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Geology Needs a Time Scale

In 1869 John Wesley Powell, who was later to head the U.S.
Geological Survey, led a pioneering expedition down the
Colorado River and through the Grand Canyon (Figure 9.1).
Writing about the rock layers that were exposed by the
downcutting of the river, Powell noted that “the canyons of
this region would be a Book of Revelations in the rock-
leaved Bible of geology.” He was undoubtedly impressed
with the millions of years of Earth history exposed along the
walls of the Grand Canyon (see chapter-opening photo).
Powell realized that the evidence for an ancient Earth is
concealed in its rocks. Like the pages in a long and compli-
cated history book, rocks record the geological events and
changing life forms of the past. The book, however, is not

FIGURE 9.1

n the late 18th century, James Hutton recognized the immensity of Earth history and the

importance of time as a component in all geological processes. In the 19th century, Sir

Charles Lyell and others effectively demonstrated that Earth had experienced many
episodes of mountain building and erosion, which must have required great spans of
geologic time. Although these pioneering scientists understood that Earth was very old,
they had no way of knowing its true age. Was it tens of millions, hundreds of millions, or
even billions of years old? Rather, a geologic time scale was developed that showed the
sequence of events based on relative dating principles. What are these principles? What
part do fossils play? With the discovery of radioactivity and radiometric dating techniques,
geologists now can assign fairly accurate dates to many of the events in Earth history. What
is radioactivity? Why is it a good “clock” for dating the geologic past?

complete. Many pages, especially in the early chapters, are
missing. Others are tattered, torn, or smudged. Yet enough
of the book remains to allow much of the story to be deci-
phered.

Interpreting Earth history is a prime goal of the science of
geology. Like a modern-day sleuth, the geologist must inter-
pret the clues found preserved in the rocks. By studying
rocks, especially sedimentary rocks, and the features they
contain, geologists can unravel the complexities of the past.

Geological events by themselves, however, have little
meaning until they are put into a time perspective. Studying
history, whether it be the Civil War or the age of dinosaurs,
requires a calendar. Among geology’s major contributions
to human knowledge are the geologic time scale and the dis-
covery that Earth history is exceedingly long.

A. Start of the expedition from Green River station. A drawing from Powell’s 1875

book. B. Major John Wesley Powell, pioneering geologist and the second director of the U.S.

Geological Survey. (Courtesy of the U.S. Geological Survey, Denver)
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The geologists who developed the geologic time scale revo-
lutionized the way people think about time and perceive
our planet. They learned that Earth is much older than any-
one had previously imagined and that its surface and interi-
or have been changed over and over again by the same
geological processes that operate today.

During the late 1800s and early 1900s, attempts were
made to determine Earth’s age. Although some of the meth-
ods appeared promising at the time, none of these early
efforts proved to be reliable. What these scientists were
seeking was a numerical date. Such dates specify the actual
number of years that have passed since an event occurred.
Today our understanding of radioactivity allows us to accu-
rately determine numerical dates for rocks that represent
important events in Earth’s distant past. We will study ra-
dioactivity later in this chapter. Prior to the discovery of
radioactivity, geologists had no reliable method of numeri-
cal dating and had to rely solely on relative dating.

Relative dating means that rocks are placed in their
proper sequence of formation—which formed first, second,
third, and so on. Relative dating cannot tell us how long ago
something took place, only that it followed one event and
preceded another. The relative dating techniques that were
developed are valuable and still widely used. Numerical
dating methods did not replace these techniques; they sim-
ply supplemented them. To establish a relative time scale, a
few basic principles or rules had to be discovered and ap-
plied. Although they may seem obvious to us today, they
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You mentioned early attempts at determining Earth’s age

that proved unreliable. How did 19th-century scientists go
about making such calculations?

One method that was attempted several times involved the rate
at which sediment is deposited. Some reasoned that if they
could determine the rate that sediment accumulates and could
further ascertain the total thickness of sedimentary rock that
had been deposited during Earth history, they could estimate
the length of geologic time. All that was necessary was to divide
the rate of sediment accumulation into the total thickness of
sedimentary rock.

Estimates of Earth’s age varied each time this method was
attempted. The age of Earth as calculated by this method
ranged from 3 million to 1.5 billion years! Obviously this
method was riddled with difficulties. Can you suggest what
some might have been?

were major breakthroughs in thinking at the time, and their
discovery was an important scientific achievement.

Law of Superposition

Nicolaus Steno, a Danish anatomist, geologist, and priest
(1638-1686), is credited with being the first to recognize a se-
quence of historical events in an outcrop of sedimentary
rock layers. Working in the mountains of western Italy,
Steno applied a very simple rule that has come to be the

FIGURE 9.2 Applying the law of superposition to these layers exposed in the upper portion of the
Grand Canyon, the Supai Group is oldest and the Kaibab Limestone is youngest. (Photo by E. J.

Tarbuck)

Hermit Shale



FIGURE 9.3 Most layers of sediment are deposited in a nearly
horizontal position. Thus, when we see rock layers that are folded or
tilted, we can assume that they must have been moved into that position
by crustal disturbances after their deposition. These folds are in
Namibia’s Lower Ugab Valley. (Michael Fogden/DRK Photo)

most basic principle of relative dating—the law of superpo-
sition (super = above; positum = to place). The law simply
states that in an undeformed sequence of sedimentary
rocks, each bed is older than the one above and younger
than the one below. Although it may seem obvious that a
rock layer could not be deposited with nothing beneath it
for support, it was not until 1669 that Steno clearly stated
this principle.

This rule also applies to other surface-deposited materi-
als, such as lava flows and beds of ash from volcanic erup-
tions. Applying the law of superposition to the beds exposed

FIGURE 9.4 Cross-cutting relationships represent one principle used in relative dating. An intrusive
rock body is younger than the rocks it intrudes. A fault is younger than the rock layers it cuts.

Fault A

in the upper portion of the Grand Canyon (Figure 9.2), we
can easily place the layers in their proper order. Among
those that are pictured, the sedimentary rocks in the Supai
Group are the oldest, followed in order by the Hermit Shale,
Coconino Sandstone, Toroweap Formation, and Kaibab
Limestone.

Principle of Original Horizontality

Steno is also credited with recognizing the importance of
another basic principle, called the principle of original hor-
izontality. Simply stated, it means that layers of sediment
are generally deposited in a horizontal position. Thus, if we
observe rock layers that are flat, it means they have not been
disturbed and still have their original horizontality. The lay-
ers in the Grand Canyon illustrate this in the chapter-open-
ing photo and in Figure 9.2. But if they are folded or inclined
at a steep angle, they must have been moved into that posi-
tion by crustal disturbances sometime after their deposition
(Figure 9.3).

Principle of Cross-Cutting Relationships

When a fault cuts through other rocks, or when magma in-
trudes and crystallizes, we can assume that the fault or in-
trusion is younger than the rocks affected.* For example, in
Figure 9.4, the faults and dikes clearly must have occurred
after the sedimentary layers were deposited.

This is the principle of cross-cutting relationships. By
applying the cross-cutting principle, you can see that fault A
occurred after the sandstone layer was deposited because it
“broke” the layer. Likewise, fault A oc-
curred before the conglomerate was laid
down because that layer is unbroken.

We can also state that dike B and its as-
sociated sill are older than dike A because
dike A cuts the sill. In the same manner,
we know that the batholith was emplaced
after movement occurred along fault B
but before dike B was formed. This is true
because the batholith cuts across fault B,
while dike B cuts across the batholith.

Inclusions

Sometimes inclusions can aid the relative
dating process. Inclusions (includere =

to enclose)are fragments of one rock unit
that have been enclosed within another.
The basic principle is logical and straight-
forward. The rock mass adjacent to the
one containing the inclusions must have
been there first in order to provide the
rock fragments. Therefore, the rock mass

*Faults are fractures in the crust along which appreciable
displacement has taken place. Faults are discussed in some
detail in Chapter 10.



containing inclusions is the younger of the two. Figure 9.5
provides an example. Here, the inclusions of intrusive ig-
neous rock in the adjacent sedimentary layer indicate that
the sedimentary layer was deposited on top of a weathered
igneous mass rather than being intruded from below by
magma that later crystallized.

Unconformities

When we observe layers of rock that have been deposited
essentially without interruption, we call them conformable.
Particular sites exhibit conformable beds representing cer-
tain spans of geologic time. However, no place on Earth has
a complete set of conformable strata.

Throughout Earth history, the deposition of sediment
has been interrupted over and over again. All such breaks
in the rock record are termed unconformities. An uncon-
formity represents a long period during which deposition
ceased, erosion removed previously formed rocks, and then
deposition resumed. In each case, uplift and erosion are fol-
lowed by subsidence and renewed sedimentation. Uncon-
formities are important features because they represent
significant geologic events in Earth history. Moreover, their
recognition helps us identify what intervals of time are not
represented by strata and thus are missing from the geolog-
ic record.

The rocks exposed in the Grand Canyon of the Colorado
River represent a tremendous span of geologic history. It is a
wonderful place in which to take a trip through time. The
canyon’s colorful strata record a long history of sedimenta-
tion in a variety of environments—advancing seas, rivers
and deltas, tidal flats and sand dunes. But the record is not
continuous. Unconformities represent vast amounts of time
that have not been recorded in the canyon’s layers. Figure 9.6
is a geologic cross section of the Grand Canyon. Refer to it as
you read about the three basic types of unconformities: an-
gular unconformities, disconformities, and nonconformities.

Angular Unconformity Perhaps the most easily recognized
unconformity is an angular unconformity. It consists of tilt-
ed or folded sedimentary rocks that are overlain by younger,
more flat-lying strata. An angular unconformity indicates
that during the pause in deposition, a period of deformation
(folding or tilting) and erosion occurred (Figure 9.7).

When James Hutton studied an angular unconformity in
Scotland more than 200 years ago, it was clear to him that it
represented a major episode of geologic activity.* He and his
colleagues also appreciated the immense time span implied
by such relationships. When a companion later wrote of
their visit to this site, he stated that “the mind seemed to
grow giddy by looking so far into the abyss of time.”

Disconformity When contrasted with angular unconfor-
mities, disconformities are more common but usually far

*This pioneering geologist is discussed in the section on the birth of modern geology
in Chapter 1.
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A. Intrusive
igneous rock

B. Exposure and
weathering of intrusive igneous rock

C. Deposition of
sedimentary layers

FIGURE 9.5 These diagrams illustrate two ways that inclusions can
form, as well as a type of unconformity termed a nonconformity. In
diagram A, the inclusions in the igneous mass represent unmelted
remnants of the surrounding host rock that were broken off and
incorporated at the time the magma was intruded. In diagram C, the
igneous rock must be older than the overlying sedimentary beds because
the sedimentary beds contain inclusions of the igneous rock. When older
intrusive igneous rocks are overlain by younger sedimentary layers, a
noncomformity is said to exist. The photo shows an inclusion of dark
igneous rock in a lighter-colored and younger host rock. (Photo by Tom
Bean)

less conspicuous because the strata on either side are essen-
tially parallel. Many disconformities are difficult to identify
because the rocks above and below are similar and there is
little evidence of erosion. Such a break often resembles an
ordinary bedding plane. Other disconformities are easier to
identify because the ancient erosion surface is cut deeply
into the older rocks below.
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FIGURE 9.6 This cross section through the Grand Canyon illustrates the three basic types of
unconformities. An angular unconformity can be seen between the tilted Precambrian Unkar Group
and the Cambrian Tapeats Sandstone. Two disconformities are marked, above and below the
Redwall Limestone. A nonconformity occurs between the igneous and metamorphic rocks exposed
in the inner gorge and the sedimentary strata of the Unkar Group. A nonconformity, highlighted by a
photo, also occurs between the rocks of the inner gorge and Tapeats Sandstone.

Nonconformity The third basic type of unconformity is a
nonconformity. Here the break separates older metamor-
phic or intrusive igneous rocks from younger sedimentary
strata (Figures 9.5 and 9.6). Just as angular unconformities
and disconformities imply crustal movements, so too do
nonconformities. Intrusive igneous masses and metamor-
phic rocks originate far below the surface. Thus, for a non-
conformity to develop, there must be a period of uplift and
the erosion of overlying rocks. Once exposed at the surface,
the igneous or metamorphic rocks are subjected to weather-
ing and erosion prior to subsidence and the renewal of sedi-
mentation.

Using Relative Dating Principles

If you apply the principles of relative dating to the hypo-
thetical geologic cross section in Figure 9.8, you can place in
proper sequence the rocks and the events they represent.
The statements within the figure summarize the logic used
to interpret the cross section.

In this example, we establish a relative time scale for the
rocks and events in the area of the cross section. Remember
that this method gives us no idea of how many years of Earth
history are represented, for we have no numerical dates. Nor
do we know how this area compares to any other (see Box 9.1).

Correlation of Rock Layers

To develop a geologic time scale that is applicable to the en-
tire Earth, rocks of similar age in different regions must be
matched up. Such a task is referred to as correlation.

Within a limited area, correlating rocks of one locality
with those of another may be done simply by walking along
the outcropping edges. However, this may not be possible
when the rocks are mostly concealed by soil and vegetation.
Correlation over short distances is often achieved by noting
the position of a bed in a sequence of strata. Or a layer may
be identified in another location if it is composed of distinc-
tive or uncommon minerals.



Sea level

C. Erosion

6 (Angular
unconformity)
Sea level

D. Subsidence and renewed deposition

FIGURE 9.7 Formation of an angular unconformity. An angular
unconformity represents an extended period during which deformation
and erosion occurred. Part E shows an angular unconformity at Siccar
Point, Scotland, that was first described by James Hutton more than 200
years ago. (Photo by Edward A. Hay)

By correlating the rocks from one place to another, a more
comprehensive view of the geologic history of a region is
possible. Figure 9.9, for example, shows the correlation of
strata at three sites on the Colorado Plateau in southern
Utah and northern Arizona. No single locale exhibits the
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entire sequence, but correlation reveals a more complete
picture of the sedimentary rock record.

Many geologic studies involve relatively small areas. Al-
though they are important in their own right, their full value
is realized only when they are correlated with other regions.
Although the methods just described are sufficient to trace a
rock formation over relatively short distances, they are not
adequate for matching up rocks that are separated by great
distances. When correlation between widely separated
areas or between continents is the objective, geologists must
rely on fossils.

Fossils: Evidence of Past Life

Fossils, the remains or traces of prehistoric life, are impor-
tant inclusions in sediment and sedimentary rocks. They are
basic and important tools for interpreting the geologic past.
The scientific study of fossils is called paleontology. It is an
interdisciplinary science that blends geology and biology in
an attempt to understand all aspects of the succession of life
over the vast expanse of geologic time. Knowing the nature
of the life forms that existed at a particular time helps re-
searchers understand past environmental conditions. Fur-
ther, fossils are important time indicators and play a key
role in correlating rocks of similar ages that are from differ-
ent places.

Types of Fossils

Fossils are of many types. The remains of relatively recent
organisms may not have been altered at all. Such objects as
teeth, bones, and shells are common examples (Figure 9.10).
Far less common are entire animals, flesh included, that
have been preserved because of rather unusual circum-
stances. Remains of prehistoric elephants called mammoths
that were frozen in the Arctic tundra of Siberia and Alaska
are examples, as are the mummified remains of sloths pre-
served in a dry cave in Nevada.

Given enough time, the remains of an organism are likely
to be modified. Often fossils become petrified (literally,
“turned into stone”), meaning that the small internal cavi-
ties and pores of the original structure are filled with precip-
itated mineral matter (Figure 9.11A). In other instances
replacement may occur. Here the cell walls and other solid
material are removed and replaced with mineral matter.
Sometimes the microscopic details of the replaced structure
are faithfully retained.

Molds and casts constitute another common class of fos-
sils. When a shell or other structure is buried in sediment
and then dissolved by underground water, a mold is created.
The mold faithfully reflects only the shape and surface
marking of the organism; it does not reveal any information
concerning its internal structure. If these hollow spaces are
subsequently filled with mineral matter, casts are created
(Figure 9.11B).

A type of fossilization called carbonization is particularly
effective in preserving leaves and delicate animal forms. It
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1. Applying the law of superposition,
beds A, B, C, and E were
deposited in that order.

2. Bed D is a sill (a concordant
igneous intrusion). Evidence that
sill D is younger than beds C and
E are the inclusions in the sill of
fragments from these beds. If this
igneous mass contains pieces of
adjacent strata, then the adjacent
strata must have been there first.

3. Following the intrusion of sill D,
the intrusion of dike F occurred.
Because the dike cuts through
beds A through E, it must be
younger than all of them (principle
of cross-cutting relationships).

FIGURE 9.8 Geologic cross section of a hypothetical region.

occurs when fine sediment encases the remains of an organ-
ism. As time passes, pressure squeezes out the liquid and
gaseous components and leaves behind a thin residue of
carbon (Figure 9.11C). Black shales deposited as organic-
rich mud in oxygen-poor environments often contain abun-
dant carbonized remains. If the film of carbon is lost from a
fossil preserved in fine-grained sediment, a replica of the
surface, called an impression, may still show considerable
detail (Figure 9.11D).

Delicate organisms, such as insects, are difficult to pre-
serve, and consequently they are relatively rare in the fossil
record. Not only must they be protected from decay but
they must not be subjected to any pressure that would crush

6. Finally, the irregular surface and
the stream valley indicate that
another gap in the rock record
is being produced by erosion.

5. Beds, G, H, |, J, and K were
deposited in that order, again
using the law of superposition.
Although the lava flow (bed H) is |4
not a sedimentary rock layer, it is [=H,
a surface-deposited layer, and
thus superposition may

be applied.

4. Next, the rocks were tilted and eroded.
The tilting happened first because
the upturned ends of the strata have
been eroded. The tilting and erosion,
followed by further deposition,
produced an angular unconformity.

them. One way in which some insects have been preserved
is in amber, the hardened resin of ancient trees. The fly in
Figure 9.11E was preserved after being trapped in a drop of
sticky resin. Resin sealed off the insect from the atmosphere
and protected the remains from damage by water and air.
As the resin hardened, a protective pressure-resistant case
was formed.

In addition to the fossils already mentioned, there are nu-
merous other types, many of them only traces of prehistoric
life. Examples of such indirect evidence include:

1. Tracks—animal footprints made in soft sediment that
was later lithified (see Figure 7.28B).
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FIGURE 9.9 Correlation of strata at three locations on the Colorado Plateau provides a more
complete picture of sedimentary rocks in the region. The diagram at the top is a geologic cross
section of the region. (After U.S. Geological Survey; photos by E. J. Tarbuck)



FIGURE 9.10 Fossils of many relatively recent organisms are unaltered
remains. Such objects as bones, teeth, and shells are common examples.
In this historic 1914 photo of the La Brea tar pits in Los Angeles, bones of
an lce-Age mammal are being excavated. (Photo courtesy of The George
C. Page Museum)

2. Burrows—tubes in sediment, wood, or rock made by
an animal. These holes may later become filled with
mineral matter and preserved. Some of the oldest-
known fossils are believed to be worm burrows.

3. Coprolites—fossil dung and stomach contents that can
provide useful information pertaining to food habits
of organisms (Figure 9.11F).

4. Gastroliths—highly polished stomach stones that were
used in the grinding of food by some extinct reptiles.

Conditions Favoring Preservation

Only a tiny fraction of the organisms that have lived during
the geologic past have been preserved as fossils. Normally,
the remains of an animal or plant are destroyed. Under what
circumstances are they preserved? Two special conditions
appear to be necessary: rapid burial and the possession of
hard parts.

When an organism perishes, its soft parts usually are
quickly eaten by scavengers or decomposed by bacteria. Oc-
casionally, however, the remains are buried by sediment.
When this occurs, the remains are protected from the envi-
ronment, where destructive processes operate. Rapid burial
therefore is an important condition favoring preservation.

In addition, animals and plants have a much better
chance of being preserved as part of the fossil record if they
have hard parts. Although traces and imprints of soft-bod-
ied animals such as jellyfish, worms, and insects exist, they
are not common. Flesh usually decays so rapidly that
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How is paleontology different from archaeology?

People frequently confuse these two areas of study because a
common perception of both paleontologists and archaeologists
is of scientists carefully extracting important clues about the
past from layers of rock or sediment. While it is true that scien-
tists in both disciplines “dig” a lot, the focus of each is different.
Paleontologists study fossils and are concerned with all life
forms in the geologic past. By contrast, archaeologists focus on
the material remains of past human life. These remains include
both the objects used by people long ago, called artifacts, and
the buildings and other structures associated with where peo-
ple lived, called sites. Archaeologists help us learn about how
our human ancestors met the challenges of life in the past.

preservation is exceedingly unlikely. Hard parts such as
shells, bones, and teeth predominate in the record of past
life.

Because preservation is contingent on special conditions,
the record of life in the geologic past is biased. The fossil
record of those organisms with hard parts that lived in areas
of sedimentation is quite abundant. However, we get only
an occasional glimpse of the vast array of other life forms
that did not meet the special conditions favoring preserva-
tion.

Fossils and Correlation

The existence of fossils had been known for centuries, yet it
was not until the late 1700s and early 1800s that their signif-
icance as geologic tools was made evident. During this peri-
od an English engineer and canal builder, William Smith,
discovered that each rock formation in the canals he worked
on contained fossils unlike those in the beds either above or
below. Further, he noted that sedimentary strata in widely
separated areas could be identified—and correlated—by
their distinctive fossil content.

Based on Smith’s classic observations and the findings of
many geologists who followed, one of the most important
and basic principles in historical geology was formulated:
Fossil organisms succeed one another in a definite and deter-
minable order, and therefore any time period can be recognized by
its fossil content. This has come to be known as the principle
of fossil succession. In other words, when fossils are
arranged according to their age, they do not present a ran-
dom or haphazard picture. To the contrary, fossils document
the evolution of life through time.

For example, an Age of Trilobites is recognized quite early
in the fossil record. Then, in succession, paleontologists rec-
ognize an Age of Fishes, an Age of Coal Swamps, an Age of
Reptiles, and an Age of Mammals. These “ages” pertain to
groups that were especially plentiful and characteristic
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FIGURE 9.11 There are many types of fossilization. Six examples are shown here. A. Petrified
wood in Petrified Forest National Park, Arizona. B. This trilobite photo illustrates mold and cast.

C. A fossil bee preserved as a thin carbon film. D. Impressions are common fossils and often show
considerable detail. E. Insect in amber. F. A coprolite is fossil dung. (Photo A by David Muench;
Photos B, D, and F by E. J. Tarbuck; Photo C courtesy of the National Park Service; Photo E by
Breck P. Kent)
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Applying Relative Dating Principles to the Lunar Surface

Just as we use relative dating principles
to determine the sequence of geological
events on Earth, so too can we apply such
principles to the surface of the Moon (and
to other planetary bodies as well). For ex-
ample, the image of the lunar surface in
Figure 9.A shows the forward margin of a
lava flow “frozen” in place. By applying
the law of superposition, we know that
this flow is younger than the adjacent layer
that disappears beneath it.

Cross-cutting relationships can also be
used. In Figure 9.B, when we observe one
impact crater that overlaps another, we
know that the continuous unbroken crater
came after the one that it cuts across.

The most obvious features on the lunar
surface are craters. Most were produced by
the impact of rapidly moving objects called
meteorites. Whereas the Moon has thou-
sands of impact craters, Earth has only a
few. This difference can be attributed to
Earth’s atmosphere. Friction with the air
burns up small debris before it reaches the
surface. Moreover, evidence for most of the
sizable craters that formed in Earth’s histo-
ry has been obliterated by erosion and tec-
tonic processes.

Observations of lunar cratering are used
to estimate the relative ages of different
locations on the Moon. The principle is
straightforward. Older regions have been

FIGURE 9.B Cross-cutting relationships
allow us to say that the smaller, unbroken
crater formed after the larger crater.
(Photo courtesy of NASA)

exposed to meteorite impact longer and
therefore have more craters. Using this tech-
nique in conjunction with Figure 9.C, we
can infer that the highly cratered highlands
are older than the dark areas, called maria.
The number of craters per unit area (called
crater density) is obviously much greater in
the highlands. Does this mean that the high-
lands are much older? Although this may
seem a logical conclusion, the answer is no.
Remember that we are dealing with a prin-
ciple of relative dating. Both the highlands
and maria are very old. Radiometric dating
of Moon rocks brought back from the Apollo
missions showed that the age of the high-
lands is more than 4 billion years, whereas
the maria have ages ranging from 3.2 to 3.9
billion years. Thus, the very different crater
densities are not just the result of different
exposure times. Astronomers now realize
that the inner solar system experienced a
sudden sharp drop in meteoritic bombard-
ment about 3.9 billion years ago. The high-
lands received most of the craters before
that time, and the lava flows that formed
the maria solidified afterward.

FIGURE 9.A By applying the law of superposition, you can determine which lava flow is older.
(Photo courtesy of National Space Data Center)

FIGURE 9.C Crater density. Younger regions
have fewer craters than older regions. The
densely cratered highlands are older than the
dark areas, called maria. (UCO/Lick Observa-
tory Image)




during particular time periods. Within each of the “ages”
there are many subdivisions based, for example, on certain
species of trilobites and certain types of fish, reptiles, and so
on. This same succession of dominant organisms, never out
of order, is found on every continent.

When fossils were found to be time indicators, they be-
came the most useful means of correlating rocks of similar
age in different regions. Geologists pay particular attention
to certain fossils called index fossils. These fossils are wide-
spread geographically and are limited to a short span of ge-
ologic time, so their presence provides an important method
of matching rocks of the same age. Rock formations, howev-
er, do not always contain a specific index fossil. In such situ-
ations, groups of fossils are used to establish the age of the
bed. Figure 9.12 illustrates how an assemblage of fossils
may be used to date rocks more precisely than could be ac-
complished by the use of any one of the fossils.

In addition to being important and often essential tools
for correlation, fossils are important environmental indi-
cators. Although much can be deduced about past envi-
ronments by studying the nature and characteristics of
sedimentary rocks, a close examination of the fossils present
can usually provide a great deal more information. For ex-
ample, when the remains of certain clam shells are found in
limestone, the geologist quite reasonably assumes that the
region was once covered by a shallow sea. Also, by using
what we know of living organisms, we can conclude that
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fossil animals with thick shells, capable of withstanding
pounding and surging waves, inhabited shorelines.

On the other hand, animals with thin, delicate shells
probably indicate deep, calm offshore waters. Hence, by
looking closely at the types of fossils, the approximate posi-
tion of an ancient shoreline may be identified. Further, fos-
sils can be used to indicate the former temperature of the
water. Certain kinds of present-day corals must live in
warm and shallow tropical seas like those around Florida
and the Bahamas. When similar types of coral are found in
ancient limestones, they indicate the marine environment
that must have existed when they were alive. These exam-
ples illustrate how fossils can help unravel the complex
story of Earth history.

Dating with Radioactivity

%
fant®
In addition to establishing relative dates by using the princi-
ples described in the preceding sections, it is also possible to
obtain reliable numerical dates for events in the geologic
past. For example, we know that Earth is about 4.5 billion
years old and that the dinosaurs became extinct about 65

million years ago. Dates that are expressed in millions and

Geologic Time
» Dating with Radioactivity

FIGURE 9.12 Overlapping ranges of fossils help date rocks more exactly than using a single fossil.

Younger

TIME

Older




260 CHAPTER 9  Geologic Time

billions of years truly stretch our imagination because our
personal calendars involve time measured in hours, weeks,
and years. Nevertheless, the vast expanse of geologic time is
a reality, and it is radiometric dating that allows us to meas-
ure it. In this section you will learn about radioactivity and
its application in radiometric dating.

Reviewing Basic Atomic Structure

Recall from Chapter 3 that each atom has a nucleus contain-
ing protons and neutrons and that the nucleus is orbited
by electrons. Electrons have a negative electrical charge,
and protons have a positive charge. A neutron is actually a
proton and an electron combined, so it has no charge (it is
neutral).

The atomic number (each element’s identifying number) is
the number of protons in the nucleus. Every element has a
different number of protons and thus a different atomic num-
ber (hydrogen = 1, carbon = 6, oxygen = 8, uranium = 92,
etc.). Atoms of the same element always have the same
number of protons, so the atomic number stays constant.

Practically all of an atom’s mass (99.9 percent) is in the
nucleus, indicating that electrons have vir-
tually no mass at all. So, by adding the
protons and neutrons in an atom’s nucle-
us, we derive the atom’s mass number. The
number of neutrons can vary, and these
variants, or isotopes, have different mass
numbers.

To summarize with an example, urani-
um’s nucleus always has 92 protons, so its
atomic number always is 92. But its neu-
tron population varies, so uranium has
three isotopes: uranium-234 (protons +
neutrons = 234), uranium-235, and ura-
nium-238. All three isotopes are mixed in
nature. They look the same and behave
the same in chemical reactions.

Proton

Unstable parent
nucleus

@ —

Radioactivity

The forces that bind protons and neutrons
together in the nucleus usually are strong.
However, in some isotopes, the nuclei are
unstable because the forces binding pro-
tons and neutrons together are not strong
enough. As a result, the nuclei sponta-
neously break apart, or decay, a process
called radioactivity.

What happens when unstable nuclei
break apart? Three common types of ra-
dioactive decay are illustrated in Figure
9.13 and can be summarized as follows:

1. Alpha particles (o particles) may be Proton

emitted from the nucleus. An alpha
particle is composed of 2 protons
and 2 neutrons. Thus, the emission

Unstable parent
nucleus

' Neutron

nucleus

Unstable parent
El®

of an alpha particle means that the mass number of the
isotope is reduced by 4 and the atomic number is low-
ered by 2.

2. When a beta particle (B particle), or electron, is given off
from a nucleus, the mass number remains unchanged,
because electrons have practically no mass. However,
because the electron has come from a neutron (remem-
ber, a neutron is a combination of a proton and an elec-
tron), the nucleus contains one more proton than
before. Therefore, the atomic number increases by 1.

3. Sometimes an electron is captured by the nucleus. The
electron combines with a proton and forms a neutron.
As in the last example, the mass number remains un-
changed. However, since the nucleus now contains
one less proton, the atomic number decreases by 1.

An unstable radioactive isotope is referred to as the
parent, and the isotopes resulting from the decay of the par-
ent are termed the daughter products. Figure 9.14 provides
an example of radioactive decay. Here it can be seen that
when the radioactive parent, uranium-238 (atomic number
92, mass number 238) decays, it follows a number of steps,

FIGURE 9.13 Common types of radioactive decay. Notice that in each case the number of
protons (atomic number) in the nucleus changes, thus producing a different element.
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FIGURE 9.14 The most common isotope of uranium (U-238) is an
example of a radioactive decay series. Before the stable end product
(Pb-206) is reached, many different isotopes are produced as
intermediate steps.

emitting 8 alpha particles and 6 beta particles before finally
becoming the stable daughter product lead-206 (atomic
number 82, mass number 206). One of the unstable daugh-
ter products produced during this decay series is radon.
Box 9.2 examines the hazards associated with this radioac-
tive gas.

Certainly among the most important results of the dis-
covery of radioactivity is that it provided a reliable means of
calculating the ages of rocks and minerals that contain par-
ticular radioactive isotopes. The procedure is called radio-
metric dating. Why is radiometric dating reliable? Because
the rates of decay for many isotopes have been precisely
measured and do not vary under the physical conditions
that exist in Earth’s outer layers. Therefore, each radioactive
isotope used for dating has been decaying at a fixed rate
since the formation of the rocks in which it occurs, and the
products of decay have been accumulating at a correspon-
ding rate. For example, when uranium is incorporated into
a mineral that crystallizes from magma, there is no lead (the
stable daughter product) from previous decay. The radio-
metric “clock” starts at this point. As the uranium in this
newly formed mineral disintegrates, atoms of the daughter
product are trapped, and measurable amounts of lead even-
tually accumulate.
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Half-Life

The time required for half of the nuclei in a sample to decay
is called the half-life of the isotope. Half-life is a common
way of expressing the rate of radioactive disintegration.
Figure 9.15 illustrates what occurs when a radioactive par-
ent decays directly into its stable daughter product. When
the quantities of parent and daughter are equal (ratio 1:1),
we know that one half-life has transpired. When one-quar-
ter of the original parent atoms remain and three-quarters
have decayed to the daughter product, the parent/daughter
ratio is 1:3 and we know that two half-lives have passed.
After three half-lives, the ratio of parent atoms to daughter
atoms is 1:7 (one parent atom for every seven daughter
atoms).

If the half-life of a radioactive isotope is known and the
parent/daughter ratio can be determined, the age of the
sample can be calculated. For example, assume that the half-
life of a hypothetical unstable isotope is 1 million years and
the parent/daughter ratio in a sample is 1:15. Such a ratio
indicates that four half-lives have passed and that the sam-
ple must be 4 million years old.

Radiometric Dating

Notice that the percentage of radioactive atoms that decay
during one half-life is always the same: 50 percent. Howev-
er, the actual number of atoms that decay with the passing of
each half-life continually decreases. Thus, as the percentage
of radioactive parent atoms declines, the proportion of sta-
ble daughter atoms rises, with the increase in daughter
atoms just matching the drop in parent atoms. This fact is
the key to radiometric dating.

Of the many radioactive isotopes that exist in nature, five
have proved particularly useful in providing radiometric
ages for ancient rocks (Table 9.1). Rubidium-87, thorium-232,

\S)fua/enllé Somefimed.#éé e

With radioactive decay, is there ever a time that all of the
parent material is converted to the daughter product?

Theoretically, no. During each half-life, half of the parent mate-
rial is converted to daughter product. Then half again is con-
verted after another half-life, and so on. (Figure 9.15 shows how
this logarithmic relationship works—notice that the red line be-
comes nearly parallel to the horizontal axis after several half-
lives.) By converting only half of the remaining parent material
to daughter product, there is never a time when all the parent
material would be converted. Think about it this way. If you
kept cutting a cake in half and eating only half, would you ever
eat all of it? (The answer is no, assuming you had a sharp
enough knife to slice the cake at an atomic scale!) However,
after many half-lives, the parent material can exist in such small
amounts that it is essentially undetectable.
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does so in two ways. About 11 percent
changes to argon-40 (*’Ar) by means of
electron capture (see Figure 9.13C). The re-
maining 89 percent of *’K decays to calci-
um-40 (*’Ca) by beta emission (see Figure
9.13B). The decay of K to “’Ca, however,
is not useful for radiometric dating, be-
cause the **Ca produced by radioactive
disintegration cannot be distinguished
from calcium that may have been present
when the rock formed.

The potassium-argon clock begins
when potassium-bearing minerals crystal-
lize from a magma or form within a meta-
morphic rock. At this point the new
minerals will contain “K but will be free
of “*Ar, because this element is an inert gas
that does not chemically combine with

94 atoms of other elements. As time passes, the *K

steadily decays by electron capture. The
“Ar produced by this process remains
trapped within the mineral’s crystal lat-
tice. Because no *’Ar was present when
the mineral formed, all of the daughter

atoms trapped in the mineral must have
come from the decay of “’K. To determine
a sample’s age, the *’K/*’Ar ratio is meas-
“ ured precisely, and the known half-life for
YK applied.

FIGURE 9.15 The radioactive-decay curve shows change that is exponential. Half of the

radioactive parent remains after one half-life. After a second half-life one-quarter of the parent

remains, and so forth.

and the two isotopes of uranium are used only for dating
rocks that are millions of years old, but potassium-40 is more
versatile.

Potassium-Argon Although the half-life of potassium-40 is
1.3 billion years, analytical techniques make possible the de-
tection of tiny amounts of its stable daughter product,
argon-40, in some rocks that are younger than 100,000 years.
Another important reason for its frequent use is that potas-
sium is an abundant constituent of many common minerals,
particularly micas and feldspars.

Although potassium (K) has three natural isotopes K,
YK, and *'K, only *K is radioactive. When *K decays, it

TABLE 9.1

Sources of Error 1t is important to real-
ize that an accurate radiometric date can
be obtained only if the mineral re-
mained a closed system during the en-
tire period since its formation. A correct date is not possible
unless there was neither the addition nor loss of parent or
daughter isotopes. This is not always the case. In fact, an im-
portant limitation of the potassium-argon method arises from
the fact that argon is a gas and it may leak from minerals,
throwing off measurements. Indeed, losses can be significant
if the rock is subjected to relatively high temperatures.

Of course, a reduction in the amount of *°Ar leads to an
underestimation of the rock’s age. Sometimes temperatures
are high enough for a sufficiently long period that all argon
escapes. When this happens, the potassium-argon clock is
reset, and dating the sample will give only the time of
thermal resetting, not the true age of the rock. For other

Isotopes Frequently Used in Radiometric Dating

Radioactive Parent

Stable Daughter Product

Currently Accepted Half-life Values

Uranium-238 Lead-206
Uranium-235 Lead-207
Thorium-232 Lead-208
Rubidium-87 Strontium-87

Potassium-40 Argon-40

4.5 billion years
713 million years
14.1 billion years
47.0 billion years
1.3 billion years




4
Radon

Richard L. Hoffman*

Radioactivity is defined as the sponta-
neous emission of atomic particles and/or
electromagnetic waves from unstable
atomic nuclei. For example, in a sample of
uranium-238, unstable nuclei decay and
produce a variety of radioactive progeny
or “daughter” products as well as ener-
getic forms of radiation (Table 9.A). One of
its radioactive-decay products is radon—a
colorless, odorless, invisible gas.

Radon gained public attention in 1984
when a worker in a Pennsylvania nuclear
power plant set off radiation alarms—not
when he left work but as he first arrived
there. His clothing and hair were contami-
nated with radon-decay products. Investi-
gation revealed that his basement at home
had a radon level 2800 times the average
level in indoor air. The home was located
along a geological formation known as the
Reading Prong—a mass of uranium-bear-
ing rock that runs from near Reading,
Pennsylvania, to near Trenton, New Jersey.

*Dr. Hoffman, late Professor of chemistry, Illinois Cen-
tral College.
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Originating in the radio-decay of traces
of uranium and thorium found in almost
all soils, radon isotopes (Rn-222 and Rn-
220) are continually renewed in an ongo-
ing, natural process. Geologists estimate
that the top six feet of soil from an average
acre of land contains about 50 pounds of
uranium (about 2 to 3 parts per million);
some types of rock contain more. Radon is
continually generated by the gradual
decay of this uranium. Because uranium
has a half-life of about 4.5 billion years,
radon will be with us forever.

Radon itself decays, having a half-life
of only about four days. Its decay prod-
ucts (except lead-206) are all radioactive
solids that adhere to dust particles, many
of which we inhale. During prolonged ex-
posure to a radon-contaminated environ-
ment, some decay will occur while the gas
is in the lungs, thereby placing the ra-
dioactive radon progeny in direct contact
with delicate lung tissue. Steadily accu-
mulating evidence indicates radon to be a
significant cause of lung cancer second
only to smoking.

A house with a radon level of 4.0 pic-
ocuries per liter of air has about eight to
nine atoms of radon decaying every
minute in every liter of air. The EPA sug-
gests that indoor radon levels be kept
below this level. EPA risk estimates are
conservative—they are based on an as-
sumption that one would spend 75 percent
of a 70-year time span (about 52 years) in
the contaminated space, which most peo-
ple would not.

Once radon is produced in the soil, it dif-
fuses throughout the tiny spaces between
soil particles. Some radon ultimately reach-
es the soil surface, where it dissipates into
the air. Radon enters buildings and homes
through holes and cracks in basement floors
and walls. Radon’s density is greater than
air, so it tends to remain in basements dur-
ing its short decay cycle.

The source of radon is as enduring as its
generation mechanism within Earth; radon
will never go away. However, cost-effec-
tive mitigation strategies are available to
reduce radon to acceptable levels, general-
ly without great expense.

TABLE 9.A Decay Products of Uranium-238

Uranium-238
Radium-226
Radon-222
Polonium-218
Lead-214
Bismuth-214
Polonium-214
Lead-210
Bismuth-210
Polonium-210
Lead-206

Some Decay Products of Uranium-238

Decay Particle Produced

alpha
alpha
alpha
alpha
beta
beta
alpha
beta
beta
alpha
none

Half-Life

4.5 billion years
1600 years

3.82 days

3.1 minutes
26.8 minutes
19.7 minutes
1.6 X 10~* second
20.4 years

5.0 days

138 days

stable

radiometric clocks, a loss of daughter atoms can occur if the
rock has been subjected to weathering or leaching. To avoid
such a problem, one simple safeguard is to use only fresh,
unweathered material and not samples that may have been
chemically altered.

Dating with Carbon-14

To date very recent events, carbon-14 is used. Carbon-14 is
the radioactive isotope of carbon. The process is often called
radiocarbon dating. Because the half-life of carbon-14 is

only 5730 years, it can be used for dating events from the
historic past as well as those from very recent geologic his-
tory. In some cases carbon-14 can be used to date events as
far back as 70,000 years.

Carbon-14 is continuously produced in the upper atmos-
phere as a consequence of cosmic-ray bombardment. Cos-
mic rays (high-energy nuclear particles) shatter the nuclei of
gas atoms, releasing neutrons. Some of the neutrons are ab-
sorbed by nitrogen atoms (atomic number 7, mass number
14), causing each nucleus to emit a proton. As a result, the
atomic number decreases by 1 (to 6), and a different
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If parent/daughter ratios are not always reliable, how can
meaningful radiometric dates for rocks be obtained?

One common precaution against sources of error is the use of
cross checks. Often this simply involves subjecting a sample to
two different radiometric methods. If the two dates agree, the
likelihood is high that the date is reliable. If, on the other hand,
there is an appreciable difference between the two dates, other
cross checks must be employed (such as the use of fossils or cor-
relation with other, well-dated marker beds) to determine
which date—if either—is correct.

element, carbon-14, is created (Figure 9.16A). This isotope of
carbon quickly becomes incorporated into carbon dioxide,
which circulates in the atmosphere and is absorbed by liv-
ing matter. As a result, all organisms contain a small amount
of carbon-14, including you.

Aslong as an organism is alive, the decaying radiocarbon
is continually replaced, and the proportions of carbon-14
and carbon-12 remain constant. Carbon-12 is the stable and
most common isotope of carbon. However, when any plant
or animal dies, the amount of carbon-14 gradually decreases
as it decays to nitrogen-14 by beta emission (Figure 9.16B).
By comparing the proportions of carbon-14 and carbon-12
in a sample, radiocarbon dates can be determined. It is im-
portant to emphasize that carbon-14 is only useful in dating
organic materials such as wood, charcoal, bones, flesh, and
even cloth made of cotton fibers.

FIGURE 9.16 A. Production and B. decay of carbon-14. These
sketches represent the nuclei of the respective atoms.
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Although carbon-14 is only useful in dating the last small
fraction of geologic time, it has become a very valuable tool
for anthropologists, archaeologists, and historians, as well
as for geologists who study very recent Earth history. In fact,
the development of radiocarbon dating was considered so
important that the chemist who discovered this application,
Willard E. Libby, received a Nobel Prize in 1960.

Importance of Radiometric Dating

Bear in mind that although the basic principle of radiometric
dating is simple, the actual procedure is quite complex. The
analysis that determines the quantities of parent and daugh-
ter must be painstakingly precise. In addition, some radioac-
tive materials do not decay directly into the stable daughter
product, as was the case with our hypothetical example, a
fact that may further complicate the analysis. In the case of
uranium-238, there are 13 intermediate unstable daughter
products formed before the 14th and last daughter product,
the stable isotope lead-206, is produced (see Figure 9.14).

Radiometric dating methods have produced literally
thousands of dates for events in Earth history. Rocks exceed-
ing 3.5 billion years in age are found on all of the continents.
Earth’s oldest rocks (so far) are gneisses from northern
Canada near Great Slave Lake that have been dated at 4.03
billion years (b.y.). Rocks from western Greenland have
been dated at 3.7 to 3.8 b.y. and rocks nearly as old are found
in the Minnesota River Valley and northern Michigan (3.5 to
3.7 b.y.), in southern Africa (3.4 to 3.5 b.y.) and in western
Australia (3.4 to 3.6 b.y.). It is important to point out that
these ancient rocks are not from any sort of “primordial
crust” but originated as lava flows, igneous intrusions, and
sediments deposited in shallow water—an indication that
Earth history began before these rocks formed. Even older
mineral grains have been dated. Tiny crystals of the mineral
zircon having radiometric ages as old as 4.3 b.y. have been
found in younger sedimentary rocks in western Australia.
The source rocks for these tiny durable grains either no
longer exist or have not yet been found.

Radiometric dating has vindicated the ideas of Hutton,
Darwin, and others, who more than 150 years ago inferred
that geologic time must be immense. Indeed, modern dating
methods have proved that there has been enough time for
the processes we observe to have accomplished tremendous
tasks.

The Geologic Time Scale

E.O Geologic Time
b o » The Geologic Time Scale

Geologists have divided the whole of geologic history into
units of varying magnitude. Together, they comprise the
geologic time scale of Earth history (Figure 9.17). The major
units of the time scale were delineated during the 19th



The Geologic Time Scale 265

Holocene

Pleistocene

Quaternary

Neogene

Paleogene

FIGURE 9.17 The geologic time scale. The numerical dates were added long after the time scale
had been established using relative dating techniques.

century, principally by workers in Western Europe and  Structure of the Time Scale
Great Britain. Because radiometric dating was unavailable

at that time, the entire time scale was created using methods ~ The geologic time scale subdivides the 4.5-billion-year his-
of relative dating. It was only in the 20th century that radio-  tory of Earth into many different units and provides a mean-
metric methods permitted numerical dates to be added. ingful time frame within which the events of the geologic
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Was there ever a time in Earth history when dinosaurs and

humans coexisted?

Although some old movies and cartoons have depicted people
and dinosaurs living side by side, this was never the case. Di-
nosaurs flourished during the Mesozoic era and became extinct
about 65 million years ago. By contrast, humans and their close
ancestors did not appear on the scene until very late in the
Cenozoic era, more than 60 million years after the demise of the
dinosaurs.

past are arranged. As shown in Figure 9.17, eons represent
the greatest expanses of time. The eon that began about 542
million years ago is the Phanerozoic, a term derived from
Greek words meaning visible life. It is an appropriate de-
scription because the rocks and deposits of the Phanerozoic
eon contain abundant fossils that document major evolu-
tionary trends.

Another glance at the time scale reveals that eons are
divided into eras. The three eras within the Phanerozoic are
the Paleozoic (paleo = ancient, zoe = life), the Mesozoic
(meso = middle, zoe = life), and the Cenozoic (ceno = re-
cent, zoe = life). As the names imply, these eras are bounded
by profound worldwide changes in life forms.*

Each era of the Phaneroic eon is subdivided into time
units known as periods. The Paleozoic has seven, the Meso-
zoic three, and the Cenozoic two. Each of these dozen peri-
ods is characterized by a somewhat less profound change in
life forms as compared with the eras. The eras and periods
of the Phanerozoic, with brief explanations of each, are
shown in Table 9.2.

Each of the 12 periods is divided into still smaller units
called epochs. As you can see in Figure 9.17, seven epochs
have been named for the periods of the Cenozoic. The
epochs of other periods usually are simply termed early,
middle, and late.

Precambrian Time

Notice that the detail of the geologic time scale does not begin
until about 542 million years ago, the date for the beginning
of the Cambrian period. The nearly 4 billion years prior to
the Cambrian are divided into two eons, the Archean
(archaios = ancient), and the Proterozoic (proteros = before,
zoe = life).It is also common for this vast expanse of time to
simply be referred to as the Precambrian. Although it repre-

*Major changes in life forms are discussed in Chapter 22 “Earth’s Evolution Through
Geologic Time.”

TABLE 9.2 Major Divisions of Geologic Time

Precambrian

Pennsylvanian
period*

Mississippian

Cenozoic Era Quaternary The several geologic eras were
(Age of Recent | period originally named Primary,
Life) Secondary, Tertiary, and
Quaternary. The first two names
Tertiary are no longer used; Tertiary and
period Quaternary have been retained
but used as period designations.
Derived from Latin word for chalk
(creta) and first applied to
Cretaceous extensive deposits that form
period white cliffs along the English
Channel (see Chapter 7 opening
photo p. 192-193).
Mesozoic Era Named for the Jura Mountains,
(Age of Middle Jurassic located between France and
Life) period Switzerland, where rocks of this
age were first studied.
Taken from the word “trias” in
Triassic recognition of the threefold
period character of these rocks in
Europe.
Paleozoic Era Permian Named after the province of
(Age of Ancient | period Perm, Russia, where these rocks
Life) were first studied.

Named for the state of
Pennsylvania where these rocks
have produced much coal.

Named for the Mississippi River

period* Valley where these rocks are well
exposed.
Devonian Named after Devonshire County,
period England, where these rocks were
first studied.
Silurian Named after Celtic tribes, the
period Silures and the Ordovices, who
Ordovician lived in Wales during the Roman
period Conquest.
Taken from Roman name for
Wales (Cambria), where rocks
Cambrian containing the earliest evidence
period of complex forms of life were

first studied.

The time between the birth of the
planet and the appearance of
complex forms of life. About 88
percent of Earth’s estimated 4.5
billion years fall into this span.

Source: U.S. Geological Survey.
* Outside of North America, the Mississippian and Pennsylvanian
periods are combined into the Carboniferous period.

sents about 88 percent of Earth history, the Precambrian is
not divided into nearly as many smaller time units as the
Phanerozoic eon.

Why is the huge expanse of Precambrian time not divid-
ed into numerous eras, periods, and epochs? The reason is
that Precambrian history is not known in great enough de-
tail. The quantity of information that geologists have deci-
phered about Earth’s past is somewhat analogous to the
detail of human history. The further back we go, the less that
is known. Certainly more data and information exist about



the past 10 years than for the first decade of the 20th
century; the events of the 19th century have been document-
ed much better than the events of the 1st century A.D.; and
so on. So it is with Earth history. The more recent past has
the freshest, least disturbed, and more observable record.
The further back in time the geologist goes, the more frag-
mented the record and clues become. There are other rea-
sons to explain our lack of a detailed time scale for this vast
segment of Earth history:

1. The first abundant fossil evidence does not appear in
the geologic record until the beginning of the Cambri-
an period. Prior to the Cambrian, simple life forms
such as algae, bacteria, fungi, and worms predominat-
ed. All of these organisms lack hard parts, an impor-
tant condition favoring preservation. For this reason,
there is only a meager Precambrian fossil record.
Many exposures of Precambrian rocks have been stud-
ied in some detail, but correlation is often difficult
when fossils are lacking.

2. Because Precambrian rocks are very old, most have
been subjected to a great many changes. Much of the
Precambrian rock record is composed of highly dis-
torted metamorphic rocks. This makes the interpreta-
tion of past environments difficult, because many of
the clues present in the original sedimentary rocks
have been destroyed.

Radiometric dating has provided a partial solution to the
troublesome task of dating and correlating Precambrian
rocks. But untangling the complex Precambrian record still
remains a daunting task.
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accurately determined because the grains composing the
rock are not the same age as the rock in which they occur.
Rather, the sediments have been weathered from rocks of
diverse ages.

Radiometric dates obtained from metamorphic rocks
may also be difficult to interpret, because the age of a partic-
ular mineral in a metamorphic rock does not necessarily
represent the time when the rock initially formed. Instead,
the date might indicate any one of a number of subsequent
metamorphic phases.

If samples of sedimentary rocks rarely yield reliable ra-
diometric ages, how can numerical dates be assigned to sed-
imentary layers? Usually the geologist must relate the strata
to datable igneous masses, as in Figure 9.18. In this example,
radiometric dating has determined the ages of the volcanic
ash bed within the Morrison Formation and the dike cutting
the Mancos Shale and Mesaverde Formation. The sedimen-
tary beds below the ash are obviously older than the ash,
and all the layers above the ash are younger. The dike is
younger than the Mancos Shale and the Mesaverde Forma-
tion but older than the Wasatch Formation because the dike
does not intrude the Tertiary rocks.

From this kind of evidence, geologists estimate that a
part of the Morrison Formation was deposited about 160
million years ago, as indicated by the ash bed. Further,
they conclude that the Tertiary period began after the in-
trusion of the dike, 66 million years ago. This is one exam-
ple of literally thousands that illustrate how datable
materials are used to bracket the various episodes in Earth
history within specific time periods. It shows the necessity
of combining laboratory dating methods with field obser-
vations of rocks.

FIGURE 9.18 Numerical dates for sedimentary layers are usually determined by examining

Difficulties in Dating
the Geologic Time Scale

Although reasonably accurate numerical
dates have been worked out for the periods
of the geologic time scale (Figure 9.17), the
task is not without difficulty. The primary
difficulty in assigning numerical dates to
units of time is the fact that not all rocks can

their relationship to igneous rocks. (After U.S. Geological Survey)

be dated by radiometric methods. Recall that Rocks of
for a radiometric date to be useful, all the Tertiary age
minerals in the rock must have formed at Rocks of

Cretaceous

about the same time. For this reason, ra-
dioactive isotopes can be used to determine
when minerals in an igneous rock crystal-
lized and when pressure and heat created
new minerals in a metamorphic rock.
However, samples of sedimentary rock
can only rarely be dated directly by radio-
metric means. Although a detrital sedimen-
tary rock may include particles that contain
radioactive isotopes, the rock’s age cannot be

age
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Summary

The two types of dates used by geologists to interpret
Earth history are (1) relative dates, which put events in
their proper sequence of formation, and (2) numerical dates,
which pinpoint the time in years when an event occurred.
Relative dates can be established using the law of superpo-
sition (in an underformed sequence of sedimentary rocks
or surface-deposited igneous rocks, each bed is older
than the one above, and younger than the one below),
principle of original horizontality (most layers are deposit-
ed in a horizontal position), principle of cross-cutting rela-
tionships (when a fault or intrusion cuts through another
rock, the fault or intrusion is younger than the rocks cut
through), and inclusions (the rock mass containing the in-
clusion is younger than the rock that provided the inclu-
sion).

Unconformities are gaps in the rock record. Each repre-
sents a long period during which deposition ceased, ero-
sion removed previously formed rocks, and then
deposition resumed. The three basic types of unconfor-
mities are angular unconformities (tilted or folded sedi-
mentary rocks that are overlain by younger, more
flat-lying strata), disconformities (the strata on either side
of the unconformity are essentially parallel), and non-
conformities (where a break separates older metamorphic
or intrusive igneous rocks from younger sedimentary
strata).

Correlation, the matching up of two or more geologic
phenomena of similar age in different areas, is used to
develop a geologic time scale that applies to the whole
Earth.

Fossils are the remains or traces of prehistoric life. The
special conditions that favor preservation are rapid burial
and the possession of hard parts, such as shells, bones, or
teeth.

Fossils are used to correlate sedimentary rocks that are
from different regions by using the rocks’ distinctive fos-
sil content and applying the principle of fossil succession. It
is based on the work of William Smith in the late 1700s
and states that fossil organisms succeed one another in a
definite and determinable order, and therefore any time
period can be recognized by its fossil content. The use of
index fossils, those that are widespread geographically
and are limited to a short span of geologic time, provides

Review Questions

an important method for matching rocks of the same
age.

Each atom has a nucleus containing protons (positively
charged particles) and neutrons (neutral particles). Orbit-
ing the nucleus are negatively charged electrons. The
atomic number of an atom is the number of protons in the
nucleus. The mass number is the number of protons plus
the number of neutrons in an atom’s nucleus. Isotopes are
variants of the same atom, but with a different number of
neutrons and hence a different mass number.
Radioactivity is the spontaneous breaking apart (decay)
of certain unstable atomic nuclei. Three common types
of radioactive decay are (1) emission of alpha particles
from the nucleus, (2) emission of beta particles from the
nucleus, and (3) capture of electrons by the nucleus.

An unstable radioactive isotope, called the parent, will
decay and form stable daughter products. The length of
time for half of the nuclei of a radioactive isotope to
decay is called the half-life of the isotope. If the half-life of
the isotope is known, and the parent/daughter ratio can
be measured, the age of a sample can be calculated. An
accurate radiometric date can be obtained only if the
mineral containing the radioactive isotope has remained
in a closed system during the entire period since its
formation.

The geologic time scale divides Earth’s history into units of
varying magnitude. It is commonly presented in chart
form, with the oldest time and event at the bottom and
the youngest at the top. The principle subdivisions of the
geologic time scale, called eons, include the Archean, Pro-
terozoic (together, these two eons are commonly referred
to as the Precambrian), and, beginning about 542 million
years ago, the Phanerozoic. The Phanerozoic (meaning
“visible life”) eon is divided into the following eras: Pale-
ozoic (“ancient life”), Mesozoic (“middle life”), and
Cenozoic (“recent life”).

A significant problem in assigning numerical dates is
that not all rocks can be radiometrically dated. A sedimenta-
ry rock may contain particles of many ages that have
been weathered from different rocks that formed at vari-
ous times. One way geologists assign numerical dates to
sedimentary rocks is to relate them to datable igneous
masses, such as volcanic ash beds.

. Distinguish between numerical and relative dating.

2. What is the law of superposition? How are cross-cutting
relationships used in relative dating?

. Refer to Figure 9.4 (p. 250) and answer the following
questions:

a. Is fault A older or younger than the sandstone layer?
b. Is dike A older or younger than the sandstone layer?
c. Was the conglomerate deposited before or after fault A?
d. Was the conglomerate deposited before or after fault B?



10.

11.

e. Which fault is older, A or B?
f. Is dike A older or younger than the batholith?

. When you observe an outcrop of steeply inclined sedi-

mentary layers, what principle allows you to assume
that the beds were tilted after they were deposited?

. Amass of granite is in contact with a layer of sandstone.

Using a principle described in this chapter, explain how
you might determine whether the sandstone was de-
posited on top of the granite or whether the granite was
intruded from below after the sandstone was deposited.

. Distinguish among angular unconformity, disconformi-

ty, and nonconformity.

. What is meant by the term correlation?
. Describe William Smith’s important contribution to the

science of geology.

. List and briefly describe at least five different types of

fossils.

List two conditions that improve an organism’s chances
of being preserved as a fossil.

Why are fossils such useful tools in correlation?

12.

13.

14.

15.

16.

17.

FIGURE 9.19 Use this block diagram in conjunction with Review Question 12.
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Review Questions

Figure 9.19 is a block diagram of a hypothetical area in
the American Southwest. Place the lettered features in
the proper sequence, from oldest to youngest. Identify
an angular unconformity and a nonconformity.

If a radioactive isotope of thorium (atomic number 90,
mass number 232) emits 6 alpha particles and 4 beta
particles during the course of radioactive decay, what
are the atomic number and mass number of the stable
daughter product?

Why is radiometric dating the most reliable method of
dating the geologic past?
A hypothetical radioactive isotope has a half-life of
10,000 years. If the ratio of radioactive parent to stable
daughter product is 1:3, how old is the rock containing
the radioactive material?

To provide a reliable radiometric date, a mineral must
remain a closed system from the time of its formation
until the present. Why is this true?

What precautions are taken to ensure reliable radiomet-
ric dates?
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18. To make calculations easier, let us round the age of
Earth to 5 billion years.
a. What fraction of geologic time is represented by
recorded history (assume 5000 years for the length of
recorded history)?

b. The first abundant fossil evidence does not appear
until the beginning of the Cambrian period (540 mil-

Key Terms

lion years ago). What percent of geologic time is rep-
resented by abundant fossil evidence?

20. What subdivisions make up the geologic time scale?
21. Explain the lack of a detailed time scale for the vast span
known as the Precambrian.

22. Briefly describe the difficulties in assigning numerical
dates to layers of sedimentary rock.
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correlation (p. 252)
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flexibility of the Internet to aid in your study of
the topics in this chapter. Written and devel-
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.prenhall.com/tarbuck and click on the cover of Earth 9e to
find:

¢ Online review quizzes.
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