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Ordovician

Cambrian First abundant fossils

mark some periods, Some authors claim we've now entered a new era,

Anthropocene, dominated by humans.

%priﬁp‘a major geological force, We may move more dirt and rock
i 4s. Some geologists call this new era the Anthropocene after its





image8.jpeg
mme purified, metals are no longer crystalline and thus are not minerals. Dcpcndmg on the conditions in which they
stals can be microscopically small, such as asbestos fibers, or huge, such as the tree-size selenite crystals recently

h . Mexico, mine.

k is a solid, cohesive aggregate of one or more minerals. Vﬂthm the rock, individual mineral crysmls (or grains) are
ﬂ.rmly in a solid mass. The grains may be large or small, dependmg on how the rock was formed, but each grain retains its

Each rock type has a characteristic mixture. of mfnerals grain sizes, and ways in which the grains are mi

ra] qualities.
and‘mxca crystals. Rocks with a gramt.e—hke mineral co

hsbr Gramte for example, is a mixture of quartz, feldspar,

he rock cycle creates and re:

appear hard and permanent, theH eﬁ\lr é
over time by dynamic p[r?pisidq
ion, and mctamorphosis,’t ,p'h ‘

e‘lenﬂass cycle of formation and dest
l? %M&J those that shape the large-scale
Y
derst
@l};g 12 7). Understanding
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» FIGURE 127  The rock cycle includes a variety of geologic processes that

can transform any rock.
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‘ Aviel mnm-pmp rpckg Iqrm Lrom the melting, contorting, and recrystallizing of other rocks. Deep in the ground, tectonic forces squeeze, fold L

heat, and ﬁamsfo sohd rock. Under these conditions, chemical reactions can alter both the composition and the structure of the p, 289
age

oom ment mincra!s Metamorphic rocks are classified by their chemical composition and by the degree of recrystallization: Some™

mmera1§ form only under extreme pressure and heat (diamonds or jade, for example); others form under more moderate conditions

(graphne or lalc) Some common metamor) phic rocks are marble (from limestone), quartzite (from sandstone), and slate (from mudstone

! i and shale), Metamorphlc rocks often have beautiful colors and patterns left by the twisting and folding that created them.

' Sedimentary rocks are formed when loose grains of other rocks are consolidated by time and pressure. Sandstone, for example, is solidified

i from layers of sand, and mudstone consists of extremely hardened mud and clay. Tufl is formed from volcanic ash, and conglomerates arreﬁr

ageregates of sand and gravel. Some sedimentary rocks develop from crystals that precipitate out of extremely salty water. Rock salt, made ¢
the mineral halite, is ground up to produce ordinary table salt (sodium chloride). Salt deposits often form when a body of saltwater dries uf
Jeaving salt crystals behind. Limestone is a rock composed of cemented remains of marine organisms. You can often see the shapes of shell
and corals in a piece of limestone. Sedimentary formations often have distinctive layers that show different conditions when they were laid

down. Erosion can reveal these layers and inform us of their history ( fig. 12.8).

|GURE 12.8 | Different colors of soft sedimentary rocks deposited in ancient

it seas during the Tertiary penod 63 to 40 million years ago have been carved by
n Inlo the fluted spires | and hoodoos of the Pink Cliffs of Bryce Canyon e

ik
LR
”“' ‘?fosxo
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without a change in chemical composition of the constituent minerals. You have probably seen the results of mechanical
ing in rounded rocks in rivers or on shorelines, smoothed by constant tumbling in waves or currents. On a larger scale, mountain

's are carved by rivers and glaciers.

» FIGURE 12.9' Weathering slowly reduces an igneous rock to loose
sediment. Here, exposure to moisture expands minerals in the rock, and frost

may also force the rock apart.

Courtesy of David McGeary

Chemical weathering is the selective removal or alteration of specific minerals in rocks. This alteration leads to weakening and disintegration

of rock. Among the more important chemical weathering processes are oxidation (combination of oxygen with an element to form an oxide
or a hydroxide mineral) and hydrolysis (hydrogen atoms from water molecules combine with other chemicals to form acids). The products

of hese reacnons are more ‘scpptible to both mechanical weathering and dissolving in water. For instance, when carbonic acid “Page |

)

ramws.ter abs bs o pqrcolates through porous limestane layers jn the ground, it dissolves the rock and creates

4 AR
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Geology and Mineralogy

ﬁmsuaﬂy rich in mineral variety. Mineralogists have identified some 4,400 different mineral species, far more, we b
gﬁborin,g planets. What makes the difference? The processes of plate tectonics and the rock cycle on this planet have g
uncommon elements and allowed them to crystallize into new minerals. But this accounts for only about one-third of our

legacy. The biggest difference is life. Most of our minerals are oxides, but there was little free oxygen in the atmosphere unt
by photosynthetic organisms, thus triggering evolution of our great variety of minerals.

nomic mineralogy is the study of resources that are valuable for manufacturing and trade. Most economic minerals are metal ores,
nerals with unusually high concentrations of metals. Lead, for example, generally comes from the mineral galena (PbS), and copper
‘comes from sulfide ores, such as bornite (CusFeS4). Nonmetallic geologic resources include graphite, feldspar, quartz crystals, diamo
other crystals that are valued for their usefulness or beauty. Metals have been so important in human affairs that major epochs of
istory are commonly known by their dominant materials and the tesfhnolagy involved in using those materials (Stone Age, Bronze
fon Age, etc.). The mining, processing, and distribution of these rﬁat@riqls have broad implications for both our culture and our
nvironment. Most economically valuable crustal resources exist everywhere in small amounts; the important thing is to find

ncentrated in economically recoverable levels.

U.S. mining law passed in 1872 encourages mmxho on pubhc lands as a way of boosting the economy and utilizing.
ik ‘ i
re have been repeated efforts to update this law imq to recover public revenue from publicly owned resources, but |
ess together with a tradition of supporting cxtrac | mstnes m many states have continually blocknd these.
1 1 I

ential to our ecqi

aluat
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quantity by world industry include iron (740 million met
milhon metric tons), copper and chromium (8 million metric tons. each).
de network that extracts, processes, and distributes these metals has become crucial
of all nations. (3 Table 12.2 shows some important uses of these metals.

TABLE 12.2 { Primary Uses of Some Major Metals

Aluminum Packaging foods and beverages (38%), transportation, electronics

Chromium High-strength steel alloys

Copper Building construction, electric and electronic industries
Iron Heavy machinery, steel production

Lead Leaded gasoline, car b;t‘teries, paints, ammunition
Manganese High-strength, heat-res?istant steel alloys

Nickel Chemical industry, S

Platinum group 'Automobile catalytic converters, electronics, medical uses

Gold Medical, aerospace, electronic uses; accumulation as monetary standard

Silver Photography, electronics, jewelry
sl !
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volume than all metal ores. Sand and gravel are used mainly in brick and concrete construction, in paving, as loose road
dblasting. High-purity silica sand is our source of glass. These materials usually are retrieved from surface pit mines and g
’they ‘were deposited by glaciers, winds, or ancient oceans. Some industry sources predict a building crisis in the United States

upplies of easily accessible sand and gravel are exhausted.

%imestone, like sand and gravel, is mined and quarried for concrete and crushed for road rock. It also is cut for building stone, pi
use as an agricultural soil additive that neutralizes acidic soil, and roasted in lime kilns and cement plants to make plaster (hydrated

and cement.
‘Evaporites (materials deposited by evaporation of chemical solutions) arec mined for halite, gypsum, and potash. These are often fi
‘above 97 percent purity. Halite, or rock salt, is used for water softening and ice melting on winter roads in some northern areas.
refined, it is a source of table salt. Gypsum (calcium sulfate) now makes our plaster wallboard, but it has been used to cover
the Egyptians plastered their frescoed tombs along the Nile River some 5,000 years ago. Potash is an evaporite composed of
potassium chlorides and potassium sulfates. These highly soluble potassium salts have long been used as a soil fertilizer. S
‘mined mainly for sulfuric acid production. In the United States, sulfuric acid use amounts to more than 200 Ib per p
ecause of its use in industry, car batteries, and some medicinal products. Interestingly, the world’s largest supply:
ential for ]jghtweight batteries for electric cars, cell phones, and other consumer goods, is a vast salt flat, call
ern Bolivia. The lithium, which was deposited when a huge salt lake evaporated eons ago, ocmld

of the electronic age.
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ENVIRONMENTAL EFFECTS OF RESOURCE EXTRACTION

- Mining produces dust, acids, and toxic metal pollutants.
= Meial is extracted by smelting or chemical extraction.

« The value of minerals and the cost of cleanup lead to conflict over these resources.

Each of us depends daily on geologic resources mined or pumped from sites around the world. We use scores of metals and minerals, many
of which we've never even heard of, in our lights, coniputers, watches, fertilizers, and cars. Extracting and purifying these resources can have

severe environmental and social consequences. The most obvious effect of mining and well drilling is often the disturbance or removal of the
land surface. Farther-reaching effects, though, include air and water pollution. The EPA lists more than 100 toxic air pollutants, from
acetone to xylene, released from U.S. mines and wells every year. Nearly 80,000 metric tons of particulate matter (dust) and 11,000 tons of
sulfur dioxide are released from nonmetal mining alone. Pollution from chemical and sediment runoff is a major problem in many local
watersheds. Acidic mine runoff has damaged or destroyed aguatic ecosystems in many places ( fig. 12.11).
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und in sulfide ores that producesulﬁxﬁc acid when
concentrations—10 to 20 parts per billion may be econo

ada, mining consumes about 230,000 m? (60 million gal) per day. After use in ore processing, much of
senic, heavy metals, and other contaminants and is unsuitable for any other use.

ng and drilling can degrade water quality
are many technigues for extracting geologic materials. The most common methods are open-pit mining, strip-mining, and
’ﬁgrgwund mining. As the opening case study for this chapter shows, these mining techniques can yield valuable metals, but they can
0 irreversible damage to ecosystems.

n ancient method of accumulating gold, diamonds, and coal is placer mining, in which pure flakes or nuggets are washed from stream
sediments. Since the California gold rush of 1849, placer miners have used water cannons to blast away hillsides. This method, which
stream ecosystems with sediment, is still used in Alaska, Canada, and many other regions. Another ancient and much more dangerous
method is underground mining. Ancient Roman, European, and Chinese miners tunneled deep into tin, lead, copper, coal, and other

~ mineral seams. Mine tunnels occasionally collapse, and natural gas in coal mines can explode.

Water pollution often is a serious consequence of mining. When water seeps into mine pits or underground shafts, it can dissolve
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Pg;hapg (:‘evén worse is the effect on water supplies. Each well produces up to 75,000 liters of salty water per day. Dumping this toxic waste

|into streams causes widespread pollution. To boost well output, mining companies rely on hydraulic fracturing (or “fracking”). A
jmixture of water, sand, and toxic chemicals is pumped into the ground and rock formations at extremely high pressure.

Th Pressurized fluid cracks sediments and releases the gas. This often disrupts aquifers, however, and contaminates wells. And in  Page 295
some areas, deep injection of fracking liquids has been correlated with increased earthquake frequency. Trean

] PLORING Science

Induced Seismicity

We used to think that humans couldn’t cause earthquakes, but surges in seismic activity associated with well drilling and
disposal of wastewater are changing our assumptions. Between 2000 and 2007, Oklahoma, for example, averaged about
20 measurable earthquakes per year, Starting about 2008, that number began shooting up, reaching more than 6,000
tremors by 2015. This was more than all the other 48 continental states combined. Oklahoma has become the earthquake
capital of the United States. Some towns that had never experienced a quake had as many as 50 in a single day. In 2016,
Pawnee, Oklahoma, had a 5.8-magnitude quake, which was the strongest in state history and the most powerful quake in
the eastern United States in 70 years. This swarm of quakes correlates with a rush of oil and gas well drilling, and in
particular with a proliferation of deep wastewater wells| Maps of well location and earthquake occurrence match well

(@ fig. 1).
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‘has a wastewater disposal problem. Some
vater for every barrel of oil. The “produced w ter” is
cost more than the oil is worth to treat it. So most‘ of itis pumped back do
central Oklahoma alone, about 1,000 wells injected some 17 billion liters (850 m
to deep strata in 2015. Many in the oil and gas industry, however, denied any connection to
t they had been pumping liquids into the ground for decades without causing any noticeable

ng a link to injection wells took a combination of geologic map data and statistics. Geologists used de‘
onal maps of fault lines and geq!oglcal formations, together with detailed data on earthquakes and aftershocks, t
the origin of a magnitude 5.7 earthquake to within 200 m of an injection well. From long records of earthqui
ts, they also showed that earthquake activity in 2015 was about 600 times the normal rate. That is hard to ac
idence. They also showed that injection increased water pressure on faults, probably reducing friction and causin
lippage. After publication of these findings, and after public attention was captured by dozens of additional major -
ocks, the state of Oklahoma agreed to address injection welh activity.

Arkansas, Kansas, and Colorado also have experienced grama mcreases in seismic activity associated with dlsposa] :
Injectlon wells in the northeast part of figure 1, for
example, are not associated with major quakes. In Arkahéas in éaqon was halted for just four wells, and earthquake

actlvxty declined sharply. Oklahoma is now developmg a ratmg ystem to designate safe and unsafe areas for InjeCthl’L

~ wells. Sometimes only a few wells, or well zones, are dangerou
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Page 296

Surface mining destroys landscapes

Open-pit mines are used to extract massive beds of metal ores and other minerals. The size of modern open pits can be hard to comprehend.

The Bingham Canyon mine, near Salt Lake City, Utah, is 800 m (2,640 ft) deep and nearly 4 km (2.5 mi) wide at the top. More than 5

e billion tons of copper ore and waste material have been removed from the hole since 1906. A chief environmental challenge of open-
pit mining is that groundwater accumulates in the pit. In metal mines, a toxic soup results. No one yet knows how to detoxify these

lakes, which endanger wildlife and nearby watersheds.

About two-thirds of the coal mined in the United States comes from surface mines. Because coal is often found in expansive, horizontal

beds, the entire land surface can be stripped away to cheaply and quickly expose the coal ( fig. 12.13). Up to 100 m (328 ft) of
overburden, or surface material, may be removed in relatively flat areas. The waste rock is generally placed back into the mine, but usually in
long ridges called spoil banks. Spoil banks are very susceptible to erosion and chemical weathering. Because the spoil banks have no topsoil

(the complex organic mixture that supports vegetation—see (5 chapter 7). revegetation occurs very slowly.

L » FIGURE 1213 Some giant mining machines stand as tall as a 20-story
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damaging mining practice called mountaintop removal is controversi f tl ruction it wreaks on the
i
rsial because
of the dest:
nn en as well as local communities. Forests are clear-cut and thousands of tons of high powcred i) the
t 1 ti explosives rip open the mo
untain.

Apbalachla on more than 500 mountain peaks and ridgelines have been turned into ‘waste! abol 000 mi (3,200 km) of

g 00 mount: k d ridg have by d mining wastelands, and about 2. .

eadwater streams have been bur r severely polluted by the “valley fills” created by th ocess. The broken rock lef m mining has '

head it b buried o ) he “v: 1S pre roki k left ( .
froi g

~ high concentrations 1, arsenic, mercury, and other to: rainwater per S e rock rubble, it leacl
of sulfu d
, and other toxic metals. As rainwater percolates through the :
i) : S g| le, it leaches toxins and

» FIGURE 1214 | The tops of at least 500 mountains in the southern
sheared off to access buried coal

Appalachians have been
©Vivian Stockman, Oct. 18,2008
fore being sent to market, Millions of gallons of toxic wastewater and sludge are storedinhusepm;d&
ountry. A number of ithese dams have failed, sending floods of toxic sludge onto communities b

hipping their product to foreign countnes \

(Coal must be crushed and washed bel
behind earthen dams in coal-mining ¢
As coal demand has dec!iled in the Unil

troying our landscape L ﬁeh ?ual o China; is that right?
ot 1 I‘ ol

ted States, coal companies have tur ned o s

L N i e Better restoratiGRGE strip-mined.
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012, the Obama administration declared nearly 400,000 ha (1 million acres) of public land near the Grand Canyon off-limits to:
nining becauge of worries about the potential for pollution in the nearby national park. In 2017, however, President Trump declared
open for mining. For now, courts have ruled against mining and in favor of park protection. Stay tuned to learn how this works out.

Processing contaminates air, water, and soil

_ Metals are extracted from ores by heating or by using chemical solvents. Both processes release large quantities of toxic ma
even more environmentally hazardous than mining. Smelting—roasting ore to release metals—is a major source of air pollution.
~ Oneof the most notorious examples of ecological devastation from smelting in the United States is a wasteland near
" Tennessee. In the mid-1800s, mining companies began excavating the rich copper deposits in the area. To extract oomﬂ‘
g forest. Dense clouds of sulfur dioxide released fror

built huge, open-air wood fires, using timber from the surroundin; t
hed the soil off the denuded

the vegetation and acidified the soil over a 50 mi? (13,000 ha) area. Rains was|
onscape.

-ons from Ducktown smelters were reduced in 1907 after Georgia sued Tennessee over air

tp}, (TVA) began treating the soil and replanting trees to cut down on erosion.
i
he trees and other plants are still spindly and feeble, but more than
smelting of copper-nickel ore in Sudbury, Ontario, a cen
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Chemical extraction is used to dissolve or mobilize pulverized ore, but it uses and pollutes a great deal of water. A widely used method is
0 pleach extraction, which involves piling crushed ore in huge heaps and spraying it with a dilute alkaline-cyanide solution. The hi
: solution percolates through the pile and dissolves gold. The gold-containing solution is then pumped to a processing plant that
removes the gold by electrolysis. A thick clay pad and plastic liner beneath the ore heap are supposed to keep the poisonous cyanide solution
from contaminating surface or groundwater, but leaks are common.

Once all the gold is recovered, mine operators haye simply walked away from the operation, leaving vast amounts of toxic effluent in open’
ponds behind earthen dams. A case in point is the Summitville Mine near Alamosa, Colorado. After extracting $98 million in gold, the
absentee owners declared bankruptey in 1992, abandoning millions of tons of mine waste and huge, leaking ponds of cyanide. The
Environmental Protection Agency may spend more than $100 million trying to clean up the mess and keep the cyanide pool from spilling
into the Alamosa River.

Recycling saves energy as well as materials

Conservation offers great potential for extending our supplies of economic minerals and reducing the effects of mining and processing. The

advantages of conservation are significant: less waste to dispose of, less land lost to mining, and less consumption of money, enerey, and
water resources.

Some waste products already arc being exploited, especially for scarce or valuable metals. Aluminum, for instance, must be extracted from

bauxite by electrolysis, an expensive, energy-intensive process. Recycling waste aluminum, such as beverage cans, on the other hand,

3
consumes only 3 percent of the energy needed to extract new aluminum (1) table 12.3).

TABLE 123 | | Energy Requirements in
Producing Various Materials from

Ore and Raw Source Materials

ENERGY REQUIREMENT (MI/KG)'
NEW FROM SCRAP

PRODUCT
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Aluminum is also easy to recycle: much of it is beverage cans or other easily separated products. And aluminum has a far higher dollar value
than iron, glass, or other common materials. Recycling is so rapid and effective that half of all the aluminum cans now on a grocer’s shelf
will be made into another can within 2 months.

Despite these efficiencies, U.S. aluminum recycling rates remain low. We now recycle only 36 percent of our aluminum food packaging, anc
only about 14 percent of all household aluminum, according to the EPA. (This is still better than approximately 0 percent of plastic cups ar
packaging). Recycling aluminum saves so much energy and natural resources, it only makes sense to improve on this record.

Platinum, the catalyst in automobile catalytic exhaust converters, is valuable enough to be regularly retrieved and recycled from used cars.
Gold and silver are valuable enough to warrant recovery, even when not found in concentrated form. Copper, lead, iron, and steel are wide
recycled because they are readily available in a pure and massive form, including copper pipes, lead batteries, and steel and iron auto parts
Nearly all scrapped automobiles and car batteries (which are legally required to be recycled) are now recycled in the United States

(2 fig. 12.15).

» FIGURE 1215 THe tichest metal'squrce we have—our mountains of
sarapped cars—offers a fich, inéxpensive, and ecologically beneficial resource

that can be "mined” for a number of metals
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‘which remelt and reshape scrap iron and steel, are smaller and cheaper to operate than traditional i
s from preparing raw ore to finishing iron and steel products. Minimills use less than half as much energy p
compared to integrated mill furnaces. Minimills now produce about half of all U.S. steel. Some minimills use as mucl
d iron and steel. Now that all new steel made in North America must contain at least 28 percent recycled contents, iron :
in the United States reached 83 percent in 2010.

materials can replace mined resources
and metal consumption can be reduced by new materials or new technologies developed to replace traditional uses. This is a
ing tradition; for example, bronze replaced stone technology, and iron replaced bronze. More recently, the introduction of plastic.
‘decreased our consumption of copper, lead, and steel pipes. Tn the same way, the development of fiber-optic technology and s

nmunication reduces the Feed for copper telephone wires.

and steel have been the backbone of heavy industry, but we are now moving toward other materials. One of our primary us
steel has been machinery and vehicle parts. In automobile production, steel is being replaced by polymers (long-chain o1

to plastics), aluminum, ceramics, and new high-technology alloys. All of these reduce vehicle ‘weight and cost wh
1 with titanium, vanadium, or other metals wear much better

éncy. Some of the newer alloys that combine stec
engine parts provide heat insulation around pistons, bearings, and cylinders, keeping the rest ofthee
ly. Plastics and glass fiber-reinforced polymers are used in body parts and some engine components.

mmumcattons (telcphone) technology, onee major consumers of copper and alumm Y
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sh(ﬁﬁ of tectonic plates.
ise the most damage and mortality of geologic hazards.

 frequently cause property damage.

uakes are frequent and deadly hazards

€s are among our planet’s most destructive geological disasters. In 2004 an earthquake and tsunami just off the coast of
Indonesia, for example, killed over 230,000 people and caused damage as far away as Africa. A far larger toll is thought to have |

Earthquakes are sudden movements in the earth’s crust that occur along faults (planes of weakness), where one rock mass slides
another one. When movement along faults occurs gradually and relatively smoothly, it is called creep, or seismic slip, and may be:

detectable to the casual observer. When friction prevents rocks from slipping easily, stress builds up until it is finally released
sudden jerk. The point on a fault at which the first movement occurs during an earthquake is called the epicenter.

Earthquakes are especially catastrophic for cities built on soft alluvial soil, or water-saturated ground, which can liquefy
rates can be in the thousands when dense cities in developing areas are hit. The Kathmandu, Nepal, earthquake in 2
8, collapsed thousands of unreinforced brick and timber buildings and killed over 7,000 people. This region
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rn building codes in earthquake zones attempt to prevent damage and casualties by constructing buildings that can withstand tremors.
primary methods used are heavily reinforced structures, strategically placed weak spots in the building that can absorb
ibration from the rest of the structure, and pads or floats beneath the building on which it can shift harmlessly with ground

“motion.
There’s evidence that human activities can trigger earthquakes. Increased seismic activity has been triggered in many places by pumping
huge amounts of contaminated water from oil and gas wells and other industrial activities into deep disposal wells (Exploring Science, p.

295). The tremendous mass of water contained behind large dams can also cause seismic activity. Chinese geologists, for example, suspect
that the 2008 earthquake that killed 69,000 people in Sichuan Province may have been triggered by recent building of the Zipingpu dam on

the Min River only a few kilometers from the earthquake epicenter.

One of the most notorious effects of earthquakes is the tsunami (Japanese for “harbor wave.”) These giant sea swells (sometimes called tidal
e that struck Japan in 2011, can move at 1,000 kph (600 mph), or faster, away from the center of an earthquake. About

the 2011 tsunami (@ fig. 12.17). When these swells approach the
ater volcanic explosions or massive

waves), such as the on
25,000 people were killed and four nuclear reactors were destroyed by

shore, they can create breakers as high as 65 m (nearly 200 ft). Tsunamis also can be caused by underw:

seafloor slumping.
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canoes eject deadly gases and ash " % <«

A q]canoes and undersea magma vents are the sources of most of the earth’s crust. Over hundreds of millions of years, gaseous emissions

from these sources formed the earth’s earliest oceans and atmosphere. Many of the world’s fertile soils are weathered. volcanic materials.
Volcanoes have also been an ever-present threat to human populations () fig. 12.18). One of the most famous historic volcanic eruptions
was that of Mount Vesuvius in southern Italy, which buried the cities of Herculaneum and Pompeii in AD. 79. The mountain had been
showing signs of activity before it erupted, but many citizens chose to stay and take a chance on survival. On August 24, the mountain buricd
the two towns in ash. Thousands were killed by the dense, hot, toxic gases that accompanied the ash flowing down from the volcano’s mouth,

» FIGURE 1218 ' Volcanic ash covers damaged houses and dead vegetation
after the November 2010 eruption of Mt. Merapi (background) in central Java.
More than 300,000 residents were displaced and at least 325 were killed by this

multi-day eruption

©BAY ISMOYO/Getty Images
Nuees ardentes (French for “glowing clouds”) are deadly, denser-than-air mixtures of hot gases and ash like those that inundated Pompeii and
Herculaneum. Temperatures in these clouds may exceed [,000'C, and they move at more than 100 kph (60 mph). Nuees ardentes destroyed
the town of St. Pierre on the Caribbean island of Martinique on May 8, 1902, Mount Pelee released a cloud of nuees .ardentes that rull?d
down through the town, killing between 25,000 and 40,000 people within a few minutes. All of the town’s residents died except for a smgle :

¢

prisoner being held in the town dungeon.
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~often release large volumes of ash and dust into the air. Mount St. Helens expeller.f A
m:th America. This was only a minor eruption. An eruption in a bigger class of volcanoes was that of Tambora
rich expelled 175 km® of dust and ash, more than 58 times that of Mount St. Helens. These du.ﬁ clouds cm:kdih

sunlight and air temperatures enough so that 1815 was known as the year without a summer. :

x}of just a volcano’s dust that blocks sunlight. Sulfur emissions from volcanic eruptions combine with rain and atmospheric moisture
duce sulfuric acid (H,SO4). Droplets of H, SOy interfere with solar radiation and can significantly cool the world climate. In

Mount Pinatubo in the Philippines emitted 20 million tons of sulfur dioxide aerosols, which remained in the stratosphere for =
years. This thin haze cooled the entire earth by 1°C for about 2 years. It also caused a 10 to 15 percent reduction in stratospheric ozone,
lowing increased ultraviolet light to reach the earth’s surface.

Floods are part of a river’s land-shaping processes

' Like earthquakes and volcanoes, floods are normal events that cause damage when people get in the way. As rivers carve and shape the
level expanses that are periodically inundated. Large rivers often have huge floodplains. Many cities
r many years, but eventually they do

landscape, they build broad floodplains,
have been built on these flat, fertile plains, to be convenient to the river. Floodplains may appear safe fo
flood. The severity of floods can be described by the height of water above the normal stream banks or by how frequently a similar event -
occurs—on average—for a given area. Note that these are statistical averages. A “10-year flood” would be expected to occur once in every 10

years; a *100-year flood” would be expected to occur once every century. But two 100-year floods can occur in successive years Or even in

same year.
property damage (@ fig. 12.20).

floods take the largest number of human lives and cause the most :
deadly natural disaster in mcurck:i

Among direct natural disasters,
making it the most

on the Yangtze River in China in 1931, for example. killed 3‘.7 million people.
1
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ore than 145 places. Below St. Louis, the river spread o
i Some languished in refugee camps with little food, shel
-Americans during this time played a role in the diaspora to northern

ited with hurricanes and other major storms are a growing risk as oceans and the climate warm.
have been seen repeatedly, as with Hurricane Harvey, which dropped 1.5 m of rain on Houston, TX (
h produced 1.3 m on the island of Hawai'i (2018), and Hurricane Florence (up to 1 m of rain in North and Somh
me storms like these occur around the globe, often endangering life and destroying infrastructure. Vulnerability to these

far wmse as we bulld more communities in floodplains and along coastlines and barrier islands.

have also made ﬂoods worse by climinating places where rainfall can go. Paving the land surface prevents infiltration of stormwater,
that was blamed for much of Houston’s flooding in Hurricane Harvey. Clearing forests for agriculture and destroying natural weﬂm@

also increase both the volume and the rate of water discharge after a storm. In Iowa, for example, at least 99 percent of the natural
at existed before settlement have been filled for farmland and urban development.

Land use changes and extreme monsoon rains, intensified by climate change, also caused huge floods across South Asia in 2017. Mo

40 million people were displaced, and at least 1,200 died, especially in the Gangetic plains across India, Nepal, and Bangladesh. This

only be the beginning of a new normal.

Flood control
After the 1927 floods the U.S. Army Corps of Engineers was ordered to control the Mississippi River. The world’s longest

and flood walls was built to contain water within riverbanks, and river channels were dredged and deepened to allow
But every levee simply transfers the problem downstream. The water has to go somewhere. If it doesn't soak into
exacerbate floods somewhere else—leading to more levee development, and then to more flooding farther downs

re tban $25 bilh'on of river-control systems have been built on the Mississippi and its tributaries since 19

before so many wetlands were filled i in and flood
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Mass wasting includes slides and slumps

Gravity constantly pulls downward on every material everywhere on carth. Hillsides, beaches, even relatively flat farm fields can lose material

to erosion. Often water helps mobilize loose material, and catastrophic slumping, beach erosion, and gully development can occur in a

storm. A general term for downbhill slides of earth is “mass wasting.”
Landslides are sudden collapses of hillsides. In the United States alone, landslides and related mass wasting cause over $1 billion in property

damage every year. When unconsolidated sediments on a hillside are saturated by a storm or exposed by logging, road building, or house

construction, slopes are especially susceptible to sudden landslides ( fig. 12.21).





image31.jpeg
udslides and debris flows can destroy whole neighborhoods. In developing countries, 1
Soil creep, on the other hand, moves material inexorably downhill at an imperceptibly slow

ion destroys fields and undermines buildings

ion constantly reworks the land surface. This is normal and natural, but it can be inconvenient when infrastructure is involved (:
i 1). We describe erosion in different ways, depending on context and the severity. Gullying is the development of deep trenches on
y ely flat ground. Especially on farm fields, which have a great deal of loose soil unprotected by plant roots, rainwater running across
surface can dig deep channels. Sometimes land becomes useless for farming because gullying is so severe and because erosion has rem
fertile topsoil. Agricultural soil erosion has been described as an invisible crisis. Erosion has reduced the fertility of millions of a
prime farmland in the United States alone.

Beach erosion occurs on all sandy shorelines because the motion of the waves is constantly redistributing sand and other sednnents.

' the world’s longest and most spectacular beach complexes runs \down the Atlantic coast of North America from New England to Fle
around the Gulf of Mexico. Much of this beach lies on some 350 long, thin barrier islands that stand between the mainland and the
sea. Behind these barrier islands lic shallow bays or brackish lagoons fringed by marshes or swamps.

Early inhabitants recognized that exposed, sandy shores were hazardous places to live, and they settled on the bay side of bar
as far upstream on coastal rivers as was practical. Modern residents, however, place a high value on living where they have
~ and ready access to the beach. And they assume that modern technology makes them immune to natural forces. The mo
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» FIGURE 12.22 The aftermath of Hurricane Katrina on Dauphin Island,
Alabama. Since 1970, this bartier island at the mouth of Mobile Bay has been
overwashed at least five times by storms. More than 20 million yd® (15 million m?)
of sand have been dredged or trucked in to restore the island. Some beach
houses have been rebuilt, mostly at public expense, five times. Does it make
sense to keep rebuilding in such an exposed place?

Source: USGS
Cities and individual property owners often spend millions of dollars to protect beaches from erosion and repair damage after storms. Sand.
is dredged from the ocean floor or hauled in by the truckload, only to wash away again in the next storm. Building artificial barriers, suchas
groins or jetties, can trap migrating sand and build beaches in one area, but they often starve downstream beaches and make erosion there

€ven worse.
As is the case for inland floodplains, government policies often encourage people to build where they probably shouldn't. Subsidies for road
building and bridges, support for water and sewer projects, tax exemptions for second homes, flood insurance, and disaster relief are all good
for the real estate and construction businesses but invite people to build in risky places. Flood insurance typically costs $400 per year for
$100.000 of coverage. In 2017 FEMA paid out $24 billion in disaster claims, 80 percent of which were flood- or storm-related. Settlement
usually requires that structures be rebuilt exactly where and as they were before. There is no restriction on how many claims can be made,
and policies are rarely canceled, no matter what the risk. Some beach houses have been rebuilt—at public expense—five times in two decades.

The General Accounting Office reports that 2 percent of federal flood policies are responsible for 30 percent of all claims.

ti

The Coastal Barrier Resources Act of 1982 prohibited federal support, including flood insurance, for development on sensitive islands
beaches. In 1992, however, the U.S. Supreme Court ruled that ordinances forbidding floodplain development amount to an uncon tity .

“taking,” or confiscation, of private property.
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haé allowed us to predict where these threats and resources will occur. The extraction of earth resources often
costs, however, including water contamination, habitat destruction, and air pollution.
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CHAPTER 12

Environmental Geology and Earth
Resources
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. Convection in the mantle causes tectonic plate movement, earthquakes, and volcanoes.

« When oceanic and continental plates collide, the lighter continental plate rides up, forming mountains; the oceanic plate subsides, forming
trenches.

. The volcanic ‘ring of fire” results from these plate collisions.

All of us benefit from the earth’s geological resources. Right now you are undoubtedly using products made from these resources: plastics of
‘many types are made from petroleum: iron, copper, and aluminum mines produce the materials for the electrical wiring that brings you

power; rare earth metals are essential in your cell phone, and your computer. All of us also share responsibility for the M
environmental and social devastation that often results from mining, drilling, and processing materials. e

Benchmark Data

Among the ideas and values in this chapter, these are a few worth remembering.

33% Percentage of eatth that is iron |
30% Percentage that is oxygen ‘
1cm/year Approximate average rate of tectonic plate movement |

250 MJ/kg Energy needed to refine aluminum from ore ‘
8 MJ/kg Energy to reéycle aluminum

14% Percentage of US| household aluminum recycled

ese costs, including recycling and alternative materials. But why are these risks
ted, we need to learn about the

Fortunately, there are many promising solutions to reduce th
and resources distributed as|they are? To understand how and where geological risks and resources are crea

earth’s structure and the processes that shape it.
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Earth is a dynamic planet

~ Although we think of the ground under our feet as solid and stable, the earth is a dynamic and constantly changing structure. Titanic forces
inside the earth cause continents to split, move apart, and then crash into each other in slow but inexorable collisions.

The earth is a layered sphere. The core, or interior, is composed of a dense, intensely hot mass of metal-mostly iron—thousands of
kilometers in diameter (@ fig. 12.2). Solid in the center but more fluid in the outer core, this immense mass generates the magnetic field
that envelops the earth.

Continental crust

Crust
Oceanic crust

Uppermost mantle
(rigid)

Asthenosphere
(soft part of mantle)

Mantle continues downward
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» FIGURE 12.2 Earth’s cross section. Slow convection in the mantle causes

the thin, brittle crust to move.
urrounding the molten outer core is a hot, pliable layer of rock called the mantle. The mantle is much less dense than the core because it
ontains a high concentration of lighter elements, such as oxygen, silicon, and magnesium.

he outermost layer of the earth is the cool, lightweight, brittle rock erust. The crust below oceans is relatively thin (8-15 km), dense, and
yung (less than 200 million years old) because of constant recycling. Crust under continents is relatively thick (25-75 km) and light, and :
d as 3.8 billion years, with new material being added continually. It also is predominantly granitic, whereas oceanic crust is mainly dense

1saltic rock. Table 12.1 compares the composition of the whole earth (dominated by the dense core) and the crust.

TABLE 121 | Eight Most
Common

| || | Chemical

||| Elements

||l | (;Percent) in Whole
| |Earth and Crust
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Calcium 18 Magnésiurﬁ 28

Aluminum 1.5 Sodium 23

02 Potassium 1.7
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12.3). These plates slide slowly acrﬁés tﬂe carth’ S : ke wind-driven ice floes on water, in some places bs
nﬁges;ﬂin ther places crashing ponderously inf cach h £ to Create new, Jarger landmasses. Ocean basins form w
m The Atlantic Ocean, for example, is gro / as Eutjbpe and Africa move away from the A ;
ough the cracks forms new oceanic ¢ 1 'under water in mid-ocean ridges. n
ges wind around the earth for 7““

d sheerer cliffs than éﬂy co





image6.jpeg
thquakes jerki ind past each
i gc\: | are }(I:aused by jerking as plates grind past each other. Mountain ranges like those on the west coasts of North and wah
S rica are pushed up at the margins of collidin; i i i
Anx g continental plates. The Himalayas are still risin; i
‘ ! ; : it g as the Indian subconti; i
mexur_ably with Asia. Southern California is sailing very slowly north toward Alaska. In about 30 millio: Ommem' T
Francisco, if both still exist by then. e

When-an oceanic plate collides with a continental landmass, the continental plate usually rides up over the seafloor, while the o
oceanic plate is subducted, or pushed down into the mantle, where it melts and rises back to the surface as magma (@ fig. 12.4). =
Deep ocean trenches mark these subduction zones, and volcanoes form where the magma erupts through vents and ﬁssun;.s 'u; th’c overlyin <
crust. Trenches and volcanic mountains ring the Pacific Ocean rim from Indonesia to Japan to Alaska and down the west coast of the .
Americas, forming a so-<called ring of fire where oceanic plates are being subducted under the continental plates. This ring is the source of

more earthquakes and volcanic activity than any other region on the earth.

Oceanic ridge Continertal
(ithosphere created) volcanoes

Oceanic trench
Sea level

111 subduction
zone g

Asthenosphere

» FIGURE 12.4 Tectonic plate movement. Where thin, oceanic plates diverge,
n ridges. A chain of volcanoes, like the

es pass over a *hot spot” Where plates

such as the Cascades.
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