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Part One — Essential Geology

§1-1 Solar System and Our Planet

Our Planetary Environment

A Billions of years ago, out of a swirling mass of gas and dust, evolved a system of varied
planets hurtling around a nuclear-powered star-our solar system®. One of these planets, and one
only, give rise to complex life forms. Over time, a tremendous diversity of life forms and
ecological system developed, while the planet too evolved and changed, its interior churning ###,
its landmasses shifting Z#, its surface constantly being reshaped®. Within the last several million
years, the diversity of life on earth has included humans, increasingly competing for race and
survival on the planet's surface®. With the control over one's surroundings made possible by the
combination of intelligence and manual dexterity® #L%, humans have found most of the [and on
the planet inhabitable; they have learned to use not only plant and animal resources, but minerals.
fuels, and other geologic materials; in some respects, humans have even learned to modify natural
processes that inconvenience or threaten them. As we have learned how to study our planet in
systematic ways, we have developed an ever-increasing understanding of the nature of the
processes shaping, and the problems posed by, our geological environment®. As the human
population grows, however, it becomes increasingly difficult for that population to survive on the
resources and land remaining, to avoid those hazards that cannot be controlled, and to refrain from
making irreversible and undesirable changes in environmental system. The urgency of perfecting
our understanding, not only of natural processes but also of our impact on the planet, is becoming
more and more apparent?

1-O WARE%ESE, EHIBF AN asystem (had been) evolved out of . F(T{Z4ER, EENSESL
B FEEACR TR KR, B— i ARETEARRANSGHRERE—KAEEERNER. 1-©
Over time, @K —EAf[A], - SUtFEeT, MERBZFEASEE, HARBYRAEESR, HIMNIRE KR
%, HEEAMEYEER .1-© R 5 EES UEFEHERFREARF . HP competing for 5 survival on
H5. 1-@ FEEREXFRIREI LA S -, made possible by->4 the control AJEFH. 1-© - and the
problems posed by -+ HEEFFECEM)EEHNER. 1-© BEEHRRITAUNREREM TR A
KRR, MAZE THERIIHERGE . %A EER The urgency, IHIEN is becoming, {HIFALP XA EIE
#HT TR

The Early Solar System

2 In recent decades, scientists have been able to construct an ever-clearer picture of the origins
of the solar system and, before that, of the universe itself. Most astronomers now accept some sort
of “Big Bang” as origin of today's universe”. At that time, enormous quantities of matter were
created and flung #%#§ violently apart across an ever-larger volume of space®. The time of Big
Bang can be estimated in several ways. Perhaps the most direct is the back-calculation of the
universe's expansion to its apparent beginning. Other methods depend on astrophysical K {&43
models of creation of the elements or the rate of evolution of different types of stars®. Most age
estimates overlap in the range of 15 to 20 billion years®, although a few researchers suggest an
age closer to 10 billion years.

2-O K#BHE, RIXAIE. The time of Big Bang JURIEML. 2-@ BB, T XKEWE, HEZUHE S
K7 KR, apart across an - AFEHFR—AERARWZE, HFHEK. 2-© LFHFRKEKEE
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FRAHE BN T RATEEE N R EER A RREEREACHEHTE. 2-@ billion . %
% 101Z (1,000,000,000)>, k. MAFEITIZ (1,000,000,000,000); million, BT .

3 From the debris of the Big Bang formed the stars, as locally high concentrations of mass were
collected together by gravity, and some became large and dense enough that energy-releasing
atomic reactions were set off deep within them. Stars are not permanent objects. They are
constantly losing energy and mass as they burn their nuclear fuel. The mass of material that
initially formed the star determines how rapidly the star burn; some stars burned out billions of
years ago, while others are probably forming now from the original matter of the universe mixed
with the debris of older stars.

<4 Our sun and its system of circling planets, including the earth, are believed to have formed
from a rotating cloud of gas and dust, starting nearly 5 billion years ago. Most of the mass of the
cloud coalesced to form the sun, which became a star and began to “shine”, or release light energy,
when its interior became so dense and hot from the gases remaining in the flattened cloud disk
rotating around the young sun. The dust clumped into planets, the formation of which was
essentially complete over 4.5 billion years ago.

The Planets

S The compositions of the planets formed depended largely on how near they were to the hot
sun. The planets formed nearest to the sun contained mainly high-temperature materials: metallic
iron and a few minerals with very high melting temperatures, with little water or gas. Somewhat
farther out®, where temperatures were lower, the developing planets incorporated much larger
amounts of lower-temperature minerals, including some that contain water locked within their
crystal structures. (This development later made it possible for the earth to have liquid water at its
surface.) Still farther from the sun, temperatures were so low that nearly all of the materials in the
original gas cloud condensed —even materials like methane and ammonia, which are gases at

rf: mper ure

5-O FRRABEMENERRERMR, RUFNERSEXRERTY, SELRTEE—TRIKS.

6  The result was a series of planets with a variety of compositions, most quite different from
that of earth. This is confirmed by observations and measurements of the planets. For example, the
planetary densities listed in Table 1.1 are consistent with a higher metal content in planets close to
the sun and a larger proportion of ice and gas in the planets farther from the sun. These differences
should be kept in mind when it is proposed that other planets could be mined for needed minerals.
Both the basic chemistry of these other bodies and the kinds of ore-forming or other resource-
forming processes that might occur on them would differ considerably from those on earth, and
may not lead to products we would find useful (This is leaving aside any questions of the
economics or technical practicability of such mining activities!). In addition, our principal current
energy sources required living organisms to form, and so far, no such life forms have been found
on other planets or moons. Even Venus—close to Earth in space, similar in size and density—
shows marked differences: Its dense, cloudy atmosphere is thick with carbon dioxide, producing
planetar(g' surface temperatures hot enough to melt lead through run away greenhouse-effect
heating™.

6-O LR ARAY RN LEHER S HAT XWURY IREFRTHIR, BEERITANE HEN
FERE (XBEFHRRIARTHESFSRANTF). B4 B AN EERRNEREARFEY
B/, MESEHMERETE DERARAEMERNER. AN, SESHERAN, SHELEE
REANESE, BSMRARAES, HASEE-EEMHSN _SAB=H, BENrERYERE
LR & RS .




Part One — ssential Geology «3.

Table 1.1 Some Basic Data on the Planets

Planct | Sun (millions ofam) | - relative to Barth Density (g/eu.cm)
Mercury 58 0.38 54
Venus 108 0.95 52  Predominatly rock/metal
Earth 150 1.00 55 planets
Mars 228 0.53 39
Jupiter 778 11.19 13
Saturn 1,427 941 0.7
Uranus 2,870 4.06 12 Gaseous planets
Neptune 4,479 3.88 1.7

Pluto 5,900 0.23 1.1

The Earth

7 The earth has changed continuously since its formation, undergoing some particularly
profound changes in its early history. The early earth was very different from what it is today,
lacking the modern oceans and atmosphere and having a much different surface from its present
one, probably more closely resembling the barren, cratered surface of the moon. The planet was
heated by several processes: the impact of the colliding dust particles and meteorites as they came
together to form the earth, compression of the interior by gravity (that materials heat up when
compressed can be demonstrated by pumping up a bicycle tire and then feeling the barrel of the
pump®), and energy release from decay of the small amounts of several naturally radioactive
elements that the earth contains.

7-©O EHEYRARHAZRMFLS BT EITEKERR—H.

8 These three heat sources combined to raise the earth's internal temperature enough that parts
of it, perhaps eventually most of it, melted, although it was probably never molten all at once.
Dense materials, like metallic iron, would have tended to sink toward the middle of the earth. As
cooling progressed, lighter, low-density mineral crystallized and floated out toward the surface.
The eventual result was an earth differentiated into several major compositional zones; the central
core; the surrounding mantle; and a thin crust at the surface (Figl.1.1). The process was complete
before 4 billion years ago.

Oceanic crust—
up to 10 km (8 mi) thick

Continental
crust—
up to
40 km (25 mi)
thick

\

Quter core
-~ tiquidy

Fig.1.1.1 Earth model
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O Although only the crust and a few bits of uppermost mantle that are carried up into the crust
by volcanic activity can be sampled and analyzed directly, we nevertheless have a good deal of
information on the composition of the earth’s interior. First, scientists can estimate from analyses
of stars the starting composition of the cloud from which the solar system formed®. Geologists
can also infer aspects of the earth's bulk composition from analyses of certain meteorites believed
to have formed at the same time as, and under conditions similar to, the earth®. Geophysical data
demonstrate that the earth’ interior is zoned and also provide information on the densities of the
different layers within the earth, which further limits their possible compositions. These and other
kinds of data indicate that the earth's core is made up mostly of iron, with some nickel and a few
minor elements, and that the mantle consists mainly of iron, magnesium 4%, silicon %, and oxygen
combined in varying proportions in several different minerals. The earth's crust is much more
varied in composition and very different chemically from the average composition of the earth
( see Table 1.2). As is evident from that table, many of the metals we have come to prize as
resources are relatively uncommon elements in the crust,

9-O - KEFELHAZARWRES . 9-@ - BRFR—ME. R%L&E.

Table 1.2 Most Common Chemical Elements in the Earth

Whole earth Crust

Element Weight percent Element Weight percent
Iron 324 Oxygen 46.6
Oxygen 29.9 Silicon 27.7
Silicon 15.5 Aluminum 8.1
Magnesium 145 Iron 5.0
Sulfur 2.1 Calcium 3.6
Nickel 2.0 Sodium 2.8
Calcium 1.6 Potassium 2.6
Aluminum 1.3 Magnesium 2.1
(All others, total) 7 (All others, total) 1.5

(Compositions cited are averages of several independent estimates.)

1O The heating and subsequent differentiation of the early earth led to another important result:
formation of the atmosphere and oceans. Many minerals that had contained water or gases in their
crystals released them during the heating and melting, and as the earth's surface cooled, the water
could condense to form the oceans. Without this abundant surface water, which in the solar System
is unique to earth, most Jife as we know it could not exist®

10-O BEFEHHRK CRERPMER EE—E) , CANASEEGREREEMN.

A X The earth’s early atmosphere was quite different from the modern one, aside from the
effects of modern pollution®. The first atmosphere had little or no free oxygen in it. It probably
consisted dominantly of nitrogen and carbon dioxide ( the gas most commonly released from
volcanoes, aside from water®) with minor amounts of such gases as methane, ammonia, and
various sulfur gases. Humans could not have survived in this early atmosphere. Oxygen-breathing
life of any kind could not exist before the first simple plants-the single-celled blue-green algae -
appeared in large numbers to modify the atmosphere. Their remains are found in rocks several
billion years old. They manufacture food by photosynthesis, using sunlight for energy, consuming
carbon dioxide, and releasing oxygen as a by-product. In time, enough oxygen accumulated that
the atmosphere could support oxygen-breathing organisms.

-0 BMSASESRAKFHERE, REERRKIEE. 11-0 KBRS XSHBHSEK, 1hi6ss
K.
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Life on Earth

12 The rock record shows when different plant and animal groups appeared. Some are
represented schematically in Figl.1.2. The earliest creatures left very few remains because they
had no hard skeletons, teeth, shells, or other hard parts that could be preserved in rocks. The first
multicelled oxygen-breathing creatures probably developed about 1 billion years ago, after oxygen
in the atmosphere was well established. By about 600 million years ago, marine animals with
shells had become widespread.

Figl.1.2 The “geologic spiral”. Important plant and animal groups appear where they first occurred
in significant numbers. All complex organisms-especially humans-have developed relatively recently
in the geologic sense.

A3 The development of organisms with hard parts--shells, bones, teeth, and so on—greatly
increased the number of preserved animal remains in the rock record; consequently, biological
developments since that time are far better understood. Dry land was still barren of large plants or
animals half a billion years ago®. In rocks about 500 million years old is the first evidence of
animals with backbones—the fish—and soon thereafter, early land plants developed, before 400
million years ago. Insects appeared approximately 300 million years ago. Later, reptiles JE& and
amphibians Bz moved onto the continents. The dinosaurs Z# appeared about 200 million
years ago and the first mammals "¥.31%7 at nearly the same time. Warm-blooded animals took to
the air with the development of birds about 150 million years ago, and by 100 million years ago,
both birds and mammals were well established

13-© FROLWNIAFERBENSHY.

A <4 Such information has current applications. Certain energy sources have been formed from
plant or animal remains. Knowing the times at which particular groups of organisms appeared
and flourished is helpful in assessing the probable amounts of these energy sources available and
in con ting the search ese fuels on r f appropri o

14-® in assessing --- and in concentrating ---ZEIHESHEARR T E
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§1-2 Cosmos in a Computer

Capturing the full sweep of observable a space and time, the largest

cosmological simulation to date shows how gravity built the giant

re 1 the visi iverse®

O BT AR ERH#TLE AN, SRR TFHEERT FEH
FHMAMERANTREE KBK.

1 A team of astrophysicists and computer scientists has journeyed to the far reaches of space
and time by capturing the entire observable universe in a computer. They have created the first
simulation of how gravity could have gathered ripples #%i left by the big bang into colossal
structures —walls, clumps, and filaments 4% of galaxies—filling all of space. The result is a
coarse-grained look at cosmic history within a cube 10 billion light-years on a side, a volume so
big that if Earth sat in one corner, the far corner would hold some of the most distant galaxies and
quasars £k ever seen®.

1-© BRREMEZ K, BIMEHRETFEHN R, WBIRTHE —LBENNERSLERK.

2  “This simulation marks a turning point in numerical cosmology,” © says Michael Norman, a
computational astrophysicist at the University of Illinois, Urbana-Champaign, who is not a
member of the multinational simulation team, called the Virgo 2% Consortium 4. Many
times larger than any earlier effort, the whole-universe computation taxed the ingenuity of
programmers and the number-crunching prowess of a 512-processor Cray supercomputer at the
Max Planck Society's computing center in Garching, Germany.? Other cosmologists have had
little time to absorb the results, which were discussed late last week at a cosmology meeting in
Paris by Jory Colberg of the Max Planck Institute for Astrophysics (MPA) in Garching and which
will be the subject of a talk by August Evrard of the University of Michigan at next week's
American Astronomical Society meeting in San Diego. But they say they expect this model
niv W | for i i 1 of
2-O AREURBFFHERARN—EEE. 2-O EFETEHNES, BAFHOHEIELBRETHF
FERFANER. ATEREFA 512 MEEBOBFERE Cray DR BEITEIASL (I FRE Gerching £
Max Planck &8 L)

3 Norman, for instance, notes that even the biggest survey of the real sky, the 5-year Sloan
Digital Sky Survey, will map just 100th of the visible universe, so astronomers can't be sure
they're getting a true sample of galaxy clusters and voids®. But because the simulation covers
“essentially the entire visible universe,” he says, even rare structures should crop up often
enough to settle questions about how typical they are. Adds Martin Rees, a cosmologist at
Combridge University in the United Kingdon, “It is splendid that the modeling and simulations
have attained this level of sophistication just at the time when we are starting to get a flood of high
quality data.” .
3-O plniE@EA, BERMEEKNELTHAE —FFENR Sloan HFFHAE—MI{UEL
WA RFHEYEFZ— WM KICERFERE, FREBETERE LR = H RS FRA.

<4 To simulate cosmic evolution, the Virgo Consortium began by calculating how the slight
density variations rippling through the matter of the very early cosmos might have grown®. Those
ripples are thought to have originated as “quantum #F fluctuations” —in essence, waves of
uncertainty in particle positions—during the first instants of the big bang, when the entire
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observable universe was no larger than a grapefruit®. Relatively simple calculations predict how
radiation in the hot young cosmos would have smoothed out some of these perturbations ¥E#L
while allowing others to intensify®.

4-( rippling through the matter of the very early cosmos {&4ff variations , “ might have grown” 2} variations
AEE, BUARR: EXEERHSEMFHERARMTEFRY, HEREREMGETHBRERE
WBEEYRIARKRE; 4-Q EXEETH, ENIRRNBNFEEN—NEERD, KBEH
AR (R SERE R R—FORESE MBS, HREEW “SHROESN 7. 4-O MR TE
RUTER, &FRARSHEFFHEBIMERTRES (B —805s), MRS o,

£“

S  As the universe expanded and cooled, gravity took over. And after about a billion years,
when the cosmos was about 10% of its present age, concentrations of mass equaling tens of Milky
Ways began to “go nonlinear, ” becoming too closely bunched 3 for simple mathematics to
handle—just as seaside ripples on a calm spring day are less complex than breakers in a typhoon®.
At that point, the researchers could no longer trace cosmic evolution by solving a single set of
equations. Instead they divided the mass in a cubic cosmos into a billion particles and calculated
how each particle affected the motion of all its neighbors in 500 time steps. Over the course of the
simulation, the cosmic wrinkles {##&24§%, like waves on a stormy seascape, became more and more
pronounced &% as the particles attracted one another.

5-O FHAWBK SR, SIAREERMER, KAZHEHLER, YRFHASTASFRH T
Z—, REMAITHETMENR: HRERE (IBROHERER) B ‘L &, FEBElS, X+
AR LR R, ERREERNFHRERRARERTER A0SR,

6 Each run of this stage of the simulation, says Simon White of Max Planck, a leader of the
effort, required about 70 hours on the Cray T3E, which split the universe up among its 512
processors. To streamline communications among the processors and to even #F¥ out the
voracious %4 memory requirements W EE BEAHFHFTE, says White, “the Virgo Consortium
codes had to be rewritten from scratch #BREZETEHFFEE.” Even so, the 600 billion bytes of
raw data streaming from the computation filled memory banks almost to capacity, and the first

attempts to download the data from active memory onto tapes crashed the Garching computer
center.

7 Yet the result is only a sketchy picture of cosmic evolution, the researchers acknowledge.
Each of the billion particles is the equivalent of 10 galaxies or so, and to save computer time, the
calculations leave out factors other than gravity, such as pressure and radiation, that govern galaxy
formation. The team also stresses that the computations follow only the invisible “dark matter”

that is thought to account for most of cosmic mass, and not the bright galaxies that, in nature, trace
the dark mass like campﬁres dotting the ridgelines of hills®, But Michigan's Evrard notes that the

<D FrIC A R %ﬁﬁXTm%ﬁlW“F%ﬁf?ﬂﬁ%#ﬁﬁ%iw i B AR R
bR RRREOREE, AR S S A LA EE LG

8 So far, the team has done calculations on two model universes. One is filled with enough
matter to stop cosmic expansion after an infinite time, a condition called omega matter = 1 (see
graphics). » ¥#%F 1 This is the cosmic recipe F#i% most theorists opted for in the past. The
other, called the lambda model, is the kind of universe suggested by new measurements of the
cosmic expansion rate: one that has an omega matter of 0.3 and a substantial cosmological
constant, or large-scale repulsive force®.

8-O MEBERETHEKERNBHEELEN—MEAT o HFEET 03, B - NLEENTHE
B, BAA—-RMEXRHID.




- 8- Geology, Environment & Civil Engineering

9 The team then created both “snapshots H#8” of fully formed universe and views of what an
observer would actually see in looking deeper and deeper into the universe from one point. The
farther the observer looks, the longer it has taken for light to arrive from that point, so the view
gradually moves to earlier times in cosmic history along a wedgelike bundle of lines of sight. Even
veteran researchers in the consortium were taken aback by the stunning detail seen in these time-
lapse pictures, which were created mostly by Evrard th&8H 2% (9875 &8 T2 Bvrard £JF2AY
RN R B ) 37 R T At 3. Says Carlos Frenk of the University of Durham in the U.K., who
co-directs the consortium with White, “I was amazed that even at very early times, you see a huge
amount of structure” —filaments and walls like the ones that observers have seen in the nearby
universe. Agrees Evrard: “You start to pick out subtleties that you wouldn't have imagined. It
blows you mind.”

1O So far, the lambda model seems to be a little closer to the real universe. Large clusters of
galaxies form earlier in the lambda model than in the omega = 1 version, more in line with
observations. Both models have difficulty accounting for some of the most massive and distant
clusters seen in the real sky, however.

11 As cosmologist David Weinberg of Ohio State University in Columbus and others see it,
the simulations should be most valuable as a point of comparison for surveys of the real sky such
as the Sloan and the Anglo Australian 2-degree Field (2dF) Survey. In such surveys, explains
Richard Ellis of Cambridge University, a co-principal investigator of the 2dF Survey, “it's as if
one was conducting an opinion poll but was a bit worried that the sample.questioned might be
unrepresentative.” The new simulations, say Weinbery and Ellis, should help cosmologists
distinguish true indicators of the type of universe we live in from statistical flukes({2H.2h).
“You have a volume big enough that you can plunk a ‘theoretical observer’ down in the
simulation and create an artificial Sloan survey” to see what kinds of features are typical, says
mber he Sloan collaboration®.
11-O plunk a ‘theoretical observer’ down, -+ plunk —4&$§, BHF “HHEWHE" -

12 Already, says Frenk, the simulations are pouring out clues to everything from how often
galaxy clusters would tend to clump together into superclusters to the likelihood that we might live
in a relatively tenuous £/48 “bubble” within the cosmos, as observations are beginning to suggest.
And because the team plans to make its data public, other researchers will be able to make their
own journeys through the far reaches of this silicon universe.

§ 1-3 Elements, Minerals and Rock

Atoms, Elements, Isotopes, Ions, and Compounds

1 Considering the limited number of chemical elements in nature, the variety of substances
found on earth and the diversity of the their physical properties are astonishing. The same is true
even of just the rocks and minerals. Most of these are made up of an even smaller subset of
elements, yet they are very diverse in color, texture, and other properties. The differences in the
physical properties of rocks, minerals, and soils determine their suitability for different purposes-
extraction of water or of metals, construction, manufacturing, waste disposal, agriculture, and
other uses. For this reason it is helpful to understand something of the nature of these materials.
Also, each rock contains clues to the kinds of processes that formed it and to the geologic setting
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where it is likely to be found. For example, we will see that the nature of a volcano's rocks may
indicate what hazards it presents to us; our search for new ores or fuels is often guided by an
understanding of the specialized geologic environments in which they occur.

Atomic Structure

2 All natural and most synthetic substances on earth are made from the ninety naturally
occurring chemical elements. An atom is the smallest particle into which an element can be
divided while still retaining the chemical characteristics of that element (Fig 1.3.1). The nucleus,
at the center of the atom, contains one or more particles with a positive electrical charge (protons
Jii¥) and usually some particles of similar mass that have no charge (neutrons #¥). Circling the
nucleus # are the negatively charged electrons.

Neutron:
charge 0
mass 1

Proton:
charge + 1
mass 1

Electron:
charge — 1
mass very smail

Figl.3.1 Schematic drawing of atomic structure

3 The number of protons in the nucleus determines what chemical element that atom is.
Every atom of hydrogen contains one proton in its nucleus; every oxygen atom contains eight
protons; every carbon atom, six; every iron atom, twenty-six; and so on. The characteristic number
of protons is the atomic number of the element.

Elements and Isotopes

< With the exception of the simplest hydrogen atoms, all nuclei contain neutrons, and the
number of neutrons is similar to or somewhat greater than the number of protons. The number of
neutrons in atoms of one element is not always the same. The sum of the number of protons and
the number of neutrons in a nucleus is the atom's atomic mass number. Atoms of a given element
with different atomic mass numbers—in other words, with the same number of protons but
different numbers of neutrons—are distinct isotopes of that element. Some elements have only a
single isotope, while others may have ten or more. (The reasons for there phenomena involve
principles of nuclear physics and the nature of the processes by which the elements are produced
in the interiors of stars, and we will not go into them there!)

S For most applications, we are concerned only with the elements involved, not with specific
isotopes. When a particular isotope is to be designated, this is done by naming the element (which,
by definition, specifies the atomic naumber, or number of protons) and the atomic mass number
(protons plus neutrons). Carbon, for example, has three natural isotopes. By far the most abundant
is carbon-12, the isotope with six neutrons in the nucleus in addition to the six protons common to
all carbon atoms. The two rarer isotopes are carbon-13 (six protons plus seven neutrons) and
carbon-14 (six protons plus eight neutrons). Chemically, all behave alike. The human body cannot,
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for instance, distinguish between sugar containing carbon-12 and sugar containing carbon-13.
Other differences between isotopes may, however, make a particular isotope useful for some
special purpose. Carbon-14 is naturally radioactive, which means that, over a period of time,
carbon-14 nuclei decay at a known rate; this fact allows carbon-14 to be used to date materials
containing carbon. Differences in the properties of two uranium isotopes are important in
understanding nuclear power options :only one of the two common uranium isotopes is suitable
for use as reactor fuel, and must be extracted and concentrated from natural uranium as it occurs in
uranium ore. The fact that radioactive elements will inexorably XEi§. B decay—releasing
energy—at their own fixed, constant rates is part of what makes radioactive-waste disposal such a
challenging problem .

Ions

6 In an electrically neutral atom, the number of protons and the number of electrons are the
same; the negative charge of one electron just equals the positive charge of one proton. Most
atoms, however, can gain or lose some electrons. When this happens, the atom has a positive or
negative electrical charge and is called an ion. If it loses electrons, it becomes positively charged,
since the number of protons then exceeds the number of electrons. If the atom gains electrons, the
ion has a negative electrical charge. Positively and negatively charged ions are called, respectively,
cations and anions. Both solids and liquids are, overall, electrically neutral, with the total positive
and negative charges of cations FH®F and anions BiEF balanced. Moreover, free ions do not
exist in solids; cations and anions are bonded together. In a solution, however, individual ions may
exist and move independently. Many minerals break down into ions as they dissolve in water.
Individual ions may then be taken up by plants as nutrients or react with other materials. The
concentration of hydrogen & ions determines a solution a acidity BJ¥.

Compounds

7 The electrical attraction between oppositely charged ions can cause them to become
chemically bonded together. This is called ionic bonding 2 F34§. Bonds between atoms may also
form if the atoms share electrons. This is covalent bonding #t4348. Whatever the nature of the
bonding, when atoms or ions of different elements combine in this way, they form compounds. A
compound is a chemical combination of two or more chemical elements, in particular proportions,
that has a distinct set of physical properties, usually very different from those of any of the
individual elements in it. Consider, as a simple example, common table salt (sodium chloride).
Sodium is a silver metal, and chlorine is a greenish gas that is poisonous in large doses. When
equal numbers of sodium and chlorine atoms combine to form table salt, or sodium chloride, the
resulting compound forms colorless crystals that do not resemble either of the component
elements.

Chemical Symbols

8 Each chemical element is denoted by a one-or two-letter symbol. Many of these symbols
make sense in terms of the English name for the element—O for oxygen, He for helium, Si for
silicon, and so on. Other symbols reflect the fact that, in earlier centuries, scientists were generally
versed in Latin or Greek: The symbols Fe for iron and Pb for lead, for example, and derived from
JSerrum and plumbum, respectively, the Latin names for these elements.

9 The chemical symbols for the elements can express the compositions of substances very
precisely. Subscripts after a symbol indicate the number of atoms/ions of ane element present in
proportion to the other elements in the formula. For example, the formula Fe,ALSi,0,, represents a
compound in which, for every twelve oxygen atoms, there are three iron atoms, two aluminum
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atoms, and three silicon atoms. (This happens to be a variety of the mineral garnet i1, H4L.)
The chemical formula is much briefer than describing the composition in words. It is also more
exact than the mineral name “garnet,” for there are several compositions of garnets with the
same basic kind of formula and crystal structure: Other examples include a calcium-aluminum
garnet with the formula Ca,Al,Si;0,, and a calcium-chromium garnet, Ca,Cr,Si,0,, . Moreover,
chemical formulas are understood by all scientists, while mineral names are known primarily to
geologists.

1O Sample formulas of some common minerals appear in Table 1.3. Formulas can become
very complex, especially when different elements can substitute for each other in the same site in
the crystal structure. Iron and magnesium often do this in silicates. Biotite %}, a common,
dark-colored mica, may be rich in iron and have a formula of KFe,AlSi,0,,(OH),, or it may be rich
in magnesium and have a formula of KMg,AiSi,0,,(OH), , or, more commonly, it may contain some
iron and some magnesium, which together total three atoms per formula. The generalized formula
is then K(Fe,Mg),AlSi,0,,(OH),.

Table 1.3 Sample formulas of Some Common Minerals

Mineral Chemical composition ~ Chemical formula

Quartz silicon dioxide Sio,

Microcline (({#H< )  potassium aluminum KAISi,04

(a potassium feldspar) silicate

calcite (5 #RA) calcium carbonate CaCoO,

hematite (R&kH") ferric iron oxide Fe,0,

pyrite (E{565") iron disulfide FeS,
Minerals—General
Minerals Defined

11 A mineral is naturally occurring, inorganic, solid element or compound with a definite
chemical composition and a regular internal crystal structure. Naturally occurring, as distinguished
from synthetic, means that minerals do not include the thousands of chemical substances invented
by humans. Inorganic means not produced solely by living organisms or by biological processes.
That minerals must be solid means that the ice of a glacier is a mineral, but liquid water is not.
Chemically, minerals may consist either of one element-like diamonds, which are pure carbun—
or they may be compounds of two or more elements. Some mineral compositions are very
complex, consisting of ten elements or more. Minerals have a definite chemical composition or a
compositional range within which they fall. The presence of certain elements in certain
proportions is one of the identifying characteristics of each mineral. Finally, minerals are
crystalline, at least on the microscopic scale, Crystalline materials are solids in which the atoms
are arranged in regular, repeating patterns. These patterns may not be apparent to the naked eye,
but most solid compounds are crystalline, and their crystal structures can be recognized and
studied using X rays and other techniques. Examples of noncrystalline JE&5 solids include glass
and plastic.

Identifying Characteristics of Minerals
A2 The two fundamental characteristics of a mineral that together distinguish it from all other



