatelier in Paris.
Vernadsky’s The Biosphere, first published in
Russian in 1926, was translated into French in 1930,
but, unfortunately, was not translated into English
until 1998; thus, many western scientists remained
unaware of it until after the Second World War, when
some of Vernadsky’s major themes were summarized
by the ecologist G. Evelyn Hutchinson (1903-1991).
Vernadsky’s work then began to give rise to various
fields such as geomicrobiology and biogeochemistry:
the study of geologically and biologically important
chemical cycles like those discussed in this text.
Similar themes began to be advocated in the
West during the 1970s by the British scientist James
Lovelock in his Gaia hypothesis (named after the
Greek goddess of mother Earth), which advocated
a “physiology” of the Earth involving not only life
but also temperature, atmospheric composition,
and ocean chemistry. Nevertheless, many western
scientists, including Lovelock, remained unaware of
Vernadsky’s work until after the Gaia hypothesis had
been developed. As we will see, although Lovelock’s
hypothesis advocated homeostasis, the Earth’s
systems have also undergone profound directional
change, or evolution.
*Summarized from Margulis, L. Foreward, and Grinevald, J. 1998.
Introduction: The Invisibility of the Vernadskian Revolution, in
Vernadsky, V. I. The Biosphere. Copernicus/Springer-Verlag. New

York, NY. (Translated by D. B. Langmuir; M. A. McMenamin, Editor),
pp. 14-32.

(space) as the molten material cools to form solid rock to
produce the ocean floor and continents of Earth’s outer shell,
or crust.

Convection cells and seafloor spreading are also respon-
sible for the movement of the continents and large pieces
of the lithosphere (the crust and uppermost mantle of the
solid Earth), called plates, in what is known as plate tec-
tonics. Plate tectonics (or tectonism) refers to the processes
that cause the movement of these plates. These processes
have produced mountain chains, ocean basins, and other
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(a) Open system (b) Closed system (c) Isolated system
(a,b,¢) Data from: Coveney, P, and Highfield, R. 1991. The Arrow of Time: A Voyage through Science to Solve Time’s Greatest Mystery.
New York: Fawcett Columbine.
FIGURE 1.6 (a) An open system exchanges both matter and
energy with its surroundings. (b) A closed system exchanges
energy (by temperature changes) with its surroundings. (c) An
isolated system does not exchange matter and energy with its
surroundings. Natural systems are typically open systems.

features on Earth’s surface, all the while interacting with the
other Earth systems, which have profoundly affected Earth’s
climate through geologic time.

Convection cells also occur within Earth’s atmosphere.
Atmospheric convection cells result from the differential
heating of Earth’s surface and distribute heat and moisture
over Earth’s surface, thereby affecting surface temperatures
and the precipitation patterns of the hydrosphere. Water is
critical to life as we know it on Earth; most organisms consist
of more than 60% water (and some more than 90%). Water
also provides habitats for organisms. Like carbon dioxide,
water vapor also acts as a greenhouse gas, affecting Earth’s
temperature and habitability.

The energy of sunlight penetrating the atmosphere is
also used by plants during photosynthesis to produce simple
sugars from carbon dioxide and water. These plants are then
eaten by herbivores and their stored energy is in turn con-
sumed by predators higher in food pyramids. The biosphere
has had a profound impact on the evolution of the Earth. In
fact, life may be viewed as a geologic force. Without the evolu-
tion of photosynthesis on Earth and the storage of carbon
dioxide in plant matter, the carbon dioxide levels of Earth’s
atmosphere would more nearly resemble those of Mars or
Venus and there would be little or no oxygen present for
respiration (Figure 1.7). Plants also profoundly affect the
physical and chemical breakdown—or weathering—of the
rocks of Earth’s crust. Weathering processes are critical to
the long-term, or geologic, cycle of carbon that occurs over
tens of millions of years, as we will see in coming chapters.

These examples illustrate another important point

about Earth’s systems, namely that they interact to reg-
ulate Earth’s climate and maintain it in a relatively stable
state (homeostasis). These interactions occur through feed-
back (Figure 1.8). Positive feedback promotes an effect,
whereas negative feedback counters an effect. Most of us are
all too familiar with one type of positive feedback: audio
feedback. In a sound system, the microphone converts
sound (vibrations in the air) into electrical impulses that are
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FIGURE 1.7 The carbon dioxide concentration of the Earth’s
atmosphere as compared to that of Mars and Venus if life had not
evolved on Earth.

sent to the amplifier, which enhances the signal and sends it
to a speaker. The speaker then converts the amplified electri-
cal signals back into vibrations (sound), which are picked up
by the microphone and sent to the amplifier, producing an
ear-piercing sound. Negative feedback in this system would
have just the opposite effect: the reduction of sound.
Typically, however, positive and negative feedback act
together to maintain homeostasis within a system; otherwise,
the system would spiral out of control (positive feedback)
or go to extinction (negative feedback). Another example of
homeostasis produced by feedback is the temperature con-
trol of a house. If the house becomes too cold, a thermostat
is triggered that turns on the furnace to warm the house to
the desired level set on the thermostat. If the house becomes
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