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 vii 

Interpreting Earth History was written to provide 
deeper learning activities for students enrolled in a 
college-level historical geology course. Material is 
organized in much the same sequence as chapters 
in most popular historical geology textbooks and 
it is expected that students will use the explana-
tory text at the beginning of each exercise to aug-
ment, not replace, textbook content. The purpose of 
the manual is to provide students the opportunity 
to engage with geological data from a variety of 
sources (maps, fossils, rocks, etc.) and at a variety 
of scales to discern and explain geological patterns.

Of special concern to instructors is the sequence 
of topics, as well as the number of exercises, time, 
and resources required for each lab. Each lab is writ-
ten as a stand-alone activity so that it can be assigned 
in concert with the sequence of topics adopted by 
individual instructors. Some exercises can be done 
outside of the lab as homework assignments. Others 
require access to rock and fossil specimens provided 
by the instructor and are best done in a laboratory 
setting. Most courses will not have time to include 

all of the exercises contained in this manual. The 
intent is to provide a wide selection of exercises 
from which instructors may choose, depending 
upon their teaching style, availability of materials, 
and other course needs.

The ninth edition of Interpreting Earth History 
contains timely updates to several previous labs and 
one entirely new exercise that addresses the concept 
of climate change from the perspective of deep time. 
The modifications and improvements to this new 
edition of Interpreting Earth History reflect critiques 
by students and instructors who have found this 
manual to be a valuable companion to the study of 
historical geology. We are appreciative to all who 
have adopted this manual for their courses and to 
those who continue to provide positive and con-
structive feedback.

Scott Ritter
Morris Petersen
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Introduction
The discovery of “deep time” is one of geology’s 

greatest contributions to human understanding. 
The conceptual foundations laid by eighteenth- and 
nineteenth-century geologists working in relatively 
small geographic areas paved the way for develop-
ment of the modern high-resolution geological tim-
escale (figure 1.1), which spans 4.6 billion years of 
Earth history and applies to geological features any-
where on Earth. The succession of eons, eras, and 
periods was constructed during the early part of the 
nineteenth century using the principles of relative 
dating that are the focus of this exercise. The abso-
lute timescale (numerical scale) was added after 
the discovery of radioactivity and the development 

of techniques that were able to reliably measure 
small amounts of radiogenic isotopes in geologi-
cal materials. The numerical scale, the subject of 
exercise 2, was developed during the latter half of 
the twentieth century.

Principles of Relative Dating
In this exercise, we are concerned only with 

a relative sequence of geological events; that is, 
event A preceded event B or geological feature B is 
younger than feature A, but older than feature C. To 
establish the correct order of events, geologists use 
five simple, but powerful, concepts. First, sedimen-
tary rock layers are horizontal when first depos-
ited. Any marked variation from the horizontal 

Learning Objectives	A fter completing this exercise, you will be able to:

1.	 understand the differences between relative and absolute (radiometric) dating;
2.	 define the principles of relative dating, which include original horizontality, superposition, cross-
cutting relationships, inclusions, and faunal succession;

3.	 establish the order of geological events that conspired to form the given relationships shown on block 
diagrams and images depicting geological features, as well as list the principle(s) that enabled you to 
establish the correct order of events;

4.	 recognize the four types of unconformities on block diagrams and images of actual field areas; and
5.	 explain the nature and relative duration of processes that create each type of unconformity.

Exercise 1

Relative Dating and Unconformities

Establishing Sequences of Events
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 Figure 1.1   Modern geological timescale showing relative order and ages/durations of eons, eras, periods, 
and Cenozoic epochs. (Based on International Commission on Stratigraphy, International 
Chronostratigraphic Chart, v2022/02.)
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indicates subsequent movement of the Earth’s 
crust. This relationship is called the principle of 
original horizontality.

Second, those rocks that are highest in a normal, 
undisturbed stratigraphic succession are youngest, 
or, conversely, those that are lowest in the undis-
turbed succession were deposited first and are old-
est. This major principle is known as the principle 
of superposition. For example, rocks exposed along 
the rim of the Grand Canyon are younger than the 
rocks exposed at the level of the Colorado River in 
the bottom of the canyon. In areas that have under-
gone intense folding and faulting, layers may have 
been overturned. In these cases, the position of a 
layer in a stratigraphic succession is not indicative 
of its relative age.

Third, geologic structures or rock bodies that 
cross-cut other structures or bodies are younger 
than the features that are cut—the principle of 
cross-cutting relationships. Geologically speak-
ing, faults or igneous dikes that offset or cross-cut 
series of strata are younger than the strata that are 
disrupted by faulting or intrusion. If an igneous 
dike is offset across a fault trace, this relationship 
indicates that the fault became active subsequent 
to the dike’s emplacement. Consider the timing of 
events in figure 1.2A. The purple bed, layer 2, was 
deposited as part of a single horizontal stratum. 
As a result of faulting, the right fault block moved 
down relative to the block on the left, thereby off-
setting the formerly continuous layer. Since layer 2 
is offset along the trace of the fault, movement of 

the fault occurred after deposition of layer 2. How 
much time passed between deposition of layer 2 
and its subsequent offset by faulting is impossible 
to tell from figure 1.2A. The faulting could have 
occurred 1,000 years or 1,000,000 years after depo-
sition of layer 2. Essentially the same relationships 
are shown in figure 1.2B, but here deposition was 
renewed after faulting. Layers 4 and 5 have not been 
cut by the fault and hence are younger than the most 
recent fault movement. Relationships in figure 1.2B 
permit us to conclude that deposition of layer 1 pre-
ceded deposition of layer 2 (superposition) and that 
layer 3 was deposited subsequent to layer 2 (super-
position). However, prior to deposition of layer 4, 
the fault became active, thereby offsetting layers 1 
through 3 (cross-cutting relationships). Layer 4 rep-
resents erosional material derived from layer 3 on 
the left (upthrown) side of the fault, but deposited 
on the down-dropped side of the fault. Since the 
trace of the fault does not cut across layering in layer 
5, this layer must be younger than the most recent 
movement on the fault (cross-cutting relationships). 
The principles of superposition and cross-cutting 
relationships permit us to easily discern the proper 
succession of geological events portrayed by the 
patterns in figure 1.2.

The principle of inclusions is a fourth way to 
determine relative ages. Simply put, a rock body 
represented by fragments (inclusions) embedded 
within another rock must be older than the rock that 
encloses the fragments. In figure 1.3A, fragments 
of metamorphic rock (dark) are embedded within 

 Figure 1.2  B lock diagrams showing relationships of normal faulting.

A.	 Relationships subsequent to faulting of units 1, 2, and 3. B.	 Relationships subsequent to erosion of the upthrown 
block and burial of both blocks by renewed sedimen-
tation. Cross-cutting relations indicate that the fault 
has not moved subsequent to deposition of sedimen-
tary units 4 and 5.
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granite (light). This relationship indicates that meta-
morphic rocks were torn from the wall of a magma 
chamber and enclosed within the magma as it was 
emplaced. In figure 1.3B, a layer of dark igneous 
rock (layer 3) is located between two layers of sand-
stone. This relationship may have occurred in one 
of two ways. Either the igneous layer formed as a 
surface flow subsequent to deposition of layer 2, but 
before deposition of layer 4, or the igneous layer was 
intruded as an igneous sill after deposition of layers 

2 and 4. A lava flow and a horizontal sill (sheet of 
intruded igneous material) appear similar in out-
crop and on geological maps, but have quite differ-
ent age relationships. The enclosure of sandstone 
fragments (inclusions) of layer 4 within igneous 
rocks of layer 3 indicates that layer 3 is an intrusive 
body emplaced after layer 4 was deposited. Rocks in 
contact with the intrusion may be baked. Baking of 
the top of layer 2 and the base of bed 4 (indicated by 
shading) provides further evidence that the igneous 

A.	 Inclusions of foliated metamorphic (dark) rock “float-
ing” in the mass of granite (light) indicate that the 
metamorphic rock is older.

C.	 The law of inclusions indicates that igneous layer 3 
was formed prior to deposition of sandstone layer 4.

B.	 An igneous sill has baked both the underlying and 
overlying strata. Inclusions of sandstone from layers 2 
and 4 indicate that igneous layer 3 post-dates both of 
the adjacent sandstone layers.

D.	 A dike has intruded beds 1 through 4, but is overlain 
(cross-cut) by layer 5. Inclusions of the dike rock were 
incorporated into the base of sandstone layer 5, also 
indicating that the dike was intruded and partially 
eroded prior to deposition of layer 5.

 Figure 1.3  B lock diagrams showing various relationships of igneous and sedimentary rocks that are useful in 
establishing the relative order of events.
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sheet is a sill rather than a buried basalt flow. Com-
pare figure 1.3B with relationships shown in figure 
1.3C. The inclusion of volcanic cobbles and boulders 
from layer 3 in the lower part of sandstone layer 4 
indicates that in this case the dark igneous layer was 
a surface basalt flow that was extruded and crystal-
lized before deposition of layer 4.

The fifth and final principle of relative dating is 
known as the law of faunal succession. In 1805, the 
British canal surveyor William “Strata” Smith noted 
that fossils occurred with such specificity within 
strata of southwestern England that he could use 
fossils to recognize and correlate sedimentary 
strata throughout all of England. Once understood, 
this orderly succession of fossils was used to divide 
geological time into the eons, eras, and periods that 
we know today. Time boundaries between geologi-
cal periods are based upon the first appearance of 
fossils in strata. For example, the base of the Devo-
nian System is defined as the first appearance of a 
graptolite species known as Monograptus uniformis. 
Each era, period, and epoch hosted unique species 
of plants and animals. Marine rocks of Paleozoic 
age can be recognized by the presence of trilobites. 
No trilobites have ever been found in Mesozoic or 
Cenozoic strata, neither by William Smith nor by 
the thousands of geologists and paleontologists 
that have followed him. Instead, Mesozoic rocks are 
characterized by the remains of organisms, such as 
dinosaurs, that lived during the Mesozoic Era.

The law of faunal succession is particularly use-
ful for making long-range correlations. For exam-
ple, it would be impossible to correlate sedimentary 
or volcanic rock layers exposed in the Grand Can-
yon in Arizona to age-equivalent strata in southern 
Russia using superposition, original horizontal-
ity, cross-cutting relations, or inclusions because 
these principles show the relative age relationship 
between rock bodies that occur in geographically 
contiguous areas. No sedimentary layer, lava flow, 
fault, or fold can be traced globally. However, if por-
tions of Arizona and southern Russia were covered 
by shallow oceans during the Permian Period, and 
these geographically distinct basins were both pop-
ulated by individuals of one or more widely dis-
persed species that existed only during the Permian 
Period, fossil remains of this species (faunal succes-
sion) could be used to establish time equivalence 
between sedimentary layers deposited in the two 
basins. It is just such paleontological relationships 
that permit us to recognize rocks of a particular age 
(Cambrian, Ordovician, etc.) on a global scale.

Unconformities in the 
Rock Record

The sedimentary rock record does not encode 
an unbroken history of deposition in any one place. 
A drop in sea level may cause sedimentation to 
cease for a period of time, or uplift and erosion may 
remove large volumes of rock from a given region. 
Surfaces between superjacent bodies of rock that 
reflect missing pages or chapters of Earth history are 
called unconformities. The angular unconformity 
at Siccar Point in southeastern Scotland (figure 1.4) 
is perhaps the most famous since it was discovered 
and described by James Hutton (the originator of 
uniformitarian geology) in the late 1700s.

Since Hutton’s time, unconformities have 
been recognized and studied around the world. 
In some rock successions, the amount of time 
reflected by the unconformities is greater than 
the time represented by the actual rocks. The four 
principal types of unconformities are angular 
unconformities, nonconformities, disconformities, 
and paraconformities. Perhaps the easiest to recog-
nize is the angular unconformity. This occurs when 
there is a degree of angular discordance between the 
layered rocks located above and below the plane of 
the unconformity. In figure 1.5A, horizontal rocks 
of Early Tertiary age straddle nearly vertical rocks 
of Jurassic age. Strata below the unconformity were 
tilted and eroded prior to deposition of the horizontal 
beds. Since we know that the rocks below and above 
the unconformity are Jurassic and Early Tertiary in 
age, respectively, we can determine that uplift and 
erosion of the Jurassic strata took place during the 
Cretaceous Period. A minimum of 80 million years 
of time (duration of the Cretaceous Period) is repre-
sented by this unconformity—far more time than it 
took to deposit the Jurassic and Early Tertiary rocks 
shown in figure 1.5A.

A second type of unconformity is called a non-
conformity. In this case, layered sedimentary rocks 
overlie an erosion surface developed on metamor-
phic and igneous rocks. Because the crystalline 
rocks that underlie nonconformities form deep in 
the crust where magmatism and regional metamor-
phism occur, the nonconformity reflects a period of 
tectonic mountain building followed by a prolonged 
period of regional erosion.

To understand the complexity and meaning of 
nonconformities, let’s consider the surface between 
the Precambrian Vishnu Schist and Cambrian Tapeats 
Sandstone exposed in the Grand Canyon (figure 
1.5B). The Vishnu Schist (dark rocks in the lower 
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part of figure 1.5B) began as a succession of marine 
shale and siltstone deposited in a Precambrian sea 
that occupied the Grand Canyon area over 1.8 bil-
lion years ago. The area was subjected to mountain 
building from 1.8 to 1.7 billion years ago (radiomet-
ric ages), at which time the fine-grained sediments 
were altered to schist and intruded by veins of gra-
nitic magma. During the ensuing 1.27 billion years, 
the tectonic highlands were taken down to their met-
amorphic-igneous roots by weathering and erosion, 
resulting in production of a relatively flat surface 
underlain by deeply weathered schist and granite. 
Approximately 530 million years ago, Cambrian seas 
spread across this surface, reworking unconsolidated 
materials into a basal conglomerate (basal Tapeats 
Sandstone) that was covered by subsequent layers of 
sand (Tapeats Sandstone), clay (Bright Angel Shale), 
and limestone (Muav Limestone). Radiometric dat-
ing of key beds indicates that the nonconformity 
between the Vishnu Schist and basal Tapeats Sand-
stone represents approximately 1.27 billion years of 
“missing” time. Compare the duration of this non-
conformity with that of the angular unconformity 
shown in figure 1.5A.

Disconformities comprise a third type of 
unconformity. These are more difficult to recognize 
than the preceding two types of unconformities 
because the sedimentary strata above and below 
the disconformity are parallel to one another. By 
definition, a disconformity is a surface of buried 
erosional relief between parallel layers of sedimen-
tary rock. This means that the surface underlying 
the disconformity was carved by shallow to deep 
stream channels prior to deposition of the over-
lying strata. Figure 1.5C shows a disconformity 
developed within the Paleogene Colton Forma-
tion of central Utah. It is not possible to tell how 
much time is represented by this disconformity, but 
it certainly reflects less time than either of the two 
unconformities described above.

Finally, an unconformity between sets of par-
allel sedimentary strata that shows no evidence of 
erosional relief is defined as a paraconformity. The 
suspected paraconformity surface may be overlain 
by a pebble conglomerate or by a concentration of 
insoluble minerals such as phosphates and sulfides. 
In some cases the paraconformity is physically indis-
tinguishable from a simple bedding plane. The most 

Devonian

Silurian

 Figure 1.4   Historically significant angular unconformity exposed as Siccar Point in southeastern Scotland. The 
angular discordance between Silurian (below) and Devonian (above) strata shown here corroborated 
James Hutton’s inference that the Earth was old and that its formative processes were cyclical.
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L
North Horn Formation-Paleocene

Green River Formation-Eocene

Flagstaff  Formation-Paleocene

Twist Gulch Formation-Jurassic
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Tapeats Sandstone
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Bright Angel Shale

Green River Fm.
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North Horn
Vishnu Schist
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Bright Angel Shale
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certain evidence of a paraconformable relationship 
is juxtaposition of fossils of distinctly different ages 
above and below the unconformable surface. Fig-
ure 1.5D shows paraconformable strata exposed in 
a road cut in southwestern Missouri. The recess in 
the cliff (white arrow) indicates the position of the 
paraconformity between the Early Ordovician Cot-
ter Dolomite and Early Mississippian strata (Bach-
elor Formation and Compton Limestone). Ages of 
these formations are determined by fossil content. 
Hence this seemingly simple bedding plane repre-
sents a hiatus that encompasses part of the Ordovi-

cian and the entirety of the Silurian and Devonian 
Periods. Without the aid of fossils, the significance 
of this surface could be easily overlooked.

The relationships shown in figure 1.5D suggest 
that the shallow oceans that covered southwestern 
Missouri during deposition of the Cotter Dolomite 
withdrew from the area, probably owing to regional 
uplift. By Early Mississippian time, the area sub-
sided below sea level once again and sedimentation 
resumed. The parallel arrangement of strata above 
and below the paraconformity indicates that strata 
below the paraconformity in this area were not 

A.	 Angular unconformity between Jurassic and Early 
Tertiary strata exposed in Salina Canyon, central Utah.

B.	 Nonconformity between Precambrian crystalline 
rocks (foliated schist and granite veins) and horizon-
tally bedded deposits of the Cambrian Tapeats Sand-
stone located in the lower part of the Grand Canyon of 
northern Arizona.

 Figure 1.5  T ypes of unconformities.  (continued)
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tilted or folded during the period of non-deposition 
(Ordovician through Early Mississippian time). The 
duration of the paraconformity shown in figure 1.5D 
may be unusually long for this type of unconfor-
mity. Paraconformities typically represent hiatuses 
of much shorter duration, perhaps on the order of 
thousands to tens of thousands of years.

Deformation (folding, faulting), metamorphism, 
igneous activity, and regional thinning of strata 
in conjunction with unconformities are evidence 
for major periods of mountain building that have 
affected the continental borders of North Amer-
ica during the geological past. The nature of the 

sediments related to erosional surfaces and to fault 
scarps, or other features of relief, may also aid in 
defining the relative time of formation of particu-
lar features. For example, the clastic wedges of the 
Devonian Catskill delta and the major Cretaceous 
belts of coarse conglomerates, coal-bearing sand-
stone, and shale in western North America effec-
tively date the time of major uplift of the Acadian 
Mountains in the east and Sevier Highlands of the 
west, respectively. Associated igneous and meta-
morphic rock bodies permit radiometric dating of 
these orogenic (mountain building) events.

C.	 Disconformity (white arrow) in the Paleogene Colton 
Formation, central Utah. The sand lens in the upper 
part of the outcrop photo is over 2 m thick and fills 
relief scoured into underlying siltstone and shale.

D.	 Paraconformity between parallel beds of the Ordovi-
cian Cotter Dolomite and the Mississippian Bachelor–
Compton Formations.

 Figure 1.5  T ypes of unconformities.
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Procedure	 Part A

Using the dating techniques discussed above, 
determine the sequence of geologic events repre-
sented in each of the block diagrams in figure 1.6.
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 Figure 1.6  B lock diagram exercise.  (continued)
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Procedure	 Part B

The Grand Canyon is one of the most spectacular 
laboratories of historical geology in the world. Use 
the cross section of the eastern Grand Canyon (figure 
1.7) to answer the following questions. For questions 
1 through 5, indicate which principle(s) of relative 
dating guided you in arriving at your answers.

 1.	What is the oldest body of rock in the Grand 
Canyon?

	 Principle(s)

 2.	What is the oldest sedimentary layer in the 
Grand Canyon?

	 Principle(s)

 3.	What is the youngest Precambrian formation in 
the canyon?

	 Principle(s)

A

B

C

D

F

G

E

H

D

A

K

C

J

B

G
F

E

H

I L

D E
youngest

oldest
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 Figure 1.6  B lock diagram exercise.
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 4.	What is the oldest Paleozoic formation exposed 
in the canyon?

	 Principle(s)

 5.	What is the name and lithology of the youngest 
formation?

	 Principle(s)

 6.	What formations comprise the Cambrian Sys-
tem in this area?

 7.	Visually trace the unconformity at the base of 
the Tapeats Sandstone from left (west) to right 
(east) across the diagram. How does the nature 
of the unconformity change from west to east?

 Figure 1.7  G eological relationships in the eastern portion of the Grand Canyon, Arizona.
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 8.	What Paleozoic Systems are not represented in 
the Grand Canyon?

 9.	Briefly discuss the nature of the Devonian Sys-
tem in this region in terms of its regional extent, 
lithology, and history.

10.	What was occurring in this area during the Mis-
sissippian Period?

11.	What is the nature of the boundary between the 
Redwall Limestone and the Supai Group?

12.	What was happening geologically in the Grand 
Canyon during the Ordovician Period?

13.	Briefly outline the geological history of the Grand 
Canyon from Precambrian time until now based 
upon the patterns revealed in figure 1.7.

14.	Which unconformity depicted in figure 1.7 rep-
resents the greatest hiatus (most complex and 
prolonged sequence of geological processes) 
in the Grand Canyon? Explain your answer in 
terms of the processes involved with the pro-
duction of these types of unconformities.

Procedure	 Part C

One of the best-kept secrets of the US Park Ser-
vice is Grand Canyon National Monument. Located 
approximately 170 km downstream from Grand 
Canyon National Park, the monument area displays 
a dramatic close-up view of the Grand Canyon, sev-
eral episodes of faulting, and a spectacular display 
of recent as well as ancient volcanic activity, includ-
ing a lava cascade that spilled into the Grand Can-
yon adjacent to Vulcan’s Throne and is preserved 
now as a frozen lava fall.

At this location, it is possible to apply the rules 
of relative dating to reconstruct the local geologic 
history with great clarity. Superposition and cross-
cutting relations are clearly illustrated by the geo-
logic relationships that can be observed in the rocks 
of the monument area.
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Figure 1.8 illustrates, in (A) photo, (B) sketch, 
and (C) cross section, the rocks in the immedi-
ate vicinity of Vulcan’s Throne at Grand Canyon 
National Monument. Study the photograph and 
the two line drawings of the area and answer the 
following questions.

 1.	Using superposition and cross-cutting relations, 
establish the proper chronologic sequence for 
the following list of topographic/geologic fea-
tures seen in this area:

	���� 	 Erosion of Grand Canyon

	���� 	 Erosion of ancient Toroweap Valley

	���� 	 Basalt cascades

	���� 	 Deposition of Supai Formation

	���� 	 Deposition of Muav Limestone

	���� 	 Deposition of Redwall Limestone

	���� 	 Deposition of Temple Butte Formation

	���� 	 Most recent eruption of Vulcan’s Throne

	���� 	 Early displacement of Toroweap Fault

	���� 	 Late displacement of Toroweap Fault

	���� 	 Deposition of Bright Angel Shale

	���� 	 Basalt filling ancient Toroweap Valley

	���� 	 Lava dams (remnants of which are preserved 
against the lower walls of canyon, labeled 
intracanyon lava flows on the cross section)

 2.	The elevation of the Colorado River below 
Vulcan’s Throne is 1,675 ft. How deep was the 
lake behind the highest lava dam adjacent to 
Vulcan’s Throne? Assume the lava dam was 
level with its remnant on the canyon wall below 
Vulcan’s Throne.

 3.	What is the total displacement of the Toroweap 
Fault in this area?

 4.	What is the thickness of the lavas that have filled 
ancient Toroweap Valley (see figure 1.8C)?

 5.	 If the basalt at the top of ancient Toroweap Val-
ley yields a radiometric date (K/Ar) of 15,000 
years, and the lowermost flows in the same val-
ley yield an age of 1.2 million years, calculate the 
rate of basalt filling in the valley (ft/my).
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 Figure 1.8B  S ketch of the area included in figure 1.8A. (Courtesy of W. K. Hamblin.)

 Figure 1.8C   Line drawing of the wall of Grand Canyon below Vulcan’s Throne. The basalt cascade shown in these 
illustrations is derived from a volcano located between 4 and 5 miles north–northwest of Vulcan’s 
Throne. This view is looking to the north.
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Learning Objectives	A fter completing this exercise, you will:

1.	 be able to explain why radioactive decay provides a means for calculating the ages of geological 
materials;

2.	 be able to define the concept of half-life as it pertains to radioactive materials;
3.	 have familiarized yourself with the parent-daughter isotope pairs most commonly used to calculate 
ages of geological materials;

4.	 be able to indicate the types of source materials that contain radiogenic uranium, potassium, 
rubidium, and carbon;

5.	 be able to calculate the absolute ages of materials given the ratio of parent-daughter isotopes and the 
appropriate decay constant; and

6.	 know how radiometric dating of chiefly igneous bodies can be used to determine the ages and 
durations of eons, eras, periods, and epochs (which were chiefly determined on the basis of 
sedimentary rocks).

The age of Earth is approximately 4.6 billion 
years. This age, which was based upon radiomet-
ric dating, is dramatically older than ages calcu-
lated by previous means. For example, in 1899, 
John Joly attempted to estimate the age of Earth 
by measuring the amount of salt the rivers of the 
world carry to the sea annually and comparing that 
to the total salt in the ocean. Since the oceans’ salt 
is derived from weathering of rocks on Earth’s sur-
face, Joly estimated 90 million years had elapsed 
since the first freshwater oceans condensed on 
Earth’s surface. Since Earth is much older than 

this, the oceans should be much saltier than they 
are. Clearly there are mechanisms by which salt is 
removed from the oceans.

Several scientists have approached the age of 
Earth by studying the thickness of sedimentary 
rocks on Earth’s surface and comparing them with 
modern rates of accumulation for these rock types. 
The resulting ages range from 17 million years to 
as much as 1.5 billion years. With a modern under-
standing of plate tectonics we recognize the prob-
lems with this approach. Deposition of sediment is 
interrupted and sediment is recycled.

Exercise 2

Radiometric Ages

Establishing the Absolute Ages 
of Geological Events
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Lord Kelvin approached this problem by study-
ing the cooling of Earth. He measured the increase 
in temperature of the crust by depth in deep mines. 
We call the increase in temperature with depth in 
Earth’s interior the geothermal gradient. He calcu-
lated how long it would take for a molten Earth to 
cool so that the geothermal gradient in Earth’s crust 
matched his measurements. He estimated that this 
would take 24 million years. Kelvin did not under-
stand that the natural decay of radioactive isotopes 
produces heat. He also did not know that convec-
tion in the mantle heats the lithosphere from below, 
raising the geothermal gradient he measured. Thus, 
his estimate was also far too young.

In 1896, a French physicist, Henry Becquerel, 
discovered radioactivity, a process whereby iso-
topes of certain elements, uranium for example, 
spontaneously break down to form isotopes of 
new and lighter elements such as lead. Using the 
principle of radioactivity to study the decay of ura-
nium to lead, in 1907 an American chemist, Bertram 
Boltwood, calculated ages for rocks in various parts 
of the geologic column. In spite of his rough calcula-
tions, Boltwood’s calculated dates were remarkably 
close to presently accepted ages for the same rocks.

Radiometric ages are calculated in number of 
years and are referred to as absolute rather than rel-
ative ages. The basis for radiometric ages is natural 
radioactivity—the spontaneous decay of certain iso-
topes, called parent isotopes, to produce unique end 
products called daughter products, which accumu-
late as the parent material decays, as shown in figure 
2.1. The decay rate, as well as the type of radioactive 
particle emitted, is unique for each radioactive iso-
tope. The time period required for half of the atoms 
to decay is called the half-life.

Modes of Decay
Most radioactive isotopes decay by one of the 

following types of radiation:

•	 Alpha radiation: Alpha particles are composed 
of two protons and two neutrons from the par-
ent isotope’s nucleus. The loss of an alpha par-
ticle, therefore, reduces the parent isotope by 
four mass units (atomic weight) and reduces 
the atomic number by two. For example, parent 
uranium-238 decays to daughter lead-206. The 
decrease in mass number is four. Thorium has 
an atomic number of 90, whereas uranium has 
92. Thus, the atomic number, or number of pro-
tons, decreases by two. All of this results from 
the emission of one alpha particle. Thorium-234, 
in turn, is also radioactive, and a series of decays 
eventually lead to the formation of lead-206, 
which is stable.

•	 Beta radiation: Beta decay is a high-energy 
electron released from the nucleus, converting 
a neutron into a proton. The parent material 
changes only by the addition of a single proton 
in its nucleus, or an atomic number increase of 1. 
Mass number remains the same because the mass 
of the emitted electron is insignificant compared 
to the masses of the neutrons and protons. Beta 
radiation can also result by capture of an elec-
tron by the nucleus. The result of this change is 
the same except the atomic number decreases 
by 1. Rubidium-87 decaying to strontium-87 is 
an example of losing an electron and increasing 
the atomic number by one. Potassium-40 decay-
ing to argon-40 illustrates electron capture and a 
decrease in the atomic number by one.

•	 Gamma radiation: Energy release is similar to 
X-rays.
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 Figure 2.1  G raph showing decay of parent material 
with simultaneous buildup of daughter 
products over half-life intervals of time.
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Limitations to Radiometric 
Age Determination

Radiometric ages have limitations, depending 
upon a number of factors. Some methods are more 
precise, some less, depending upon a variety of con-
ditions. Some issues associated with radiometric 
ages include:

1.	 For many, but not all, methods of measur-
ing the absolute age of a rock or mineral, 
the sample must have remained closed. This 
means that neither parent nor daughter iso-
tope has been gained or lost from the sample 
by reheating, chemical weathering, or some 
other process.

2.	 The equipment used, usually a mass spec-
trometer, must have sufficient accuracy and 
precision.

3.	 The result must be properly interpreted and 
the technique(s) must be appropriate for a 
specific geologic problem. For example, one 
technique applied to a metamorphosed plu-
ton might reveal the age of metamorphism. 
Another technique applied to the same rock 
might estimate the age of the protolith. These 
ages could be very different, so care must be 
taken to chose the correct method and then 
interpret the results carefully.

The Radioactive Decay Law
The principle of radiometric age determination 

can be expressed by the following simple relationship:

A
A

t
o

= -( )exp l

where

	 A	 =	 the activity per unit weight of some 
radioactive parent isotope at some time t 
in a sample of interest

	 Ao	=	 the activity per unit weight of the parent 
isotope when the sample formed

	 l	 =	 the decay constant

	 t	 =	 the age of the sample

The age of the sample is thus:

It is very valuable to understand what the decay 
constant (l) represents. We can do this by assuming 
that one half-life of the parent isotope has passed:

Thus the decay constant (l), after rearrangement, is 
defined as:

The decay constant (l) is really just another way to 
express the half-life. This relationship is true for all 
radiometric techniques.

Table 2.1 lists the radioactive parent isotopes 
most commonly used for radiometric age determi-
nation. Also listed are the decay products (daughter 
isotopes), calculated half-lives, and sources of radio-
active geological materials. Using table 2.1, we can 
apply radiometric dating to calculate the age of a 
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 Table 2.1 
Chart showing various 
isotopes used in radiometric 
dating, their daughter 
isotopes, duration 
of one half-life, and 
source materials for the 
parent isotope.

Parent 
Isotope

Daughter 
Isotope

Duration of 
Half-Life (T )

Source 
Materials

Uranium-238 Lead-206 4.5 billion years Zircon, uraninite

Uranium-235 Lead-207 713 million years Zircon, uraninite

Potassium-40 Argon-40 1.3 billion years Biotite, muscovite, 
whole volcanic rock

Rubidium-87 Strontium-87 48.6 billion years Mica, feldspar, 
hornblende

Thorium-232 Lead-208 14.0 billion years Igneous rocks

Carbon-14 Nitrogen-40 5,730 years Wood, bone, coral
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material. For example, let’s say that a zircon crystal 
originally contained 100 million uranium-238 atoms 
and zero lead-206 atoms. It now contains 84.1 mil-
lion atoms of U-238 and 15.9 atoms of Pb-206. Since 
84% of the parent isotope remains, using figure 2.2 
we see that one-quarter of a half-life has elapsed. We 
can now calculate the age of the material as follows:

or

0.25 × 4.5 billion years = 1.125 billion years

half-lives 
elapsed

 × 
duration of 

half-life
 = a

Ê
ËÁ

ˆ
¯̃

Ê
ËÁ

ˆ
¯̃

gge in years

Procedure
The eons, eras, periods, and epochs of the geo-

logical timescale (figure 1.1) were constructed by 
applying the principles of relative dating to fossil-
bearing sedimentary rock sequences in England and 
elsewhere. Sedimentary rocks are not conducive to 
radiometric dating because they are comprised of 
sedimentary particles derived from older source 
materials. Radiometric dating of sedimentary rock 
particles indicates the age of the igneous or meta-
morphic rock from which the particle was derived, 
not the age of sedimentary deposit to which it now 
belongs. Depositional ages are calculated by extrap-
olation from the ages of associated igneous and met-
amorphic rock bodies.

Determining the Absolute Age 
of the Carboniferous–Permian 
System Boundary

Although radiometric dating of each eon, era, 
and period boundary is based upon somewhat dif-
ferent isotopes, source materials, and stratigraphic 
relationships, the methodology that you use to date 
the beginning of the Permian Period is similar to that 
used in defining the ages of other geologic periods, 
eras, and eons. In this part of the exercise, you will:

•	Determine the placement of the Carboniferous–
Permian boundary in the deep-water Usolka 
River section (figures 2.3 and 2.4) using strati-
graphic occurrences of key conodont species.

•	Determine the radiometric age of the Carbon-
iferous–Permian boundary by integrating ra-
diometric dates derived from ash beds (ben-
tonites) with the conodont data derived from 
marine limestones.

The Carboniferous–Permian boundary is defined 
by the first occurrence of the conodont species 
Streptognathodus isolatus in the sedimentary succes-
sion at the Aidaralash Creek type locality in northern 
Kazakhstan, located a few hundred kilometers south 
of the Usolka River locality. Strata of beds 1 through 
39 (Late Carboniferous–Early Permian) at the type 
locality consist of deep-water silt and clay, with occa-
sional sand and very coarse sand lenses and coarse 
ammonoid-, fusulinid-, and conodont-rich limestone 
beds. Horizons containing pebble and small cobble-
size limestone concretions also yield conodonts. Ash 
beds and other rock types containing radiometrically 
dateable igneous materials are rare. However, time-
equivalent strata exposed along the Usolka River 
in southern Russia contain conodont-bearing strata 
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 Figure 2.2  G raph showing decay curve for 
radiogenic isotopes.
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 Figure 2.3  S tratigraphy of Carboniferous–Permian boundary strata at the Usolka River section, Russia.
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interbedded with volcanic ash layers called benton-
ites and ash-rich sandstone beds. Laminated green 
and black shales are the most common rock type 
at Usolka. The rain of siliciclastic silt and clay was 
interrupted from time to time by deposition of dis-
tal carbonate turbidites (thin limestone beds), sandy 
turbidites (graded quartz sandstone), and slurries of 
ash and quartz sand (tuffaceous sandstone). Volca-
nic ash falls derived from tectonic uplift of the Ural 
Mountains accumulated as bentonites in this quiet-
water setting. Although the deep-water setting was 
hostile to most forms of life, conodont elements are 
very abundant in the fine-grained limestones and in 
selected bentonite beds. These were transported into 
the basin by turbidity currents or swept from the 
water column by toxic ash falls.

Radiometric Ages on the Web
The International Commission on Stratigraphy 

(ICS) (www.stratigraphy.org) is the largest scientific 
body within the International Union of Geological 
Sciences (IUGS). One of its major objectives is the 
establishment of a standard, globally applicable 
stratigraphic scale, which it seeks to achieve through 
the coordinated contributions of a network of Sub-
commissions and Working Groups. The following 
information concerning the Carboniferous–Permian 
boundary was modified from the information pro-

vided in the section entitled “Chart/Time Scale” on 
their official website. This location contains infor-
mation regarding the current definitions of all sys-
tem and stage boundaries.

Conodont Data
 1.	The list below shows the occurrences of key con-

odont species in the Usolka River section. Using 
this data, plot the ranges of all conodont spe-
cies on figure 2.3. Ranges of S. bellus, S. pawhus-
kaensis, and S. brownvillensis have already been 
done by way of example.

Sample 13	 S. bellus, S. pawhuskaensis
Sample 15/1	 S. pawhuskaensis, S. brownvillensis
Sample 16/1	 S. brownvillensis, S. simplex
Sample 16/2	 S. brownvillensis
Sample 16/3	 S. simplex, S. wabaunsensis
Sample 16/4	 S. wabaunsensis
Sample 16/5	 S. wabaunsensis, S. isolatus
Sample 16/6	 S. wabaunsensis, S. isolatus,
	 S. cristellaris, S. longissimus
Sample 16/7	 S. cristellaris
Sample 18/1	 S. longissimus, S. constrictus
Sample 20	 S. longissimus, S. barskovi
Sample 21	 S. constrictus, S. barskovi

 Figure 2.4   Outcrop view of the Usolka River section, Russia.
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Radiogenic Isotope Data
The Carboniferous–Permian boundary beds 

at Usolka contain nine bentonite beds (labeled “a” 
through “i”), two tuffaceous sandstone beds, and 
a graded quartz sandstone bed (figure 2.3). Each 
of these beds yields zircon crystals (figure 2.5) that 
contain small amounts of uranium-238 (parent) and 
lead-206 (daughter). Table 2.2 shows the ratio of Pb-
206/U-238 in zircon crystals from ash beds e, f, g, 
and i and from a graded sandstone bed labeled 18/4.

 2.	Using the isotopic data listed in table 2.2, calcu-
late the average Pb-206/U-238 values for each 
sample using data from bed 18/4 as an example. 
Record your answers in the row labeled “sam-
ple average” for each column in table 2.2. Use 
the average Pb-206/U-238 values to approximate 
the age of each ash bed using figure 2.6.

 3.	Do the radiometric ages make sense stratigraph-
ically? Are superpositionally younger strata also 
radiometrically younger? If not, which date(s) 
seem(s) to be wrong and why?

 4.	Use the relationships shown in figure 2.3 along 
with the conodont and isotopic data provided 
to calculate the age of the Carboniferous–Perm-
ian boundary. Suggest an absolute age for the 
boundary between the Carboniferous and Perm-
ian Systems.

	  million years.

	 Compare your estimate with the date shown on 
figure 1.1.

Bentonite 
“e”

Bentonite 
“f”

Bentonite 
“g”

Bentonite 
“i”

Bed 
18/4

0.04762 0.04753 0.04729 0.04717 0.1712

0.04758 0.04747 0.04726 0.04720 0.1731

0.04767 0.04763 0.04735 0.04723 0.1698

0.04753 0.04738 0.04732 0.04712

0.04745 0.04745 0.04724 0.04718

0.04772 0.04754 0.04728 0.04719

0.04751 0.04737 0.04714

0.04741

0.04759

Sample average 0.1714

 Table 2.2 
Lead-206/uranium-238 
ratios of individual 
zircon crystals from 
Usolka River samples.

0.5 mm

Pb-206/U-238 = .04755

 Figure 2.5  S canning electron microscope image of a 
zircon crystal.
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 24 

Introduction
Sedimentary rocks are extremely useful to stu-

dents of Earth history because they store informa-
tion about such things as paleogeography, past 
depositional environments, climate change, paleo-
ecology, evolution, and extinction. From a practical 
view, sedimentary rocks are important because they 
contain essential resources such as oil, gas, coal, and 
metals. In order to “decipher” the history encoded 
in sedimentary rock layers or understand how to 
locate and extract resources from them, geologists 
must first learn to “read” the rocks. Your challenge 
is to become proficient at recognizing and describ-
ing those attributes (texture and composition) that 
reveal a rock’s depositional and post-depositional 
history. You will begin acquiring this proficiency in 

Materials you will need for this exercise:
1.	 Study set of clastic rocks with a range of 

compositions and textures
2.	 Study set of limestones with a range of 

compositions and textures
3.	 Study set of sedimentary structures that includes 

cross-bedding, asymmetrical and symmetrical 
ripple marks, graded bedding, mudcracks, and 
biogenic features (trace fossils)

4.	 Grain-size card
5.	 10X hand lens
6.	 Dilute hydrochloric acid (HCl)
7.	 A reference set of common rock-forming minerals 

and rocks for comparative purposes
8.	 A reference set of common carbonate grains 

including ooids, intraclasts, and a variety of fossils

Learning Objectives	A fter completing this exercise, you will be able to:

1.	 compare and contrast the origin, texture, and composition of clastic and chemical sedimentary rocks;
2.	 see and characterize the size, shape, and sorting of particles comprising clastic sedimentary rocks;
3.	 approximate the relative abundance of quartz, feldspar, and lithics in a hand sample of sandstone;
4.	 classify clastic sedimentary rocks according to the Dott classification scheme;
5.	 characterize the texture of limestone;
6.	 determine the grain composition of limestone; and
7.	 classify limestone samples using the Dunham classification scheme.

Exercise 3

Analysis of Sedimentary Rocks
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this exercise by carefully describing, classifying, and 
interpreting a suite of sedimentary rocks. In the pro-
cess, you will become acquainted with the descrip-
tive terminology and classification schemes used by 
practicing sedimentary geologists.

Clastic and Chemical 
Sedimentary Rocks

Sediment results from the mechanical and chem-
ical decomposition of preexisting igneous, metamor-
phic, or sedimentary rock. Sediment is produced 
by a suite of processes collectively called weather-
ing. Mechanical weathering (frost wedging, exfolia-
tion) breaks bedrock into pieces that can be carried 
downslope by gravity, water, wind, and ice. Chemical 
weathering of feldspar-rich granite and gneiss pro-

duces clay (clastic) particles that are carried down-
stream in suspension as well as dissociated ions that 
are carried in solution (chemical sediment). Clastic 
(or detrital) sedimentary rock forms when mechani-
cally derived material is compacted and cemented in 
a basin of deposition. Chemical sedimentary rocks 
such as rock salt and limestone form when chemi-
cally derived sediment carried in solution is precipi-
tated through evaporation or biogenic activity. These 
two major families of sedimentary rocks will be dis-
cussed separately, beginning with clastic rocks.

Describing Clastic 
Sedimentary Rocks

Clastic sedimentary rocks are composed of frag-
ments (clasts) of minerals, rocks, or fossils that have 
been transported from the site of sediment produc-

tion (provenance) to the site of 
deposition by wind, water, and/
or ice. The nature of the source 
area, the transport history, and 
the environment of deposition 
are indicated by the texture, 
composition, and layering of 
the resulting sedimentary rock. 
Hence, the process of decipher-
ing a rock’s history begins with 
a thorough description of these 
attributes.

Texture refers to size, sort-
ing, and shape of a rock’s con-
stituent clasts or particles. In 
nature, mechanical weathering 
produces particles that range 
in size from clay and silt at one 
extreme to house-size boulders 
at the other. By convention, 
geologists divide clastic sedi-
ment into three size categories 
(mud, sand, and gravel) using 
the Wentworth scale. Note that 
these household terms have 
specific meanings to geologists: 
“mud” refers to particles that are 
less than 1/16 mm in size, “sand” 
to particles ranging from 1/16 
to 2 mm, and “gravel” to mate-
rial coarser than 2 mm. Each of 
these can be further subdivided 
as shown on figure 3.1. In prac-
tice, grain size is readily evalu-
ated by comparing particles in 
a hand sample to a grain-size 
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 Figure 3.1   Wentworth grain-size scale for clastic sediment showing size 
ranges (in mm) along with corresponding particle, sediment, 
and rock names.
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comparator such as the readily available “grain-size 
card” (figure 3.2). This is done by holding the grain-
size card next to the sample, comparing the grain-size 
scale on the card with the grains in the rock (using a 
10X hand lens), and recording the results in a note-
book. We cannot overemphasize the importance of 
using a hand lens to inspect the texture and composi-
tion of sedimentary rocks!

Sorting is a measure of the variation in grain 
size within a sediment sample or sedimentary rock 
(figure 3.3). Poorly sorted sediment displays a wide 
range of grain sizes, while well-sorted sediment 
shows little variation in the diameter of constituent 
grains. Sorting provides insights into the medium of 
sediment transport. Sediment that has been moved 
by wind and water is often rather well sorted. Sedi-
ment deposited rapidly by debris flows or floods is 
more poorly sorted. Since ice has no means of sorting 
the material that it carries, glacial deposits are among 
the most poorly sorted sediments in the rock record.

Shape, ranging from well rounded to very angu-
lar, refers to the smoothness or sharpness of a particle’s 
corners and edges. This is a qualitative description 

that can be categorized using a standard shape com-
parator, such as that shown in figure 3.4. Rounding is 
caused by impact with other clasts, which knocks off 
sharp edges. The degree of roundness is controlled 
by the composition of the grain, the grain size, and 
the distance that the sediment has been transported. 
When first weathered from an igneous or metamor-
phic source rock, the majority of grains are angular. 
Because quartz lacks cleavage, angular quartz grains 
become increasingly rounded as they are transported 
downstream or spend long periods washing back 
and forth on a beach. Feldspar crystals, however, 
retain angular corners and edges even during long 
periods of transport because they possess cleavage 
planes that meet at sharp angles. Studies have shown 
that larger clasts become rounded more quickly dur-
ing transport than do smaller grains of similar com-
position.

Composition is an important attribute of sedimen-
tary rocks in terms of classification and interpretation. 
Clast composition is readily ascertained in coarse-
grained rocks where clasts can be easily investigated 
with the naked eye or a hand lens. Determination 

Very Coarse Sand (2.00 – 1.00 mm)

Coarse Sand (1.00 – 0.50 mm)

Medium Sand (0.50 – 0.25 mm)

Fine Sand (0.25 – 0.125 mm)

Very Fine Sand (0.125 – 0.062 mm)

extremely 
well sorted

moderately
sorted

poorly
sorted

very poorly
sorted

well sorted

cement or
pore space

silt and 
mud

grains or 
clasts

 Figure 3.3   Images for visually estimating sediment sorting.

 Figure 3.2  G rain-size card.
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of grain composition becomes increasingly difficult 
with decreasing grain size, requiring thin section 
analysis for sandstones or x-ray diffraction for the 
finest-grained rocks. Visual evaluation of grain com-
position requires some familiarity with the attributes 
of common rock-forming minerals (quartz, feldspar, 
mica, pyroxene, and amphibole) and recognition of 
basic rock types. The mineral and rock composition of 
sandstone grains reveals information about the nature 
of the sediment source area—whether is it predomi-
nantly igneous, metamorphic, or sedimentary in com-
position. Since the majority of rock-forming minerals 
belong to the silicate family of minerals, clastic rocks 
are commonly referred to as siliciclastic sedimentary 
rocks or simply siliciclastics. More will be said about 
common sedimentary rock constituents later.

The color of a sedimentary rock can provide clues 
regarding the environment in which it was depos-
ited. The most telling colors are red (indicating the 
presence of oxidized iron) and black (indicating the 
presence of carbon). Iron is present in most sedimen-
tary rocks, whether in constituent mineral grains, the 
matrix, or the cement. When oxidized, even a small 
amount of iron can turn the rock red. Since oxygen 
is abundant in the atmosphere, most sedimentary 
rock deposited in nonmarine settings (such as river 
flood plains and alluvial fans) are red, pink, tan, and 
yellow. By contrast, iron-bearing sedimentary rocks 
deposited in shallow marine settings, especially 
shales and siltstones, are typically green or gray.

Black shales and limestones form in areas where 
organic matter is abundant and oxygen levels are 
low. In these the sedimentary carbon is not oxidized. 

These occur in bodies of water, both oceans and lakes, 
where circulation is poor, and organic productivity is 
high. The presence of sulfur in these anoxic settings 
may favor the precipitation of iron pyrite (FeS2). 
Black, pyrite-bearing shales represent deposition in 
deep marine and stagnant shallow lagoonal settings. 
Gray shales are typically indicative of deposition in 
shallow to moderately deep marine environments.

When characterizing the color of a sedimentary 
rock, you should state the main color, preceded by 
a modifier such as light gray, medium gray, or dark 
gray. If the specimen is red with hues of brown it 
should be described as brownish red, light brown-
ish red, medium brownish red, etc. If the rock is 
primarily gray with hues of green the color should 
be recorded as greenish gray, light greenish gray, 
medium greenish gray, etc. Weathering may alter 
the surface of a rock, so when possible describe the 
color on both a fresh and on a weathered surface. 
The color that you enter on the lab sheet is quali-
tative. Different people may come up with slightly 
different names for the same color. For purposes of 
this exercise, describe the colors that you see as sim-
ply and accurately as possible.

Types of Clastic Sedimentary Rocks
Clastic sedimentary rocks are classified on the 

basis of grain size and composition (figure 3.1). 
Coarse-grained rocks comprised of gravel-size par-
ticles are classified as either conglomerate (rounded 
clasts) or breccia (angular clasts). Sandstone is 
formed by compaction and cementation of sand-
size particles and are variably called arenites if over 
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 Figure 3.4   Images for visually estimating degree of particle rounding. (Based on Powers, 1953.)
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95% of grains are sand-size, or wackes if the mud-
size matrix comprises between 5 and 50% of the 
rock. Sedimentary rocks with over 50% mud-sized 
particles (silt and clay) are called mudrocks. If the 
majority of the particles falls within the silt range 
the rock is called a siltstone. Claystone is comprised 
predominantly of clay-size particles. If the clay-rich 
rock is platy or fissile, it is classified as shale.

Classification of Sandstones
The popular sandstone classification scheme 

of Dott (1964) is based upon two defining param-
eters: the percentage of mud-sized matrix and the 
composition of the sand framework grains (figure 
3.5). Three principal types of sandstones are defined 
based upon the relative abundance of quartz, feld-
spar, and lithics (rock fragments) in the sand-size 
fraction (figures 3.6, 3.7, and 3.8). Sandstones in 
which the framework sand grains are comprised 
almost exclusively of quartz (90 to 100%) are clas-
sified as quartz arenites or quartz wackes. Sand-
stones with significant amounts of feldspar are 
termed feldspathic arenites or feldspathic wackes. 
Feldspar-rich sandstone is also called arkose. Lithic 
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 Figure 3.5  C lassification scheme for clastic sedimentary rocks proposed by Dott (1964) based upon composition 
(quartz, feldspar, lithics) and texture (percent matrix). The term arenite is applied to sandstones 
containing less than 5% matrix. Wackes contain between 5 and 50% matrix. Rocks containing greater 
then 50% matrix are classified as mudrocks and shale (fissile mudrocks).
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 Figure 3.6   QFL diagram showing the relative 
abundance of quartz, feldspar, and 
lithic (rock) fragments in two selected 
sandstone samples.
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arenites and lithic wackes are sandstones with a 
significant percentage of rock fragments (lithics).

In practice, sandstone classification proceeds by 
first determining the percentage of matrix in the rock. 
This may take some practice. The relative abundance 
of matrix is best determined by performing a point-
count on a thin section of the rock in question. This 
procedure can be quite expensive and time-consum-
ing. You will approximate the relative abundance of 
fine-grained matrix with a hand lens. If the rock has 
0 to 5% matrix it is an arenite. If the rock contains 
5 to 50% matrix it is a wacke. If it has greater than 
50% mud-size matrix it is classified as a mudrock. 
Once you have determined if the sample is in fact 
an arenite or a wacke, further classification requires 
that you determine the relative abundance of quartz, 
feldspar, and lithics in the sand-size fraction. Again, 
the most accurate procedure for determining the 
relative abundance of these three constituents is the 
point-count method. In this exercise you will need to 
estimate the relative abundance of these constituents 
using a hand lens. This technique is not as accurate 
but should permit you to estimate the composition 
within allowable limits. Once you have estimated 
the relative abundance of sand grains for a given 
sample, plot the point that represents this ratio on 
the corresponding QFL diagram (siliciclastic rock 

data sheet). To illustrate how this is done, we have 
plotted the composition of two arenites, A and B, on 
figure 3.6. Arenite A contains 95% quartz, 3% feld-
spar, and 2% lithics (figure 3.6). The point represent-
ing this sandstone falls within the triangle at the top 
of the QFL diagram, indicating that it is classified as 
a quartz arenite. Arenite B contains 60% quartz, 30% 
feldspar, and 10% lithics (figure 3.6). This rock plots 
in the portion of the triangular diagram reserved 
for feldspathic arenite. If examples A and B above 
contained between 5 and 50% matrix they would 
have been classified as quartz wacke and feldspathic 
wacke, respectively.

Describing Carbonate Rocks
Carbonate rocks are comprised of carbonate 

minerals, chiefly aragonite (CaCO3) and calcite 
(CaCO3) precipitated from seawater by the shell-
secreting activities of algae and invertebrate ani-
mals, and to a lesser degree by abiotic precipitation. 
Compaction and cementation of these biogenically 
produced sediments (skeletons, shells, and mud) 
results in the formation of limestone, prompting 
the sedimentologist Noel James to quip that “Lime-
stones are born, not made.” Partial replacement of 

0 0.5 mm

Quartz Feldspar Rock Fragments
(Lithics)

Cement

A    Quartz arenite B    Feldspathic arenite

Quartz = 95%; Feldspar = 3%; Lithics = 2% Quartz = 60%; Feldspar = 30%; Lithics = 10% Figure 3.7 
Sketches showing 
the appearance of 
A. a quartz arenite and 
B. a feldspathic arenite 
in thin section. 
Note scale.
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A.	 Thin section of subrounded quartz (q) grains embed-
ded in blue epoxy resin.

C.	 Thin section of feldspathic arenite. Angular quartz (q) 
and feldspar (f) grains floating in calcite (c) cement 
(brown).

E.	 Thin section of lithic arenite. Subrounded to suban-
gular quartz (q) and rock (lithic) fragments (l) sur-
rounded by calcite (c) cement (gray).

B.	 Thin section of fine-grained quartz arenite. Note 
rounded quartz grains.

D.	 Thin section of feldspathic wacke. Grains consist of 
quartz (q) and feldspar (f).

F.	 Thin section of a lithic wacke. Quartz (q), lithic frag-
ments (l) and clay (cl) cement.

 Figure 3.8   Images of selected sandstones showing the appearance of quartz, feldspar, and lithic fragments in thin 
section. Also note differences in shape and sorting.
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calcium with magnesium through interaction with 
Mg-bearing water, shortly or long after deposi-
tion, may alter calcite in limestone to the mineral 
dolomite (CaMg(CO3)2). A limestone that has been 
largely or completely altered to dolomite is called a 
dolostone. Together, limestone and dolostone com-
prise the suite of rocks known as carbonates.

Composition of Carbonate Rocks
Sedimentary carbonate rocks are comprised of 

three main constituents: mud, grains, and cement/
pore space. The matrix of most limestones consists of 
mud-size (< 4 microns) calcite crystals called micrite 
or simply carbonate mud. This dense, fine-grained 
carbonate material results from several processes, 
including inorganic precipitation of calcite from sat-
urated seawater, disaggregation of calcareous green 
algae into mud-size crystals, breakdown of skeletons 
of marine invertebrates, as well as precipitation of 
mud-grade cements between and within grains. Other 
processes resulting in production of carbonate mud 
have also been described, but for purposes of classifi-
cation it is more important to recognize the presence 
and relative abundance of primary carbonate mud in 
a rock sample than to determine the process or pro-
cesses responsible for its presence. The amount of 
mud in carbonate rocks ranges from 0 to 100%.

Carbonate grains are commonly separated into 
four major categories: skeletal remains, ooids, 
intraclasts, and peloids (figure 3.9). As the name 
implies, skeletal grains (figure 3.9A and 3.9B) are 
the whole or partial remains of carbonate-secreting 
plants and animals. Marine algae and invertebrates 
(snails, clams, trilobites, sand dollars, etc.) furnish 
the bulk of sediment deposited in carbonate envi-
ronments and are sensitive indicators of conditions 
that prevailed during limestone deposition. Because 
life has evolved through time, the types of organ-
isms represented in a limestone also provide clues 
to the age of the rock. For example, the presence of 
the trilobite Elrathia kingi in a limestone indicates 
that the limestone was deposited during Middle 
Cambrian time.

Ooids, defined as coated grains with a nucleus 
(shell fragment or sand grain) and concentri-
cally laminated calcareous cortex (figure 3.9E), are 
unique to carbonate rocks. These grains are typi-
cally spherical to elliptical in shape and are less than 
2 mm in diameter. They are common in carbonate 
rocks dating back to the Late Proterozoic and can 
be seen forming in selected marine settings today. 
Modern ooids form on shallow, high-energy carbon-
ate shelves, such as Joulter’s Cay in the Bahamas, 
where the ooids are alternatively buried on the shal-

low seafloor and then reintroduced to seawater by 
storm- or tide-induced erosion. Upon excavation, 
a layer of calcium carbonate rapidly precipitates 
on the surface of the ooid. Crystal poisoning pre-
vents further accretion until the grain has been bur-
ied for a period of time and re-excavated. Hence, a 
well-formed ooid must be buried and eroded in a 
high-energy, shallow-marine setting for a consider-
able amount of time. Evidence suggests that ancient 
ooid-bearing carbonates were likewise formed in 
shallow, high-energy settings. Large amounts of oil 
and gas are produced from pore spaces in oolitic 
limestones throughout the world.

Intraclasts (figures 3.9C and D) are fragments of 
weakly consolidated carbonate sediment that have 
been eroded from the seafloor or from tidal flats by 
waves, storms, or tidal currents. These ellipsoidal 
to discoidal grains range in size from fine sand to 
gravel, depending on the degree of sediment con-
solidation and the nature of the currents. By defi-
nition, intraclasts are eroded from within the basin 
of deposition and redeposited in close proximity to 
their point of origin.

A peloid is a sand-sized, pellet-shaped grain of 
carbonate mud that generally lacks internal struc-
ture (figure 3.9F). Many peloids originate as fecal 
pellets, some as small intraclasts, some by alteration 
of skeletal fragments, and some as small aggregates 
of mud-size cement crystals. Since it is often difficult 
to discern which process formed a given peloid, the 
term should be used descriptively for all sand-sized, 
elliptical to pellet-shaped particles comprised of 
carbonate mud. In the Bahamas, peloids comprise a 
significant portion of sediment deposited in the shal-
low interior of the Grand Bahama Bank, where tidal 
and wave currents are weak. Ancient peloid-rich 
carbonate rocks appear to have formed in lagoons 
and restricted bank tops as well. Unlike skeletal 
grains, ooids, and intraclasts, all of which can be 
seen with the unaided eye, peloids may be difficult 
to detect without a microscope, especially in rocks 
with a muddy matrix (wackestone, packstone).

Classification of Carbonate Rocks
As with siliciclastic sedimentary rocks, texture 

is an important descriptor of carbonate rocks. How-
ever, instead of focusing on the size, shape, and sort-
ing of constituent particles, the widely used Dunham 
(1962) classification (figure 3.10) is based on the 
particle fabric (mud support versus grain support) 
and whether the particles were biologically bound 
during sedimentation. In the former, four classes 
reflecting decreasing mud content are termed mud-
stone, wackestone, packstone, and grainstone. 
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A.	 Slab of Ordovician limestone with abundant skeletal 
grains. B = brachiopods, BR = bryozoans

C.	 Hand sample of Ordovician-age intraclast-rich lime-
stone from western Utah. Note coin for scale.

E.	 Thin section of an oolitic grainstone.

B.	 Thin section image of a skeletal packstone.

D.	 Thin section of an intraclast-rich grainstone. Note 
that some intraclasts (dark grains) possess oolitic 
coatings.

F.	 Thin section of a peloid-rich grainstone. The peloids 
are the dark, oval grains.

 Figure 3.9  T hin section images of common types of carbonate grains.
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Mudstones (< 10% grains) and wackestones (> 10% 
grains) display mud-supported fabrics, meaning 
that the grains (skeletal fragments, ooids, etc.) gen-
erally do not touch each other, but “float” in the mud 
matrix. Packstones and grainstones display grain-
supported fabrics where the grains support each 
other. Packstones are characterized by the complete 
or partial filling of interparticle pore spaces by car-
bonate mud. Grain-supported rocks lacking inter-
stitial mud are classified as grainstones. Mud-rich 
carbonates indicate deposition below the energy 
threshold needed to remove fine-grained sediment 

from the environment of deposition. Increasingly 
grain-rich rocks indicate an increase in depositional 
energy. Figure 3.11 shows the textural spectrum 
(low-energy mudstone to high-energy grainstone) 
for a suite of skeletal-rich limestones. Carbonate 
rocks reflecting organic binding (by algae and/or 
encrusting organisms) or construction of a rigid car-
bonate framework (e.g., corals) during deposition 
are called boundstones (figure 3.12). Boundstones 
reflect a broad spectrum of depositional conditions 
dictated by the ecological requirements of the sedi-
ment-binding and frame-building organisms.

 Figure 3.10   Limestone classification proposed by Dunham (1962) based on the presence or absence of mud and the 
presence or absence of grain support.
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A.	 Mudstone.

C.	 Skeletal wackestone to packstone. Whole and broken 
fossils in partial mud support and partial grain support.

E.	 Skeletal grainstone. Fossil snails “floating” in sparry 
calcite (sc) cement.

B.	 Skeletal wackestone. Fragments of fossils (trilobites) 
“floating” in carbonate mud (m) matrix.

D.	 Skeletal packstone with whole and broken snail 
shells. Note mud (m) filling lower part of large snail 
as well as areas between smaller grains.

F.	 Skeletal-peloidal grainstone. Grains of crinoids (cr), 
and peloids (p) in sparry calcite (sc) cement.

 Figure 3.11  T hin section images showing major limestone types according to the classification scheme of 
Dunham (1962).
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The most informative rock names result from 
combining compositional and textural terms. For 
example, a grain-supported carbonate rock com-
prised of unbroken gastropod shells with intersti-
tial mud would be called a skeletal packstone, or 
better yet, a whole-gastropod packstone. Oolitic 
grainstone, peloidal packstone, and mixed skeletal-
peloidal packstone are examples of other informa-
tive compositional-textural combinations. If the rock 
has been dolomitized, simply add the prefix dolo- to 
the rock. For example, a skeletal-rich wackestone 
that has been dolomitized would be classified as a 
skeletal dolowackestone. A dolomitized packstone 
would be classified as a dolopackstone, etc.

Since calcite and dolomite crystal are both 
rhomb-shaped, it may be difficult to determine the 
presence of dolomite with the unaided eye. The 
simplest method for differentiating between a lime-
stone and a dolostone is the “acid test.” A drop of 
dilute hydrochloric acid will cause limestone to fizz 
vigorously. Dolostone will fizz only weakly, but for 
a longer period of time.

Evaporites
Most of the water on Earth is found in the global 

ocean. The salinity of 90% of the total volume of 
seawater ranges between 34.61 and 34.70 ppt. As 
seawater evaporates, a variety of minerals precipi-
tate, and usually in a predictable sequence begin-
ning with aragonite (CaCO3). When 50 to 75% of 

seawater in a given basin has evaporated, gypsum 
(CaSO4) will precipitate. Halite (NaCl) precipi-
tates from highly concentrated and evolved waters 
when 90% of the original ocean water has evapo-
rated. The most common and commercially impor-
tant chemical sedimentary rocks that result from 
evaporation of seawater are rock gypsum and rock 
salt. Extensive evaporite deposits are character-
istic of the Silurian System of the Michigan basin, 
the Pennsylvanian System of the Paradox basin, the 
Permian System in central Europe and the south-
western United States, and the Jurassic System bor-
dering the Atlantic Ocean basin.

Procedure

Complete the rock data worksheet for each spec-
imen of siliciclastic and carbonate rock provided by 
your instructor. Describe all textural and compo-
sitional features that apply to a particular sample. 
Plot the composition of each sandstone sample on 
the QFL diagram that corresponds to the sample. 
Once you have thoroughly described each sample, 
determine the most appropriate name for that rock. 
Use the Dott scheme to classify sandstones and the 
Dunham classification for limestones. Although you 
will provide a name for each specimen, the most 
important aspect of the exercise is the careful and 
complete description of each rock. Be sure to use a 
hand lens when examining the specimens.

A.	 Layered stromatolite formed by sediment-binding 
activity of blue-green algae in the Eocene Green River 
Formation, Utah.

B.	 Skeletal framestone of the colonial coral Diploria in 
the Pleistocene Key Largo Limestone, Florida.

 Figure 3.12   Images of limestones classified as boundstones by Dunham (1962).
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Siliciclastic Rock Data Sheet

Texture and Matrix Grain CompositionSample #

% Quartz         % Feldspar         % Lithics

Dott rock name:

Quartz

Feldspar Lithics

Grain size:
Grain shape:
angular
subangular
subrounded
rounded

Sorting:
poorly sorted
moderately
well sorted
very well sorted

% Matrix:

Color:  

Arenite         or Wacke
Textural maturity:
Compositional maturity:

Texture and Matrix Grain CompositionSample #

% Quartz         % Feldspar         % Lithics

Dott rock name:

Quartz

Feldspar Lithics

Grain size:
Grain shape:
angular
subangular
subrounded
rounded

Sorting:
poorly sorted
moderately
well sorted
very well sorted

% Matrix:

Color:  

Arenite         or Wacke
Textural maturity:
Compositional maturity:

Texture and Matrix Grain CompositionSample #

% Quartz         % Feldspar         % Lithics

Dott rock name:

Quartz

Feldspar Lithics

Grain size:
Grain shape:
angular
subangular
subrounded
rounded

Sorting:
poorly sorted
moderately
well sorted
very well sorted

% Matrix:

Color:  

Arenite         or Wacke
Textural maturity:
Compositional maturity:

Texture and Matrix Grain CompositionSample #

% Quartz         % Feldspar         % Lithics

Dott rock name:

Quartz

Feldspar Lithics

Grain size:
Grain shape:
angular
subangular
subrounded
rounded

Sorting:
poorly sorted
moderately
well sorted
very well sorted

% Matrix:

Color:  

Arenite         or Wacke
Textural maturity:
Compositional maturity:
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Siliciclastic Rock Data Sheet

Texture and Matrix Grain CompositionSample #

% Quartz         % Feldspar         % Lithics

Dott rock name:

Quartz

Feldspar Lithics

Grain size:
Grain shape:
angular
subangular
subrounded
rounded

Sorting:
poorly sorted
moderately
well sorted
very well sorted

% Matrix:

Color:  

Arenite         or Wacke
Textural maturity:
Compositional maturity:

Texture and Matrix Grain CompositionSample #

% Quartz         % Feldspar         % Lithics

Dott rock name:

Quartz

Feldspar Lithics

Grain size:
Grain shape:
angular
subangular
subrounded
rounded

Sorting:
poorly sorted
moderately
well sorted
very well sorted

% Matrix:

Color:  

Arenite         or Wacke
Textural maturity:
Compositional maturity:

Texture and Matrix Grain CompositionSample #

% Quartz         % Feldspar         % Lithics

Dott rock name:

Quartz

Feldspar Lithics

Grain size:
Grain shape:
angular
subangular
subrounded
rounded

Sorting:
poorly sorted
moderately
well sorted
very well sorted

% Matrix:

Color:  

Arenite         or Wacke
Textural maturity:
Compositional maturity:

Texture and Matrix Grain CompositionSample #

% Quartz         % Feldspar         % Lithics

Dott rock name:

Quartz

Feldspar Lithics

Grain size:
Grain shape:
angular
subangular
subrounded
rounded

Sorting:
poorly sorted
moderately
well sorted
very well sorted

% Matrix:

Color:  

Arenite         or Wacke
Textural maturity:
Compositional maturity:
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Carbonate Rock Data Sheet

Texture and Matrix

Texture and Matrix

Texture and Matrix

Texture and Matrix

Grain Composition

Grain Composition

Grain Composition

Grain Composition

Mud Matrix:     present            absent
Grain support
Mud support                 < 10% grains
   

Mud Matrix:     present            absent
Grain support
Mud support                 < 10% grains
   

Mud Matrix:     present            absent
Grain support
Mud support                 < 10% grains
   

Mud Matrix:     present            absent
Grain support
Mud support                 < 10% grains
   

Color:

Color:

Color:

Color:

Limestone             or Dolostone

Limestone             or Dolostone

Limestone             or Dolostone

Limestone             or Dolostone

Dunham rock name:

Dunham rock name:

Dunham rock name:

Dunham rock name:

Sample #

Sample #

Sample #

Sample #

Ooids: %                     Peloids: %

Skeletal Grains: %
    types of fossils:

    diversity of fossils: high medium low
    preservation: whole      broken      both

Ooids: %                     Peloids: %

Skeletal Grains: %
    types of fossils:

    diversity of fossils: high medium low
    preservation: whole      broken      both

Ooids: %                     Peloids: %

Skeletal Grains: %
    types of fossils:

    diversity of fossils: high medium low
    preservation: whole      broken      both

Ooids: %                     Peloids: %

Skeletal Grains: %
    types of fossils:

    diversity of fossils: high medium low
    preservation: whole      broken      both

Intraclasts: %           shape           size

Intraclasts: %           shape           size

Intraclasts: %           shape           size

Intraclasts: %           shape           size
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Carbonate Rock Data Sheet

Texture and Matrix

Texture and Matrix

Texture and Matrix

Texture and Matrix

Grain Composition

Grain Composition

Grain Composition

Grain Composition

Mud Matrix:     present            absent
Grain support
Mud support                 < 10% grains
   

Mud Matrix:     present            absent
Grain support
Mud support                 < 10% grains
   

Mud Matrix:     present            absent
Grain support
Mud support                 < 10% grains
   

Mud Matrix:     present            absent
Grain support
Mud support                 < 10% grains
   

Color:

Color:

Color:

Color:

Limestone             or Dolostone

Limestone             or Dolostone

Limestone             or Dolostone

Limestone             or Dolostone

Dunham rock name:

Dunham rock name:

Dunham rock name:

Dunham rock name:

Sample #

Sample #

Sample #

Sample #

Ooids: %                     Peloids: %

Skeletal Grains: %
    types of fossils:

    diversity of fossils: high medium low
    preservation: whole      broken      both

Ooids: %                     Peloids: %

Skeletal Grains: %
    types of fossils:

    diversity of fossils: high medium low
    preservation: whole      broken      both

Ooids: %                     Peloids: %

Skeletal Grains: %
    types of fossils:

    diversity of fossils: high medium low
    preservation: whole      broken      both

Ooids: %                     Peloids: %

Skeletal Grains: %
    types of fossils:

    diversity of fossils: high medium low
    preservation: whole      broken      both

Intraclasts: %           shape           size

Intraclasts: %           shape           size

Intraclasts: %           shape           size

Intraclasts: %           shape           size
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The principle of uniformity is basic and fun-
damental to all science. First described by James 
Hutton, a Scot, in 1785, it is an assumption concern-
ing nature that provides a way to scientifically deal 
with data about Earth history. The principle simply 
states that natural law is uniform through time and 
space. Geologic processes involved in the evolution 
of Earth have been governed by the same natural 
laws throughout geological time. Uniformity thus 
provides a basis for formulating models of the past 
in terms of our understanding of present geologic 
processes. Understanding natural laws and their 
effects on the processes operating on Earth today is 
a guide to past Earth events, as well as future ones. 
It does not mean that today’s world is an exact rep-

lica of either the past or future worlds, but only a 
sampling of each. Uniformity as a principle does 
not imply consistency in rate of change. It does not 
preclude catastrophic events as important in geo-
logic history. Modern catastrophic events such as 
the 1980 eruption of Mount St. Helens and the 1964 
Good Friday earthquake in Alaska are examples of 
vigorous alteration of the Earth’s features. Ancient 
catastrophic events are well documented in the geo-
logic record, such as the erosion of the scablands of 
Washington State and the impact event thought by 
many to be the cause of mass extinction of organ-
isms at the close of the Cretaceous Period. To make 
that distinction clear, the word actualism has been 
suggested as an alternative to uniformitarianism.

Learning Objectives	A fter completing this exercise, you will:

1.	 understand the relationship between modern and ancient depositional environments;
2.	 be able to describe the three main depositional environments in which sedimentary rocks form;
3.	 be able to list subenvironments that comprise the continental depositional environment;
4.	 be able to list subenvironments that comprise the transitional depositional environment;
5.	 be able to list subenvironments that comprise the marine depositional environment; and
6.	 be able to diagnose the depositional environment in which a sedimentary rock was deposited by 
evaluating its textural and compositional attributes.

Exercise 4

Depositional Environments
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Depositional Environments
A key element of the geological history of a 

given area is the succession of depositional environ-
ments that have occupied that area through time. 
This history is recorded in the local succession of 
sedimentary strata. Geologists use the concept of 
uniformitarianism to decipher this archive by com-
paring features contained in ancient strata with 
those forming in modern sedimentary depositional 
environments. The environments where sediments 
are deposited today (and in the past) are highly 
varied with respect to physical, chemical, and bio-
logical processes. Unique combinations of processes 
define three main depositional environments: con-
tinental, transitional, and marine (figure 4.1). Con-
tinental environments include alluvial fans, deserts 

(eolian), lakes (lacustrine), braided and meandering 
streams (fluvial), and glaciers. Transitional environ-
ments form at the interface between land and sea 
and include such places as deltas, swamps (palu-
dal), beaches, and tidal flats. Marine environments 
range from shallow to deep (figure 4.2) and include 
organic reefs (figure 4.3). Processes and depositional 
features unique to these settings are summarized in 
table 4.1. In figures 4.4, 4.5, and 4.6, images of mod-
ern depositional environments are matched with 
images of ancient sedimentary rocks that formed 
under similar conditions. Pay particular attention to 
the discussion of rock properties (texture, composi-
tion, color, sedimentary structures, and fossils) that 
are characteristic of each environment.

Littoral (Tidal Zone)
Mean     Sea    Level

Neritic Zone

Bathyal Zone

Abyssal Zone

Hadyl

Pelagic

CONTINENTAL    SHELF

CONTINENTAL
SLOPE AND 

RISE ABYSSAL    PLAIN
TRENCH

Depth 
in meters

200

4000

5000

10,000

 Figure 4.1  B lock diagram showing typical depositional environments.

 Figure 4.2  C lassification of marine environments.
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 Table 4.1  S ummary of key sedimentary depositional environments, processes, and diagnostic features.
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0.4 m

0.2 m0.2 m

angular clastsangular clasts

reefreef

fore-reeffore-reef

back-reef
lagoon
back-reef
lagoon

 Figure 4.3 
A typical reef environment with adjacent fore-reef 
and back-reef lagoon.

 Figure 4.4   Modern and ancient continental depositional environments.

A.	 Modern alluvial fan.

C.	 Modern valley glacier system in the Swiss Alps.

B.	 Cretaceous conglomerate from northern Utah.

D.	 Precambrian glacial deposits from Utah. Note the 
angular nature of the clasts.
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1 m

2 m

 Figure 4.4   Modern and ancient continental depositional environments.

E.	 Modern fluvial environment showing meandering 
channel and wide floodplain.

G.	 Modern dune field in southern New Mexico.

F.	 Cretaceous channels (lens-shaped sandstone in the 
center of the image) surrounded by overbank silts 
and clays.

H.	 Cross-bedded sandstone of Jurassic age, Zion 
National Park, Utah.
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0.5 m

1 m coal seam

 Figure 4.5   Modern and ancient transitional depositional environments.

A.	 Modern swamp in Louisiana.

C.	 Modern beach.

B.	 Cretaceous coal seam in central Utah.

D.	 Horizontally bedded beach sands of Cretaceous age, 
central Utah. Note the horizontal bedding typical of 
beach deposits.



	Exercise  4	 Depositional Environments   47   

0.20 m0.20 m

 Figure 4.6   Modern and ancient shallow-marine depositional settings.

A.	 Ooid shoal in the Bahamas. Large oolite sand waves in 
shallow (up to 4 meters deep) marine waters.

C.	 Modern reef located on the east side of Andros Island, 
Bahamas.

B.	 Jurassic Carmel Formation, 
central Utah.

D.	 Pleistocene coral reef, Key Largo Limestone, south 
Florida. Note hand for scale.
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1 m

1 m

0.5 m

Cretaceous North Horn Formation, Utah
Rock Type: Conglomerate with interbeds of sandstone
Composition: Boulders, cobbles, and pebbles comprised 
of sandstone and limestone. Matrix comprised of quartz, 
lithics, and mud
Texture: Poorly sorted, large clasts subrounded, sand-size 
material angular to subrounded
Color: Red to reddish brown
Sedimentary Structures: Thick-bedded with primary dips 
of a few degrees to the east; gravel-�lled channels
Fossils: None
Regional Trend: Formation is over 2,000 feet thick in central 
Utah; it becomes thinner and �ner-grained to the east

A

C

B

Procedure
Figures 4.7 through 4.12 show outcrop images of 

Mesozoic formations from central Utah along with 
sedimentary data collected at each locality. Carefully 
study the images and accompanying information. 
Compare outcrop data with information provided 
in table 4.1 to determine the depositional environ-
ment in which each of the formations was formed. 
Answer all of the accompanying questions.

Procedure	 Part A

North Horn Formation, Cretaceous, 
Red Narrows, Utah (Figure 4.7)
 1.	What is the dominant sedimentary rock type 

shown in figure 4.7?

 2.	What does the red color suggest about the envi-
ronment of deposition?

 3.	Rocks of the North Horn Formation were most 
likely deposited in which of the sedimentary 
environments listed in table 4.1? Explain your 
answer.

 Figure 4.7  C retaceous North Horn Formation, Utah.
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Procedure	 Part B

Blackhawk Formation, Cretaceous, 
Price Canyon, Utah (Figure 4.8)
 1.	What is the dominant sedimentary rock type 

shown in figure 4.8?

 2.	What economically important sedimentary rock 
occurs in this outcrop?

 3.	Rocks of the Blackhawk were most likely depos-
ited in which of the sedimentary environments 
listed in table 4.1? Explain your answer.



Cretaceous Blackhawk Formation, Utah
Rock Type: Sandstone and siltstone with interbeds 
of coal
Composition: Quartz, lithics, clay-pebble clasts
Texture: Moderately well sorted, subrounded grains
Color: Tan to gray

Sedimentary Structures: Sand-�lled channels, 
cut and �ll structures
Fossils: Freshwater plants, dinosaur footprints, 
root molds
Regional Trend: Underlain by marine sandstone 
and shale; overlain by �uvial sandstone and shale

coal

coal

coal

3 m

2 cm 2 cm

1 m

A

C

D

B

 Figure 4.8  C retaceous Blackhawk Formation, Utah.
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Procedure	 Part C

Cedar Mountain Formation, Lower 
Cretaceous, San Rafael Swell, Utah 
(Figure 4.9)
 1.	What two sedimentary rock types predominate 

in this formation?

 2.	How would you describe the shape of the sand-
stone bodies shown in the satellite view of the 
area (figure 4.9C)?

 3.	Rocks of the Cedar Mountain Formation were 
most likely deposited in which of the sedimen-
tary environments listed in table 4.1? Explain 
your answer.

 4.	Explain why dinosaur skeletons collected from 
shales at locality 1 on figure 4.9A are more likely 
to be complete than dinosaur remains collected 
from sandstones at locality 2 on figure 4.9A.
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0.5 mi

20 cm

0.5 m

2 m

2 m

2

1

2

1

shale sandstone

Rock Type: Pebble conglomerate and sandstone 
encased in siltstone and shale
Composition: Quartz, lithics, pebbles of sandstone 
chert, and quartzite
Texture: Conglomerate and sandstone poorly to 
moderately well sorted; siltstone and shale well 
sorted
Color: Conglomerate and sandstone tan to white; 
shale and siltstone red, maroon, green, light gray

Sedimentary Structures: Sand-�lled channels, cut 
and �ll structures; siltstone and shale is laminated 
to blocky
Fossils: Dinosaur bones and plants in sandstone 
lenses are disarticulated and broken; whole dino-
saurs and well preserved plant material in shale
Regional Trend: Conglomerate and sandstone 
con�ned to elongate bodies surrounded by shale 
and siltstone; shale is volumetrically dominant

shale

sandstone

A B

C

D E

A B

C

D E

Lower Cretaceous Cedar Mountain Formation, Utah

 Figure 4.9   Lower Cretaceous Cedar Mountain Formation, Utah.
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Procedure	 Part D

Mancos Shale, Cretaceous,  
Road Cuts along I-70 in Central Utah  
(Figure 4.10)
 1.	What is the dominant sedimentary rock type 

shown in figure 4.10?

 2.	What does the black color suggest about the 
environment of deposition? What additional 
information is provided by the types of fossils 
found in the Mancos Shale?

 3.	Rocks of the Mancos Shale were most likely 
deposited in which of the sedimentary environ-
ments listed in table 4.1? Explain your answer.
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1 m

10 cm 1 cm

10 m

Cretaceous Mancos Shale, Utah
Rock Type: Shale with thin beds of siltstone; bentonite 
beds are common
Composition: Siliciclastic mud and quartz silt
Texture: Well sorted
Sedimentary Structures: Undisrupted laminae with 
thin interbeds of siltstone (see �gure B above); beds 
are laterally continuous across the outcrop

Fossils: Cephalopods, �shes, ichthyosaurs, mosasaurs, 
horizontal trace fossils, rare bivalves (mainly organisms 
that lived in the water column; few bottom dwellers)
Color: Dark gray to black
Regional Trend: Several thousand feet thick, extends in a 
north–south belt from Canada to Mexico; extends from 
central Utah to western Kansas

AA BB

CC DD

 Figure 4.10  C retaceous Mancos Shale, Utah.
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Procedure	 Part E

Moenkopi Formation, Lower Triassic, 
Capitol Reef National Park, Utah  
(Figure 4.11)
 1.	How would you describe bedding within the 

Moenkopi Formation (figure 4.11A)?

 2.	What do the mudcracks (figure 4.11E) suggest 
about the depositional setting?

 3.	What do the ripple marks (figures 4.11B, 4.11D, 
and 4.11F) suggest about the direction and 
intensity of currents operating in the environ-
ment of deposition?

 4.	What do the reptile tracks in figure 4.11C sug-
gest about water depth at the time of deposition?

 5.	The Moenkopi Formation was most likely depos-
ited in which of the sedimentary environments 
listed in table 4.1? Explain your answer.
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10 m

5 cm

5 cm

10 cm

10 cm

10 cm

Lower Triassic Moenkopi Formation, Utah

Rock Type: Siltstone, shale, sandstone
Composition: Quartz, lithics, siliciclastic mud
Texture: Fine-grained, well sorted
Color: Red to reddish brown, tan
Sedimentary Structures: Thin beds and laminae 
laterally continuous across outcrop; symmetrical 
ripple marks, sets of ripple cross-laminated 
siltstones showing opposite directions of sediment 
transport, mudcracks
Fossils: Reptile trackways and swim tracks

AA

BB

CC

DD

EE

FF

 Figure 4.11   Lower Triassic Moenkopi Formation, Utah.
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Procedure	 Part F

Carmel Formation, Jurassic, Utah  
(Figure 4.12)
 1.	What do the cross-bedding, presence of cri-

noids, and oolitic nature of the limestone indi-
cate about the environment of deposition?
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5 m5 m

5 cm5 cm 5 mm5 mm

10 cm10 cm

Basal Few Meters of the
Jurassic Carmel Formation, Utah
Rock Type: Ooid- and fossil-rich grainstone (limestone)
Composition: Ooids and skeletal grains (fossils)
Texture: Well sorted, grainstone
Color: Tannish gray to reddish brown
Sedimentary Structures: High-angle, tabular cross-
bedding
Fossils: Marine mollusks, Pentacrinus (crinoid) stem 
segments (star-shaped), sea urchin spines
Regional Trend: The Carmel Formation and time-
equivalent Jurassic formations are widespread over 
central Utah 

Navajo Sandstone

Carmel Formation

Carmel Formation

PentacrinusPentacrinus

DC D

E

C

BA BA

skeletal grains (fossils)

ooids

ooids

thin section view

 Figure 4.12  J urassic Carmel Formation at Thistle Junction, central Utah.
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Introduction

As one can see when looking at the side of a 
mountain or the wall of a canyon, rocks, especially 
sedimentary rocks, typically show distinctive layer-
ing or stratification (figure 5.1). The stratification 
is largely due to lithologic and color differences 
between adjacent beds or groups of beds. Less 
obvious are differences in fossil content, magnetic 
properties, and geochemistry. These visible and not-
so-visible differences permit geologists to subdivide 
a succession of strata into a series of manageable 
divisions, allowing effective description, classifica-
tion, and interpretation, as well as communication, 
concerning them. The subdiscipline of the geological 
sciences that focuses on the study of stratified rock 
bodies is known as stratigraphy. Stratigraphy pro-

vides the organizational framework within which 
Earth scientists interpret stratigraphic patterns and 
the formative processes that created them.

Because stratigraphic successions may be 
described in terms of their rock types, fossils, age, 
geochemistry, etc., one may subdivide the same 
stratigraphic succession in a variety of ways, each 
providing important information about the origin 
and attributes of the succession. In classical geology, 
rock type, fossil content, and age were the chief defin-
ing criteria for subdividing strata on a global basis. 
The resulting separate stratigraphic subdisciplines, 
lithostratigraphy (rock type), biostratigraphy (fos-
sil content), and chronostratigraphy (age of rock), 
along with radiometric dating, are the basis of the 
modern geological timescale. In this exercise, you 
will learn the practice and classification schemes of 
these three subdisciplines of stratigraphy.

Learning Objectives	A fter completing this exercise, you will be able to:

1.	 define stratigraphy and discuss the three subdisciplines of classical stratigraphy (lithostratigraphy, 
biostratigraphy, and chronostratigraphy);

2.	 describe the fundamental units of lithostratigraphy;
3.	 distinguish between the different types of biostratigraphic zones;
4.	 discuss the difference between geochronology and chronostratigraphy and their fundamental units;
5.	 correlate two stratigraphic sections using graphic correlation; and
6.	 find up-to-date stratigraphic data on the web at http://www.stratigraphy.org.

Exercise 5

Stratigraphy

Organizing the Rock and Fossil Record
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Lithostratigraphy
A lithostratigraphic unit is a defined body of 

sedimentary, metasedimentary, or extrusive igneous 
rock (basalt flow) that is distinguished on the basis 
of lithic characteristics and stratigraphic position. 
The fundamental unit of lithostratigraphy is the for-
mation, a homogeneous rock unit or an association 
of rock units, which is distinct from rock units above 
and below and can be shown on a geologic map 
of normal dimensions. A formation may consist 
almost entirely of cross-bedded sandstone; alternat-
ing sandstone and shale; or interbedded sandstone, 
shale, and limestone, as long as the unit is easily dis-
tinguished from rock units above and below.

Formations may be of any mappable thickness. 
In some areas it is useful to delineate formations 
that are only a few meters thick, whereas in other 
areas, because of the great thicknesses of the sedi-
mentary column and its relatively uniform nature, 

formations may be several hundred meters thick. 
The accepted lower limit is based on local useful-
ness and whether the formation is sufficiently thick 
to appear on a map with a scale of approximately 
1 in/mi. Subdivision into units with a thickness less 
than 20 m is not functional in most regions, although 
occasionally thinner beds are differentiated if they 
have distinctive features that can be used to improve 
regional correlation.

Formation boundaries are known as contacts and 
are normally drawn at horizons showing marked 
lithologic change, such as where a limestone section 
changes to sandstone or shale, or where a sandstone 
bed is succeeded by conglomerate. Contacts may also 
be placed at some arbitrary marker bed in a transi-
tional lithologic series such as at a thin distinctive con-
glomerate in the middle of a sandstone and siltstone 
sequence, at a thick volcanic ash bed in the middle of 
a shale section, or at a distinctive limestone that sepa-
rates sandy limestone from calcareous sandstone.

 Figure 5.1   Precambrian through Permian strata exposed in the eastern part of the Grand Canyon, Arizona.
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Formations have a formal two-part name reflect-
ing the location of the type locality and the lithology. 
The type locality is the canyon, creek, or geographic 
region in which the formation is particularly well 
exposed and where it was first described. The second 
part of the name is descriptive and refers to the dom-
inant rock type (if homogeneous). If more than one 
rock type is prevalent the term “formation” is used. 
For example, the Leadville Limestone of Colorado 
and adjacent states is predominantly limestone and is 
named for its type locality near the old mining town 
of Leadville, Colorado. The Morrison Formation is so 
named because this Jurassic, dinosaur-bearing unit 
contains significant amounts of shale, sandstone, 
and limestone. Since a single lithologic term would 
not reflect the heterolithic nature of the unit, the term 
“formation” is used. The type locality of the Morri-
son Formation is the small town of Morrison, located 
immediately west of Denver, Colorado.

Formations can be subdivided into smaller 
members, reflecting more subtle lithologic changes 
than those used to define formations. For example, 
the Thunder Springs Member of the Redwall Lime-
stone contains distinctive interbeds of dark chert 
along with the more typical limestone lithology. 
Conversely, formations may be lumped together to 
form a more inclusive lithostratigraphic unit known 
as a group. These also have formal two-part names, 
which give some idea of the geographic occurrence 
and lithology of the units.

A new formation is measured and described, its 
contacts are defined, and a specific section is desig-
nated for subsequent investigators as the best place 
to observe the formation and its relation to other 
formations. This type section is usually in the same 
area as the type locality. If geographic names are 
limited and exposures are only locally suitable, it 
is possible to name a formation from one area and 
designate another exposure as the type section. For 
example, in Utah, the type locality of the Manning 
Canyon Shale is in Manning Canyon in the Oquirrh 
Range, but the type section is in Soldier Canyon, 
located a few miles to the north, where the entire 
formation is better exposed.

Biostratigraphy
Fossils are the practical clocks of geology 

because the process of evolution has produced a 
unique sequence of life forms through time. Corre-
lation by means of fossils is called biostratigraphic 
correlation or biostratigraphy.

William Smith, an English surveyor, discov-
ered in 1799 that various kinds of fossils appear in 

an orderly and predictable fashion in a vertical suc-
cession of rock units. Based on Smith’s finding, the 
principle of faunal succession was formulated. The 
principle states that strata representing successive 
intervals of Earth history contain unique assem-
blages of fossils, and therefore rock units can be 
dated by analysis of their fossil content and through 
comparison to standard references. Because fossils 
occur almost exclusively in sedimentary rocks, bio-
stratigraphic correlation is ordinarily not possible in 
igneous and metamorphic rocks. These rocks, how-
ever, can be dated radiometrically in many instances.

Although nearly all kinds of fossils are used for 
geologic dating on a local scale, only a select few 
groups, called index fossils, are utilized for regional 
and intercontinental correlation as reference stan-
dards in the geologic column. In figure 5.2, the rela-
tive biostratigraphic value of the major fossil groups 
is summarized.

Fossils that are best suited for time correlation 
over great distances, such as between continents, 
should have the following characteristics: abun-
dance (they must be readily available in order to be 
of much use), wide geographic range (their useful-
ness is directly proportional to the area throughout 
which they are found), rapid evolutionary change 
(this results in short geological time ranges and 
higher-precision dating), rapid dispersion (this 
minimizes differences of age in different parts of 
the world), and easy identification (if only a few 
experts can distinguish one from another, their 
value is compromised). Organisms possessing all 
of these attributes are rare, but planktonic (floating) 
and nektonic (swimming) organisms are generally 
best, as their ecological lifestyle allows rapid distri-
bution in many environments.

Examples of various fossils shown in figure 5.2 
that are useful for time-stratigraphic determinations 
include trilobites in the Early Paleozoic, fusulinid 
foraminifers in the Pennsylvanian and Permian Sys-
tems, smaller foraminifers in the Tertiary, graptolites 
in the Late Cambrian through Permian Systems, 
ammonoids in the Devonian through Cretaceous 
Systems, and conodonts in the Ordovician through 
Triassic Systems.

In actual practice, biostratigraphic correlation 
begins with subdivision of local stratigraphic sec-
tions into rock units called zones or biozones. These 
are similar to lithostratigraphic formations in the 
sense that they represent distinct packages of rock 
layers, or strata, that represent the depositional 
record of a discrete interval of Earth history. They 
differ, however, in how they are defined. Instead of 
using rock type, zones are identified by the presence 
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of a specified individual fossil taxon or by a group 
of specified taxa, one or two of which serve as name 
bearers. For example, the Cheiloceras Zone is the suc-
cession of strata that bear the fossil remains of the 
ammonoid Cheiloceras and/or other Late Devonian 
ammonoids that are characteristic of that time inter-
val in the physical rock record. Some fossil zones are 
extremely limited in their geological time range and 
their presence discriminates a small segment of the 
geologic column and thus a limited time interval. 
Within the Jurassic, which William Smith studied in 
some detail, approximately 60 ammonoid zones are 
now recognized. Since the Jurassic Period is calcu-
lated to be nearly 55 million years long, each of these 
zones averages less than one million years in dura-
tion. Conodonts permit subdivision of Late Devo-

nian strata into zones that may have been deposited 
in as little as 300,000 years, which is almost instan-
taneous, geologically speaking. The origin of the 
zone concept has persisted with little modification, 
but with great utility, since its original description 
by the German paleontologist Albert Oppel in 1856.

Recall that zones are defined by the presence 
of a specified taxon or group of taxa. As such, dif-
ferent types of zones may be specified. The most 
widely utilized are taxon range zones, concurrent 
range zones, and interval zones (figure 5.3). The 
taxon range zone is defined as the body of strata 
corresponding to the total stratigraphic range of 
a specified fossil taxon (e.g., genus or species). 
The zone is named after the defining species. For 
example, the Elrathia kingi Zone comprises all strata 
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 Figure 5.2  A  chart showing the relative usefulness of various fossil groups as time indicators throughout the geologic 
column. The dark gray columns indicate common use in worldwide correlation; diagonal lines indicate 
local use or limited use in worldwide correlation; light gray columns indicate rare use in correlation. 
(After Teichert, 1958.)
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bracketed by the lowest and highest stratigraphic 
occurrences of the trilobite species Elrathia kingi in a 
given stratigraphic section. The second type of zone 
is the concurrent range zone (or Oppel zone). This 
is defined as the stratigraphic interval characterized 
by the overlapping ranges of two taxa (figure 5.3). 
Concurrent range zones have higher stratigraphic 
resolution than taxon range zones because the strati-
graphic interval in which the two species co-occur 
is generally thinner (reflecting a shorter interval of 
geological history) than the interval of strata con-
taining the entire range of either individual taxon. 
These are named after the two species whose over-
lapping ranges delineate the zone. An interval zone 
is a body of strata corresponding to the interval 
between any two specified biotic events (e.g., inter-
val between two extinction events or between two 
origination events) (figure 5.3).

Chronostratigraphy
A chronostratigraphic unit is a body of rock (suc-

cession of strata) that was deposited during a given 
interval of geological time, such as a period, era, or 
epoch. Chronostratigraphic classification provides 

a means of establishing age equivalence of rocks on 
local, regional, and global scales, thereby provid-
ing a framework for interpreting Earth history as a 
whole. The fundamental units of chronostratigraphy 
are shown in figure 5.4 along with their geochrono-
logical referents. It is essential to distinguish the dif-
ference between a geochronologic unit (pure time) 
and its corresponding chronostratigraphic coun-
terpart (body of rock). For example, the Devonian 
Period is defined as that portion of Earth history that 
began 416 million years ago and that ended 359.2 
million years ago. The Devonian System is the body 
of rock (igneous, metamorphic, and sedimentary) 
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CHRONOSTRATIGRAPHYGEOCHRONOLOGY

 Figure 5.3  S ubdivision of a hypothetical stratigraphic column into concurrent range, interval, and taxon range 
zones using stratigraphic ranges of fossils.

 Figure 5.4  C orrelation of geochronologic and 
chronostratigraphic units.
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that formed during that 56.8 million year-long inter-
val of Earth history. Similarly, the Paleozoic Erathem 
is comprised of all rocks formed on Earth during the 
291 million year-long span of the Paleozoic Era.

Boundaries between stratigraphic units are 
defined in a designated stratotype on the basis of 
observable paleontological or physical features of the 
rock. Each chronostratigraphic boundary (such as 
that between the Cambrian and Ordovician Systems) 
has a single Global Boundary Stratotype Section 
and Point (GSSP) that is defined by the Interna-
tional Commission on Stratigraphy after painstak-
ing paleontological and sedimentological study of 
competing candidate sections. The GSSP for the Car-
boniferous–Permian System boundary is located in 
northern Kazakhstan at the stratigraphic level where 
the conodont species Streptognathodus isolatus first 
appears in a section of marine sandstone, siltstone, 
shale, and limestone. The GSSP for the base of the 
Ordovician System is located in Scotland. The major-
ity of eonothem, erathem, system, and stage bound-
aries are now formally defined, with more being 
added to the list each decade.

Recognition of chronostratigraphic unit bound-
aries in the field is more difficult than locating for-
mation and biozone boundaries, because one must 
find fossils or other time-sensitive features in the 
local section that can be correlated to the global 
stratotype. Since William Smith’s initial study in the 
late 1700s, paleontologists have studied fossils from 
around the world and can now determine relative 
ages of most strata with relative ease. Boundaries 
between chronostratigraphic units are being located 
with greater precision as more and more boundaries 
are being formally defined.

Procedure	 Part A

Lithostratigraphy
A somewhat generalized stratigraphic section of 

a rock column exposed in central Utah is presented 
in figure 5.5, utilizing conventional symbols for 
rocks. Unconformities and surfaces of erosion are 
shown by irregular wavy lines and the letter U. The 
relative resistance to erosion is shown by the right 
margin of the stratigraphic column. Cliff-forming 
units extend to the right; slope-forming members 

Coconino Sandstone

Kaibab Limestone

U

U

U

U

 Figure 5.5  S tratigraphic column of Late Paleozoic 
and Mesozoic strata in central Utah.
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are recessed to the left. In central and eastern Utah, 
limestone and some well-cemented sandstone and 
conglomerate formations form cliffs, while finer-
grained siltstone and shale beds form slopes and 
strike valleys.

 1.	Based upon your analysis of the column, sub-
divide the rocks in figure 5.5 into formations, 
using the lithology and erosional characteristics 
as a guide. Mark your subdivisions or forma-
tions with heavy horizontal lines (as shown for 
the lower two formations).

 2.	Give each formation a formal two-part name (as 
shown for the Coconino Sandstone and the Kai-
bab Limestone). Geographic names will neces-
sarily be arbitrary, but the descriptive part of the 
name should reflect the lithology of each of your 
units. Use the term formation where the lithol-
ogy appears to be heterogeneous. Formal strati-
graphic names begin with upper case letters.

 3.	On a separate sheet of paper or on your com-
puter, briefly describe each of your formations 
in terms of its thickness, lithology, and weather-
ing profile (slope, ledge, or cliff). For example:

•	Coconino Sandstone: sandstone, approxi-
mately 250 ft thick, cross-bedded, forms cliff

•	Kaibab Limestone: limestone, approximately 
150 ft thick, forms cliff

Procedure	 Part B

Formations as Mappable Units
Formations are mappable rock units. Lines 

delineating the boundaries between successive for-
mations on a geological map are called contacts. On 
figure 5.6, trace the contacts between the ten forma-
tions exposed in the vicinity of Shoshone Point in 
the eastern Grand Canyon. Assume that the layers 
are horizontal and that the planar contacts between 
formations neither gain nor lose elevation across 
the map area. Create a geological map of the area 
by drawing the contacts with black lines and by col-
oring the outcrop areas of the ten formations with 
pastel colors of your choosing. Label the formations 
using the symbols shown on figure 5.6. What is the 
relationship between geological contact lines and 
topographic contour lines when the formations are 
oriented horizontally?
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� = Precambrian, � = Cambrian, M = Mississippian, � = Pennsylvanian, P = Permian

Base of the Kaibab Formation (Pk) = 6900
Base of the Toroweap Formation (Pt) = 6750
Base of the Coconino Sandstone (Pc) = 6250
Base of the Hermit Shale (Ph) = 5950
Base of the Supai Group (P�s) = 5050
Base of the Redwall Limestone (Mr) = 4350
Base of the Muav Formation (�m) = 4120
Base of the Bright Angel Shale (�ba) = 3700
Base of the Tapeats Sandstone (�t) = 3400
Vishnu Schist (�v) = rocks below 3400 feet in elevation down to river level
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 Figure 5.6  T opographic map of the Shoshone Point area, eastern Grand Canyon National Park, Arizona.
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Procedure	 Part C

Biostratigraphy

 1.	The Redwall Limestone of the Grand Canyon is 
500 ft thick and contains the remains of several 
different fossil phyla, including brachiopods, 
crinoids, mollusks, arthropods, bryozoans, fora-
minifers, and conodonts. Figure 5.7 shows the 
stratigraphic position and cliff-forming nature of 
this Mississippian formation. The Redwall was 
studied in detail by Edwin McKee and Raymond 
Gutschick in the 1960s, who reported the strati-
graphic ranges of several species. Figure 5.8A 
shows the occurrence of selected species in sam-
ples taken at 50-ft intervals through the Redwall 
Limestone. Using these data, indicate on the left 
side of the chart shown in figure 5.8B the strati-
graphic range of each of the remaining nine spe-
cies using Michelenia expansa as an example.

 2.	Using the ranges of species that you just drew, 
subdivide the Redwall Limestone column on the 
right of figure 5.8B into the Polygnathus commu-
nis–Spirifer granulosus concurrent range zone and 
Endothyra tumula range zone using the Michelenia 
expansa zone as an example.

 3.	Color each of these zones a different color on 
the graphic column.

 4.	Using colors adopted in item 3, trace the 
outcrop pattern of the three zones across the 
Redwall cliff depicted in figure 5.7B. Remem-
ber that biostratigraphic zones are bodies of 
sedimentary rock, even though they are named 
after fossils.

 5.	What is the average number of species occurring 
in each zone?

 6.	Give an example of a zone in which the name-
bearing species never occurs outside its zone.

 7.	Give an example of a zone in which the name-
bearing taxa occur in another zone as well.
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 Figure 5.7   Distant (A) and telephoto (B) views of the Redwall Limestone in the Grand Canyon, Arizona.
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 Figure 5.8  A .	C hart showing the stratigraphic distribution of selected Redwall fossils. 
B.	S tratigraphic column of the Redwall Limestone.
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Procedure	 Part D

Fossils and Graphic Correlation
Alan B. Shaw, an innovative American petroleum 

geologist, devised a graphic system of chronostrati-
graphic correlation called graphic correlation. The 
procedure is as follows: using one section of fossil-
iferous rocks as a standard, the measured level of 
the first appearance and the last appearance of each 
species of fossil throughout the section is carefully 
recorded. Similar data for all species in common at 
another stratigraphic section is also recorded. Data 
from the standard section are plotted on the hori-
zontal, or X, axis and corresponding data from the 
second section are recorded on the vertical, or Y, axis 
of an X-Y plot. The first occurrence of each species 
is plotted with a dot, and the last appearance of the 
species is illustrated with a small box. The points 
will cluster along a line, called the line of correla-
tion, that is approximated to fit the points. Once this 
line has been established, it is possible to correlate 
precise points from one section to the other. By accu-
mulating data in the standard section as additional 
local sections are correlated, a composite standard 
is generated that has great power in correlating new 
sections as they are studied.

As an example, figure 5.9 illustrates the method 
of graphic correlation. Eleven species (A through K) 

have been plotted. On this chart, the line indicates a 
time correlation between the limestone bed located 
50 m (arbitrary pick) above the base of section X and 
a shale layer situated 70 m above the base of section 
Y. To correlate any layer in X, simply draw a vertical 
line from that point to the line of correlation. Then 
trace a horizontal line from the point of correlation 
on the line of correlation to the vertical axis.

 1.	Using stratigraphic data provided in table 5.1A, 
plot the first and last appearances of each species 
(A through K) on one of the graph sheets pro-
vided in figure 5.10. What stratigraphic level in 
section X corresponds to level 55 m in section Y?

 2.	Repeat the plotting procedure in question 1 on 
one of the graph sheets provided in figure 5.10 
using data provided in table 5.1B. What is the 
explanation for the horizontal part of the line?

Table 5.1A Table 5.1B Table 5.1C

Start End Start End Start End

Species X Y X Y X Y X Y X Y X Y
A 15 5 49 23 A 14 20 42 50 A 5 14 68 71

B 21 14 94 53 B 6 6 47 50 B 4 5 40 50

C 27 12 99 58 C 21 25 36 47

D 16 10 80 47 D 15 13 80 50 D 15 24 50 58

E 32 18 83 54 E 22 33 85 58 E 25 34 46 53

F 42 28 91 63 F 32 31 90 54 F 26 38 77 73

G 54 24 68 38 G 7 14 75 50 G 33 47 56 59

H 53 34 79 58 H 25 26 82 53 H 32 42 70 68

I 57 32 86 51 I 70 50 90 63 I 37 50 58 64

J 69 34 85 43 J 36 40 81 52 J 45 55 77 77

K 43 23 81 51 K 40 47 86 53

 Table 5.1   Data to plot in answering questions in part D of exercise 5.
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 Figure 5.9  A n illustration of the graphic correlation method of establishing chronostratigraphic equivalence 
between stratigraphic section X (horizontal axis) and Y (vertical axis) using hypothetical fossil data.

 3.	Repeat the procedure again on one of the graph 
sheets provided in figure 5.10 using data pro-
vided in table 5.1C. What does the pattern of 
points (and line of correlation drawn through 
the points) suggest about the relative sedimen-
tation rates between section X and Y?
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 Figure 5.10  C harts to plot your results for part D. 
Draw first occurrences using dots and last occurrences using plus signs.
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Base of the Permian System = 5800
Base of the Pennsylvanian System = 5050
Base of the Mississippian System = 4350
Base of the Cambrian System = 3400
Precambrian = rocks below 3400 feet in elevation down to river level
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Procedure	 Part E

Chronostratigraphy
To underscore the concept that chronostrati-

graphic units are comprised of rock, draw the 
boundary between the “Precambrian” Eonothem 

and Paleozoic Erathem in the Grand Canyon using 
elevation data provided below the map on figure 
5.11. Also draw the trace of the contacts between 
the Cambrian, Mississippian, Pennsylvanian, and 
Permian Systems. Color each of these systems a dif-
ferent color. Compare this map with the geological 
map that you drew previously in part B.

 Figure 5.11  T opographic map of the Shoshone Point area, eastern Grand Canyon, with topographic positions of 
system boundaries listed.
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Procedure	 Part F

Chronostratigraphy: 
Global Stratotype Section and Point

The International Commission on Stratigraphy 
maintains a website at http://www.stratigraphy.org. 
The stated objective of the commission is to precisely 
define global units (systems, series, and stages) on 
the International Chronostratigraphic Chart, thus 
setting global standards for the fundamental scale 
for expressing Earth history. The site defines the 
nature and composition of the commission and pro-
vides up-to-date information on progress toward 
the stated goals. Take a few minutes to familiarize 
yourself with the website, then click on the link to 
GSSPs, which will bring up the GSSP Table—All 
Periods with the following headings: Subseries, 

Stage, Age (Ma), GSSP Location, Latitude and Lon-
gitude, Boundary Level, Correlation Events, Status, 
and Reference.

Using the GSSP Table, find the data that is miss-
ing from table 5.2 for this exercise. The purpose of 
this activity is to familiarize you with this informa-
tive website and to help you gain a better under-
standing of how and where chronostratigraphic 
boundaries are defined. For example, the base of 
the Devonian System is defined by the Graptolite 
FAD of Monograptus uniformis. FAD is the acronym 
for first appearance datum, or the first stratigraphic 
occurrence of the graptolite species of that name. 
Also note that the base of the Devonian System is 
the same as the base of the Lochkovian Stage (lowest 
stage of the Devonian System). Likewise, the base 
of each system is identical to the base of its lowest 
stage and is defined by the same fossil species.
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Neogene

Geographic and 
stratigraphic location of 
GSSP at base of system

refer to 
www.stratigraphy.org

Year in which the 
GSSP was 
established

Fossil species or 
feature that defines 

the base of the system

Paleogene

Cretaceous

Jurassic

Triassic

Permian

Pennsylvanian

Mississippian

Devonian

Silurian

Ordovician

Cambrian

 Table 5.2  C hronostratigraphic table for part F.
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To correlate means to make equal or to establish 
comparable relationships. To correlate in a geologic 
sense is to establish either contemporaneity or conti-
nuity; that is, rock units may be equivalent in terms 
of time (chronostratigraphy) or in terms of being 
part of the same rock body (physical correlation or 
lithostratigraphy). Under unusual circumstances, 
rocks may be equivalent in both time and lithology, 
but, generally speaking, one correlates rock units 
either in terms of time or lithology, not both.

Correlation is critical to understanding histori-
cal geology, because with it we can establish events 
in relationship to one another. Thus, one can gradu-
ally build a geologic column or a sequence of events 
and ultimately develop a geologic history. This exer-
cise concerns correlation of rock units to establish 
lateral continuity or change.

Physical correlation denotes the use of physi-
cal criteria to match rock units. The goal of physical 
correlation is to establish the geographic extent, or 
continuity, of particular rock units. Physical correla-

tion can be accomplished by any one or more of the 
following methods:

1.	 Lateral continuity
2.	 Lithologic similarity
3.	 Sequence of beds
4.	 Geophysical characteristics (seismic, electri-

cal, sonic, radioactive, or magnetic properties)
5.	 Sedimentary sequences

We can demonstrate physical correlation by 
lateral continuity of single laminae or beds that can 
be traced from area to area. Single beds might be 
typified by ash falls, which occur geologically at a 
single instant over a wide area and hence offer ideal 
evidence of contemporaneity. The 1980 eruption of 
Mount St. Helens is a modern example of such an 
event. Volcanic ash was essentially instantaneously 
deposited over an enormous area extending from 
Washington to, after four days, the East Coast. We 
may correlate on lithologic similarity where unique 

Learning Objectives	A fter completing this exercise, you will be able to:

1.	 define the meaning of geological correlation;
2.	 explain the difference between chronostratigraphic and lithostratigraphic equivalence; and
3.	 discuss a number of techniques used by geologists to correlate geologic data from one area to another.

Exercise 6

Physical Correlation
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kinds of rocks may be recognized in various areas 
and correlated. In the Colorado Plateau region of 
western North America, for example, the Navajo 
Sandstone is a distinctive, white, cross-bedded 
sandstone that retains many of its general character-
istics over a vast area, even though the rocks above 
and below change somewhat in their composition.

We may correlate on the basis of a sequence of 
beds of distinctive lithologic units. Such correlations 
are more reliable than correlating on lithologic simi-
larity alone. Statistically a sequence of beds is more 
reliable as an indicator of lateral continuity, particu-
larly if the sequence exhibits a distinctive relation-
ship clearly separating it from other rock units in the 
local area.

We may also correlate on various geophysical 
characteristics of rock sequences such as the electri-
cal, radioactive, or sonic characteristics of any given 
sequence. In many areas where subsurface geology 
is the primary exploration tool for petroleum, the 
rock sequence in most of the wells has been cor-
related by electrical, sonic, or radioactive proper-
ties. For example, a very weak current is generated 
where drilling fluid comes into contact with various 
formations. One can plot, as a curve or log against 
depth, the strength of this spontaneous-potential or 
self-generated current. This curve is distinctive in 
many instances. A curve also can be plotted of the 
depth against the resistivity of the various forma-
tions to an induced current. These curves can be 
compared and correlated even though the lithology 
of the sequence may be poorly known. A curve of 
natural radioactivity of the sequence is easily com-
piled. Such curves have proven very useful in many 
areas. Sonic logs, or curves that record variations 
in velocity of sound transmitted by individual rock 
layers, are also useful tools in correlation. Logs of 
each of these various physical properties, as well 
as others, are commonly composed of distinctive 
curves and may be correlated from region to region, 
based on unique points in the patterns.

Paleomagnetic effects offer still another method 
of geophysically based physical correlation. The dis-
covery of variations in the intensity or strength of 
the Earth’s magnetic field over the past 160 million 
years has allowed determination of a series of major 
epochs of normal and reversed polarity that permit 
correlation on a worldwide scale. When magnetic, 
iron-bearing minerals crystallize, or when they settle 
slowly out of the transporting medium, individual 
mineral grains align themselves with the existing 
magnetic field of the Earth. This produces a differ-
ential of direction of magnetism in various rocks, 
which is termed remanent magnetism. By measur-

ing polarity, variations in intensities, and directions 
of inclination through a sequence of rocks or sedi-
ments, the sequences can be correlated on the basis 
of their paleomagnetic history. Remanent magnetic 
characteristics are particularly useful because they 
allow correlation between marine and nonmarine 
sediments, between volcanic rocks and sedimentary 
rocks, between very unlike sequences in widely sep-
arated areas, and, owing to their frequency, they pro-
vide a means of worldwide, nearly instantaneous, 
correlation. Figure 6.1 is a graph showing the his-
tory of polarity reversals in the intensity or strength 
of Earth’s magnetic field for approximately the last 5 
million years. The bar graph shows four major epochs 
of reversed and normal polarity beginning with the 
Gilbert Reversal Epoch approximately 5 million years 
ago. During the following 
Gauss Normal Epoch the 
polarity was the same as 
that of modern times. The 
Matuyama Reversal Epoch 
was of long duration and 
preceded the present Brun-
hes Normal polarity.

During the 1960s, paleo-
magnetists unraveled a 
4-million-year record of a 
succession of reversals in 
the polarity of the Earth’s 
magnetic field. The dis-
covery of this phenom-
enon dates back to 1929 
with the work of Professor 
Motonori Matuyama at the 
Kyoto Imperial University 
in Japan. With refinement 
in the potassium-argon dat-
ing method, precise dates 
could be obtained for rela-
tively young (Pliocene and 
Pleistocene) volcanic rocks, 
allowing the further devel-
opment of the geomagnetic-
reversal timescale. More 
recent work has extended 
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 Figure 6.1 
A graph of paleomagnetic 
polarity reversals for the past 
5 million years. Four major 
epochs can be recognized 
along with four minor events.
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the polar reversal chronology record back 160 million 
years, using fossils recovered in deep-sea cores as the 
basis for the ages of the rock.

Three short-duration events interrupt the major 
oscillation of the epochs. The Mammoth Event took 
place approximately 3 million years ago, the Olduvai 
Event approximately 2 million years ago, and the 
Jaramillo Event approximately 1 million years ago. 
Utilizing the paleomagnetic history, a polar reversal 
chronology has been developed that can be utilized 
worldwide, even in sequences that greatly contrast 
in lithology.

Superimposed cyclic patterns in the strati-
graphic record of marine rocks seem to reflect global 
climatic changes recorded as eustatic, or world-
wide, synchronous, short-term changes in sea level, 
modified by longer-term tectonic changes, sediment 
supply, and climate. The interpretation and appli-
cation of this concept leading to a new method of 
subdividing, correlating, and mapping sedimentary 
rocks is called sequence stratigraphy. Recognition 

of unconformity-bounded stratigraphic units called 
sequences has been in practice in geology for many 
years, largely beginning with the work of Professor 
L. L. Sloss of Northwestern University in the late 
1940s. A renewed interest in this method of interpret-
ing marine strata evolved from seismic stratigraphy 
methods developed by P. R. Vail (a former gradu-
ate student at Northwestern) and others at Exxon 
Research during the 1970s.

Fundamental to the methods of sequence stra-
tigraphy is the assumption that for all practical 
purposes, the seismic reflectors (figure 6.2) used 
in identifying sequence units are time lines; thus, 
sequence stratigraphy is a chronostratigraphic 
method. A sequence represents one complete trans-
gressive-regressive cycle of sea level, forming a 
sedimentary deposit representing a single genetic 
package bounded by unconformities, thus bounded 
by time lines. As sea level falls, the platform is 
eroded, and deposition takes place in the basin. 
When sea level rises abruptly, flooding the platform, 

 Figure 6.2  S eismic-reflection profile showing three small channels cut into glacial-marine sediment in the central 
part of the study area. The transgressive unconformity (red line) is eroded into the upper surface of 
fluvial deposits and locally overlain by a sheet of sandy marine sediment generally less than 1 m thick. 
A constant seismic velocity of 1,500 m/s through water, sediment, and rock was used to convert from 
two-way travel time to depth. (Barnhardt et al., 2009.)
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onlap or transgression occurs as the water progres-
sively deepens and sedimentation takes place more 
and more landward. At the highstand of flooding, 
there is practically no sedimentation accumulat-
ing in the basin, forming a condensed interval of 
sediment. As sea level again falls, the sediment pro-
grades toward the basin, forming a downlap surface 
in the accumulated sediments.

A complex terminology, developed by Peter 
Vail and his associates, must be mastered by those 
employing sequence stratigraphic methods. For the 
sake of introducing the concept of sequence stratig-
raphy, we will ignore the terminology and observe 
stratigraphic sequences to explore major sedimen-
tary cycles.

Sedimentary cycles range in duration from 
approximately 20,000 years to 150 million years and 
occur as superimposed orders of cyclicity (table 6.1). 
The mechanism for changing sea level within the 
interval 20,000 to 500,000 years is thought by some 
geologists to derive from the Earth’s orbital pertur-
bations, the same forces often cited as the mecha-
nisms that drove Pleistocene cyclic patterns.

Vail and his associates have published what 
have become known as “Vail Curves,” which illus-
trate changes in sea level through time. Figure 6.3 
is an example of a Vail Curve for part of the Late 
Cenozoic (Upper Eocene through Holocene).

Procedure	 Part A
The Colorado Plateau of southwest Colorado, 

southeast Utah, northwest New Mexico, and south-
east Arizona contains some of the most spectacular 
exposures of sedimentary strata in the world. Out-
crops and landforms sculpted from Paleozoic and 
Mesozoic strata by the Colorado River system are 
on display at Grand Canyon, Zion, Bryce Canyon, 
Canyonlands, and Arches National Parks as well 
as at Glen Canyon National Recreation Area and 
several state and local parks. Figure 6.4 shows a 
representative sample of these world famous Late 
Paleozoic and Mesozoic formations at four Utah and 
Colorado localities shown on the index map.

 1.	Using the formation contacts and formation 
names provided, construct lines of lithostrati-
graphic (formation) equivalence between the 
four sections. After correlating the four sections, 
complete the following questions.

 2.	List the names (or rock types) and ages of rocks 
resting directly below the Chinle Formation in 
each of the stratigraphic sections.

Sequence 
Terminology Approximate Duration Examples

Amplitude 
(m)

Rise/Fall Rate 
(cm/1,000 yr)

1st Order > 100 million years Sequences of Sloss — < 1

2nd Order 10–100 million years Supersequences 	 50–100 	 1–3

3rd Order 1–10 million years Basic Sequence 	 50–100 	 1–10

4th Order 100,000–1 million years — 	 1–150 	 40–500

5th Order 10,000–100,000 years Parasequences 	 1–150 	 600–700

 Table 6.1  A  classification of the units used in sequence stratigraphic studies.
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 Figure 6.3  E ustatic cycle chart (Vail Curve) for the Late Cenozoic (Upper Eocene through Holocene). 
(After Haq et al., 1988.)
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 Figure 6.4   Four columns of sedimentary rocks exposed in the Wasatch Mountains (1) and 
Colorado Plateau (2, 3, 4), Utah.  (continued)
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 Figure 6.4   Four columns of sedimentary rocks exposed in the Wasatch Mountains (1) and 
Colorado Plateau (2, 3, 4), Utah.
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 3.	How do you account for the differences in thick-
ness and lithology of rocks below the Chinle 
Formation across the region?

 4.	Which of the four sections were subjected to sig-
nificant uplift and erosion during Late Paleozoic 
and Early Triassic time? Cite evidence.

 5.	How do you account for regional differences in 
thickness and/or lithology of the

a.	 Navajo Sandstone?

b.	 Entrada Formation?

c.	 Carmel Formation?

Procedure	 Part B
Figure 6.5 illustrates three electric logs of wells 

drilled in southern Arkansas through Upper Cre-
taceous and Tertiary beds. The datum, or reference 
plane, is a level plane 1,800 ft below sea level. The 
lithology and the names of the formations to be cor-
related are shown in the left-hand section. The two 
curves of electrical characteristics are the principal 
means of correlation. They can be correlated on the 
basis of very distinctive “kicks” or irregularities on 
the electric log. The curve of spontaneous-potential 
(S.P.) is to the left and the curve of resistivity (Res.) 
is on the right. Spontaneous-potential and resistiv-
ity curves for shale sections, in general, fall close to 
the median lines. Sandstone beds are more perme-
able and porous and contain freshwater, salt water, 
or natural hydrocarbons. Their curves swing away 
from the center lines on both resistivity and sponta-
neous-potential curves.

Marls or limestones appear much like slightly 
sandy shales on the spontaneous-potential curve, 
but swing away from the shale line on the resistivity 
curves. Footages below the derrick floor are shown 
by the tic marks and the depths along the left side of 
each of the logs.

 1.	Correlate the electric logs of the three wells 
using as many points as applicable.

 2.	These wells are approximately 10 km apart. Is 
this an area of strong folding or tilting of the 
sedimentary beds? How can you tell?

 3.	 Is there evidence of thinning or wedging of beds 
at any particular stratigraphic level?
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Procedure	 Part C
Another method of physical correlation is 

related to the properties of transmittal and reflec-
tion of seismic or earthquake energy through 
Earth’s layered crust. Early in the history of geo-
physics, it became apparent that energy pulses gen-
erated at the surface penetrated the upper crust, 
with part of the energy being reflected back from 
horizons where markedly differing seismic proper-
ties were encountered. The energy appears much 
like light reflected through a series of stacked glass 
plates, with some energy reflected and some trans-
mitted through each of the plates (figure 6.6). If 
sudden pulses of energy are generated by explo-
sions of dynamite or gas or by vibrating a heavy 
weight on Earth’s surface, the energy is transmitted 
into Earth’s crust and part is reflected back at each 
reflecting horizon encountered at depth. This energy 
is picked up by a seismometer, an instrument that 
is sensitive to ground movement, and plotted as a 
record or curve of Earth’s motion on a seismogram. 
Some horizons reflect more energy than others and 
produce larger motion in the seismometer. Such 
beds are most useful in seismic studies and appear 
in records as high-level reflecting horizons. If the 
elapsed time between initiation of the primary 
energy source and arrival back at the surface of the 
reflected energy is plotted, the relative depths and 
velocity of the energy pulses through the rocks or 
sediments can be established. If the seismometer is 
moved, a series of seismograms are produced with 
distinctive horizons of peaks of high reflectance. 

This series can be arranged into a profile such as the 
one shown in figure 6.7. In figure 6.7, the horizons 
of high reflectance are shown as relatively light 
zones on the numerous seismic curves.

 1.	On figure 6.7 correlate key reflecting horizons 
across the seismic profile by highlighting them 
with a felt-tip pen or colored pencils. Show faults 
or folds where these are evidenced by offsets or 
flexures on the various reflecting horizons.

 2.	What methods of correlation did you use as you 
worked the problem? (Review the list of meth-
ods under physical correlation at the beginning 
of this exercise.)

 3.	What is the explanation for the poor definition 
of the reflecting surfaces in the center of the 
cross section?

 4.	Where is the most likely place to drill for oil in 
this section?

 Figure 6.6  S eismic data collecting in offshore oil 
and gas exploration.
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3050 m –
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– 2.0 sec.

H:V = 1:3

 Figure 6.7  S eismic reflection profile from the Gulf Coast of Texas.
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Learning Objectives	A fter completing this exercise, you will be able to:

1.	 define the concept of sedimentary facies;
2.	 discuss the meaning and significance of Walther’s law;
3.	 understand how changes in sea level cause facies belts to move onshore during transgression and 
offshore during regression; and

4.	 correlate sedimentary strata between adjacent outcrops of siliciclastic and carbonate strata.

The term facies is used in many ways in geologic 
literature. In a broad sense, it refers to any aspect of a 
rock, including appearance, composition, and envi-
ronment of formation, and any lateral change, or 
variation, in these attributes over a geographic area, 
all of which reflect the environment under which 
the rock was originally deposited. You used facies 
interpretation in completing exercise 4, the exercise 
on depositional environments. Facies is also used to 
denote essentially contemporaneous rocks of differ-
ent lithology, or type, caused by environmental dif-
ferences; for example, a rock body of limestone might 
be the time equivalent of an adjacent and interfinger-
ing formation of shale (figures 7.1, 7.2, and 7.3). Such 
an association is commonly developed in near-shore 
marine environments.

Facies changes in sedimentary rocks are com-
monly the result of variations in sedimentary envi-
ronments during deposition. If one were to look at 
the continental shelf off any of the present coastlines, 

one would see considerable variation in the kinds 
of sediments being deposited: e.g., coarse gravel or 
sand along the beach zone, grading offshore into silt 
and clay. In some areas, organisms produce carbon-
ate masses, or reef-like structures. If these same sedi-
mentary belts persist through time, accumulations 
of similar sediments would be deposited that might 
be classed as sedimentary facies (figure 7.1), or as 
lithofacies in contrast with the depositional pattern 
associated with particular biologic groups, which 
are termed biofacies.

Biofacies or lithofacies developments are the 
result of sediments or organisms responding to a 
variety of factors in the environment, such as texture 
of substrate, chemistry (in terms of the amount of 
oxygen and carbon dioxide available), salinity, water 
turbulence, and turbidity (the amount of suspended 
sediment). These as well as other factors influence the 
characteristics of the sedimentary and biologic asso-
ciation that we see in the geologic record as facies.

Exercise 7

Facies Relationships and Sea-Level Change
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 Figure 7.1 
Schematic cross section 
showing facies relationships 
under static conditions of 
subsidence and sediment 
supply in a marine environ-
ment. The dark horizontal 
lines delineate synchronous 
units. Sediment was derived 
from the area to the right 
of the depositional site illus-
trated. The primary cause 
of sorting, as determined 
by coarser grain size, is 
water depth, or distance 
from shore.

 Figure 7.2 
Schematic cross section 
showing facies variations 
produced by fluctuations 
in the amount and kind of 
sediment deposited under 
uniform conditions of 
subsidence. The sediment 
source area is to the right 
of this depositional site. 
Variation seen here would 
probably be caused by an 
uplift of the source area 
with an attendant increase 
in particle size and quantity 
of transported sediment or 
by a drop in sea level.

 Figure 7.3 
Schematic cross section 
showing facies relationships 
under conditions of varying 
subsidence and sediment 
supply. The curved lines 
represent time lines whose 
positions were determined 
by fossils. Source area for 
these sediments is to the 
right. Subsidence rates are 
higher at the left than at the 
right, creating more accom-
modation and a thicker 
accumulation of sediment.
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Early geologists who studied the rocks of 
Europe and North America thought primarily in 
terms of uniform layers of rocks that extended vir-
tually worldwide and that were deposited from a 
primeval sea. They had complex interpretations to 
explain areas where such supposed worldwide uni-
form patterns were not consistent. Near the turn of 
the nineteenth century, lateral variations in contem-
poraneous strata were recognized, and a new study 
of facies relationships began.

If all aspects of an environment remained con-
stant during some period in geologic time, a series 
of vertical belts would develop, such as illustrated 
in figure 7.1. Depth of water, composition and tex-
ture of sediments, rate of sedimentation, rate of 
subsidence, and other factors in this example have 
been held constant, building a series of sedimen-
tary rocks with relatively constant patterns. Such 
constancy in the geologic record is rare, however, 
and generally the environment varies, resulting in a 
lateral shift in the kinds of rocks that are produced, 
as illustrated in figure 7.2. In this relationship, the 
facies belts, or areas of sedimentation of various 
types of sedimentary rocks, have migrated toward 
the left through time as a result of increase in the 
coarseness of the incoming sediment and of the 
amount of material being transported into the sedi-
mentary basin. The rate of sedimentation was more 
rapid than the rate of subsidence, resulting in filling 
of the sedimentary basin on one side and ultimately 
crowding the shoreline to the left, expanding the 
landmass at the expense of the area covered by 
the sea. The thickness of sediment deposited dur-
ing any one time interval, as shown in figures 7.1 
and 7.2, remained relatively constant. There was no 
development of a thick wedge of clastic sediment 
toward the source area.

If the rate of sedimentation was influenced by 
rapid subsidence in the area of fine sediments, a 
marked thickening of the sediments deposited dur-
ing any time interval should result, such as shown 
in figure 7.3. In the region to the left, the rate of sedi-
mentation was more rapid than to the right and a 
thicker sequence of sediments accumulated. This is 
shown by a divergence of the time lines. In facies 
studies, therefore, one can learn something concern-
ing the relative rates of sedimentation, direction of 
transport, and capacity of the transporting medium.

Figure 7.4 is a restored cross section of Cam-
brian rocks visible in walls of the Grand Canyon and 
shows an intertonguing relationship of dolomite 
and limestone in the west (left) with an eastern belt 

of shale. Time lines, established by the occurrence 
of distinctive fossils, are shown as heavily dashed, 
approximately horizontal lines. The locations of 
measured stratigraphic sections are shown by the 
heavily dashed, vertical lines. In the central part of 
the cross section, limestones can be seen grading lat-
erally into thin tongues of dolomite that interfinger 
with shales in the upper part of the Bright Angel 
Shale. Intertonguing relationships such as these 
suggest very strongly that the limestones are time 
equivalents of the thin dolomite beds, and that the 
dolomite beds are the lateral temporal equivalents 
of the shale.

To the east, beyond the limit of the cross section, 
even these intermediate and upper beds grade into 
sandstone. The pattern is much like that shown in 
the lower part of the measured sections to the west, 
where Bright Angel Shale is demonstrated to be 
contemporaneous, or to have been deposited at the 
same time, as the beds of the Tapeats Sandstone.

In the exercise on physical correlation, it was 
emphasized that we correlate either on the basis 
of equivalence in terms of time or in terms of con-
tinuous rock bodies. In figure 7.4, the term Tapeats 
Sandstone is applied to all of the sandstone at the 
base of the Cambrian section, although beds in the 
eastern part of the canyon are younger than those 
in the west. On the basis of lateral continuity, strati-
graphic position, and lithology, the Tapeats Sand-
stone beds in the west are correlated to the east as 
part of a continuous sandstone body, even though 
of slightly differing ages. One can speak of the sand-
stone facies at the base of the Cambrian rocks in con-
trast to the shale facies that overlies it, and in turn to 
the dolomite and limestone facies represented in the 
younger rocks.

To some extent, the Cambrian rocks demonstrate 
Walther’s law or principle, which is: Those facies 
that occur adjacent to each other at a given moment 
in time can be superimposed. For example, the 
Bright Angel Shale grades laterally into the Tapeats 
Sandstone and also overlies it. Similarly, in the cen-
tral part of the section, dolomite and shale units are 
interbedded and grade laterally into one another. 
Although not infallible, the general observation 
holds that various kinds of rocks that are superja-
cent to one another in a stratigraphic sequence also 
grade laterally into one another along the outcrop 
band unless it is interrupted by some external event. 
This relationship can be seen in shale, sandstone, 
and conglomerate sequences, as well as in lime-
stone, dolomite, and evaporite sequences.
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Procedure	 Part A

Correlation of Siliciclastic Rocks
The first part of the exercise utilizes the Devonian 

rocks in New York and Pennsylvania. These rocks 
formed the basis for the acceptance of the facies con-
cept in North America. Fifteen somewhat generalized 
stratigraphic sections, which were measured through 
the Devonian rocks at localities approximately 32 km 
apart, are plotted as logs in figure 7.5. Section 1 is 
toward the west and section 15 is toward the east in 
a traverse that lies generally along the New York–
Pennsylvania border. Symbols of the lithology are 
those used in previous exercises.

Total thickness of the preserved sections are shown 
to scale. Various time lines, which have been identi-
fied and correlated by the use of fossils, are shown by 
a series of dots through each column and are marked 
by small letters. The various time horizons or levels of 
contemporaneous deposition are shown by the same 
letters. For example, all the rocks immediately below 
the dotted line marked “b” in each of the 15 sections 
were deposited contemporaneously.

 1.	 Construct a restored section for these Devonian 
rocks (figure 7.5) similar to the example of Cam-
brian rocks in figure 7.4. Detach both pages of fig-
ure 7.5 (left and right). Placing them side by side 
the long way, tape the two pages together and 
proceed. With lines and symbols, interconnect 
various lithologic units and show the facies rela-
tionships of the relatively coarse-grained rocks in 
the east to the fine-grained rocks in the west.

 2.	Does Walther’s law apply to these rocks? Are 
there exceptions?

 3.	Are all of the conglomerates the same age?

 4.	What trend is visible in the sandstone beds as 
they are traced from east to west?

 5.	Why do shale beds thin as traced from west to 
east?

 6.	What happens to the sandstone that occurs near 
the base of sections 12, 13, 14, and 15?
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 7.	What is suggested by the small lens of conglom-
erate near the top of section 3 in the time interval 
between “f” and “g”?

 8.	What is the overall textural (sediment size) and 
thickness pattern displayed by these sedimen-
tary rocks?

 9.	From which direction were the sediments trans-
ported?

10.	By what media (e.g., wind, glaciers, streams, 
marine currents) were the sediments deposited?

11.	This “wedge” of sediment is known as the 
Catskill Delta, although it is not a delta in the 
strict sense. Which Paleozoic mountain chain 
was the source of sediment comprising the 
Catskill Delta?
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Procedure	 Part B

Correlation of Carbonate Rocks
Ten stratigraphic columns shown in figure 7.6 

document the facies relationships through the clas-
sic Permian (Capitan) Reef in the Guadalupe Moun-
tains of Texas and New Mexico, one of the major 
carbonate reef masses in North America. This series 
of stratigraphic sections is oriented approximately 
northwest to southeast (or from onshore to off-
shore). Bedded limestone is shown with the normal 
brick-like symbol, but massive limestone is shown 
with an open, discontinuous pattern. Evaporites 
(gypsum) are shown in sections at both the eastern 
and western margins.

 1.	Construct a restored cross section across the 
traverse represented by the 10 sections. Detach 
both pages of figure 7.6 (left and right). Plac-
ing them side by side the long way, tape the 
two pages together and proceed. The lines that 
connect adjacent stratigraphic sections are time 
lines and are labeled with letters (a–e).

 2.	Are the massive reef limestones of section 3 the 
same age as the massive reef limestones of sec-
tion 7? Are those of section 3 contemporaneous 
to those of the upper part of section 6?

 3.	What is the age of the massive dolomite in sec-
tion 2 in relationship to the limestone beds of the 
Cherry Canyon Formation?

 4.	What is the age of the thin gypsum bed at the 
top of section 1 in relationship to the rocks in 
sections 8 and 9?

 5.	What is the direction of growth through time of 
the reef mass?

 6.	 It is generally felt that the Cherry Canyon For-
mation contact with the top of the Brushy Can-
yon Formation remained essentially horizontal 
during deposition of these Permian reefs and 
that the top of the reef or the top of the mas-
sive dolomite was near sea level. In what depth 
of water was the gypsum in the top of section 1 
deposited? What was the water depth during the 
deposition of the gypsum in sections 9 and 10?

 7.	From the diagram, which lithology would be 
termed back reef and which lithologies would 
represent basin or fore-reef facies?
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Procedure	 Part C

Facies and Sea-Level Change
The Pleistocene Epoch began 2 million years ago 

and ended approximately 10,000 years ago. Climatic 
cooling during this time resulted in growth of huge 
ice sheets at both the North and South Poles. During 
glacial maxima, 30% of Earth’s land surface was cov-
ered with ice, whereas only 10% is covered today 
during the current interglacial period. The shifting 
of water from the ocean reservoir to icecaps during 
glacial maxima resulted in a eustatic sea level fall 
of nearly 100 m (300 ft). If the existing polar icecaps 
and pack ice were to melt, sea level would rise 70 ft.

Although the Pleistocene is called the Great Ice 
Age, the climate was not cold everywhere, nor was 
it continually cold. Episodes of ice buildup were 
separated by interglacial episodes when ice would 
melt and sea level would rise. At least 18 Pleistocene 
glacial-interglacial cycles have been detected thus 
far. This means that sea level rose and fell dramati-
cally at least 18 times during the last 2 million years.

 1.	How did these oscillations of sea level effect the 
face of south Florida?

 2.	How will continued melting affect Florida’s 
future?

Figure 7.7 shows the subaerial and submarine 
topography of southern Florida today. Above cur-
rent sea level (green area) the contour interval is 20 ft. 
Below current sea level (blue area) the contour inter-
val is 10 ft down to a depth of 100 ft, after which the 
contours change to 100-ft intervals. Figure 7.8 shows 
the global sea-level history for the last 15,000 years 
with feet on the left and meters on the right. Note that 
sea level began to rise abruptly about 15,000 years 
ago, but that the rate of sea-level rise has tapered off 
over the last 6,000 years. Given these data:

 3.	Calculate the average annual rate of sea-level 
rise from 15,000 to 10,000 years ago.

 4.	Calculate the average rate of rise from 5,000 
years ago to the present.

 5.	Using the graph below the map in figure 7.7, 
draw a topographic profile from A to A′. At this 
scale, the slope of the western Florida “ramp” is 
highly exaggerated. The actual slope is approxi-
mately 1 degree.

 6.	How far must you travel from the west coast of 
Florida (along the line A–A′) to encounter water 
depths of 200 ft?
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 7.	How far do you have to travel from the east 
coast of Florida to reach water depths of 200 ft?

 8.	Miami is currently situated at an elevation of 10 ft 
above sea level. What would Miami’s approxi-
mate elevation have been 15,000 years ago?

 9.	Assume that seafloor sedimentation is con-
trolled primarily by depth as follows:

•	 > 10 ft	 =	 soil genesis and small scale 
karstification of limestone 
bedrock

•	 0 to 10 ft	 =	 coal swamp
•	 – 30 to 0 ft	 =	 quartz sand (quartz sand-

stone)
•	 – 60 to – 30 ft	 =	 fine clay and silt (shale)
•	– 300 to – 60 ft	 =	 lime packstone with deep-

water coral mounds

Using Maps A through D, draw the shoreline of 
Florida as it appeared 7,200 years ago (Map A), 
5,000 years ago (Map B), and as it will appear at 
two points in the future when sea level is 20 ft 
(Map C) and 70 ft higher (Map D) than it is today. 
Map the facies boundaries using the depth-sedi-
ment relationships listed above. Neatly fill in the 
facies belts with the appropriate symbols (gray 
for coal, stippled pattern for sandstone, dashes 
for shale, brick pattern for limestone). On this 
and subsequent maps, fill in shorelines, facies 
belts, and symbols for only the area north of the 
line labeled A–A′.

10.	Using the rate that you calculated in question 3, 
calculate how long it would take to flood Florida 
to a depth of 70 ft above present sea level.

11.	What percentage of modern-day Florida would 
remain emergent?

12.	On figure 7.9 draw a stratigraphic column 
showing the vertical succession of Holocene 
strata that would develop as a function of the 
marine transgression that you just mapped. 
To obtain the necessary information, stack the 
four maps on top of one another with Map A 
on the bottom and Map D on top. Leaf through 
the stack and record the facies pattern devel-
oped at the position indicated by the red dot on 
figure 7.7 beginning with Map A. Transfer this 
information to the stratigraphic column using 
the thicknesses provided below. Use the same 
symbols on the stratigraphic column that you 
did on the facies maps.

•	 coal	 =	 10 ft thick

•	 sandstone	 =	 30 ft thick

•	 shale	 =	 15 ft thick

•	 limestone	 =	 30 ft thick

What vertical pattern is produced by this trans-
gression of the sea across south Florida? How 
does this compare with the horizontal distribu-
tion of facies belts at any given time?
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Learning Objectives	A fter completing this exercise, you will be able to:

1.	 define what a fossil is;
2.	 explain the different modes of fossilization;
3.	 indicate which type or types of preservation a particular specimen has undergone;
4.	 list the major phyla that comprise the majority of the fossil record; and
5.	 recognize representative specimens of each of the major invertebrate fossil groups.

Fossils, as remains of once-living organisms, 
are equal to rocks in terms of their importance as 
documents of Earth history. The term fossil has 
been variously used, but is here interpreted to be 
any evidence, direct or indirect, of the existence of 
organisms in prehistoric time. The term fossil comes 
from the Latin word fodere, which means to dig, or 
fossilis, which means dug out or dug up. An exact 
definition as to what constitutes a fossil, or an upper 
limit of prehistoric time, is difficult to establish. For 
example, are the hollow molds of a mule or a man 
buried in ash in the city of Pompeii fossils, or is the 
well-tanned and pickled Irish man, buried in a peat 
bog in the twelfth century, a fossil? Are the remains 
of a mastodon or wooly mammoth fossils when they 
are still well-enough preserved that the meat can 
be eaten rather palatably, even though the animals 
lived in the Pleistocene? The upper fringe of prehis-
toric time is a difficult and sometimes arbitrary area 
in the definition of the term fossil.

Evidence of fossils may range from exceedingly 
well-preserved forms like the mastodons frozen in 
the tundra of Alaska and Siberia, to less well-pre-
served forms such as clam shells that have been 
replaced and recrystallized. Direct evidences of fos-
sils usually tell us much about the shape of the origi-
nal animal or plant and commonly contain materials 
that were actually precipitated by the life processes 
of the organism. Indirect fossils, on the other hand, 
are normally only impressions, yet still suggestive 
of size and proportions. A track, a trail, a burrow-
filling, a “stomach stone,” or a coprolite are indirect 
evidences of organic activity and tell us something 
about the organisms. It has been suggested that per-
haps only one organism in a million, living in even 
a preservable environment, is likely to be fossilized.

Several factors are normally requisite in order 
that fossilization may take place. First, a body to be 
fossilized ordinarily must contain hard parts, such 
as teeth, bones, or shells. Hard parts are much more 
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easily preserved because of their relatively inert 
nature compared to soft tissues. Soft-bodied forms 
are occasionally preserved, as the impressions of 
jellyfish, leaves, the tentacles of octopus-like organ-
isms, and the trails of gastropod feet have all been 
noted in the geologic record. The vast majority of 
soft-bodied forms, however, have left no record or 
have left a very incomplete fossil record. Second, 
the organism must be buried rapidly before the 
structures have a chance to decompose, erode, or 
disarticulate. Third, burial must effectively seal the 
organism from aerobic bacterial action and from 
decomposing chemical fluids.

Rapid burial, such as submergence in a peat 
bog, burial in sand or mud along a marine shore, 
trapping in pitch of conifer trees, or burial in ancient 
tar pools, would effectively seal organisms from 
bacterial action and preserve the hard parts. On the 
other hand, rapid burial in a broad alluvial fan or 
in a sandy area through which water can rapidly 
percolate is not likely to produce a fossil, because 
of chemical and biological decay, which will quickly 
set in and destroy any evidence of animal or plant.

Fossils are preserved and found in three forms: 
unaltered soft or hard parts, altered hard parts, 
and trace fossils. Essentially unaltered organisms 
are rare in the geologic column and each time one 
is described it causes some excitement in scientific 
circles. Those fossils that are essentially unaltered 
have undergone little chemical or physical change 
since the death of the organism. Wooly mammoths 
and rhinoceroses trapped in glacial sediments in 
Siberia, Alaska, and the Yukon Territory are exam-
ples of unaltered preservation. To be frozen intact is 
a temporary type of fossilization, because a constant 
frigid environment is necessary. Such preservation 
is only temporary in terms of Earth’s history.

Insects, spiders, and various other arthropods 
have been preserved in amber in Tertiary deposits 
along the Baltic Sea and in Mexico. The hard parts of 
these animals preserved under such circumstances 
must have remained unaltered for a long time, 
although most of the soft parts were desiccated.

Unaltered hard parts have also been collected 
from ancient tar deposits, such as those at Rancho 
la Brea in Los Angeles, California, or in Argentina. 
At these sites, bones of Pleistocene birds, mammals, 
and some reptiles have been preserved and sealed 
from bacterial action by entombment in the tarry 
deposits. Because of the limited number of tar seeps, 
such fossilization is rare.

Much more common unaltered hard parts are 
the shells or tests of various invertebrate animals. 
Oysters and other mollusks have been preserved 

with the inner shell of “mother of pearl” layer still 
intact. Many conodonts, inarticulate brachiopods, 
and fragments of echinoderms have been preserved 
essentially unaltered because of the stable nature of 
their skeletal material. Often foraminifera and dia-
toms have their hard parts preserved unaltered in 
relatively young rocks. From the standpoint of total 
numbers of fossils, however, preservation of essen-
tially unaltered materials is rare.

Another method of unaltered fossilization is 
desiccation, or driving off of water from tissues. 
This type of preservation is not common and results 
in rather temporary fossils in areas with an arid cli-
mate. For example, an extinct mummified ground 
sloth was still articulated, and ligaments held the 
bones firmly together. Pieces of skin were still 
attached to the carcass in places, but in other areas 
the skin and muscles had been consumed by carni-
vores trapped in the same volcanic pit. Desiccated 
mummies of southwestern Indians are examples 
of the same type of preservation, although in this 
instance the organisms are very young geologically.

A second major method of fossilization is altera-
tion of hard parts. In general, three types of alteration 
of the hard parts can be recognized: recrystalliza-
tion, permineralization, and replacement. Figure 8.1 
illustrates a hypothetical clam shell undergoing a 
variety of changes on its way to becoming a fossil.

In recrystallization, the original skeletal mate-
rials have been reorganized into different minerals 
or larger crystals of the same mineral. Aragonite, 
a skeletal material precipitated by many mollusks 
and other organisms, is a form of calcium carbonate 
that is unstable over long periods of time. Aragonite 
recrystallizes easily into the more stable form of cal-
cium carbonate, called calcite. In recrystallization, no 
new material is added or taken away, but simply a 
rearrangement of the crystalline substances occurs. 
Recrystallization generally does not change the exter-
nal form of the hard part but obscures or destroys 
internal structures precipitated by the organism.

Permineralization is another type of alteration 
and is particularly common in porous substances 
such as bone or wood. Permineralization is accom-
plished by the addition of materials to fill the pores 
of the structure and generally produces a very 
heavy bone or piece of wood. The skeletal struc-
ture may be in its original condition or it may have 
been replaced or recrystallized. Many dinosaur and 
mammal bones in Mesozoic and Cenozoic deposits 
found in the western portion of the United States, 
and the much sought-after fossil wood of Mesozoic 
and Cenozoic deposits in many parts of the country, 
are a result of permineralization.
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External Mold Internal Mold
(Steinkern)

Shell Again Replaced, Resulting In 
Alteration of Shape of Fossil

Shell and Matrix Recrystallized,
Resulting In Preservation As A Ghost

Shell Dissolved Shell Replaced Internal Mold

Shell Buried Shell Recrystallized External Mold

Original Shell Shell Buried and Dissolved Cavity Filled to Form Cast

 Figure 8.1  A  diagram showing the various types of fossil preservation and their relationships. Uniform stipple 
pattern represents similar matrix. The arrows show possible sequences of preservation.
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Replacement results in the removal of original 
skeletal material and subsequent replacement by a 
secondary compound. An example is original calcite 
or aragonite of invertebrate shells replaced by iron 
sulfide in the form of pyrite or marcasite. Silica is 
another common replacing material, and in instances 
where silica has replaced the shells in limestone, 
they are easily recovered from the surrounding rock 
by solution of the matrix in dilute hydrochloric acid. 
One of the most famous silicified faunas in North 
America is that of the Permian rocks of west Texas, 
where large numbers of organisms have been deli-
cately silicified and preserved by replacement. Cal-
cium carbonate may in turn replace structures that 
were originally siliceous. The original opaline spic-
ules of fossil sponges are often replaced by coarse 
crystalline calcite if the matrix in which the sponges 
occur is calcareous. Limonite, gypsum, dolomite, 
native silver or copper, copper sulfate, and various 
phosphates have all been noted as substances that 
have replaced original material during fossilization. 
In replacement, permineralization, and recrystalli-
zation a solid, hard duplicate structure results from 
the chemical modification of the original hard parts. 
In only rare instances are soft parts replaced or 
permineralized as part of the fossilization process.

In many areas, particularly in humid regions, 
skeletal materials may be dissolved away, leaving a 
hollow impression in the rocks called a mold. This 
natural cavity may preserve, in varying detail, the 
shape of the original structure. A model of the out-
side of the shell is termed an external mold, whereas 
that of the inside is termed an internal mold. In some 
organisms, such as a clam, the inside area between 
the closed valves, or shells, may be filled with sedi-
ment, forming an internal mold of the clam shell. 
This sediment-filling of the inside of the clam shell is 
termed a steinkern and is a common method of pre-
serving various mollusks, such as clams and snails. 
If one fills the mold, either naturally or artificially, 
with a foreign substance, the foreign material then 
duplicates the shape of the original and is termed a 
cast. A cast is a replica of the original form. Natural 
casts occur where mineralizing solutions fill origi-
nal molds by precipitation. Characteristic styles of 
fossilization for the most common organic materials 
are shown in figure 8.2.

In order to determine the preservational process 
that has affected a fossil, it is important to know the 
original mineralogy of the specimen under scrutiny. 
Table 8.1 shows the common minerals and organic 
compounds used by the major fossil groups in con-
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 Figure 8.2 
A chart showing types of 
preservation character-
istics of various organic 
materials. Dark blue 
circles represent com-
mon modes of fossiliza-
tion, stippled circles 
denote less common 
modes, and light blue 
circles denote rare modes 
of preservation.
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structing their shells and other hard parts. As a rule, 
most mollusk shells are comprised of unstable ara-
gonite, making them readily susceptible to recrys-
tallization and dissolution. By contrast, articulate 
brachiopods and bryozoans use low magnesium 
calcite in constructing their shells. As a result, even 
Paleozoic representatives of these groups may display 
only minor alteration to their hard parts. Conodonts, 
inarticulate brachiopods, and other vertebrate hard 
parts are constructed of phosphatic minerals.

Trace fossils are of increasing interest to pale-
ontologists. Tracks, trails, or burrows are com-
monly the only vestige of large populations of land 
or marine animals. Most tracks and trails, however, 
show us little of the real configuration of the organ-
ism, although they do tell us something of its size, 
weight, and perhaps even its feeding pattern. By 
their very nature, interpretation of tracks and trails is 
more problematic than interpreting most other types 
of fossils because of the lack of direct information 
concerning the shape of the original living organism.

Animal borings may also tell us something of 
the life habits of the organism. Because of the recent 
interest shown in interpretation of sedimentary 
sequence where tracks, trails, and borings are the 
only fossils preserved, the new field of ichnology, 
a study of indirect fossils, has developed within his-
torical geology.

Carbonization, as a method of fossilization, 
occurs when the organism remains are preserved 
as a film of carbon. Such carbon films may show 
structures of the organism in great detail, although 
they are now preserved only as a flat impression. 
Leaves, graptolites, crustaceans, and fish have been 
preserved in great numbers in limited areas by this 
method. One of the most famous carbonized fau-
nas is that of the Middle Cambrian Burgess Shale, 
discovered near the turn of the twentieth century 
in British Columbia. Here carbonized films of even 
soft-bodied forms have been exquisitely preserved, 
so that details of the digestive tract, nervous system, 
and surficial hairlike bristles have been preserved as 
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Foraminifera
Radiolaria
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Anthozoa

Inarticulata
Articulata
Bivalvia

Cephalopoda
Gastropoda
Trilobita
Eurypterida
Ostracoda
Crinoidea
Echinoidea
Blastoidea
Asteroidea

Graptolithina

“oysters”

Rugosa
Tabulata
Scleractinia

Cnidaria

Bryozoa
Brachiopoda

Mollusca

Arthropoda

Echinodermata
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Fossil Group

Conodonta
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 Table 8.1 
Original mineralogy of 
common invertebrate 
fossil groups.
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part of the fossil. Even though common under cer-
tain circumstances, carbonization is quantitatively a 
relatively minor method of fossilization.

Coprolites are solid excretory waste pellets of 
animals that are occasionally preserved. They may 
contain undigested material and thus give consid-
erable information concerning the diet of the ani-
mal, its size, and where the animal may have lived. 
Coprolites may contain teeth, scales, plant remains, 
hard parts, or material that is not easily digested; as 
such they may be significant finds in terms of his-
torical geology.

Gastroliths, or “stomach stones,” have been 
described as associated with Mesozoic dinosaur 
remains throughout the world. These stones are 
highly polished and rounded, a result of grinding 
against one another as part of the fragmentation 
process in eating and digestion. Not all rounded, 
highly polished stones from even the most favorable 
horizons should be considered gastroliths, because 
many other processes can produce similar highly 
polished and rounded stones as well. Differentiation 
usually requires much experience, or an unusual 
association, to clearly identify polished gastroliths. 
One of the most diagnostic features on some of the 
least questioned occurrences is an acid-like pitting 
in depressions beneath the general rounded, pol-
ished surface of the stone.

Major Invertebrate 
Fossil Groups

Classification of fossil plants and animals is 
called taxonomy. The basis for taxonomy is simi-
larity of morphology and shape, and phylogenetic 
relationships. In practice, all fossils are assigned 
two-part names, following what is called the bino-
mial system. The first part of the name is the generic 
name; the second is the specific name. Occasionally, 
a third or even a fourth part is used to show com-
binations of subgenera or subspecies. Ordinarily, 
only genus and species names are used. The Roman 
alphabet is used for all names in texts of any lan-
guage. Conventionally, names are derived from 
Latin or Greek roots. The basis for subdivision and 
classification of organisms is the species. Species are 
defined as groups of organisms that normally inter-
breed and produce fertile offspring. This definition, 
although usable for neontologists or taxonomists of 
modern species, is not usable for the study of fossils 
in paleontology where the basis of classification is 
in fact morphology or similarity in form. Thus, we 
only infer in paleontology that morphological spe-

cies were in fact interbreeding groups of organisms 
during their lifetime.

In table 8.2, the taxonomic hierarchies of a man 
and a dog are used as examples in the classification 
from kingdom to individual. Generic, subgeneric, 
specific, and subspecific names are italicized. Many 
of the scientific names are used as common words 
or in general ways with English plurals and nonita-
licized forms. Table 8.3 provides an abbreviated clas-
sification of animals and plants.

Protozoans
Protozoans are unicellular organisms that range 

in size from microscopic to several millimeters in 
diameter. Protozoans live in marine environments 
as plankton and benthos, in freshwater, and as para-
sites in many living organisms. These small single 
cells perform all the living functions necessary for 
complete life cycles.

In spite of their size and relative simplicity, pro-
tozoans display a great variety of shapes and forms, 
and species are differentiated on that basis. Of the 
great variety of protozoans, only two groups that 
possess hard parts are important as fossils (figure 
8.3). The group called foraminifera (or forams) are 
extremely abundant and are important in stratigra-
phy as time indicators. The foraminifera have shells 
or tests composed of calcium carbonate or of fine 
grains of minerals or rocks cemented together. The 
tests of forams are composed of chambers assem-
bled in a variety of ways and patterns. One group of 
Late Paleozoic foraminifera, called fusulinids, built 
shells that resemble grains of wheat or rice.

Another group of protozoans is the radiolar-
ians, a group that is abundant in modern seas and 

Dog Human

Kingdom Animalia Animalia

Phylum Vertebrata Vertebrata

Class Mammalia Mammalia

Order Carnivora Primates

Family Canidae Hominidae

Genus Canis Homo

Species familiaris sapiens

Individual Rover John Brown

 Table 8.2   Hierarchy of taxonomy.
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Animal Kingdom Plant Kingdom

Phylum Protozoa
	 Single cells, or groups of cells, generally microscopic 

foraminifers, radiolarians, fusulinids

Phylum Archeocyatha
	 Sponge-like animals with a cone-in-cone structure

Phylum Porifera
	 Sponges and stromatoporoids

Phylum Cnidaria
	 Corals—tetracorals, hexacorals, and tabulate corals

Phylum Bryozoa
	 Moss animals—small colonial animals

Phylum Brachiopoda
	 Bivalved invertebrates with unequal dorsal and 

ventral valves

Phylum Echinodermata
	 Animals generally with fivefold radial symmetry—

starfish, sand dollars, echinoids, sea lilies or crinoids, 
blastoids, cystoids

Phylum Mollusca
	 Bivalves (Pelecypods—clam, oyster)
	 Gastropods—snail, slug
	 Cephalopods—squid, octopus, nautiloid, 

ammonoid

Phylum Annelida
	 Segmented worms
	 Scolecodonts
Phylum Arthropoda
	 Invertebrate animals with jointed legs, insects, 

lobsters, crabs, trilobites, eurypterids

Phylum Hemichordata
	 Graptolites

Phylum Conodonta

Phylum Vertebrata
	 Animals with notochords and articulated 

backbones
	 Pisces (fish)
	 Amphibians
	 Reptiles—dinosaurs, ichthyosaurs, plesiosaurs, 

mosasaurs
	 Aves (birds)

	Mammals—warm-blooded animals, including 
humans

Division Cyanophyta blue-green algae

Division Chlorophyta green algae

Division Phaeophyta brown algae

Division Rhodophyta red algae

Division Bryophyta liverworts, hornworts, 
mosses

Division Psilophyta psilophytes

Division Lycopodophyta club mosses

Division Arthrophyta horsetails

Division Pterophyta ferns

Division Pteridospermophyta seed ferns

Division Cycadophyta cycads

Division Ginkophyta ginkgos

Division Coniferphyta confiers

Division Anthophyta flowering plants

  Class Dicotyledonae dicots

  Class Monocotyledonae monocots

 Table 8.3  A bbreviated classification of animals and plants (as used in paleontology).



  126   Exercise  8	 Fossils and Fossilization

that has tests composed of concentric spheres or 
helmet-shaped, spiny structures of silica. Proto-
zoans are known from rocks as old as Cambrian, 
and even perhaps Precambrian, and they range to 
the Recent. Both foraminifera and radiolarians are 
abundant in the modern seas, where their tests accu-
mulate to form radiolarian and foraminiferal oozes. 
Fusulinids are used as stratigraphic time indicators 
in Carboniferous and Permian rocks where they are 
abundant; other small foraminifera are used in the 

dating and correlation of Cretaceous and Tertiary 
rocks. Radiolaria are used as stratigraphic indica-
tors for deep-marine sediments. Because of their 
small size, protozoans not only require identifica-
tion and study with a microscope, but also can be 
recovered in cuttings from drill holes of oil wells 
and are one of the most common and valuable fos-
sils for stratigraphic studies in Late Mesozoic and 
Cenozoic rocks.

 Figure 8.3   Morphology of the protozoans. Upper row indicates morphology of radiolarians. Lower row shows 
planktonic and benthonic foraminifera. (Modified from Moore, Lalicker, and Fischer, 1952.)
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Archeocyatha

Archeocyathids (ancient horns or cups) are 
extinct invertebrate animals characterized by a cal-
careous (calcite) cone-in-cone skeleton (figure 8.4). 
The inner cone is called the inner wall. It is sepa-
rated from the outer wall by open spaces called 
intervalla (pl.) and radial partitions called paries. All 
structural elements are perforated by small pores, 
which presumably permitted nutrient-rich, oxygen-
ated water to pass through the archeocyathid’s body, 
thereby allowing it to eat and breathe. This phylum 
appeared early in the Cambrian Period, thrived until 
Middle Cambrian time, and then began to decline in 
both diversity and geographic distribution, until its 
demise in the Late Cambrian. This is the only inver-
tebrate phylum whose fossil remains are restricted 
to a single geological system. Although short-lived 
and relatively rare, archeocyathids were important 
elements of Cambrian marine ecosystems and were 
the first metazoan reef builders of the Paleozoic Era.

 Figure 8.4  S keletal morphology of archeocyathids. 
(After Moore, Lalicker, and Fischer, 1952.)
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Porifera

Porifera, or sponges, are simple multicellular ani-
mals that live attached to the substrate (figure 8.5). A 
sponge may be thought of as a vase-shaped animal. 
Its body walls are penetrated by a series of canals 
of varying degrees of complexity. Microscopic food 
particles are removed from currents of water that 
pass through the canal system of the sponge. Most 
sponges are marine organisms, but some occur in 
freshwater. The sponge is held more or less rigid by 
an internal stiffening skeleton of fibers of spongin or 
spicules made of calcium carbonate or silicon diox-
ide. The commercial sponge is the flexible skeleton 
(spongin) of a modern marine sponge from which 
all of the once-living protoplasm has been removed.

Because of the nature of the body of the sponge, 
complete animals are rarely preserved as fossils. The 
most common fossil remains are the individual min-

ute spicules of silica or calcium carbonate that pro-
vided support for the soft parts. The most complete 
fossil sponges are of groups where the skeleton was 
solidly fused during life. These sponges appear as 
conical, spherical, and plate-like fossils that are per-
forated by numerous small canals.

A group of sponges important as fossils are the 
stromatoporoids (figure 8.5). They were a colonial 
group of organisms that secreted a calcareous lami-
nated skeleton. These laminated colonial skeletal 
structures resemble heads of cabbage or flat-lying 
sheets. Other more unusual stromatoporoids formed 
twig-like structures with a dendritic or branch-
ing mode of growth. Stromatoporoids are found in 
rocks ranging in age from Cambrian to Cretaceous 
and are quantitatively important in rocks of Ordovi-
cian and Devonian ages where they comprise large 
reef masses.

 Figure 8.5   Morphology of the sponges. (After Moore, Lalicker, and Fischer, 1952.)
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Phylum Cnidaria

Within the phylum Cnidaria, two groups are 
important as fossils. The first group, the corals, 
are among the most abundant fossils in sedimen-
tary rocks, and are typically found as either “horn 
corals,” the skeletal remains of a single organism 
(figure 8.6A), or as a group of individual skeletons 
cemented together to form a colony (figure 8.6B 
and C). Solitary corals have a pit in which the ani-
mal was attached to the top, broad part of the calcar-
eous “horn.” The “horn” functioned as an external 

skeleton and was built in daily increments by the 
organism. Corals first appeared in Ordovician rocks; 
continued as a major group through the Paleozoic, 
Mesozoic, and Cenozoic; and are common in modern 
seas. Corals form reefs in modern seas and inhabit 
the shallow areas of the ocean near the equator, and 
it is presumed that they did so in the past. Paleozoic 
corals (rugose and tabulate corals) constructed their 
skeletons using low magnesium calcite. Mesozoic 
and Cenozoic corals, known as scleractinians, used 
aragonite in constructing their skeletons.

 Figure 8.6   Morphology of the solitary and colonial corals. (After Moore, Lalicker, and Fischer, 1952.)
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Phylum Bryozoa

Bryozoans, the moss animals, are small aquatic 
organisms that secrete colonial calcareous external 
skeletons (figure 8.7). Most bryozoans were marine 
but a few freshwater forms are also known. They 
are more advanced than corals and have a nervous 
system and a U-shaped digestive tract. The colo-
nial organisms lived in the minute pores or tubes 
that perforate the stony skeletal structure. Fossil 

bryozoans resemble bits of lace or small twig-like 
structures, often encrusting other organisms or fos-
sils. They are usually preserved lying parallel to the 
bedding planes of the enclosing layers. Bryozoa are 
found in rocks that range in age from the Cambrian 
to the Recent and are particularly abundant in rocks 
of Mississippian to Permian ages. Because of their 
small size, relatively slow evolution, and difficulty 
of identification, fossil bryozoans have not been 
used extensively in stratigraphic determinations.
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 Figure 8.7   Morphology of bryozoans. (After Moore, Lalicker, and Fischer, 1952.)
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Brachiopods

Brachiopods are marine invertebrates that were 
much more abundant in the seas of the Paleozoic 
Era than they are today (figure 8.8). They range in 
size from less than an inch to approximately 6 in 
at their broadest point. Their calcareous or chitino-
phosphatic shells consist of two unequal valves that 
are symmetrical when divided into lateral halves. 
This shell shape distinguishes the brachiopods from 

the bivalves (clams, etc.), which are equivalved 
with right and left valves that are essentially mirror 
images of each other (figure 8.9B). They are among 
the most abundant fossil types found in rocks of 
Paleozoic age. Their shells are preserved in nearly 
every type of sedimentary rock. Because of their 
abundance, their great variety in shell form, and 
ease of identification, brachiopods are extremely 
useful as time and ecologic indicators in strati-
graphic studies.

 Figure 8.8   Morphology of articulate and inarticulate brachiopods. (After Moore, Lalicker, and Fischer, 1952.)
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Phylum Mollusca

The phylum Mollusca includes animals that 
are zoologically similar, but superficially different 
because of the great diversity in the shapes of their 
shells. Included in the phylum are the gastropods 
(snails, slugs, pteropods) (figure 8.9A), bivalves 
(clams, scallops, and oysters) (figure 8.9B), cephalo-
pods (Nautilus, squid, octopus, and cuttle fish) (fig-
ure 8.10), and other less common forms such as the 
chitons and scaphopods.

As fossils, mollusks are common in marine and 
nonmarine rocks from the Cambrian to the Recent. 
Their calcareous shells are valuable indicators of 
time and ecology. One group of cephalopods, the 
ammonoids (figure 8.10B), have complexly cham-
bered shells and are used as a worldwide standard 
of reference in biostratigraphy from the Devonian 
through the Cretaceous. Mollusks have adapted at 
present to many ecologic niches from deep ocean 
benthonic environments to air-breathing existence 
on mountain peaks at 18,000 ft above sea level.
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 Figure 8.9   Morphology of bivalves and gastropods. (After Moore, Lalicker, and Fischer, 1952.)
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 Figure 8.10   Morphology of cephalopods. Suture patterns of A. belemnite, B. ammonoid, C. nautiloid, and 
D. cephalopod. (Figures A, B, and D after Moore, Lalicker, and Fischer, 1952.)
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Arthropods
The arthropods are characterized by their chi-

tinoid, segmented exoskeleton, or carapace. This 
group includes insects, crustaceans (crabs, lobsters, 
etc.), chelicerates (spiders, etc.), myriapods (cen-
tipedes and millipedes), and trilobites. Of these 
groups, only the trilobites and a type of crusta-
cean, the ostracodes, are common as fossils (figure 
8.11). Trilobites especially are abundant fossils in 
Cambrian, Ordovician, and Silurian rocks. Because 
arthropods shed their chitinous exoskeletons along 
joints, their fossil remains often consist of disarticu-
lated heads, tails, or body segments.

Both trilobites and ostracodes are important 
fossils as time indicators. Trilobites lived from the 
Cambrian through the Permian, and the ostracodes 
lived from the Cambrian to the Recent. Trilobites are 
particularly useful guide fossils for Cambrian and 
Ordovician rocks, and ostracodes have been most 
used in rocks from the Ordovician, Silurian, Devo-
nian, and Cenozoic.

Echinoderms
Echinoderms, or “spiny-skinned animals,” are 

exclusively marine organisms and include the mod-
ern starfish, brittle stars, sand dollars, sea urchins, 
sea cucumbers, and sea lilies. This group of organ-
isms was much more common in the geologic past 
than it is at present. Echinoderms typically display 
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 Figure 8.11   Morphology of three common fossil arthropods. (After Moore, Lalicker, and Fischer, 1952.)

fivefold radial symmetry. Their skeletons are formed 
of calcite plates, which are secreted inside an outer 
tissue layer, and form an external skeletal covering. 
Echinoderms that are important as fossils include 
crinoids, blastoids, cystoids, and echinoids (figure 
8.12). Echinoids (figure 8.13) are found throughout 
the entire geologic column from Lower Cambrian to 
Recent; however, they are more typical of Carbon-
iferous, Permian, and Tertiary deposits. Blastoids, 
cystoids, and crinoids all reached high points of 
evolution during the Paleozoic. Many limestones 
of Mississippian age contain abundant crinoid stem 
fragments, sometimes making up the bulk of the 
rock mass.

Graptolites
Graptolites are a group of extinct colonial 

organisms whose proteinacious, sawblade-shaped 
remains appear superficially similar to pencil marks 
on the surface of rocks, thus their name, which 
means “writing on rocks.” They are typically small 
fossils; colonies ordinarily measure a few centime-
ters across. The individuals of a colony are nearly 
microscopic in size (figure 8.14).

Graptolites are most important as time indica-
tors in rocks of Ordovician, Silurian, and Devonian 
age. The Ordovician Period is often called the Age 
of Graptolites. Some graptolites lived into the Mis-
sissippian, but the group is not useful for time deter-
mination above the lower part of the Devonian.
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 Figure 8.14 
Morphology of 
three common 
types of graptolites 
(X2). (After Moore, 
Lalicker, and 
Fischer, 1952.)
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 Figure 8.13   Morphology of an irregular 
echinoid. (After Moore, 
Lalicker, and Fischer, 1952.

 Figure 8.12   Morphology of two common stem-bearing echino
derms. (After Moore, Lalicker, and Fischer, 1952.)
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Conodonts

Conodonts are an extinct group of phosphatic 
microfossils whose zoological affinities were 
unknown until recently. They are now placed in a 
separate phylum, Conodonta. Conodonts are found 
as disarticulated elements (figure 8.15). Elements 
were parts of an apparatus within the head region 
of the conodont animal. Conodont elements are 
generally designated P, M, and S according to their 
presumed positions within the apparatus. The con-
tained elements as well as the resulting apparatus 
are unique for any given taxon. Generic and spe-
cific names of conodonts refer to the makeup of the 
apparatus, whereas the separate elements represent 

only a disarticulated portion of the remains of the 
conodont organism. Conodont elements have either 
right- or lefthand symmetry. Each symmetrical type 
is positioned on the appropriate side of the medial 
line of symmetry.

Most conodont elements are less than 1 mm in 
size and are medium to dark brown in color. They 
can be found in almost all kinds of sedimentary rock 
from the Late Cambrian to the Late Triassic. In the 
Ordovician, Devonian, Mississippian, and Triassic 
periods, they are the most useful fossils available for 
intercontinental correlation because of their wide-
spread occurrence, abundance, and highly predict-
able evolutionary patterns.
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 Figure 8.15   Morphology of conodont elements, showing parts of six common types (X50). (After Moore, Lalicker, 
and Fischer, 1952.)
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Specimen #

Original
Mineral

Composition

Mineral
Composition

Now

Mode
of

Preservation

Biostratinomic
Processes

(disarticulated, broken, etc.)

Taxon
(trilobite,

sponge, etc.)

GC-53 bivalve aragonite silica disarticulated
replacement
(silicification)

Procedure
The information presented in this exercise is 

provided to acquaint the student with the important 
morphologic features of the major fossil groups and 
to see examples of the different types of fossiliza-
tion. While studying actual specimens provided by 
your instructor, identify the morphological features 
that characterize each group of fossils. It is common 
for a single specimen to display some morphologic 

elements, while others are not preserved. Observe 
several specimens of each type of fossil until you 
have personally observed all of the important mor-
phological elements.

 1.	Examine the various fossils prepared for the 
exercise and determine the taxon to which it 
belongs. Record the type of fossil, original min-
eralogy, current mineralogy, mode of fossiliza-
tion, and other preservational features in the 
appropriate boxes in table 8.4.

 Table 8.4   Morphological elements of observed fossil specimens.
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Learning Objectives	A fter completing this exercise, you will be able to:

1.	 define the concept of organic evolution; and
2.	 indicate how vestigial and homologous structures support the theory of evolution.

In only a few centuries, by selective breed-
ing, humankind has produced an amazing array 
of variation in several species, for example, dogs, 
cats, horses, fruits, and cereal grains. This human-
made change through time is much more rapid but 
otherwise very similar to nature’s change through 
time—evolution.

The results of evolution are evident upon close 
examination of living as well as fossilized organ-
isms. Through the study of fossils, at least three 
lines of evidence have contributed to our under-
standing of evolution: vestigial structures, ontoge-
netic change, and homologous bone structure.

Vestigial structures are organs or features that 
at one time were functional but have now lost their 
usefulness. For example, the pineal body in humans 
is a remnant of a third eye that is still well devel-
oped in some reptiles. A small bony tail and ear-
moving muscles are present in humans although 
their functions have been lost, and the small toe 
shown in figure 9.5G was a vestigial structure in 
three-toed horses. These organs are vestiges of 
once-functional features.

Ontogeny describes the growth or development 
of individuals throughout their life spans. Some 
organisms retain all growth stages in their develop-
ment, from immature to mature growth forms. One 
such group is the ammonoids, whose growing shell 
encompasses the previously deposited part of the 
shell to form an expanding planispiral structure. By 
examining the growth stages of ammonoids (figures 
9.1 and 9.2), as well as some other forms, it was seen 
that the development of an individual resembles the 
evolutionary stages in the history of the individual’s 
lineage, or phylogeny.

Procedure	 Part A
In figure 9.1, the ontogeny of an ammonoid 

genus, Perrinites, of Permian age, is illustrated. The 
sutures A through F represent growth stages of the 
individual, A being the earliest, and F representing 
the mature stage.

Exercise 9

Evidence of Evolution
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 Figure 9.2   Drawings of adult sutures of six 
ammonoids, in a random arrangement 
of ages.

A.	 Shumardites.

B.	 Perrinites.

C.	 Aktubites.

D.	 Properrinites.

E.	 Parashumardites.

F.	 Metaperrinites.

 Figure 9.1   Drawings of sutures showing the 
ontogenetic development of the 
Permian ammonoid genus Perrinites. 
(Paleontological Institute, n.d.)

In figure 9.2, only the mature sutures of six 
ammonoid genera from Pennsylvanian and Permian 
rocks are illustrated. These genera are not contem-
poraneous, but are found in rock units of various 
ages, although within these two periods.

 1.	The stratigraphic positions of the ammonoids, 
as represented by their sutures, have intention-
ally been rearranged. By studying the ontogeny 
of Perrinites (figure 9.1), rearrange the sutures in 
figure 9.2 into proper stratigraphic order, based 
on the biogenetic law, and compare with the 
order given by your instructor.
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Procedure	 Part B
Skeletal elements of structures that appear 

similar in different groups of organisms are termed 
homologous structures, even though their functions 
and overall shapes change slightly from group to 
group. For example, the arm and hand of a human 
are similar to, or have homologous bones with, the 
front limb of a horse, the wing of a bat or bird, or the 
front limb of a marine reptile. The relative position 
and structural relationships of the respective bones 
remain the same, but various types of limbs can 
be produced by changing the shape of individual 
bones. This similarity is the result of modification 
through time to accommodate a particular environ-
ment or organic function.

 1.	Various bones are identified on the skeleton of a 
human in figure 9.4. Homologize as many of these 
bones as possible on the skeleton of Dimetrodon 
(figure 9.3). Dimetrodon is one of the fin-backed, 
mammal-like reptiles of the Late Paleozoic.

 2.	Color each of the homologous bones of the front 
limb of the mammals, reptiles, and birds illus-
trated in figure 9.5. Color the scapula green, the 
humerus red, the radius blue, the ulna pink, the 
metacarpals yellow, and the phalanges purple.

 3.	Summarize the modifications that are evident 
in the various limbs and explain, if possible, the 
reason for nature’s selection of the modification, 
in view of the environment where the various 
organisms lived.

 Figure 9.3 
Diagram of a skeleton 
of the fin-backed 
Permian reptile, 
Dimetrodon.
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 Figure 9.4   Diagram of the skeleton of a human, with various bones labeled.
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 Figure 9.5   Diagrams of the forelimbs of eight vertebrate animals.

A.	 Modern seal.
B.	C retaceous pterodactyl.
C.	 Modern bat.
D.	 Modern bird.

E.	 Quaternary sabre-toothed cat.
F.	 Permian mammal-like reptile, edaphosaur.
G.	 Oligocene three-toed horse.
H.	J urassic plesiosaur.
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Learning Objectives	A fter completing this exercise you will be able to:

1.	 explain the concept of adaptive radiation, convergence, and divergence; and
2.	 understand the differences between phyletic gradualism and punctuated equilibrium.

The fossil record is one of the most conclusive 
pieces of evidence of change in organisms through 
geologic time. Since the first appearance of life on 
Earth (sometime during the Precambrian), organ-
isms have undergone continual change, or evolu-
tion. Lines of descent of organisms through time 
are termed phylogenies. The study of enzymes and 
proteins of living things (molecular biology) is the 
principal means of reconstructing the universal tree 
of life. The fossil record, however, is better suited for 
studying long-term evolutionary patterns of both 
organisms and communities.

Generally speaking, the soft parts of fossil organ-
isms are not available for study, because only hard 
parts are preserved. This preservation naturally lim-
its the interpretive value of fossils in reconstruction 
of lineages because many of the most characteristic 
features of organisms are lost in the process of fos-
silization. The aspect of the organism that remains is 
usually only the form or shape of the original hard 
parts. A phylogeny of fossil material is, therefore, 
an interpretation based on comparison of similar 

forms, their stratigraphic occurrence, and appar-
ent changes in morphology. Such studies are called 
comparative morphology.

Various patterns of evolution, or inferred phy-
logenies, are illustrated by fossil study. Some of 
these patterns are illustrated on figure 10.1. Con-
vergence is one pattern commonly followed by 
evolving organisms. Convergence is a pattern of 
evolution that is the result of dissimilar or unre-
lated organisms becoming more similar-appearing 
through time, probably in response to life in similar 
environments. If the convergence is essentially con-
temporaneous in both lineages, the pattern is termed 
isochronous convergence. An example is shown in 
figure 10.1D. If the convergence, however, occurs at 
different times, such as illustrated in figure 10.1E, 
the pattern is termed heterochronous convergence. 
Several remarkable examples of convergence are 
found in fossil records (for example, the develop-
ment of the marsupial Tasmanian wolf of the Aus-
tralian region to that of the placental doglike forms 
in the Northern Hemisphere). The convergence in 

Exercise 10

Patterns of Evolution
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A—Parallel Evolution C—Radiation

D—Isochronous Convergence E—Heterochronous Convergence

T
im

e

Morphologic Change

B—Divergence—Slow and Fast
Rates of  Evolution

gross shape of mammalian dolphins and whales to 
that of rapidly swimming fish is immediately appar-
ent. Several fossil reptiles also show the same gen-
eral trend toward streamlining. The latter instance 
is an example of heterochronous convergence since 
the swimming reptiles were at their peak of devel-
opment in the Mesozoic Era and the mammals at 
their peak in the Later Cenozoic. The spectacular 
development of flight in reptiles (pterodactyls), 
mammals, and birds is another example of conver-
gence because of the adaptation of each group to a 
similar mode of life. Examples can also be drawn 
from among invertebrate organisms. Various gen-
era of brachiopods and bivalves converge at differ-
ent times to form structures similar to solitary horn 
corals. Mimicry in insects might also be considered 

an example of convergent evolution where similar-
ity to the successful group is protective.

Parallel evolution—where two lineages show 
the same general trend in morphology—is another 
pattern that is demonstrated in the fossil record 
(figure 10.1A). In dinosaurs, for example, there is a 
general tendency in several lineages for an increase 
in size. Fusulinid foraminifers show other examples 
of parallelism where several lineages show a grad-
ual increase in wall thickness and a corresponding 
increase in complexity of wall folding and other 
structural elements. These fossils occur in the same 
beds and were undoubtedly contemporaneous. In 
ammonoid mollusks, the same patterns may be seen 
where separate lineages appear to independently 
develop increasingly complex shell chamber walls.

 Figure 10.1  G raphs of patterns of evolution. Time is plotted vertically and morphologic change is plotted 
horizontally.
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Divergence is one of the most common evolu-
tionary patterns in the geologic record. Divergence 
occurs where two closely related lineages in the 
geologic record become less and less similar as they 
are traced in younger and younger rocks. Morpho-
logic differences are interpreted to suggest change 
in environment, with one lineage specializing in one 
environment and the other in a distinctly different 
one. An example of divergence can be seen in horses, 
where browsing and grazing horses diverge from 
one another in the middle part of the Tertiary Period. 
The illustration of divergence, figure 10.1B, shows 
relative rates of evolution with a slow-rate and a fast-
rate line. The slow-rate line illustrates the least change 
over the longest period of time and is the steeper of 
the two orthogenetic trends shown in figure 10.1B. 
The fast-rate line has the more gentle gradient and 
the greatest amount of structural change in a short 
time. Examples of very rapid evolution can be seen 
in many groups of invertebrate fossils and in some of 
the more specialized vertebrate fossils as well, where 
considerable morphologic change was accomplished 
in a very short time. Ammonoids, some mammals, 
and graptolites all have high-rate evolutionary lin-
eages. Slow evolutionary rates are exemplified by 
some inarticulate brachiopods, which have changed 
little since the group appeared in the Cambrian over 
500 million years ago. Other classic examples are 
forms like the opossum, which has changed little 
since the early Tertiary.

Radiation is a common pattern and is seen where 
several lineages diverge from one another (figure 
10.1C). An example of radiation is seen in the Meso-
zoic history of reptiles, which radiated to become 
the largest herbivores and carnivores on land. Some 
reptiles began to fly, and others returned secondarily 
to the sea. Several lineages of reptiles and mammals 
have returned to the sea; however, they have not 
developed gills but have retained lungs like their 
terrestrial ancestors.

Not since the years directly following Darwin’s 
monumental publication has paleontology more 
strongly influenced evolutionary thought than in the 
last 25 years. Happily, the fossil record, now much bet-
ter understood than in the late nineteenth century, has 
become a fertile field of data to test modern ideas. For 
the past several years, two ideas have been popular 
points of debate among paleontologists and neon-
tologists. The ideas, called phyletic gradualism and 
punctuated equilibria, are models for the mode and 
tempo of evolution. They do not challenge the idea 
of evolution, only the mode and tempo of the theory. 
The basic question debated is, does evolution proceed 
gradually in a continuous pattern, or is it episodic?

If gradualistic, then the fossil record should dis-
play intermediate forms as progenitors, respond-
ing to a slowly changing environment, giving rise 
to descendants. The two species would show such a 
complete transition in their morphology that sepa-
rating the two would be arbitrary. On the other hand, 
if episodic, the fossils should show abrupt change 
between species followed by a relatively long period 
of stasis (figure 10.2A). Proponents of punctuated 
equilibria have discovered numerous examples from 
the fossil record to support their interpretation. Sup-
porters of the gradualistic model also found support 
from some fossil groups, especially mammals and 
protozoans (figure 10.2B). Most students today see 
evidence for both (figures 10.2C, D).

Procedure	 Part A
The drawings in figure 10.3 illustrate geometric 

forms from eight successive stratigraphic horizons. 
The oldest (T1) represents the lowermost series of 
beds in the sequence and contains the most primi-
tive shapes. Younger beds successively yield newer 
or more specialized kinds of fossils, until the young-
est fossils are encountered in the topmost bed of 
the sequence.

Because many students have trouble manipulat-
ing complex shapes, such as those characteristic of 
many fossil lineages, the shapes here have been sim-
plified to give only a sequence of geometric forms. 
These forms were constructed to show various kinds 
of evolutionary patterns, such as convergence, par-
allel evolution, divergence, and radiation. In several 
instances, there is no single correct or right answer. 
There are some forms that—by convergence—may be 
produced as a result of either of two or more converg-
ing lineages. These are termed polyphyletic forms. 
Other lineages seem best interpreted as deriving from 
a single root stock, which is called monophyletic.

 1.	Begin with the oldest series of shapes (layer A) 
and work upward, connecting by pencil lines or 
identifying by letter and number the likely phy-
logenetic series in each successive layer.

 2.	Tear out (or copy) the page and cut the fossils 
apart, rearranging them into patterns some-
what like that of the graph of radiation in figure 
10.1C. You may identify the fossils by letter and 
number and report your work.
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 3.	 Identify by number and letter an example of 
each of the following: a convergent, parallel, 
divergent, and radiating trend in the evolu-
tionary pattern. Cite examples of isochronous 
as well as heterochronous convergence, if they 
occur. Can you see monophyletic and polyphy-
letic lines?

 4.	Connect the various series with arrows to show 
trends. Indicate with asterisks those lineages 
that became extinct based on the horizon or 
level of occurrence of the last form in the series.

 5.	 Is the dominant mode and tempo of evolution in 
the relationships shown in figure 10.3 gradualistic 
or punctuational?

A.	 Extreme view of punctuational model. Sudden change 
in morphology (evolution) followed by static condition.

C.	 Punctuationalist view with some gradualistic influence.

B.	 Extreme view of gradualistic model. Evolution is 
gradual, continuous, and nearly uniform as shown by 
slope of lines representing species.

D.	 Gradualistic model with some accommodation for 
punctuationalism.
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 Figure 10.2   Hypothetical phylogenies. (After Stanley, 1979.)
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T7

T8

T6

T5

T4

T3

T2

T1

H–9H–8H–7H–6H–5H–4H–3H–2H–1 H–10

G–7G–6G–5G–4G–3G–2G–1 G–8

F–7F–6F–5F–4F–3F–2F–1 F–8

E–6E–5E–4E–3E–2E–1 E–7

D–5D–4D–3D–2D–1 D–6

C–7C–6C–5C–4C–3C–2C–1 C–8

B–6B–5B–4B–3B–2B–1 B–7

A–3A–2A–1 A–4

 Figure 10.3  A  diagram of various geometric shapes to simulate kinds of fossils in eight stratigraphic intervals, to 
be used in a problem showing evolutionary patterns and phylogenetic trends. Time is represented by 
the letter “T”; the oldest horizon is labeled T1.
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Procedure	 Part B
Figure 10.4 illustrates 10 stratigraphic horizons 

of graptolite faunas, with the oldest at the bottom 
and the youngest at the top. The entire sequence of 
organisms in figure 10.4 represents fossils that first 
appeared in Upper Cambrian or Lower Ordovician 
rocks and continued through the Silurian into the 
Devonian. Each of the collections is distinctive of a 
separate faunal zone of Early Paleozoic graptolite 
evolution. Graptolites are an extinct group whose 
characteristics evolved rapidly through geologic 
time. Because of their rapid change, they are used 
as time stratigraphic indicators in Ordovician and 
Silurian deposits.

 1.	Establish possible lineages or phylogenies for 
the various graptolites shown, as was done on 
figure 10.3, with a series of pencil lines showing 
phylogenies on the page. A more clearly defined 
interpretation can be obtained by copying 
the page and cutting the various forms apart, 
rearranging them in likely series. Be careful to 
maintain the fossils at their correct stratigraphic 
horizon. Each of the graptolite zones represents 
several million years of time and therefore it is 
possible to have one form derived from another 
within the same stratigraphic interval. In many 
instances, the entire suite of fossils illustrated 
may occur on a single bedding plane and may 
record an instant in terms of organic evolution.

 2.	Locate with numbers and letters possible exam-
ples of parallel evolution, convergence, diver-
gence, and a possible polyphyletic origin.
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 Figure 10.4  A  diagram of graptolite occurrences from 10 successive stratigraphic horizons, a problem in 
reconstruction of phylogenic trends. Time is represented by the letter “T”; the oldest horizon is T1.
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PLEISTOCENE – RECENT

PLIOCENE

MIOCENE

OLIGOCENE

EOCENE

PALEOCENE

Procedure	 Part C

Figure 10.5 illustrates mammal teeth in a strati-
graphic succession like the graptolites in figure 10.4. 
By comparing the kinds of teeth shown in the illus-
tration, reconstruct possible evolutionary trends in 
this group of vertebrates. The evolutionary trends 
can best be seen by studying the patterns of the tooth 

 Figure 10.5  A  sampling of mammal cheek teeth (upper) as they occur in Cenozoic strata.

surfaces and the general outline of the individual 
teeth. The dark areas on the teeth are areas of exposed 
dentine due to wear. The basic pattern of this dentine 
is a distinctive characteristic of every mammal, and 
an excellent means of identification. Teeth serve well 
for such an exercise, because the tooth structures of 
each mammal are highly specialized and are a major 
basis of classification in this group of organisms.
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Learning Objectives	A fter completing this exercise you will be able to:

1.	 better understand the concept of continental drift as espoused by Alfred Wegener;
2.	 know how geologists use the distribution of earthquakes to define plate boundaries; and
3.	 explain how magnetic reversals are used to date seafloor rocks.

The modern theory of plate tectonics was devel-
oped from Alfred Wegener’s (1912) earlier concept 
of continental drift. Geologists now explain the 
mechanism of geologic change in relation to at least 
10 major plates making up the Earth’s lithosphere. 
These plates are approximately 100 km thick and 
move over the Earth’s surface at an average velocity 
of 2 to 4 cm/yr.

Plate interactions are responsible for most of 
the Earth’s major tectonic events and features. Plate 
margins are classified according to the relative 
motion of the plate across the margin, such as:

•	divergent—plates moving apart;
•	convergent—plates moving together; or
•	transform faults—horizontal side-by-side 

movement.

Convergent plate margins are further classified on 
the basis of the types of crust involved in abutting 
plate margins, such as:

•	continent–continent, where two continental 
masses collide along opposite sides of plate 
boundaries;

•	continent–ocean, where continental and ocean 
crusts collide; and

•	ocean–ocean, where two slabs of oceanic litho-
sphere collide.

The combination of plate motion and physiographic 
character is a reasonable means of analyzing Earth 
dynamics.

Exercise 11

Continental Drift and Plate Tectonics
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Procedure	 Part A

Evidence of Continental Drift
Outline maps of South America, Africa, Europe, 

Greenland, and North America are given in figure 
11.1. The stippled area around each of the continents 
represents the area between the present shoreline 
and the 500-fathom (900-m) line (continental shelf). 
The latter is approximately the edge of the granitic 
continental crustal margin.

A fitting of the continents is best done on a small 
globe, but various map projections have been used 
by others. Because of the limitations of representing 
a curved surface on a plane, most map projections 
distort either the shape or size of the continents and 
alter their margins. Because of these difficulties, a 
modified Mercator projection has been used in the 
present exercise. This projection minimizes distor-
tion of the coastline to be fitted. Various sections 
of Central America and Europe have been shifted 
slightly out of their present-day positions, but these 
are areas of relatively recent orogenic activity and 
may have had different positions in the past.

 1.	Trace the continental outlines following their 
true margin at the outer edge of the continental 
shelf from figure 11.1. Adjust their relative posi-
tions until the best fit is achieved, not only of 
continental outlines but also of geologic data, 
which are summarized on some of the maps.

Procedure	 Part B

Seafloor Spreading 
and the Magnetic Timescale

Available evidence suggests that until the Late 
Paleozoic, the continents of Africa and South Amer-
ica were essentially side-by-side, and that drifting 
and opening of the Atlantic Ocean began early in 
the Mesozoic Era. If the continents drifted and the 
Atlantic Ocean is still enlarging, there must be some 
evidence on the present ocean floor. Various work-
ers studied the topography, sediments, and igneous 
rocks of the mid-Atlantic ridge to see if there were 
clues or evidence to document movement. It soon 
became apparent that a major linear topographic 
depression, or rift zone, is superimposed along the 

crest of the mid-Atlantic ridge along most of its 
length. Not only was the rift recognized in the Atlan-
tic, but the linear topographic low appears to be part 
of a major series of rifts and ridges associated with 
mid-oceanic areas of basaltic volcanic activity and 
seismic activity. The distribution of this worldwide 
system is shown in figure 11.2.

The topographic and structural features were 
documented at about the same time that parallel 
belts of alternating reversed and normal polarity of 
the magnetic intensity, or magnetic field strength, 
were recognized in rocks along the ridge trend. 
These alternating bands of normal and reversed 
polarity in the basalts occur symmetrically along the 
rift zone in the Atlantic Ocean in the fashion illus-
trated in the generalized diagram in figure 11.3. The 
location of the segment of the seafloor represented 
in figure 11.3 corresponds with line A–A′ on figure 
11.2. The sequence and ages of polarity reversals for 
the past 5.5 million years are shown in figure 11.4.

 1.	Why are the belts of polarity contrast situated 
symmetrically on either side of the rift zone on 
the mid-Atlantic ridge?

 2.	Using figures 11.3 and 11.4, calculate as closely 
as possible the rate, in centimeters per year, at 
which seafloor spreading is occurring in the 
Atlantic Ocean, based upon the paleomagnetic 
data. Your calculation is the rate at which a sin-
gle plate is moving.

 3.	Enter the rate of plate motion determined in 
question 2 above in the blue box labeled “b.” on 
figure 11.2.
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 Figure 11.3  A  schematic cross section of the central part of the mid-Atlantic ridge showing topography and patterns 
of paleomagnetic data. The dark and light areas correspond to the pattern shown on figure 11.4.

 Figure 11.4 
Magnetic polarity scale for the last 
5.5 million years of Earth history. 
Purple bands indicate periods 
of normal polarity. White bands 
indicate times when magnetic 
polarity was reversed compared 
to modern magnetic properties.

 4.	Estimate the time necessary for the spread of 
the South Atlantic Ocean between Africa and 
South America by dividing the present separa-
tion along the trace of the red dashed line on fig-
ure 11.2 by the rate of spreading as calculated in 
question 2.

 5.	What ages of basalt might be expected at points 
A and B on figure 11.3, assuming the rate of 
spreading to have been constant?
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 Table 11.1  T able showing types and characteristics of plate margins.

Modern Examples by Geographic Name

Plate Margin Continent-Continent Continent-Ocean Ocean-Ocean

Divergent
•	Tensional stresses
•	Crustal lengthening
•	New ocean crust
•	Normal faults
•	Shallow earthquakes
•	Basaltic volcanism

Convergent
•	Compressional stress
•	Crustal shortening
•	Ocean crust destroyed
•	Reverse and thrust 

faults
•	Folds
•	New continental crust
•	Shallow and deep 

quakes

Transform Fault
•	Shear stress
•	Shallow quakes
•	Crust neither created 

nor destroyed
•	Strike-slip faults

Procedure	 Part C

Characteristics of Plate Margins
Table 11.1 shows the three major plate margin 

types as well as the three possible physiographic 
combinations for each. Two of these combinations 
are rare or nonexistent (shaded boxes on table 11.1). 
Study figure 11.2 and complete the rest of the table 
by entering names of modern geographic locations 
that serve as examples for each of the seven charac-
teristic plate margins.
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Procedure	 Part D

Locating Plate Margins
Seismic or earthquake data provide us with 

direct information concerning plate interactions or 
tectonics. The US Geological Survey in Washing-
ton, DC maintains and publishes a monthly record 
of seismic events around the world. These records, 
distributed to the public by the National Earthquake 
Information Center, are entitled Preliminary Deter-
mination of Epicenters. They include date; time; 
location of epicenter; depth of focus, or hypocenter; 
and magnitude of every earthquake of magnitude 
3 or greater occurring in the United States and of 
those greater than magnitude 4 in other places 
in the world. Further information is included for 
some earthquakes. Occasional comments include 
the intensity as measured on the Modified Mercalli 
earthquake intensity scale. This kind of information 
is extremely useful for understanding the dynamic 
nature of our planet. By studying this information, 
a student can gain firsthand knowledge of the fre-
quency, distribution, and energy of the Earth’s seis-
mic activity.

The epicenters of the selected earthquakes 
occurring during the month of January 1982 have 
been plotted on a world map and are illustrated 
as figure 11.5. In addition, the seismic activity for 
the week 24–31 December 1981, is presented in 
table 11.2. Abbreviations used in the headings are: 
UTC = universal time; GS = geological survey data; 
MB = magnitude based on “P” seismic waves; and 
MSZ = magnitude based on vertical surface waves. 
An asterisk (*) following the time indicates a less 
reliable solution in the calculation because of incom-
plete or less reliable data.

 1.	Using a colored pen or pencil, plot every other 
epicenter from table 11.2 on figure 11.5. When 
you are finished, your map will display essen-
tially five weeks of seismic activity. The only 
information you need to complete this task is 
the longitude and latitude of the earthquakes.

 2.	Compare your finished map (figure 11.5) with 
figure 11.2. Is there a clear correlation between 
the distribution of recent earthquakes and 
the boundaries of plates? Is such a correlation 
expected?

 3.	The region near the Bonin Islands is a common 
site for deep earthquakes. Why is this?

 4.	What is the probable cause of the Kazakh seis-
mic event of 27 December at 03:43 hours? What 
two things form the basis of your answer?
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Origin Time, UTC Geographic Coordinates Magnitudes, GS

Day, UTC
12/81 Hr. Min. Sec. Lat. Long. Region and Comments Depth MB MSZ

No. Sta.
Used

24 02 22 	 07.7 	 34.017 N 	116.767 W Southern California 20 10
24 04 24 	 53.6* 	 14.641 N 	119.919 E Luzon, Philippine Islands 33 	 4.6 8
24 05 33 	 21.5 	 29.956 S 	177.701 W Kermadec Islands 33 	 6.1 	 6.8 151
24 09 43 	 51.5* 	 30.041 S 	177.563 W Kermadec Islands 33 	 5.0 	 5.1 15
24 11 11 	 17.1* 	 22.061 S 	175.916 W Tonga Islands Region 63 	 4.9 14
24 13 02 	 40.4 	 29.925 S 	177.374 W Kermadec Islands 33 	 5.3 	 5.4 29
24 14 07 	 39.3* 	 39.952 N 	 77.366 E Southern Sinkiang Prov., China 33 	 4.9 7
24 14 44 	 07.4* 	 14.282 S 	 74.321 W Peru 108 8
24 19 44 	 53.1* 	 30.228 S 	177.378 W Kermadec Islands 33 	 4.9 17
24 22 00 	 51.6* 	 33.153 N 	 49.705 E Western Iran 33 	 4.6 	 4.0 28
24 22 36 	211.5 	 30.076 S 	177.387 W Kermadec Islands 36 	 5.2 	 5.4 40
25 00 06 	 09.5* 	 12.555 N 	 88.303 W Off Coast of Central America 33 	 4.7 26
25 00 28 	 16.8 	 4.738 N 	118.458 E Kalimantan 52 	 5.4 	 5.2 47
25 04 55 	 52.7* 	 17.406 N 	 61.768 W Leeward Islands 49 	 4.2 12
25 06 03 	 07.9* 	 77.013 N 	 6.601 E Svalbard Region 10 	 4.4 14
25 08 28 	 48.0 	 6.561 N 	 73.039 W Northern Colombia 195 	 4.5 13
25 09 12 	 06.4 	 30.313 S 	177.489 W Kermadec Islands 33 	 5.4 	 5.4 57
25 10 37 	 10.7* 	 30.200 S 	177.411 W Kermadec Islands 33 	 4.7 12
25 10 48 	 45.1* 	 30.324 S 	177.301 W Kermadec Islands 33 	 5.2 20
25 12 35 	 49.6* 	 11.172 N 	 62.474 W Windward Islands 102 	 4.8 55
25 15 27 	 18.7* 	 13.613 S 	 76.425 W Near Coast of Peru 33 5
25 15 50 	 33.3* 	 23.197 N 	121.642 E Taiwan 33 	 4.5 11
25 17 02 	 35.5 	 53.884 N 	160.800 E Near Coast of Kamchatka 33 	 4.6 19
25 22 26 	 41.0* 	 59.871 N 	152.716 W Southern Alaska 113 	 4.3 14
26 03 42 	 19.5* 	 37.952 N 	 22.702 E Southern Greece 33 	 4.0 25
26 10 17 	 16.6* 	 2.209 S 	139.847 E Near N. Coast of West Irian 33 4.8 	 4.5 18
26 11 16 	 05.8 	 23.942 S 	 66.512 W Jujuy Province, Argentina 207 	 4.9 49
26 14 29 	 11.1* 	 38.950 N 	 25.310 E Aegean Sea 10 	 4.2 	 3.6 39
26 17 05 	 32.8 	 29.812 S 	177.854 W Kermadec Islands 33 	 6.3 	 7.1 149
26 17 53 	 30.6* 	 29.983 S 	177.830 W Kermadec Islands 33 	 5.2 17
26 17 53 	 38.4* 	 40.213 N 	 28.778 E Turkey

Felt in the Istanbul area
27 	 4.3 28

26 19 38 	 07.7* 	 9.773 S 	119.218 E Sumba Island Region 100 	 4.4 10
26 21 50 	 43.9 	 7.260 S 	129.183 E Banda Sea 150 	 5.3 21
26 22 02 	 18.5* 	 22.765 S 	 68.332 W Northern Chile 119 	 4.8 11
27 03 43 	 14.1 	 49.923 N 	 78.876 E Eastern Kazakh SSR 0 	 6.1 	 4.3 167
27 06 22 	 50.3* 	 30.063 S 	177.622 W Kermadec Islands 33 	 5.4 	 4.9 18
27 10 30 	 44.4 	 2.160 S 	139.825 E Near N. Coast of West Irian 33 	 5.6 	 5.9 60
27 13 25 	 33.3* 	 46.331 N 	 16.832 E Yugoslavia 10 13
27 16 36 	 48.3* 	 5.090 S 	139.311 E West Irian 33 	 3.7 6
27 17 39 	 16.7 	 39.004 N 	 24.799 E Aegean Sea

Ten houses damaged on Evvoia.
Felt strongly in eastern Greece.
Also felt in the Izmir, Turkey area

33 	 5.3 	 6.5 112

27 20 21 	 05.9* 	 7.107 N 	 73.093 W Northern Colombia 138 	 4.6 10
27 20 24 	 15.5* 	 34.250 N 	117.617 W Southern California 9 9
27 21 23 	 13.6 	 8.278 S 	 79.875 W Near Coast of Northern Peru 33 	 5.2 	 4.4 41
28 01 53 	 02.2 	 6.889 S 	130.004 E Banda Sea 131 	 4.6 13
28 10 28 	 15.9* 	 54.642 N 	160.380 W Alaska Peninsula 33 9
28 12 40 	 18.4 	 14.974 S 	168.121 E Vanuatu Islands 33 	 5.7 	 5.2 89

 Table 11.2   Preliminary determination of epicenters.
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Origin Time, UTC Geographic Coordinates Magnitudes, GS

Day, UTC
12/81 Hr. Min. Sec. Lat. Long. Region and Comments Depth MB MSZ

No. Sta.
Used

28 13 08 	 26.2 	 21.644 N 	143.470 E Mariana Islands Region 33 	 5.3 	 5.0 57
28 14 18 	 15.5* 	 21.495 N 	143.583 E Mariana Islands Region 33 	 5.0 30
28 14 38 	 20.9* 	 21.893 N 	144.109 E Mariana Islands Region 33 	 4.5 22
28 14 49 	 40.6 	 35.016 N 	 45.934 E Iran–Iraq Border Region 33 	 5.0 	 4.0 69
28 15 20 	 11.4* 	 21.353 N 	143.818 E Mariana Islands Region 33 	 4.6 13
28 15 40 	 02.1* 	 21.642 N 	143.718 E Mariana Islands Region 59 	 5.1 25
28 16 11 	 00.4* 	 14.213 N 	 92.200 W Near Coast of Chiapas, Mexico 68 	 4.7 7
28 16 37 	 35.8* 	 21.360 N 	143.664 E Mariana Islands Region 33 	 4.7 15
28 17 23 	 52.2 	 21.511 N 	143.789 E Mariana Islands Region 27 	 4.9 35
28 17 40 	 49.8 	 21.593 N 	143.518 E Mariana Islands Region 33 	 5.3 36
28 18 10 	 57.7 	 13.805 N 	 95.915 E Andaman Islands Region 33 	 5.0 	 5.1 48
28 18 13 	 25.5* 	 21.487 N 	143.500 E Mariana Islands Region 33 	 5.0 28
28 20 56 	 01.0* 	 21.429 N 	143.523 E Mariana Islands Region 33 	 5.0 29
28 22 01 	 50.1 	 63.111 N 	150.819 W Central Alaska 151 13
28 22 45 	 42.1 	 37.211 N 	114.980 W Southern Nevada

Felt (IV) at Las Vegas
Felt in Clark and Lincoln Counties, Nev.
Also felt at Toquerville, Utah, and 
Temple Bar, Arizona.

5 16

28 23 17 	 50.8* 	 21.489 N 	143.621 E Mariana Islands Region 33 	 4.7 11
28 23 35 	 59.6* 	 21.645 N 	142.958 E Mariana Islands Region 33 	 4.7 13
29 02 22 	 59.7 	 21.352 N 	143.152 E Mariana Islands Region 33 	 4.8 26
29 05 07 	 22.3* 	 21.337 N 	143.680 E Mariana Islands Region 33 	 4.6 14
29 06 39 	 29.8* 	 21.474 N 	143.694 E Mariana Islands Region 33 	 4.7 16
29 08 00 	 44.9 	 38.796 N 	 24.720 E Aegean Sea

Felt in the Khalkis–Thessaloniki area
10 	 4.7 	 5.3 83

29 09 26 	 36.0* 	 21.425 N 	143.841 E Mariana Islands Region 33 	 4.8 13
29 15 37 	 03.9* 	 21.858 N 	143.581 E Mariana Islands Region 33 	 4.7 12
29 15 38 	 26.1* 	 6.066 S 	155.274 E Solomon Islands 150 	 5.0 12
29 16 11 	 17.0* 	 21.459 N 	143.643 E Mariana Islands Region 33 	 4.6 9
29 16 37 	 17.9* 	 19.209 S 	 68.168 W Chile–Bolivia Border Region 205 	 5.0 9
29 19 06 	 31.3 	 30.231 S 	177.924 W Kermadec Islands 60 	 5.5 36
29 22 49 	 00.4 	 21.508 N 	143.379 E Mariana Islands Region 33 	 5.3 	 4.8 56
29 23 37 	 53.3* 	 21.539 N 	143.648 E Mariana Islands Region 33 	 4.9 9
30 11 26 	 36.0* 	 43.756 N 	147.678 E Kuril Islands 33 	 5.2 	 4.1 56
30 13 47 	 27.3 	 64.589 N 	148.080 W Central Alaska 33 	 3.9 11
30 14 00 	 33.8 	 64.577 N 	148.158 W Central Alaska

Felt (V) at Ester and (IV) at Fairbanks
27 	 4.8 37

30 15 00 	 53.8* 	 22.028 N 	143.536 E Volcano Islands Region 79 	 4.7 13
30 16 46 	 34.4* 	 38.812 N 	 20.803 E Greece 33 	 4.4 11
30 17 44 	 09.6 	 6.734 N 	126.957 E Mindanao, Philippine Islands 77 	 5.0 31
30 20 32 	 36.1* 	 13.570 N 	 90.620 W Near Coast of Guatemala 33 	 4.5 12
30 21 09 	 54.0* 	 4.349 N 	126.008 E Talaud Islands 104 	 4.7 12
31 05 08 	 13.5 	 27.694 N 	139.680 E Bonin Islands Region 494 	 4.7 38
31 06 54 	 51.1* 	 33.935 S 	179.331 W South of Kermadec Islands 33 	 5.2 28
31 09 20 	 05.9* 	 0.796 N 	123.883 E Minahassa Peninsula 294 	 5.1 20
31 12 15 	 54.4 	 61.910 N 	151.758 W Southern Alaska

Felt at Wasilla and Houston
128 	 4.1 14

31 13 48 	 43.0* 	 2.150 N 	126.451 E Molucca Passage 125 	 4.9 14
31 21 38 	 13.9 	 21.448 N 	143.716 E Mariana Islands Region 33 	 5.0 12

 Table 11.2   Preliminary determination of epicenters.
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Procedure	 Part E

Hot Spots and Plate Motion
Figure 11.6 is a map of the emergent portion 

of the Hawaiian Islands chain in the central Pacific 
Ocean. These islands have a volcanic origin result-
ing from the outpouring of vast amounts of basaltic 
lava from a hot spot located southeast of the “Big 
Island” of Hawaii. The hot spot remains fixed in the 
mantle while the Pacific plate moves across it in a 
northwesterly direction. The masses of volcanic 
rocks that comprise the emergent and submergent 
portions of the Hawaiian chain are all younger than 
the seafloor basalts (Pacific plate) onto which they 
were extruded. The average radiometric ages in mil-
lions of years (Ma) of the basalts at eight selected 
sample stations are shown on figure 11.6.

 1.	Draw a line from the white dot adjacent to 
recent basalt flows on the island of Hawaii and 
the white dot on the north side of Kauai. Using a 
protractor and the north arrow provided on the 
map, determine the average direction that the 
Pacific plate has been moving over the past 5.1 
million years.

 2.	Using figure 11.6, fill in the data pertaining to 
distance and age differences between the sam-
ple station(s) located on each island in table 
11.3. Next calculate the rate of plate motion 
that occurred between the extrusion of lavas 
at each sample area (right column of table 
11.3). Finally, calculate the average rate of plate 
motion between Hawaii and Kauai (bottom row 
of table 11.3).

 3.	Has the rate of plate motion been constant for 
the past 5.1 million years? What is the range of 
values of plate motion?

 4.	Enter the average rate of motion into the blue 
box labeled “a.” on figure 11.2.
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Hawaii to SE Maui
SE Maui to NW Maui
NW Maui to E Molokai
E Molokai to W Molokai
W Molokai to SE Oahu
SE Oahu to NW Oahu
NW Oahu to Kauai
HAWAII TO KAUAI

STATION
DISTANCE
(in km)

DISTANCE
(in cm)

RATE
(cm/yr)

AGE
DIFFERENCE
(in years)

125 12,500,000 700,000 17.9 

 Table 11.3  T able provided for recording information on the distances of sample localities, ages, and rates of 
motion of the Hawaiian Islands.

Molokai

Maui

Hawaii

Oahu

Lanai

Kauai 5.1 Ma

2.6 Ma

3.7 Ma
1.7 Ma

1.9 Ma

0.7 Ma

1.3 Ma

0.0 Ma

kilometers

0 25 50 75 100 200

Pacific      Ocean

recent lava 
flows

North

 Figure 11.6   Map of the Hawaiian Islands with average radiometric dates of basalts comprising each island.
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Procedure	 Part F

Plate Tectonics 
and the Aleutian Trench

Figure 11.7 is a map showing the boundary 
between the North American and Pacific litho-
spheric plates. Volcanic activity associated with 
this margin has produced a 3,000 km-long chain of 
volcanoes and volcanic islands (island arc) known 
as the Aleutian Islands. Figure 11.7A shows the 
location of the volcanic chain between Alaska and 
Russia. Figure 11.7B shows details of the central 
portion of the Aleutian chain. The dark line with 
triangular “teeth” on map B shows the position of 
the Aleutian Trench, a physiographic feature that 
marks the line of interaction between the Pacific 
plate and the North American plate. Red and green 
dots indicate the epicenters of earthquakes that 
have been recorded in the area from 1900 until 2010 
(Benz et al., 2011). Red dots indicate the locations 
of shallow-focus earthquakes (those that originate 
between 0 and 70 km below the surface). Green dots 
represent the epicenters of earthquakes that origi-
nated at depths between 70 and 300 km below the 
surface (intermediate-depth earthquakes).

 1.	Plot the point of origination (focus) of each 
earthquake listed in table 11.4 on figure 11.8. To 
do this, first determine the position of the epi-
center relative to the axis of the Aleutian Trench 
(red arrow). Positive values indicate quakes 
occurring in the Pacific plate south of the trench 
axis. Negative values indicate distance north of 
the trench axis. Once you have located the epi-
center along the surface, use the depth data to 
locate the focus of the quake. Plot shallow- and 
intermediate-focus earthquakes using red dots 
and green dots, respectively.

 2.	What type of plate boundary is represented 
(convergent, divergent, transform)?

 3.	What is the range of earthquake depths in the 
vicinity of the Aleutian Trench?

 4.	Why are earthquakes more numerous north of 
the trench axis?

 5.	What is the dip of the earthquake zone? Since 
the horizontal and vertical scales are equal, you 
can make this determination with a protractor.

 6.	Label the North American and Pacific plates on 
the cross section. Draw arrows to illustrate rela-
tive motion of the Pacific and North American 
plates along the zone.
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 Figure 11.7   Maps of the Aleutian Trench and northern Pacific Ocean basin.

A.	Regional map.
B.	Detailed tectonic map of the central portion of the Aleutian Trench. The rectangular box bisected 

by line A–A′ corresponds to the rectangular box in the lower middle portion of the regional map. 
A–A′ corresponds to the cross section shown in figure 11.8. Scale bar applies to map B.
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 3. -25 10
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 5. -300 150
 6. -100 25
 7. -100 35
 8. -50 25
 9. +50 50
 10. -200 50
 11. -150 50
 12. -200 90
 13. +15 40
 14. -240 110
 15. -270 150
 16. -320 40
 17. -325 175

 18. +50 15
 19. -125 20
 20. -125 40
 21. -175 40
 22. -210 75
 23. -250 90
 24. -350 220
 25. -370 200
 26. -175 50
 27. -200 70
 28. -250 150
 29. -275 125
 30. -325 150
 31. -300 125
 32. -150 40
 33. -350 175
 34. -250 60

 Figure 11.8  C ross section of line A–A′ on figure 11.7B. The horizontal scale is distance from the Aleutian Trench 
axis measured in kilometers. Vertical and horizontal scale are the same. Depths below the surface 
are measured in kilometers. Distances seaward of the Aleutian Trench are assigned positive values. 
Distances northward from the trench axis are assigned negative values. Earthquakes occurring at 
a depth of 0 to 70 km are called “shallow” quakes; those occurring between 70 and 300 km are 
considered to be “intermediate-depth” earthquakes.

 Table 11.4 
Distance and depth data for earthquakes occurring in the 
central Aleutian Islands. The second column indicates the 
distance of the epicenter from the trench axis along the line 
A–A′ on figure 11.7. Positive and negative values indicate 
distances (in km) south and north of the trench axis, respec-
tively. The third column lists the depth of the earthquake 
(focus) below the surface in kilometers. Greater values indi-
cate greater depths of earthquake originations.
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Learning Objectives	A fter completing this exercise, you will be:

1.	 acquainted with the key index fossils of selected geological systems; and
2.	 able to utilize fossil-based age determinations and stratigraphic/structural relationships to work out 
the sequence stratigraphy and tectonic history of a geologically complex region.

The cross section in figure 12.1 reveals the geologi-
cal structure and stratigraphy of a hypothetical region 
of northeastern Canada. Stratigraphers have deter-
mined that seven lithostratigraphic units are exposed 
in the study area: Chuar Group, Tremadoc Formation, 
Labrador Formation, Percha Shale, Salem Limestone, 
Paradox Formation, and Pierre Shale. The ages of the 
units have not yet been determined. To that end, fos-
sils have been collected from nine stratigraphic hori-
zons. The stratigraphic and geographic positions of 
these collections are noted (numbers 1–9) on the cross 
section. In other words, specimens in Fauna 1 were 
collected from Location 1 on the cross section, etc.

Procedure	 Part A

Relative Ages
Determine the age of each formation in figure 

12.1 by identifying the fossils present in Faunas 1–9 

illustrated on pages 189–196, or by identifying speci-
mens provided by your instructor. Identify speci-
mens to the genus level (except specimen 1c, for 
which a general name is acceptable) by compar-
ing the illustrated specimens with line drawings of 
selected index fossils found on pages 174–188 (after 
Moore, Lalicker, and Fisher, 1952). For each fauna 
group, list the names of the fossils that you have iden-
tified on the appropriate line of the fossil data sheets 
provided on pages 197–201. Next, by using a vertical 
line or by shading boxes, plot the stratigraphic range 
of each genus in the appropriate column. Once this is 
done, use the stratigraphic range data to determine 
the most likely age of each collection. Indicate that 
age in the lower right box of the data sheet. An exam-
ple of a completed fossil data sheet is illustrated in 
figure 12.2. Note: Some lines and columns will be left 
blank. For example, Fauna 4 contains only two speci-
mens; hence the data sheet for Fauna 4 will contain 
information for only two genera.

Exercise 12

Index Fossils and Depositional Sequences
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Procedure	 Part B

Chronostratigraphy
Using information on your fossil data sheets, 

determine and list the age of each lithostratigraphic 
unit.

 1.	Chuar Group

 2.	Tremadoc Formation
 3.	Labrador Formation

 4.	Percha Shale

 5.	Salem Limestone

 6.	Paradox Formation
 7.	Pierre Shale

Procedure	 Part C

Depositional Sequences
List the formations from part B that comprise 

each of the standard North American depositional 
sequences within this region:

 1.	Sauk Sequence:

 2.	Tippecanoe Sequence:

 3.	Kaskaskia Sequence:

 4.	Absaroka Sequence:

 5.	Zuni Sequence:

Procedure	 Part D

Significant Surfaces
Note the nature of the following surfaces:

 1.	Boundary between Chuar Group and Tremadoc 
Formation:

 2.	Boundary between Tremadoc and Labrador 
Formations:

 3.	Surface at base of Percha Shale:

 4.	Contact between Percha Shale and Salem Lime-
stone:

 5.	Contact between Salem Limestone and Paradox 
Formation:

 6.	Surface at the base of Pierre Shale:



	Exercise  12	 Index Fossils and Depositional Sequences   173   

FAUNA 1

P
al

eo
zo

ic

TAXON NAMEA. B. I. C. D. E. F. G. H. J. K. 

Age of Bed: 

A. 

B. 

C. 

D. 

E. 

F. 

G. 

H. 

I. 

J. 

K. 

Neogene

Permian

Triassic

Cretaceous

Jurassic

Pennsylvanian

Mississippian

Devonian

Cambrian

Ordovician

Silurian

Paleogene

P
al

eo
zo

ic
M

es
oz

oi
c

C
en

o. Polygnathus
Syringopora
Lingula
Palmatolepis
Atrypa
Phacops

Devonian

 Figure 12.2  E xample of the procedure for completing the fossil data sheets for Faunas 1–9.

Procedure	 Part E

Classification
To help you become familiar with the inverte-

brate classification above the genus level, and to 
help you see the evolutionary relationships between 
invertebrate taxa, list the genera that you have iden-
tified in the course of this lab in the correct box on 
table 12.1 (see page 202).

Procedure	 Part F

Report
Write a one- or two-page summary of the geolog-

ical history of the region based upon the lithostratig-
raphy and geometries seen on the cross section. 
Indicate the age and probable depositional environ-
ment of each formation. Indicate which type or types 
of fossils are the best index fossils for a given geo-
logical system. Discuss the nature and significance 
of contacts and other surfaces that separate the for-
mations. Relate these to tectonic events and deposi-
tional sequences that you have studied. This portion 
of the lab permits you to synthesize the paleontologi-
cal, chronological, and lithologic patterns present 
in this geological region. Your synthesis should be 
concise and complete and should reflect your ability 
to synthesize the data. The summary report will be 
evaluated by the instructor accordingly.
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Triticites
U. Pennsylvanian

Fusulinella
L. Pennsylvanian

Fusulina
M. Pennsylvanian

Pseudoschwagerina
L. Permian

Polydiexodina
M. Permian Sumatrina

U. Permian

Kyphopyxa
Cretaceous

Globotruncana
Cretaceous

Massilina
Cretaceous - Recent

Textularia
Penn. - Recent

Hyperammina
Silurian - Recent

Psammosphaera
Silurian - Recent

Ammodiscus
Silurian - Recent

Climacammina
Penn. - Permian

Globigerina
Cretaceous - Recent

Uvigerina
Eocene - Recent

Cibicides
Cretaceous - Recent

Robulus
Jurassic - Recent

Endothyra
Devonian - Triassic

Phylum SARCODINA     Order Foraminiferida
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Astraeospongia
Silurian

“archaeocyathid”
Cambrian

outer wall

pariesintervallum

pore

inner wall

Girtyocoelia
Pennsylvanian - Permian Stromatopora

Silurian -  Jurassic

Archeocyathus
L. Cambrian

Astylospongia
Silurian

Brachiospongia
L. Pennsylvanian

Hydnocera
Devonian

Phylum PORIFERA     Phylum ARCHEOCYATHA
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Zaphrenthis
Devonian

Heterozaphrentis
Devonian

Caninia
Devonian - Pennsylvanian

Breviphrentis
Silurian - Mississippian

Heliophyllum
Devonian

Lophophyllidium
Pennsylvanian - Permian

Ptychophyllum
Silurian - Devonian

Comophyllia
Jurassic

Astrhelia
Miocene

Parasmilia
Cretaceous - Recent

Stylina
Triassic - Cretaceous

Montastrea
Jurassic - Recent

Flabellum
Eocene - Recent

Trochosmilia
Cretaceous - Miocene

Archohelia
Cretaceous - Pliocene

Plectoconularia
Ordovician

Conularia
Cambrian - Permian

Phylum CNIDARIA     solitary rugose corals and conularids    

Phylum CNIDARIA     scleractinian corals  
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Precambrian Ediacaran Fauna    

Phylum CNIDARIA     tabulate and colonial rugose corals    

Lithostrotionella
Mississippian

Pachyphyllum
Devonian

Hexagonaria
Devonian

Syringopora
Silurian - Permian

Halysites
Ordovician - Silurian

Halysites
“chain coral”

Ordovician - Silurian

Favosites
Ordovician- Permian

Favosites
“honeycomb coral”

Ordovician- Permian
Aulopora

Silurian - Pennsylvanian

Spriggina
Late Proterozoic

Dickinsonia
Late Proterozoic
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Atrypa
Silurian - Devonian

Juresania
Pennsylvanian - Permian

Mucrospirifer
Devonian

Neospirifer
Pennsylvanian - Permian

Paraspirifer
Devonian

Platystrophia
Ordovician - Silurian

Dicoelosia
Ordovician - Devonian

Dinorthis
Ordovician

Eumetria
Mississippian

Spinocyrtia
Devonian

Athyris
Devonian - Mississippian

Leptaena
Ordovician - Devonian

Phylum BRACHIOPODA     Class Articulata
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Derbyia
Pennsylvanian - Permian

Rafinesquina
Ordovician

Hustedia
Mississippian - Permian

Dalmanella
Silurian

Pentamerus
Silurian

Composita
Mississippian - Permian

Hebertella
Ordovician

Strophonella
Silurian - Devonian

Paurorhyncha
Devonian

Rhynchotreta
Mississippian 

Camerotoechia
Devonian - Mississippian

Obolella
Cambrian

Siphonotreta
Cambrian - Ordovician

Acrothele
CambrianOrbiculoidea

Ordovician - Permian
Discinisca

Tertiary - Recent

Prorichtofenia
Permian

Meekella
Pennsylvanian - Permian

Dictyoclostus
Mississippian - Permian

Rensselaria
Devonian

Phylum BRACHIOPODA     Class Articulata

Phylum BRACHIOPODA     Class Inarticulata



  180   Exercise  12	 Index Fossils and Depositional Sequences

Exogyra
Jurassic - Cretaceous

Exogyra
Jurassic - Cretaceous

Inoceramus
Jurassic - Cretaceous

Trigonia
Jurassic - Recent

Arctica
Jurassic - Recent

Pychnodonte
Jurassic - Eocene

Monopleura
Cretaceous

“rudist”

Ostrea
Jurassic - Recent

Idonearca
Cretaceous

Barbatia
Cretaceous - Recent

Cardium
Triassic - Recent

Corbula
Triassic - Recent

Crassatellites
Cretaceous - Recent

Paranomia
Cretaceous

Phylum MOLLUSCA   Class Bivalvia
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Polypora
Ordovician - Permian

Fenestrellina
Silurian - Permian

Rhombocladia
Pennsylvanian - Permian

Rhabdomeson
Pennsylvanian - Permian

Archimedes
Mississippian - Permian Psilosolen

Pleistocene - Recent
Idmonea

Jurassic - Recent

Acanthocladia
Pennsylvanian - PermianThamniscus

Silurian - Permian

Prasopora
Ordovician

Pinneretopora
Devonian - Permian

Phylum BRYOZOA
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Ectomaria
Ordovician

Ecphora
Cretaceous-Miocene

Strobeus
Silurian-Permian

Hormotoma
Ordovician-Devonian

Busycon
Oligocene-Recent

Holopea
Ordovician-Pennsylvanian

Cyclonema
Ordovician-Devonian

Isonema
Devonian

Bembexia
Ordovician-Pennsylvanian

Cerithiopsis
Cretaceous-Recent

Volvula
Eocene-Recent

Pterygia
Miocene-RecentEunema

Ordovician-DevonianDrillia
Eocene-Recent

Phylum MOLLUSCA     Class Gastropoda
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Rayonnoceras
Miss. - Pennsylvanian

Endoceras
Ordovician

Muensteroceras
Mississippian

Columbites
Triassic

Cravenoceras
Mississippian

Texanites
Cretaceous

Eoasianites
Pennsylvanian - Permian

Tropites
Triassic

Phylloceras
Cretaceous

Schistoceras
Pennsylvanian

Baculites
Cretaceous

Normannites
Jurassic

Phylum MOLLUSCA     Class Cephalopoda
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Hamulina
Cretaceous

Hamites
Cretaceous

Ancyloceras
Jurassic - Cretaceous

Scaphites
Cretaceous

Turrilites
Cretaceous

Nipponites
Cretaceous

Cochloceras
Triassic

Phylum MOLLUSCA     heteromorph ammonoids
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Olenoides
M. Cambrian

Orria
M. Cambrian

Phillipsia
Miss. - Permian

Redlichia
L. Cambrian

Saukia
U. Cambrian

Homotelus
M. to U. Ordovician

Elrathia
M. Cambrian

Cedaria
U. Cambrian Tricrepicephalus

U. Cambrian

Reedolithus
Ordovician

Phacops
U. Devonian Ceraurus

Ordovician

Olenellus
L. Cambrian

Asaphiscus
M. Cambrian

Paradoxites
M. Cambrian Dalmanites

Silurian

Peronopsis
M. Cambrian

Ditomopyge
Penn. - Permian

Griffithides
Miss. - Permian

Illaenus
Ord. - Silurian

Phylum ARTHROPODA     Class Trilobita
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Taxocrinus
Devonian-Mississippian

Onychocrinus
Mississippian

Sagenocrinites
Silurian

Merocrinus
Ordovician

Uintacrinus
Cretaceous

Protaxocrinus
Ordovician-Silurian

Glyptocrinus
Ordovician-Silurian

Scytalocrinus
Mississippian-Pennsylvanian

Pentramites
Devonian-Mississippian

Dimerocrinites
Silurian-Devonian

side view

top view

Phylum ECHINODERMATA     Class Crinoidea  and Class Blastoidea
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Hyattechinus
Mississippian

Echinocrinus
Mississippian-Pennsylvanian

Melonechinus
Mississippian

Encope
Pliocene

Micraster
Cretaceous-Miocene

Hemiaster
Cretaceous

Phylum ECHINODERMATA     Class Echinoidea
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Monograptus (three species)
Silurian - Lower Devonian

Diplograptus
Ordovician - Lower Silurian

Climacograptus
Ordovician - Lower Silurian

Monograptus
Silurian

Clonograptus
Lower Ordovician

Tetragraptus
Lower Ordovician

Nemagraptus
Middle Ordovician

Didymograptus (four species)
Lower Ordovician - Middle Ordovician

Dictyonema
Upper Cambrian - Mississippian

Phyllograptus
Lower Ordovician

Phylum HEMICHORDATA     Class Graptolithina
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 Table 12.1  C lassification of genera identified in exercise 12.

Phylum Archeocyatha

Phylum  Porifera

Phylum  Cnidaria
 Order Rugosa

Phylum Brachiopoda
 Class Articulata

Phylum Bryozoa

Phylum Mollusca
 Class Bivalvia

Phylum Echinodermata
 Class Crinoidea

Phylum Arthropoda
 Class Trilobita

Phylum Hemichordata
 Class Graptolithina

 Order Ostracoda

 Eurypterida

 Order Scleractinia

 Class Inarticulata

 Class Cephalopoda

 Class Echinoidea

 Class Blastoidea

 Class Gastropoda

 Order Tabulata

TAXONOMIC CATEGORY LIST OF GENERA REPRESENTED IN FAUNAS

Phylum Sarcodina
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Learning Objectives	A fter completing this exercise, you will:

1.	 be able to recognize and understand the fundamental elements of a geological map;
2.	 be familiar with basic geological map symbols;
3.	 know how to trace contacts, faults, or other planar features on a geological map;
4.	 be able to construct a topographic profile;
5.	 be able to construct a geological cross section; and
6.	 be able to recognize the basic types of folds, faults, and unconformities from patterns portrayed on 

geological maps.

Introduction

A map is a graphic representation of a geo-
graphic area. It is a scale model that uses symbols 
to depict relationships between objects that occur in 
the map area. For example, highway maps use one 
set of symbols to depict cities and towns, another 
set of symbols to represent roads or waterways con-
necting these municipalities, and yet a third set to 
represent the scale of the map. Highway maps are 
constructed with a specific purpose in mind—to 
help you efficiently and safely move between two 
points of interest. Topographic maps have a differ-
ent purpose—to depict relationships between topo-
graphic elements such as valleys, hills, mountains, 
etc. The fundamental symbol on a topographic 

map is the contour line. These lines depict points 
of equal elevation. Contour lines that are closely 
spaced indicate steep topography. Flatter areas are 
represented by more widely spaced contour lines. 
Historically, humans have spent much time produc-
ing maps because these scale models permit us to 
visualize and interpret patterns that are otherwise 
too large to discern and decipher.

Geological maps show the distribution of 
rock bodies and the traces of geological structures 
exposed at the Earth’s surface (figure 13.1). These 
features, once they’re carefully documented in the 
field, are depicted by tracing their distribution on a 
topographic base map using the symbols shown in 
figure 13.2. The fundamental symbols on most geo-
logical maps are formational contacts and faults. 
Contacts are the planar boundaries between adja-

Exercise 13

Interpretation of Geological Maps
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 Figure 13.1  G eological map of the Mill Hall region of Pennsylvania showing the relationship of geology and topography.

cent rock formations. These are depicted using solid 
black lines. Faults are depicted using somewhat 
heavier solid black lines along with symbols that 
show the direction of offset and nature of the fault. 
The attitude of bedding and other planar features is 
indicated using the strike and dip symbol. If strata 
are not horizontal, then there exists a line created by 
the intersection of the dipping stratum or fault plane 
and an imaginary horizontal plane (figure 13.3). The 

azimuth of the line of intersection is the strike direc-
tion. Dip is the angle of tilt below the imaginary hor-
izontal plane oriented 90° to strike in the direction in 
which the beds are inclined.

Geological maps have great practical signifi-
cance. Indeed, the first geological maps were con-
structed by William “Strata” Smith to expedite the 
construction of coal canals in early nineteenth cen-
tury England. Nowadays they are used to delineate 
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ATTITUDE OF BEDS FAULTS FOLDS

Horizontal beds Thrust fault Plunging anticline

Plunging syncline

Formation contact
(dotted where covered,
dashed where
approximate)

Dip and strike

Vertical beds

Gravity fault

Fault showing dip
& strike (dotted where
covered, dashed where
approximate)Overturned beds

strike direction

bedding or fault plane

“strike” line

imaginary 
horizontal plane

the existence of resource-bearing strata and trace 
the occurrence of geological hazards. They are also 
indispensable tools in reconstructing Earth history 
on local, regional, and global scales. The patterns or 
relationships depicted on these scale models permit 
us to resolve the timing and nature of geological 

processes that affected the map area. The purpose of 
this exercise is to help you develop your geological 
map interpretation skills. Several subsequent labs 
are based upon map interpretations, which will pro-
vide critical hands-on experience with these impor-
tant geological tools.

 Figure 13.2  C ommon geological map symbols.

 Figure 13.3  B lock diagram showing the meaning of strike and dip.
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Map Interpretation

Geological maps are comprised of colored (or 
patterned) areas separated by black lines represent-
ing formation-bounding contacts and faults (figure 
13.1). These colored areas represent the distribution 
of rock formations (defined in exercise 5) across the 
map area. The distribution of the formation within 
the map area is determined by a number of fac-
tors, including the thickness of the formation, the 
attitude (strike and dip) of the formation, struc-

tural complexities such as faults and folds, and the 
topography of the surface over which the formation 
is exposed. Figure 13.4 illustrates the effect of strike 
and dip on the distribution of a 40-ft thick forma-
tion in a hilly region. Notice that contacts between 
formations, represented by black lines, are parallel 
to topographic contours when the stratum is hori-
zontal (figure 13.4A). Conversely, in figure 13.4B, 
where the same layer strikes to the northwest and 
is oriented vertically, the contacts are not deflected 
around topographic features, but cut directly across 
the topography (contour lines).

contour interval = 40 feet

N

A. 

contour interval = 40 feet

N
90

B. 

 Figure 13.4 
A. Geological map showing 
the relationship between 
topography and the outcrop 
pattern of a horizontal stratum.

B. Relationship between 
topography and a vertically 
oriented bed.
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Figure 13.4A illustrates the effect of topogra-
phy on the outcrop width of a given formation. The 
central feature depicted on this topographic map is 
a small hill with a steep northwest face and gently 
inclined southeast side. The outcrop width of the 
bed shaded in blue is narrower on the steep north-
west face than it is on the gentler southeast side. On 
figure 13.5 we have removed the topography and 
can see that the outcrop width of a particular stra-
tum is also determined by the degree of structural 
tilt (dip). As a rule, outcrop width of a particular 
stratum decreases with increasing degree of tilt.

Tracing Planar Features 
across Topography

Figure 13.6 illustrates a simple procedure for 
determining the trace of a formation contact or other 
planar feature (fault plane, coal seam, ash bed, etc.) 
across topography portrayed on a contour map. 
This is done by using strike and dip data to draw 
a projection of the planar feature, beginning at a 
point where the target layer intersects the land sur-
face (outcrop at point A on figure 13.6). To create this 

projection, orient a piece of scaled graph paper (use 
the map scale as reference) so that the strike of the 
planar feature is perpendicular to the cross section. 
Project the position of point A (known outcrop) on 
the map to the 9000-ft line on the cross section by 
drawing a line parallel to the measure’s strike (see 
strike and dip symbol adjacent to point A). This line 
is the 9000-ft structural contour line. Draw a circle 
on the cross section where the 9000-foot structural 
contour intersects the line of equal elevation (in this 
case 9000) on the cross section. Draw a circle at the 
point of intersection of these two lines. Using the 
measured dip (35°), draw a line showing the projec-
tion of the planar feature on the cross section. Draw 
circles where the dipping line intersects other lines 
of elevation on the cross sections. Now, draw struc-
ture contours representing various elevations across 
the map. In figure 13.6, we have drawn structure 
contours at 200-ft intervals. Place a point on the map 
at each place that structure contours (straight lines) 
intersect topographic contour lines of the same ele-
vation. Finally, draw a line connecting the series of 
points. This line represents the trace of the contact 
(or other planar feature) across the landscape.

N
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100’126’196’
map 
view

cross
section

A AA

90°60°30°

 Figure 13.5 
Relationship between dip angle and the 
outcrop width of a 100-ft thick rock layer.
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Constructing a Geological 
Cross Section

Geological maps are two-dimensional repre-
sentations of three-dimensional features. To illus-
trate the projection of the mapped features into the 
third dimension, in this case into the subsurface, 
geologists construct cross sections. These show the 
inferred distribution of formations and structures 
at depth based upon interpretation of relationships 
mapped at the surface. Geologic cross sections can 
be made from geologic maps by first constructing 
a topographic profile along a prescribed line of 
section (such as line A–A′ in figure 13.1), and then 
populating this profile with information transferred 
from the geological map. Figure 13.7 shows the pro-
cedure for drafting a topographic profile. The basic 
steps are:

1.	Overlay a strip of paper along the specified 
line of section on the geological map.

2.	Mark and label the points of intersection 
between contour lines and the edge of the 
overlay.

3.	 Align the overlay with a sheet of graph paper 
scaled to reflect the range of elevations in the 
map area.

4.	 Transfer elevation data from the overlay to 
horizontal elevation lines on the graph paper 
by drawing vertical lines from the tick mark 
on the edge of the overlay to the point of 
intersection with the line of equal elevation. 
Mark this with a dot.

5.	Draw a line connecting the dots. This is a 
scale model of the topography.
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 Figure 13.6  T echnique for projecting the trace of a planar geological feature across an area of irregular topography.
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 Figure 13.7  T echnique for constructing a topographic profile from a topographic map.
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The second part of the procedure is similar to the 
first, only this time you transfer geological informa-
tion from the map to the topographic profile using 
the following steps:

1.	Overlay a strip of paper along the specified 
line of section on the geological map.

2.	Make a tick mark on the edge of the strip of 
paper wherever it intersects a contact, fault, 
or other geological feature.

3.	 Determine from the map the direction and angle 
of dip of each formation and fault and project 
these into the subsurface a short distance.

4.	 Connect the projected lines in the subsurface 
in accordance with map data. If strata are dip-
ping gently, but are not otherwise faulted or 
folded, contacts will continue as straight lines 
into the subsurface. If the mapped area is 
characterized by folds, such as that illustrated 
in figure 13.8, connect the projected lines with 
curved lines as shown.

5.	 Be careful to maintain uniform formation 
thickness in the subsurface unless you have 
evidence to the contrary.

 Figure 13.8   Drawing a structural cross section from map data.
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Procedure	 Part A
Figure 13.9 shows the topography of an area 

of central Utah known for its production of coal. 
Geologists located the contact between the Salina 
Canyon Formation and the overlying Huntington 
Formation at point A on the east side of the ridge 
that trends north–south through the map area. The 
contact is overlain by a coal seam that comprises the 
lower 15 ft of the Huntington Formation. Both for-
mations are Cretaceous (K) in age. Strata in the map 
area strike 0° (north) and dip 10° to the west.

 1.	Using the technique illustrated in figure 13.6, 
trace the contact between the Huntington and 
Salina Formations across the map of this area. 
Create a geological map by lightly coloring and 
labeling the two Cretaceous formations.

 2.	 Is the coal seam exposed on both sides of the 
prominent north–south trending mountain, or 
just on the east side? What is the lowest eleva-
tion at which coal occurs in the map area?
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 Figure 13.9  T opographic map showing a portion of the central Wasatch Plateau in Utah.
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Procedure	 Part B
 1.	On figure 13.10, draw a geologic cross section 

representing line A–A′ in figure 13.1. The topo-
graphic profile has been drawn already, so in 
this case you need only transfer the geological 
data to the profile and project relationships into 
the subsurface.

 2.	What geological structures are predominant in 
this part of Pennsylvania?

 3.	How can the pattern of a syncline on a geologi-
cal map be distinguished from the pattern of 
an anticline?

 4.	What type of tectonic stress (compressional, ten-
sional, or shear) is indicated by the folding and 
faulting present in the map area?

 5.	List the two or three formations that appear 
most resistant to weathering and erosion.

 Figure 13.10  T opographic profile to be used in completing part B of this exercise.
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Procedure	 Part C
 1.	A portion of the Salem, Kentucky, geological 

quadrangle map is shown in figure 13.11. Care-
fully examine the stratigraphic and structural 
relationships shown on the map and construct a 
geological cross section along the line A–A′.

 2.	What geological systems are present in this map 
area?

 3.	Why is the outcrop width of the Kincaid Lime-
stone (Mkc) greater on the eastern side of the 
syncline than it is on the western side?

 4.	What type of fault is most common in this area? 
Cite your evidence.

 Figure 13.11  A  portion of the Salem, Kentucky, geological quadrangle map.
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Procedure	 Part D
Figure 13.12 is a geological map of the south-

eastern Black Hills, South Dakota. This region dis-
plays a variety of unconformities. Briefly review the 
definitions of nonconformity, angular unconformity, 
and disconformity in exercise 1 and then answer the 
following questions.

 1.	Which Paleozoic and Mesozoic geological sys-
tems are represented in the map area?

 2.	Which Paleozoic geological systems are not rep-
resented?

 3.	What is the nature of the contact between Pre-
cambrian rocks and the base of the Deadwood 
Formation? Cite your evidence.

 4.	What is the nature of the contact between the 
Deadwood Formation and the Englewood 
Limestone? How much “time” is missing?

 5.	What is the nature of the contact between the 
Sundance Formation and Skull Creek Shale in 
the southern one-third of the map area? How 
does this relationship change northward along 
the strike?

 6.	The Tertiary White River Group crops out on the 
eastern edge of the map. List the formations that 
are in contact with the base of the White River 
Group.

 7.	What type of unconformity is represented by the 
contact of the White River Group with underly-
ing formations?

 8.	Steeply dipping Paleozoic and Mesozoic strata in 
the map area are part of the east-dipping limb of 
the Black Hills uplift, a structure associated with 
the Laramide orogeny. Based upon relationships 
seen in the map area, indicate the age of the 
Laramide orogeny. Explain your reasoning.

 9.	How can the pattern of an angular unconformity 
be distinguished from that of a disconformity on 
a geological map?



  216   Exercise  13	 Interpretation of Geological Maps

Cd

Kg

Kbm

Ks

Js

Pm

Cm
Cp

TRs

Ks Kbm Kg

Cm

TRs Js

Tw

37

5

3843

35

19

41

45

17

3

Tw

Tw

Tw

14

45

Jm

Jm

p Cg

p Cg

p Csq

p Cg

p Csq

Kbm

0 63

miles

White River Group

Greenhorn Limestone

Mowry Shale

Skull Creek Shale

Morrison Formation

Sundance Formation

Spearfish Formation

Minnekahta Formation

Minnelusa Sandstone

Englewood Limestone

Deadwood Formation

metamorphic rocks

granite and pegmatite

TERTIARY

CRETACEOUS

JURASSIC

TRIASSIC

PERMIAN

CARBONIFEROUS

CAMBRIAN

PRECAMBRIAN

Tw

Jm

Cm

Kg

Kbm

Ks

Js

TRs

Pm

Cp

Cd

p Cg

p Csq

 Figure 13.12  C olored geological map of the southeastern portion of the Black Hills, South Dakota.
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Learning Objectives	 While completing this exercise, you will:

1.	 become acquainted with the Precambrian evolution of the North American continent;
2.	 gain a greater understanding of the nature and history of the stable platform; and
3.	 enhance your understanding of the age and significance of strata deposited in key sedimentary basins 

of North America.

Each of the major continents is comprised of 
three structural domains known as the shield, 
stable platform, and marginal mobile belt. Mar-
ginal mobile belts are the high relief areas of active 
tectonism (earthquakes, volcanoes, uplift), such 
as the modern Andes and Himalayas. By contrast, 
the shield is a tectonically quiescent, topographi-
cally flat region where Precambrian-age crystal-
line (and to a lesser degree, sedimentary) rocks are 
exposed at the surface. The largest shield area on 
Earth today is located in northern North Amer-
ica and Greenland and is known as the Canadian 
Shield (figure 14.1). Rocks and structures exposed 
in the Canadian Shield reveal a complex story 
of repeated mountain building, erosion, deposi-
tion, collision, and occasional rifting. Owing to the 
fact that (1) events stretch back nearly four billion 
years, (2) selected regions of the shield have been 
subjected to multiple episodes of tectonic activity, 
and (3) fieldwork is logistically difficult, it has taken 

great effort to piece together the Precambrian his-
tory of the Canadian Shield. The results of these 
efforts are summarized in figure 14.2, which shows 
the major structural provinces and rock bodies that 
comprise the Precambrian core of North America. 
The proto-North American continent is called Lau-
rentia by geologists. You will see this name used 
in some parts of this exercise. This term is derived 
from outcrops of Precambrian rocks in the Lauren-
tian Mountains of Canada.

South and west of the Canadian Shield, Precam-
brian rocks are covered by sedimentary sequences 
of Paleozoic, Mesozoic, and Cenozoic age (figure 
14.3). Such tectonically stable regions where Pre-
cambrian basement rock are masked by sedimen-
tary strata are called stable platforms. Together, the 
shield and stable platform comprise the continent’s 
craton. Notice on figure 14.3 that limited exposures 
of Precambrian rocks occur within the confines of 
the stable platform, but only in the cores of uplifted 

Exercise 14

Canadian Shield and Stable Platform
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fault blocks (Rocky Mountains) and in the bottoms 
of deeply incised canyons (Inner Gorge of the Grand 
Canyon). The sedimentary cover of the North Amer-
ican platform is thinnest adjacent to the shield and 
thickens toward the marginal mobile belts. Uneven 
subsidence of Precambrian basement rocks has 
resulted in the accumulation of great thicknesses of 
sedimentary rocks in localized intracratonic basins 
such as the Illinois, Appalachian, and Williston 
basins. Intracratonic basins are frequently the sites 
of important reserves of coal, petroleum, natural 
gas, and minerals and hence, are of great economic 
interest. Sedimentary strata of the North Ameri-
can platform comprise six unconformity-bounded, 
transgressive-regressive depositional sequences 
known as the Sauk, Tippecanoe, Kaskaskia, Absa-
roka, Zuni, and Tejas. These are illustrated in figure 
18.1 and are further explored in exercise 18 of this 
lab manual.

Procedure	 Part A
Carefully examine figure 14.2 and answer the 

following questions. You will need to refer to your 
textbook and/or the Internet to find answers to some 
of the questions. The purpose of part A of this exer-
cise is to help you become acquainted with Precam-
brian rocks and structures of North America and 
with the events/processes that formed them.

 1.	List the Archean provinces and cratons of North 
America.
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Equator
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Stable platforms

Mobile belts
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Ocean

Atlantic 
Ocean
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Shield

Brazilian
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Shield

 Figure 14.1   Distribution of shields, stable platforms, and marginal mobile belts on Earth today.
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 2.	Approximately what percentage of modern 
North America had formed by the end of the 
Archean Eon?

 3.	What is the Abitibi Belt and what age/type of 
rocks are exposed there?

 4.	Discuss the nature and significance of green-
stone belts. What type of rocks characterize 
greenstone belts and why are they restricted to 
Archean provinces?

 5.	What is the nature (geographic distribution, 
rock type, age) and significance of the Trans-
Hudson orogen in the evolution of ancestral 
North America (Laurentia)?

 6.	How do the ages of the rocks in the colored map 
area of figure 14.2 support the concept of conti-
nental growth by accretion? Cite specific exam-
ples of patterns that support this concept.

 7.	What is the age, nature (rocks, fault style), and 
significance of the Midcontinent Rift?

 8.	Where was accretion and tectonic activity most 
prevalent in Laurentia during the Paleo- and 
Mesoproterozoic Eras? What provinces were 
added to ancestral North America during these 
two eras? Approximately how much larger (per-
centage) was Laurentia after these provinces 
were accreted compared to the size of the conti-
nent at the end of Archean time?

 9.	The Paleoproterozoic Animikie Group crops out 
in the area south and west of Lake Superior. It is 
chiefly comprised of sedimentary and metasedi-
mentary rocks deposited in the Animikie Basin 
between 2.5 and 1.8 billion years ago. These 
rocks are economically important because they 
contain vast amounts of iron ore in the form of 
banded iron formations (BIF). Briefly explain the 
nature and origin of BIF in the context of Earth’s 
evolving atmosphere.

10.	The Gunflint Chert of northwestern Ontario 
(Canada) and northern Minnesota contains BIF, 
but became even more noteworthy when fossils 
were found in black, stromatolite-bearing car-
bonate rocks within the formation. What type(s) 
of organisms would have been living in shallow 
oceans 1.88 billion years ago? Sketch and label a 
specimen of fossils found in the Gunflint Chert.
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 Figure 14.2   Major structural provinces and rock bodies that comprise the Precambrian core of North America. 
(After Whitmeyer and Karlstrom, 2007.)
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 Figure 14.3  T he North American craton.
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Procedure	 Part B
Carefully study the geological relationships 

portrayed in figure 14.3 and answer the following 
questions.

 1.	Note the thickness of the sedimentary strata 
covering the stable platform as indicated by the 
contour lines. How thick is the sedimentary rock 
cover throughout most of the platform? Where is 
it the thickest?

 2.	The stable platform of North America contains 
a number of basins that have resulted from 
increased subsidence and sedimentary infill-
ing. Some of the major basins are numbered 1 
through 11 on the map. Using your textbook and 
other reference materials (such as Wikipedia or 
other websites), fill in the requested information 
for each of these intracratonic basins in table 14.1.

 3.	The Adirondack Mountains of New England are 
comprised of Precambrian rocks. What is the 
age and nature of these Precambrian rocks? To 
which Precambrian province do they belong?

BASIN RESOURCES AGE OF ROCKSLOCATION

Michigan

Illinois 

Appalachian

Anadarko

Permian

Paradox

Oquirrh

Powder River

Bighorn

Denver 

Williston

North-central Utah
and southern Idaho

25,000 feet of 
Pennsylvanian and 
Permian strata

no major resource 
production

coal

 Table 14.1   Phanerozoic basins of North America.
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 4.	The Bighorn Mountains of Montana and the 
Black Hills of South Dakota are both cored by 
Precambrian crystalline rocks that have been 
exposed by uplift and erosion. If you studied 
rocks in the two areas during an extended field 
trip, would you find them to be similar in lithol-
ogy and in age or would you have examined 
rocks from two distinct Precambrian provinces? 
Be specific in your answer. You may wish to 
refer to figure 14.2.

 5.	Figure 14.4 shows a portion of the Inner Gorge of 
the Grand Canyon. Precambrian rocks are over-
lain nonconformably by the Cambrian Tapeats 
Sandstone. The crystalline rocks beneath the 
nonconformity form part of which Precambrian 
province illustrated on figure 14.2?

Cambrian

Precambrian

Cambrian

Precambrian

 Figure 14.4   Precambrian Vishnu Schist intruded by veins of granite in the Inner Gorge of the Grand Canyon, Arizona.
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Learning Objectives	A fter completing this exercise, you will:

1.	 have gained additional confidence in your ability to read and interpret geological maps;
2.	 be better acquainted with rocks and structures that formed during the Taconic, Acadian, and 
Allegheny orogenies;

3.	 recognize the tectonic significance of formations that were deposited in the Taconic, Acadian, and 
Allegheny foreland basins;

4.	 be able to recognize the effects of the Ancestral Rocky Mountain orogeny in the Gateway, Colorado, 
area; and

5.	 enhance your ability to draw a structural cross section.

During the Paleozoic Era, the eastern and south-
ern margins of ancestral North America (Laurentia) 
bordered the Iapetus Ocean. The approach, then col-
lision of Baltica resulted in two mountain-building 
events called the Taconic (Ordovician) and Acadian 
(Devonian) orogenies. During the Pennsylvanian 
and Early Permian Periods, Laurentia collided with 
the massive continent of Gondwana, a step in the 
assembly of the supercontinent of Pangea. The 
resulting mountain-building event, known as the 
Allegheny–Ouachita orogeny, deformed the coast 
of ancestral North America from Newfoundland to 

Texas. Each of these collisional events produced a 
crystalline core complex, fold and thrust belt, and 
foreland basin. The latter received vast amounts 
of debris shed from the adjacent highlands (figure 
15.1). Tectonic stresses also deformed the interior of 
ancestral North America resulting in the formation 
of fault-bounded mountains in modern-day Colo-
rado, New Mexico, Wyoming, and Utah during the 
Late Paleozoic Era. Geologists refer to these moun-
tains as the Ancestral Rockies. In this lab you will 
examine geological maps or areas affected by dif-
ferent phases of these Paleozoic orogenies.

Exercise 15

Paleozoic Orogenies  
of Ancestral North America
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Procedure	 Part A

Geological Map of the Seacoast 
Region, New Hampshire

Scale: 1/2 inch = 1 mile

 1.	What are the four principal kinds of rocks 
exposed in the map area (figure 15.2)? What are 
the ages of the rocks exposed in this area?

 2.	Using the figure below, draw a geologic cross 
section along the diagonal line labeled A to A′ on 
figure 15.2. Assume that the fault plane between 
the Rye and Kittery Formations dips 80° to the 
southeast.

 3.	What type of fault separates the Rye and Kittery 
Formations?

 4.	What episode of orogenic activity in the history 
of the Appalachian mobile is responsible for the 
rock types and structures present in the portion 
found in New Hampshire? You may wish to 
refer to figure 18.1 or to your textbook to find 
the answer.

A′A Great Bay

 5.	Are the rocks and structures in this area the 
products of convergent, divergent, or transform 
margin tectonic activity? What evidence best 
supports your answer?
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 Figure 15.2  G eological map of the Seacoast Region, New Hampshire.



  228   Exercise  15	 Paleozoic Orogenies of Ancestral North America

Procedure	 Part B

Geology of the Southern 
Appalachians and Coastal Plain

Scale: 1 inch = 40 miles

 1.	The Appalachians comprise parts of four eastern 
US physiographic provinces known as the Pied-
mont, Blue Ridge, Valley and Ridge, and Appa-
lachian (Allegheny) Plateaus Provinces. The 
rocks and structures of these provinces disap-
pear beneath nearly horizontal Cretaceous and 
Tertiary sediments of the Coastal Plain Province 
in central Alabama and Georgia. Using your 
textbook or web resources, fill in table 15.1 and 
familiarize yourself with the rocks and struc-
tures that characterize these provinces.

 2.	Draw boundaries between these provinces on 
the geological map provided on page 230 (fig-
ure 15.3).

Location Age of Rocks Structural StyleProvince

Allegheny Plateaus

Valley and Ridge 

Blue Ridge

Piedmont

Coastal Plain

coastal portions of 
Alabama, Georgia, 
Carolinas, up to 
New Jersey

Cretaceous and Tertiary 
sedimentary strata

strata dip gently to east 
or southeast; reflects 
onlapping strata from 
transgression of coastal 
regions; Tejas Sequence

 Table 15.1   Physiographic provinces of the Appalachian Mountains, eastern United States.
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Geology of the Southern Appalachians and Coastal Plain

Quaternary Q

Qs Light blue Coastal and estuarine sand and gravel

Pliocene P

Pc Tan with orange circles Fluvial sediments

Miocene M

Mt Light orange Tampa and Catahoula Formations
Marl and sand sediments

Oligocene f
fv Dark and light yellow diagonal Vicksburg Group

Eocene E

Ej Light yellow Jackson Group
Marl

Ec Dark and light yellow, horizontal Claiborne Group

Ew Fine light and dark yellow, horizontal Wilcox Group

Em Yellow-orange Midway Group

Cretaceous K

Kr Fine green vertical Ripley Formation

Ks Coarse green vertical Selma Chalk

Ke Coarse green horizontal Eutaw Formation

Kt Coarse green diagonal Tuscaloosa Formation

Pennsylvanian *

Cpv Light gray Pottsville Group

Mississippian C

Cm Dark blue gray Mississippian undivided

Cmu Light blue gray diagonal Upper Mississippian undivided

Cmm Medium blue stipple Middle Mississippian undifferentiated

Cml Medium blue horizontal, with stipple Lower Mississippian undifferentiated

Cg Purple triangles Middle Paleozoic granite

Devonian D

D Medium purple Devonian
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Procedure	 Part C

A Portion of the Geologic 
Map of Pennsylvania

Scale: 1 inch = 4 miles

 1.	With reference to mountain-building events 
that deformed the east coast of North America 
during the Paleozoic Era and figure 15.1, what 
was the likely source area for the Ordovician to 
Silurian Martinsburg and Juniata Formations? 
What was the source area for the Devonian 
Foreknobs and Hampshire Formations?

 2.	Using the geologic map found on page 234 
(figure 15.4), account for the difference in the 
structural patterns north and south of the Penn-
sylvania Turnpike, which extends east–west 
through Carlisle, Pennsylvania.

 3.	Date the Appalachian folding in this area. Sum-
marize the evidence.

 4.	Explain the origin and distribution of the igne-
ous rocks in this area. With what episode of 
mountain building are they associated?

 5.	What is the reason for the present course of the 
Susquehanna River cutting across the folds indis-
criminately and across all different rock types?

 6.	 In terms of plate tectonics, what type of plate 
interaction (extensional, strike-slip, compres-
sional) best explains the geology of the map 
area? Cite evidence.
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Geologic Map of the Appalachians

Triassic ^

^d Red diamonds and red lines Dark gray igneous sills and dikes

^lc

^g Bright green with red patterns Brunswick or Gettysburg Formation

^b Red sandstone and shale with minor 
conglomerate

^h

^ac

Pennsylvanian *

*p Blue green Pottsville Group
Sandstone, conglomerate, shale and coals

Mississippian M
Mmc Pink Mauch Chunk Formation

Gray shale and red sandstone

Mp Blue purple Pocono Group
Conglomerate, sandstone, and shale

Devonian D
Dck Orange Foreknobs and Hampshire Formations

Red sandstone and shale

Dm Light orange Marine beds, shale, sandstone, and limestone

Dho Gray, green diagonal Hamilton Group and Onendaga Formation
Shale, sandstone, and limestone

Doh Orange and red diagonal Oriskany and Helderberg Formations
Fossiliferous sandstone and shale, and 

fossiliferous limestone

Silurian S
Skt Purple and blue diagonal Keyser Formation and Tonoloway Formations

Limestone

Sw Dark and light blue, horizontal Wills Creek Formation
Shale and limestone with local sandstone

Sc Light green, red stipples Clinton Group
Red iron-rich shale and sandstone

Sbm Blue and purple, diagonal Bloomsburg and McKenzie Formations
Red to green shale and sandstone

St Red and brown, diagonal Tuscarora Formation
Light coarse sandstone
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Geologic Map of the Appalachians

Ordovician O
Ojb Orange and brown, diagonal Juniata Formation and Bald Eagle Formation

Red sandstone, shale, and conglomerate

Om Gray and pink, horizontal Martinsburg Formation
Marine shale

Oc

Ohm Blue grayish pink, diagonal Chambersburg Formation, Hershey and 
Myerstown Formations

Osp Light blue St. Paul Group and Annville Formation
Limestone with chert

Ob Coarse pink and purple, diagonal Beekmantown Group
Limestone

Oor Fine pink and purple, diagonal Ontelaunee Formation, Epler Formation
Rickenback Formation
Limestone and dolomite

Os Pink with blue, diagonal Stonehenge Formation
Limestone and limestone conglomerate

Cambrian _

_c Red and bright green, diagonal Conococheague Group
Limestone and dolomite

_e Grayish green, orange, crossed lines Elbrook Formation
Limestone and dolomite

_wb Green and orange vertical Waynesboro Formation
Red and purple shale with sandstone beds

_t Red and light green, diagonal Tomstown Formation
Dolomite, thin shaley beds

_a Pink and red squares Antietam Formation
Quartzite and schist

_ma White and orange diagonal

_h Orange and red vertical Harpers Formation
Phyllite and schist

_wl Pink and blue diagonal Chickies Formation or Weverton Formation
Quartzite and schist

Igneous Rocks
mr Yellow, red dots Metarhyolite

vs Green, red stippled Greenstone schist

mb Brown, red stippled Metabasalt
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Procedure	 Part D

Geology of the Gateway, 
Colorado, Quadrangle

Scale: 1 inch = 2,000 feet (approximately 0.4 miles)

Examine figures 15.5 and 15.6 and answer the 
following questions about the geology of the Gate-
way, Colorado, area. Figure 15.5 (page 238) is a USGS 
geological map of the area. Figure 15.6 (page 239) 
shows the regional topography along with the three 
structural domains (areas underlain by Precambrian, 
Permian, and Mesozoic rocks) that occur in this area. 
Quaternary deposits have been omitted from fig-
ure 15.6 to emphasize the relationships between the 
structural domains.

 1.	Using the topographic profile provided on page 
236, draw a geologic cross section along the 
diagonal line (A to A′) from the northeastern 
corner to the lower edge of the geological map. 
Pay careful attention to strikes and dips.

 2.	Note the unconformable contact between the 
Permian Cutler Formation and the Precambrian 
gneisses and schists. What type of unconformity 
is represented by this contact?

 3.	Explain the absence of the Cutler and Moenkopi 
Formations beneath the Chinle Formation in the 
northeastern corner of the map area.

 4.	There are no rocks of Paleozoic age in the map 
area except for the Cutler Formation. In this 
area it ranges from zero feet thick in the north-
ern portion of the map to a few thousand feet 
thick just south of the map area, where several 
hundred feet of Pennsylvanian Age sandstone 
and conglomerate is also present. The Cutler 
consists of maroon, purple, and red crossbed-
ded, arkosic, and lithic sandstone and conglom-
erate that represent deposition on an alluvial fan 
(fanglomerate). In the vicinity of Wright Draw 
and Ute Creek, the formation rests on highly 
irregular hills of Precambrian rocks. Grains of 
quartz, fresh feldspar, and pebbles and boul-
ders of granite, gneiss, and quartzite, derived 
almost entirely from Precambrian rocks, are 
mixed together in poorly sorted, rudely cross-
bedded layers and lenses. How do the absence 
of pre-Permian Paleozoic rocks, development of 
unconformities, and the sedimentology of the 
Cutler Formation relate to the concept of the 
Ancestral Rocky Mountains?
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 5.	What is the nature of the contact between the 
Cutler and Moenkopi Formations in the south-
ern half of the map? How did this relationship 
develop?

 6.	Briefly outline the geological history (tectonic 
and depositional events) of western Colorado as 
represented by the rocks and structures in the 
map area.
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Geology of Gateway, Colorado

Quaternary Q
Qal Stippled yellow Alluvium

Qg Green, yellow circles Terrace gravels

Qfg Dark yellow stipple Angular fragments and boulders

Cretaceous K
Kbc Dark blue green diagonal Burrow Canyon Formation

Sandstone and conglomerate with 
interbedded green and purplish shale

Jurassic J
Jmb Green horizontal Morrison Formation

Jms Solid blue green Upper member of rusty red to gray shale
Lower member of varicolored shale with buff 

sandstone and lenses of conglomerate

Js Olive green, vertical Summerville Formation
Gray, green, and brown sandy shale and 

mudstone

Jec Dark olive green, diagonal Entrada Sandstone and Carmel Formation 
undivided

Fine-grained massive sandstone and red 
mudstone

Jn Dark olive green, solid Navajo Sandstone
Buff, gray, crossbedded sandstone

Jk Olive green, horizontal Kayenta Formation
Interbedded red, gray siltstone and sandstone

Jw Dark olive, diagonal Wingate Sandstone
Massive reddish brown crossbedded sandstone

Triassic ^

^c Light blue, diagonal Chinle Formation
Red siltstone with lenses of red sandstone, 

shale, and conglomerate

^ml Dark blue, horizontal Moenkopi Formation
Sandy mudstone, brown and red with local 

gypsum

Pennsylvanian *

*c Medium blue, horizontal Cutler Formation
Red to purple conglomerate and sandstone

Precambrian =

= Brown and white, mottled Gneiss, schist, granite, and pegmatite
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 Figure 15.5   USGS geological map of the Gateway, Colorado, area.
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 Figure 15.6   Regional topography and structural domains of the Gateway, Colorado, area.
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Learning Objectives	A fter completing this exercise, you will be able to:

1.	 understand which types of data provide insights into Earth’s climate history;
2.	 appreciate the fact that climate change is normal and constant;
3.	 recognize that climate oscillations are cyclical and that climate change occurs on different time scales, 
largely controlled by Earth’s orbital parameters; and

4.	 interpret depositional and paleontological patterns in Pennsylvanian and Lower Permian strata that 
provide evidence for the Late Paleozoic Ice Age.

Introduction
We live at a unique time in Earth history. Not 

because of any novel process or novel event, but as 
a function of 4.6 billion years of planetary evolution. 
Never before have continents occupied their pres-
ent positions. Never before have mountains existed 
in their current locations at their current elevations. 
Never before has the Earth contained its present cargo 
of biological species. Although hominins, including 
humans, have been around for several million years, 
never before has there been upwards of eight billion 
humans on Earth at the same time. The unique time in 
history that we occupy has resulted from the under-
standable and largely predictable coevolution of the 
atmosphere, hydrosphere, lithosphere, and biosphere 
over geological time. The concept of coevolution is 
characterized by the dictum that “Mother Nature can 

never do just one thing,” meaning that a change in 
the lithosphere will begin a cascade of changes in 
the atmosphere, hydrosphere, and biosphere, or vice 
versa. For example, an active volcano may erupt 
enough ash into the atmosphere to block sunlight 
and lower global temperatures for a brief period of 
time. Larger scale events operating over longer inter-
vals of time produce more profound coevolutionary 
effects. For example, the collision of India with Asia 
produced the world’s largest current mountain range. 
The lithosphere responded to tectonic forces by the 
crumpling of rocks caught in the collision zone. Strata 
deposited on a shallow seafloor during Early Paleo-
zoic time were lifted up to the “roof of the world,” 
some 29,000 feet above sea level. As the seaway 
between India and Asia narrowed and then closed, 
ocean currents were forced to flow in new path-
ways to carry out their imperative to balance global 

Exercise 16

Climate Change and the  
Late Paleozoic Ice Age

Evidence and Effects of the Late Paleozoic Ice Age
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temperature inequities. Atmospheric circulation was 
likewise defected both horizontally and vertically 
around the growing Himalayas. Moist air flowing 
northward across the Indian subcontinent was forced 
upward to surmount the Himalayan Range. As the 
air rose, it cooled and condensed, losing water vapor 
in the form of rain, and at higher elevations, as snow. 
Over millennia, accumulating snow become glacial 
ice and the hydrosphere got its revenge by gouging 
deep U-shaped valleys, jagged peaks, and knife-edge 
ridges into the ever-rising lithosphere. As ice accu-
mulated at elevation, sea level fell. Tibet, located in 
the rain shadow of the Himalayas, became a high-
altitude desert. Plants and animals responded to all 
of this change by adapting, migrating, or becoming 
extinct. Mother Nature can never do just one thing.

Currently, there is much ado about climate change 
and global warming. However, climate change is 
nothing new. Geologists have long noted that cli-
mate, defined as the average of regional weather 
over long periods of time, changes constantly and, 
on geological timescales, quite rapidly. This time, 
however, it appears that human population growth 
and use of fossil fuels with the attendant release of 

carbon dioxide is contributing to the changes we see 
today. Remember . . . you can never do just one thing. 
Figure 16.1A shows the abundance of carbon dioxide 
(in parts per million) in the atmosphere as measured 
from ice cores and other data sets over the past 1 mil-
lion years. Peaks represent relatively higher levels of 
this greenhouse gas while troughs represent times of 
lower atmospheric concentrations. Along with other 
proxies such as oxygen isotope records, the peaks are 
known to correspond to periods of warmer global 
climate, while troughs correspond with times of 
colder climate. The line can be used as a rough proxy 
for sea level over the past 1 million years as well 
(figure 16.1A). During colder intervals (troughs), 
glacial ice and pack ice increase in volume, accompa-
nied by a drop in sea level. During warmer periods 
(major peaks), ice sheets and valley glaciers melt and 
sea level rises by up to 70 meters. The dashed hori-
zontal line on the graph represents carbon dioxide 
levels in 1800, when the Industrial Revolution began 
and humans first began introducing carbon dioxide 
into the atmosphere in large quantities through the 
burning of coal, and later through extraction, refin-
ing, and combustion of oil and natural gas.

170

190

210

230

250

270

290

CO
2 r

ec
or

d 
in

 p
ar

ts
 p

er
 m

ill
io

n
A

ve
ra

ge
 g

lo
ba

l 
te

m
pe

ra
tu

re
 (°

F)

WARM

COLD

Se
a 

Le
ve

l

RISE

FALL

glacial
period

interglacial
period

0 m

+10

–10

–30

–50

–70

Neo.     Paleo.          Cretaceous           Jurassic    Triassic      Permian   Penn.   Miss.      Devonian        Sil.     Ordov.      Cambrian
WARM

COLDPleistocene Ice Age Late Paleozoic Ice Age
Latest Ordovician

Ice Age

A

B

Millions of Years before Present
Today 100 200 300 400 500

Thousands of Years before Present

90

80

70

60
50

CO2 levels in 1800 AD at the
beginning of industrial age

100 200 300 400 500 600 700 800 900 10000

 Figure 16.1  C limate, sea level, and carbon dioxide levels through time. A. Graph showing fluctuations in carbon 
dioxide and sea level during the past 1 million years. B. Long term view of climate change during the 
last 500 million years. Note the rarity of ice ages during this time.
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Procedure	 Part A

The Last 1 Million Years  
of Climate History

Closely examine the amplitude and frequency 
of changes in carbon dioxide levels shown on figure 
16.1A. The left scale is the actual measured carbon 
dioxide levels. The right scale is the calculated sea-
level values that would roughly correspond to the 
fluctuations in carbon dioxide concentrations. Draw 
a vertical line through the troughs that dip below 
200 ppm. Answer the following questions.

1.	 How many major peaks in carbon dioxide abun-
dance are recorded on the graph? How many 
major troughs that fall below 200 ppm?

2.	 What is the approximate average number of 
years separating the major troughs?

3.	 Are the lines on the slopes of the peaks smooth 
or jagged? What do these smaller peaks and 
troughs indicate about climate oscillation?

4.	 Carefully examine the seven major peaks that 
occur between 700,000 years ago and the pres-
ent. Follow the carbon dioxide curve from right 
to left (or from 900,000 years ago to the present). 
Are the peaks symmetrical or asymmetrical?

5.	 Does it take longer for carbon dioxide to rise 
from a trough or to decrease into a trough from 
the preceding peak?

6.	 What does this pattern indicate about the rela-
tive rate at which glaciation might develop (with 
concomitant fall in sea level) versus the rate at 
which deglaciation (with concomitant sea-level 
rise) might occur?

7.	 The arrow in the upper left part of the diagram 
points to the approximate concentration of car-
bon dioxide in 1800 (272 ppt) at the beginning of 
the Industrial Revolution. From that time until 
now, hydrocarbons (coal, oil, natural gas) have 
been our principle source of energy. The rise in 
carbon dioxide levels to the current levels is par-
tially attributable to utilization of these hydro-
carbons. The dashed horizontal line near the top 
of the diagram is a projection of this level back 
through time. Have carbon dioxide levels ever 
exceeded 272 ppt prior to the adoption of coal 
and other hydrocarbons as humankind’s chief 
source of energy? When?
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Procedure	 Part B

The Late Paleozoic Ice Age
Ice ages, such as the one that is now ending, have 

been rare in Earth’s history. Geological data suggest 
that Earth experienced only three ice ages in the past 
500 million years. These occurred during the Late 
Orodovician, Carboniferous–Middle Permian, and 
during the Pleistocene Epoch. The most protracted 
of these, named the Late Paleozoic Ice Age or LPIA, 
occurred during Late Mississippian through Middle 
Permian time (figure 16.1B). This took place during 
that last stages of the assembly of Pangea, during 
which time the southern part of the supercontinent 
known as Gondwana was situated over the South 
Pole (figure 16.2). It was intermittently covered by 
a large composite ice sheet formed by the coales-
cence of adjacent ice sheets that acted somewhat 
independently as the climate periodically warmed 
and cooled. As far back as 1915, Alfred Wegener 
outlined evidence for the existence of Late Paleo-
zoic glaciation in his transformative book, On the 
Origin of Continents and Oceans. Subsequent studies 
have refined our understanding of this Late Paleo-
zoic event, and a large body of scientific papers have 
been dedicated to the subject.

Here we will focus on the concept of Pennsyl-
vanian cyclothems, or depositional sequences, as 
evidence of the LPIA and as a means of getting you 
to think about the relationship between climate, sea 
level, and sedimentology. But first, a few definitions.

In exercise 5, Stratigraphy: Organizing the Rock 
and Fossil Record, you learned how geologists orga-
nize the stratigraphic record into lithostratigraphic 
(formations and members), chronostratigraphic (sys-
tems and stages), and biostratigraphic (zones) enti-
ties based upon analysis of rock types, age, and fossil 
occurrences, respectively. In the 1970s, stratigraphers 
from oil companies discovered that the large-scale 
geometries of strata seen in subsurface seismic lines 
could best be explained by the interaction of sedi-
ment supply, basin subsidence, and sea-level change 
(climate). This new and additional method of orga-
nizing the stratigraphic record was named sequence 
stratigraphy (see exercise 6, Physical Correlation). 
The fundamental entity of sequence stratigraphy is 
not the formation, member, system, or zone, but the 
depositional sequence (see exercise 12, Index Fos-
sils and Depositional Sequences). This is defined as 
a succession of genetically related strata bounded 
by unconformities (subaerial exposure surfaces) or 
their correlative conformities (deeper in the basin). 
Each sequence was deposited during a rise and sub-
sequent fall of sea level, ostensibly controlled by 

 Figure 16.2   Late Pennsylvanian paleogeography showing the location and size of Pangea. The southern portion 
of the supercontinent straddled the South Pole and was covered intermittently by large ice sheets. 
(Example used with permission ©2016 Colorado Plateau Geosystems Inc.)
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climate change. An ideal sequence is comprised of 
four systems tracts (packages of strata) deposited 
during different phases of an ideal sea-level cycle. 
These are called the lowstand, transgressive, high-
stand, and falling-stage systems tracts. Sequence 
boundaries, or exposure surfaces, form on the shelf 
when sea level drops below the shelf margin. These 
erosional boundaries are represented by a red line 
on most sequence stratigraphic diagrams. The low-
stand systems tract is typically comprised of sedi-
ments deposited below the shelf edge on the floor of 
the basin when sea level is relatively low. Windblown 
“lowstand” sandstone often drapes the exposed plat-
form or shelf top forming a thin (a few feet thick) 
lowstand systems tract, particularly during episodes 
of icehouse conditions. As sea level rises, the shelf 
is once again flooded. Strata formed during the ini-
tial rise of sea level and up to the point of maximum 
flooding comprise the transgressive systems tract. 
Since sea-level rise is usually rapid and sediment 
accommodation is low, this tract is usually relatively 
thin. Rocks deposited during the lengthy highstand 
of sea level comprise the corresponding highstand 

systems tract. This is often the thickest of the systems 
tracts on the shelf owing to a prolonged highstand of 
sea level and maximum influx of sediment, especially 
on carbonate platforms. As sea level drops, late in the 
cycle, shallower conditions prevail and sediment is 
bypassed basinward. Strata formed during this phase 
of the cycle belong to the falling-stage systems tract.

Sequences form over a period of 100,000 to 
400,000 years and the systems tracts themselves are 
comprised of shorter duration cycles known as para-
sequences. These are defined as genetically related 
packages of strata bounded by marine flooding 
surfaces. These surfaces are represented in the rock 
record by the abrupt upward transition from rela-
tively shallow water sedimentary layers to deeper 
water sedimentary layers. For example, a layer of 
cross-bedded oolite or skeletal grainstone (very shal-
low, high-energy water) overlain by a bed of lami-
nated black shale with sponge spicules (low energy, 
low oxygen) would indicate a relatively rapid rise 
in sea level and flooding of the shelf. These are 
generally depicted with dark blue lines on graphs 
and illustrations.

Redwall LimestoneRedwall Limestone

Supai GroupSupai Group

MISSISSIPPIAN

PENNSYLVANIAN

 Figure 16.3   Outcrop photograph of Carboniferous strata exposed in Grand Canyon National Park, Arizona. 
Note the dramatic differences in the outcrop expression of the Mississippian Redwall Limestone and 
the Pennsylvanian Supai Group.
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Sequences, and especially parasequences, formed 
during the LPIA are typically asymmetrical and rep-
resent deposition forced by high-frequency (100,000 
to 400,000 years) and high-amplitude (about 100 
meters) oscillations in sea level. Indeed, the hall-
mark of marine and marginal marine sedimentary 
strata deposited during Pennsylvanian and Early 
Permian time is characteristic ledge-slope topogra-
phy formed by differential erosion of meter-scale 
glacioeustatic cycles. Finer-grained, deeper water 
strata are less resistant and erode to form slopes and 
recesses. Coarser-grained, well-cemented, shallower 
water strata are resistant and erode to form ledges 
and cliffs. To better visualize the nature of Pennsyl-
vanian–Permian strata, compare the erosional pro-
file of the Mississippian Redwall Limestone in the 
Grand Canyon (massive cliffs) with the ledge-slope 
profile of the overlying Supai Group (figure 16.3). 
The Redwall Limestone was deposited under “green-
house” conditions characterized by low frequency 
and low amplitude sea-level fluctuation. As a result, 

the Redwall depositional platform was submerged 
most of the time and sedimentation varied little. By 
contrast, the Supai Group was deposited under “ice-
house” conditions, characterized by high-frequency 
(40,000 to 100,000 years) and high-amplitude sea-
level oscillations, resulting in frequent exposure of 
the shelf and dramatic cyclic shifts in sedimentation. 
Figure 16.4 shows similar ledge-slope topography 
of Middle Pennsylvanian icehouse strata exposed 
on the walls of the San Juan River gorge in the Four 
Corners region of southeast Utah. This pattern is 
characteristic of Pennsylvanian and Permian marine 
strata worldwide, indicating the profound effect of 
the LPIA on sedimentation globally.

The positioning of southern Pangea astride the 
South Pole helps explain why ice sheets were able 
to form during the LPIA, but this does not explain 
the cyclic waxing and waning of the ice sheets. As 
we now know, this was largely controlled by extra-
terrestrial processes that determine the amount 
of heat transmitted to Earth daily from the Sun, a 

 Figure 16.4   Outcrop view of cyclically bedded Pennsylvanian strata exposed along the walls of the San Juan River 
in southeastern Utah. The white rectangle shows the position of strata shown in Figure 16.6.
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value known as solar insolation. The controlling 
parameters are related to the orbit and rotation of 
the Earth relative to the Sun and are hence called 
orbital parameters. The Yugoslavian scientist Milutin 
Milankovitch calculated the effects of three particular 
parameters on global climate nearly 100 years ago. 
These are referred to as orbital eccentricity (shape of 
Earth’s orbit around the Sun), obliquity, (angle of tilt 
of Earth’s axis), and precession (wobble of the axis). 
These are illustrated in figure 16.5 along with the fre-
quency of the changes in respective orbital param-
eters. Figure 16.5D shows the composite effects of the 
individual parameters on solar insolation through 
time that control global climate oscillations.

Paradox Formation,  
San Juan River Gorge, Utah

Figure 16.6 is a stratigraphic column of the Des-
ert Creek and Lower Ismay members of the Middle 
Pennsylvanian Paradox Formation exposed on the 
cliff of the San Juan River Gorge in southeastern Utah 
(see figure 16.4). The white box on figure 16.4 shows 
the location of strata represented in figure 16.6. The 
195-ft thick section is comprised chiefly of lime-
stone ranging texturally from mud rich to grain rich 
(as indicated in the legend). Siliciclastic beds, in the 
form of black shale and fine-grained, angular quartz 
sandstone are not abundant, but are key to correlat-
ing strata regionally and to understanding the depo-
sitional history of these rocks.

B. Obliquity
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 Figure 16.5   Orbital parameters that control long-, intermediate-, and short-term climate oscillations. A. Eccentricity 
cycles occur at the scale of 100,000 and 400,000 years. B. Obliquity cycles have an average duration 
of about 40,000 years. C. Twenty thousand year oscillations are forced by precession or wobbling of 
Earth’s axis. D. Oscillatory pattern resulting from combining the three oscillation patterns.
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 Figure 16.6  S tratigraphy of the Desert Creek and Lower Ismay members of the Paradox Formation at Honaker 
Trail, San Juan River, Utah, showing the occurrence of fossils and other carbonate grains in each 
sampled horizon. Sequences and parasequences are shown on the far right.
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The occurrence of various fossils and ooids in 
54 sampled horizons (represented by dotted hori-
zontal lines) are illustrated with purple, blue, and 
green rectangles. Fossils illustrated with purple rect-
angles are typical of deeper and sometimes suboxic 
marine water. The blue rectangles represent occur-
rences of light-independent fossils (typically articu-
late brachiopods, crinoids, and bryozoans) in the 
stratigraphic section. Finally, the green rectangles 
represent the presence of light-dependent organisms 
such as fusulinids and phylloid algae. Along with 
ooids and the absence of carbonate mud, these lime-
stones indicate deposition in well-lit, high-energy, 
normal marine seawater.

Carefully examine figure 16.6. In order to deter-
mine the textural trends found in this section, begin 
by drawing a black dot on the diagram that shows 
the depositional texture, rock type, or exposure sur-
face for each of the 54 sampled horizons (dotted 
lines). Using straight lines, connect the dots. This has 
been completed for the lower nine horizons. Then, 
draw a horizontal red line at each exposure surface 
and a blue line at each flooding surface. Once this 
has been done, answer the following questions.

1.	 How may parasequences are contained in depo-
sitional sequence 2? 

2.	 How many parasequences are there in deposi-
tional sequence 3? 

3.	 Assuming the textural curve that you con-
structed for figure 16.6 is a proxy for water 
depth, would you consider the parasequences 
to be symmetrical or asymmetrical?

4.	 Do individual parasequences represent a succes-
sion of upward-shallowing or upward-deepening 
facies?

5.	 What would account for the asymmetry and 
upward facies succession in parasequences as 
a function of sea-level history? (Hint: Carefully 
examine figure 16.1A again.)

6.	 How is the occurrence of fossils and ooids con-
trolled by (and reflective of) sea-level history?

7.	 What does the juxtaposition of fine-grained 
quartz sandstone above exposure surfaces sug-
gest about the origin or deposition of these 
sandstone beds? What systems tract do they 
most likely represent?
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Learning Objectives	A fter completing this exercise, you will:

1.	 have gained confidence in your ability to read and interpret geological maps;
2.	 be better acquainted with rocks and structures that formed during the three phases of the Cordilleran 
orogeny;

3.	 recognize rocks and structures that characterize the Nevadan orogeny;
4.	 recognize structures that characterize the Sevier orogeny;
5.	 be able to recognize Laramide structures on geological maps; and
6.	 be better acquainted with the nature of sediments deposited in the Sevier foreland basin (Western 

Interior Seaway).

This lab will afford you the opportunity to inter-
pret maps and cross sections derived from areas 
affected by different phases (Nevadan, Sevier, and 
Laramide) of the Cordilleran orogeny. You will 
examine geological maps from areas affected by 
this prolonged episode of tectonic deformation and 
investigate the nature of sediments that filled the 
Sevier foreland basin.

The Cordilleran Orogeny
The breakup of Pangea began during the Trias-

sic Period. At that time, tensional stresses dominated 
the eastern margin of North America, resulting in the 
formation and filling of rift basins, the emplacement 
of igneous dikes, and extrusion of basaltic lavas in 

Connecticut, New York, New Jersey, and other east-
ern states. As North America moved westward, it 
overrode the Pacific plate, producing a subduction 
zone that stretched from Arctic Canada to Mexico. 
Continued westward motion of North America dur-
ing the Jurassic and Cretaceous Periods resulted in a 
wave of eastward-shifting deformation that eventu-
ally reached as far inland as modern-day Alberta, 
Canada, and Colorado (figure 17.1). This episode 
of subduction-related deformation is known as the 
Cordilleran orogeny. Deformation began first and 
was most intense in the western Cordillera where 
the crystalline core complex developed. This phase 
of deformation, represented by emplacement of the 
Sierra Nevada, Idaho, and Coast Range (Canada) 
batholiths and metamorphism of host rocks, is 
called the Nevadan orogeny (figures 17.1 and 17.2).

Exercise 17

Cordilleran Orogeny
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 Figure 17.2   Intrusive igneous rocks exposed in Yosemite Valley, California. View is eastward from El Portal 
(see geological map for regional extent of these rock units). Kec = El Capitan Granite, 
Kic = Illilouette Creek Granodiorite, Ks = Sentinel Granodiorite, Khd = Half Dome Granodiorite.

 Figure 17.1 
Tectonic map of the western 
United States showing areas 
influenced by the successive 
phases of the Cordilleran orogeny.
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 Figure 17.3  S tratigraphic cross section showing Triassic through Early Cenozoic rocks deposited in the Sevier 
foreland basin.

A second phase of tectonic activity characterized 
by thrust-related shortening of the area east of the 
granitic intrusives is known as the Sevier orogeny. 
During the Sevier orogeny, strata that had accumu-
lated on the passive margin of North America during 
the Paleozoic Era were detached from Precambrian 
basement rocks and pushed eastward along numer-
ous, parallel planes of weakness. The name for this 
phase of the Cordilleran orogeny is derived from 
central Utah, where “Sevier-type” thin-skinned 
thrusting is in evidence, but the style of deformation 
occurs both south and north of Utah and Nevada 
from northern Mexico to Arctic Canada. The stack-
ing of thrust sheets along the Sevier mountain front 
resulted in subsidence of the Sevier foreland basin, 
which also stretched from Mexico to Canada (figure 
17.1). Subsidence and sedimentation occurred more 
rapidly along the west side of the elongate basin than 
on the east side due to crustal loading and proxim-
ity to the Sevier uplift. Triassic through Cretaceous 
rocks deposited in the foreland basin (figures 17.3 
and 17.4) range from nonmarine alluvial fan con-
glomerate to deep-marine chalk and black shale, 

depending upon the relative rates of subsidence and 
sediment shedding at any given time. Now uplifted 
and eroded, these foreland basin strata are on dis-
play in national parks in Utah and throughout the 
Colorado Plateau (figure 17.4). They also contain a 
wealth of dinosaur bones, coal, and uranium.

By Paleogene (Early Cenozoic) time, deforma-
tion had shifted eastward to the foreland basin and 
to the adjoining craton margin of Wyoming, eastern 
Utah, Colorado, New Mexico, and South Dakota 
(figure 17.1). In response, Precambrian basement 
rocks were uplifted along high-angle reverse faults 
that deformed, and in some cases, overrode, associ-
ated Paleozoic and Mesozoic strata (thick-skinned 
thrusting) (figure 17.5). Equally characteristic of this 
so-called Laramide phase of the Cordilleran orogeny 
was the development of basement-cored domes, 
anticlines, and monoclines. Basins that developed 
between these compressional uplifts are filled with 
Early Cenozoic sediments that host large quantities 
of oil, gas, and coal. The Cordilleran orogeny had a 
profound impact on the structural and depositional 
evolution of western North America.
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A.

B.

A.

B.

 Figure 17.4  S trata deposited in the Sevier foreland basin. A. Cretaceous Mancos Shale overlain by sandstone of the 
Mesa Verde Group, Colorado Plateau, Utah. B. Jurassic Entrada Sandstone, Arches National Park, Utah.
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 Figure 17.4  S trata deposited in the Sevier foreland basin. C. Upper Cretaceous Cedar Mountain Formation 
overlain by blocks of the Dakota Sandstone, San Rafael Swell, Utah. D. Triassic Moenkopi (grayish tan) 
and Chinle (red) Formations overlain by the cliff-forming Wingate Sandstone, San Rafael Swell, Utah.

C.

D.

C.

D.
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 Figure 17.5  G eological map showing structural relationships developed on the northwest side of the Bighorn 
Mountains, Wyoming. See the geological map of Wyoming (part C of this exercise) for the location of 
the area shown on this map.
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Procedure	 Part A

Yosemite National Park, 
the Sierra Nevada, California

Scale 1 inch = 4 miles

 1.	See the geological map provided on page 257 
(figure 17.6). What rock type predominates in 
this map area? (circle one)

	 intrusive igneous	 extrusive igneous

	 sedimentary	 metamorphic

 2.	What is the difference between granite and 
granodiorite?

 3.	During which geological period(s) did the 
majority of these igneous bodies form?

 4.	What evidence of multiple episodes of intrusion 
in the Sierra Nevada is shown on this map and 
on figure 17.2?

 5.	What was the source of the magmas that solidi-
fied to form these igneous bodies?

 6.	What is the nature and significance of the Paleo-
zoic rocks (Pzme?) in the lower left portion of 
the map?

 7.	What is the name of the orogenic phase of the 
Cordilleran orogeny that most greatly influ-
enced this area of California?
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Key to Geologic Map of Yosemite National Park and Vicinity

Quaternary Units

Qal Holocene alluvium

Qtl Holocene talus

Qti Pleistocene glacial till

Qta Pleistocene glacial till

Qpt Pleistocene glacial till

Tuolumne Intrusive Suite (Late Cretaceous)

Kap Aplite dikes and small pegmatite bodies

Khd Half Dome Granodiorite

Kdc Granodiorite of Kuna Crest

Sonora Pass Intrusive Suite (Late Cretaceous)

Ks Sentinel Granodiorite (K-Ar age about 93 Ma)

Kyc Yosemite Creek Granodiorite

Buena Vista Crest Intrusive Suite (Middle Cretaceous)

Kic Illilouette Creek Granodiorite (U-Pb age about 100 Ma)

Yosemite Valley Intrusive Suite (Early to Middle Cretaceous)

Kt Taft Granite (U-Pb age about 96 Ma)

Kec El Capitan Granite (U-Pb age about 102 Ma)

Fine Gold Intrusive Suite (Jurassic to Early Cretaceous)

Kar Arch Rock Granodiorite (U-Pb ages about 116 Ma)

Kga Gateway Tonalite (U-Pb age about 114 Ma)

Kg undivided (Cretaceous?) granitic rocks

KJdg Jurassic to Early Cretaceous diorite and gabbro

Metasedimentary Rocks (Paleozoic to Jurassic)

Jms Metamorphosed Jurassic strata

Pzme? Metamorphosed Paleozoic strata
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Procedure	 Part B

Chouteau Quadrangle, Montana
Scale 3/4 inch = 1 mile

The area covered by the Chouteau Quadrangle 
straddles the structural boundary between the 
Rocky Mountains and High Plains physiographic 
provinces of western North America. This bound-
ary runs along the foot of the mountains (as seen 
in figure 17.7) with the Rocky Mountains on the left 
and the High Plains on the right. To visit this local-
ity on Google Earth go to the coordinates and alti-
tude provided on the North America index map that 
shows the location of the Chouteau Quadrangle.

1.	 Take a look at figure 17.7. How would you 
describe the fabric of the ridges and valleys in 
mountainous area?

47  39’09”N, 112  40’11.4”W 
       eye alt. 10.76 miles

o o

 Figure 17.7  N orth-eastward looking, low-angle air photo of the area covered by the Chouteau Quadrangle, Montana. 
Note the parallel nature of the mountain ridges and rapid transition to the relatively flat High Plains to 
the right (east) of Castle Reef. Use Castle Reef as a reference point to coordinate features on the map 
with those on this photo. (Copyright © Marli Miller, Geologic Time Pics, geologypics.com.)

Castle Reef
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2.	 Carefully examine the geological map on page 260 
(figure 17.8) and the accompanying map legend. 
Generally characterize the rocks shown on the 
map as to their age and rock type.

3.	 What is the name and age of the oldest formation?

4.	 What is the age of the youngest pre-Quaternary 
formation?

5.	 Use the topographic profile provided on figure 17.9 
to construct a cross section along the trace of line 
A–A′ on the map.

6.	 Characterize the area as gently, moderately, or 
complexly deformed. What type of structure 
predominates in this area?

7.	 In which direction did the thrust faults move?

8.	 What is the most likely age of the deformation? 
What is your evidence for the timing of defor-
mation?

9.	 What phase of the Cordilleran orogeny is repre-
sented by the deformation in this map area?
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Chouteau 30' × 60' Quadrangle, Montana  (continued)

Quaternary Q

Qa Pale yellow Alluvium

Qat Light yellow River alluvial

Qgt Light yellow Glacial till, conglomerate

Qg Pale orangeish yellow Undivided glacial sediment

Qgo Dark yellow Glacial outwash

Cretaceous K

Kh Dark green Horsethief Formation

Light brown, medium- to coarse-grained sandstone

Brackish to shallow marine

Ktm Olive green Two Medicine Formation

Gray and greenish gray volcanic sandstone, siltstone, 
mudstone, and andesite-pebble conglomerate

Fluvial and alluvial plain deposits

Kmr Yellowish green Marias River Formation

Marine black and gray shale with phosphatic 
concretions and marine fossils

Kbl Pale olive green Blackleaf Formation

Marginal-marine sandstone and shale

Kblk Green Blackleaf and Kooenai Formations, undivided

Nonmarine to marine sandstone and shale

Kk Bright green Kootenai Formation

Basal conglomerate overlain by nonmarine 
sandstone, shale, and lacustrine limestone

Marks inception of the Sevier foreland basin

Jurassic–Cretaceous KJ

KJme Grayish green Mt. Pablo, Morrison, and Ellis Group, undivided

Marine to nonmarine siliciclastic sedimentary rocks

KJmm Light grayish green Mt. Pablo and Morrison Formations, undivided

Mt. Pablo Formation = nonmarine sandstone and 
conglomerate to marine shale

Morrison Formation = fluvial sandstone and 
overbank shale and siltstone with dinosaur bones
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Chouteau 30’ × 60’ Quadrangle, Montana  (continued)

Jurassic J

Je Light mint green Ellis Group

Marine shale, sandstone, minor limestone

Devonian (D) and Mississippian (M) D, MD, M

Mm Light bluish gray Madison Group

Limestone and dolomite

MDtm Light purplish gray Three Forks Formation and Jefferson dolomite

Limestone, shale, and dolomite

Ds Grayish purple Devonian rocks undivided

Limestone, dolomite, sandstone, shale

8500 ft.

4500

6500

Castle Reef 

3  miles0 1 2

A'A

 Figure 17.9  T opographic profile along the line A–A’ near the top of the geological map of the Chouteau 30’ × 60’ 
Quadrangle.
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Procedure	 Part C

Geological Map of 
Bighorn Mountains, Wyoming

Scale 1 inch = 50 miles

 1.	See the geological map provided on page 266 
(figure 17.10). Draw a generalized structural 
cross section through the Bighorn Mountains 
located between Worland and Buffalo, Wyo-
ming. What type of structure is indicated by the 
patterns of Paleozoic and Mesozoic rocks sur-
rounding the Precambrian core of the Bighorn 
Mountains?

 2.	Study the outcrops of the Mesozoic (green) and 
Cenozoic (yellow) rocks in the map area. What 
structures are indicated by these map patterns? 
What is the age of the deformation that created 
these features?

 3.	What orogenic phase of the Cordilleran orogeny 
is responsible for the structures noted in ques-
tions 1 and 2 above? Study the outcrop patterns 
of the White River Group and cite evidence for 
the timing of this orogenic phase.

 4.	 If you were exploring for oil in Jurassic and 
Cretaceous strata on the northwest side of the 
Bighorn Mountains and you sited a drill rig at 
the position shown on both the map and cross 
section in figure 17.5 (red dot and red polygon, 
respectively), how many feet of Precambrian 
crystalline rock would you drill through before 
encountering Cretaceous sedimentary rock? To 
which Precambrian province do these crystalline 
rocks belong and what is their age (see figures 
14.2 and 14.3)?
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Geological Map of Bighorn Mountains, Wyoming

Quaternary Q

Qa Gray Alluvium and windblown sand

QPv Magenta Younger volcanic rocks

Tertiary (Miocene) M

Mbb Pink Browns Peak and Bishop Formations

Moa Yellow and red stipple Ogallala and Arikaree Formations

Tertiary (Oligocene) Φ

Φw Yellowish orange White River Group

Tertiary (Eocene) E

Eb Yellow vertical Bridger Formation

Egr Yellow diagonal Green River Formation

Ti Red Intrusive rocks

Ews Yellow Wasatch Formation

Efu Yellow diagonal Fort Union Formation

El Orange Lance Formation

Cretaceous K

Km Yellow and green horizontal Montana Group

Kmv Green Mesaverde Group

Kc Yellow and green diagonal Colorado Group

Kdl Dark green Dakota Formation and Lower Cretaceous rocks

Cretaceous to Jurassic KJ

KJ Dark green Dakota to Morrison Formations

Jurassic J

J Yellow and green diagonal Jurassic rocks

Jurassic to Triassic J^

J^ Green Jurassic and Triassic rocks

Triassic ^

^ Dark green Triassic rocks
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Geological Map of Bighorn Mountains, Wyoming

Permian C

Cm Gray Lower Permian rocks

Permian and Pennsylvanian C

Cpp Yellow and red stipple, green 
horizontal

Permian and Pennsylvanian rocks

Pennsylvanian C

Cp Yellow and red stipple, green diagonal Pennsylvanian rocks

Lower Paleozoic

D_ Purple Devonian to Cambrian rocks

_O Light red Ordovician to Cambrian rocks

Precambrian A

Ai Red Intrusive rocks

As Olive Metamorphic rocks

Arg Red Granite and other intrusive rocks

Ar Brown Metamorphic rocks
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area shown in 
Figure 17.5
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Procedure	 Part D

Black Hills and the High Plains, 
South Dakota State Geologic Map

Scale: 1 inch = 8 miles

 1.	See the geological map provided on page 270 
(figure 17.11). What are the ages of the rocks 
shown on the map?

 2.	What type of geologic structure is represented 
by the belted elliptical outcrops?

 3.	What kind of rocks are exposed in the core of the 
Black Hills, along the flank, and in the plains to 
the east?

 4.	What is the age of the uplift that produced the 
Black Hills? Cite your evidence.

 5.	Locate and describe a nonconformity, discon
formity, and two angular unconformities on this 
map (see figure 13.2). Indicate the position of 
the unconformities by listing the strata located 
above and below them.

 6.	Where is the most likely area in the Black Hills 
for commercial mineral production? Why?
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Black Hills and the High Plains, South Dakota

Tertiary T

Tw Light yellow White River Group

Cretaceous K

Kp Light green, horizontal Pierre Shale

Kn Light green, vertical Niobrara Formation

Kc Light green, solid Carlile Shale

Kg Light green, solid Greenhorn Limestone

Kbm Light green, horizontal Belle Fourche and Mowry Shales

Ksi Green, fine vertical Skull Creek Shale, Inyan Kara Group

Jurassic J

Jm Grayish green Morrison Formation

Js Grayish green, horizontal Sundance Formation

Triassic ^

^s Blue green, diagonal Spearfish Formation

Permian P

Pm Blue, solid Minnekahta and Opeche Formations

Pennsylvanian C

Cm Light blue, fine horizontal Minnelusa Sandstone

Mississippian C

Cp Light blue, diagonal Pahasapa Limestone and Englewood Limestone

Ordovician O

Ow Purple Whitewood Limestone

Cambrian _

_d Orange brown Deadwood Formation
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Black Hills and the High Plains, South Dakota

Precambrian =

=g Dark brown Granite and pegmatite

=a White, brown horizontal Basic igneous intrusions

=sq Light brown, horizontal, white irregular 
dashes

Schist and quartz

=sc Light brown, diagonal Sandstone and conglomerate

Igneous Rocks

Qr Bright green Rhyolite and obsidian

Tr Red and white Rhyolite

Tp Red Light-colored intrusive igneous rocks
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Procedure	 Part E

Cordilleran Foreland Basin
The stratigraphic profile shown in figure 17.12 is 

a west–east series of stratigraphic sections through 
the Upper Cretaceous rocks of eastern Utah (Mancos 
Shale and Mesa Verde Group of figure 17.3 and 
figure 17.4A). The profile shows relationships of the 
clastic wedge associated with a pulse of the Sevier 
orogeny in western North America. The marine 
black shales reflect the presence of the Western Inte-
rior Seaway.

 1.	Construct a restored cross section of these Cre-
taceous strata.

 2.	What was the direction of sediment transport?

 3.	What depositional environment is reflected by 
the coal deposits?

 4.	 Is the depositional pattern transgressive or 
regressive? Cite your evidence.

 5.	When was the most evident pulse of uplift in 
the source area during this part of the Sevier 
orogeny? What is your evidence?
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 Figure 17.12  A  series of nine stratigraphic sections through the Upper Cretaceous rocks of eastern Utah. This represents 
a cross section through a coal-bearing, clastic wedge. Coal beds frequently pinch out over areas of this size.
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Procedure	 Part F

If one can document the kind of sediments 
deposited at any one “brief ” interval in time over 
a wide area, one can construct lithofacies maps 
to show patterns of sedimentation. Figure 17.13 is 
a map of Upper Cretaceous deposits in the Rocky 
Mountains. The small circles are points where data 
are available, and lithology at each is shown by the 
following series of abbreviations: congl. for con-
glomerate, ss for sandstone, sh for shale, and m for 
marl or chalk. The line of zero sediment thickness 
(dashed line) in the western part of the map repre-
sents the position of the Cretaceous shoreline.

 1.	Construct a lithofacies map by drawing lines 
separating the various rock types that can be 
recognized.

 2.	Do the facies belts parallel the zero thickness 
line?

 3.	What was the direction of transport of the sedi-
ments? What was the probable source area for 
the coarse sediments along the western border 
of the map?

 4.	Were the Colorado Rocky Mountains present 
during deposition of these sedimentary rocks? 
What is the evidence?

 5.	Where would you expect the greatest thickness 
of sediments to have accumulated? Why?
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 Figure 17.13  A  map showing distribution of rock types in part of the Upper Cretaceous clastic wedge in the Rocky 
Mountains. This is the area between the stable region of the continent (east side of map) and the western 
mobile belt. Abbreviations: congl. = conglomerate, ss = sandstone, sh = shale, m = marl or chalk.
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Figure 18.1 summarizes major Phanerozoic 
depositional and tectonic events that shaped mod-
ern North America. The left column is the geological 
timescale. The next column portrays mountain-
building events that occurred on the western or 
Cordillern margin of North America. The right-
hand column shows orogenies that affected depo-
sition and the structural fabric of the East Coast. 
The center column shows the relative durations 
of the six depositional sequences elucidated by 
the stratigrapher Larry Sloss. Sloss was the first to 
discover that the sedimentary cover of the North 
American craton could be subdivided into six main 
depositional packages separated by regional or 
widespread unconformities. He named these trans-
gressive-regressive sequences (Sauk, Tippecanoe, 
etc.) in honor of Native American groups indige-
nous to North America. In addition to the Slossian 
sequences and six orogenic events, figure 18.1 lists 15 
other depositional, structural, and paleontological/
evolutionary events that played a role in the geo-
logic development of North America.

Procedure
Carefully examine figure 18.1, noting the loca-

tion of mountain belts, depositional sequences, 
unconformities, reefs, etc., and then use this figure, 
your textbook, course notes, or websites that host 
legitimate science to answer the following ques-

tions. Be as concise, yet complete, as possible. Note 
that the vertical scale represents time, not thickness 
of sequences or other rock units. We strongly recom-
mend that you view Ron Blakey’s excellent paleo-
geographic maps of North America as you complete 
this activity. Go to deeptimemaps.com and click on 
Map Lists & Thumbnails near the top of the home 
page. Then drop down and click on North Amer-
ica. To view the maps, click on North America Key 
Time Slices Series heading. This provides a page of 
thumbnails from which you may select and view a 
variety of paleogeographic maps that range from 
the Paleoproterozoic Era (1650 million years ago) to 
the present. On the map titles, Ma indicates millions 
of years before present.

 1.	List the six depositional sequences from oldest 
to youngest.

Exercise 18

Phanerozoic Geology of North America

A Summary of Major Depositional  
and Tectonic Events
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 2.	Why are the sequence-bounding unconformities 
of greater temporal duration (white areas on 
figure 18.1) in the center of the craton rather than 
on the margins of the craton?

 3.	How do the Sauk and Tippecanoe sequences 
differ lithologically? In which of these sequences 
might you find small archeocyathid reefs?

 4.	Why were thick accumulations of evaporites 
deposited in the Michigan Basin during the Silu-
rian Period (feature 2 on figure 18.1)? Examine 
Blakey’s map of Early Silurian (420 Ma) North 
America. What types of reefs were formed 
around the margins of the Michigan Basin?

 5.	During which period of Earth history was black 
shale (such as the Woodford, Bakken, and Chat-
tanooga Shales) deposited across much of the 
craton? What was the cause of this widespread 
“black shale” event?

 6.	One of the six major mass extinctions occurred 
at the end of the Devonian Period. How did 
this change the faunal and floral composition of 
reefs deposited in the Devonian part of the Kas-
kaskia Sequence (feature 4 on figure 18.1) versus 
those deposited in the Mississippian part of the 
Kaskaskia Sequence (feature 6 on figure 18.1)? 
Be sure to discuss the nature of Waulsortian 
mounds as part of your answer.
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 7.	During which geological era was mountain 
building most active on the east coast of ances-
tral North America? Circle your answer.

	 Paleozoic	 Mesozoic	 Cenozoic

 8.	What is the plate tectonic explanation for the 
Taconic orogeny? Which plates were interacting 
and what type of plate interaction (continent–
continent, continent–ocean, ocean–ocean) pro-
duced this orogeny?

 9.	What is the plate tectonic explanation for the 
Acadian orogeny? Which plates were interact-
ing and what type of plate interaction (conti-
nent–continent, continent–ocean, ocean–ocean) 
produced this orogeny?

10.	What is the Catskill Delta (feature 3 on figure 
18.1) and what was the source of sediments 
comprising this feature?

11.	What is the plate tectonic explanation for the 
Late Paleozoic Allegheny orogeny? Which plates 
were interacting and what type of plate inter-
action (continent–continent, continent–ocean, 
ocean–ocean) produced this orogeny?

12.	Cyclothems characterize Middle Pennsylvanian 
to Early Permian sedimentary deposits world-
wide. What is a cyclothem and why are they so 
characteristic of the Late Paleozoic portion of 
the Absaroka Sequence? What was the global 
climate like at this time?
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13.	What are phylloid algal mounds and during 
which two periods of Earth history did they 
form (feature 7 on figure 18.1)? What is the eco-
nomic significance of phylloid algal bioherms 
in the Paradox Basin of southeastern Utah and 
southwestern Colorado?

14.	What were the Ancestral Rocky Mountains? 
When, where, and why did they form? If possi-
ble, examine Ron Blakey’s map of Late Pennsyl-
vanian (300 Ma) North America as you consider 
your answer.

15.	During which geological era was mountain 
building most active on the west coast of North 
America? Explain this pattern in terms of what 
was happening to the supercontinent of Pangea 
during this time (see the sequence of Jurassic 
and Cretaceous maps of North America on Ron 
Blakey’s website).

16.	The western portion of the Zuni Sequence (fea-
ture 13 on figure 18.1) was deposited in the 
foreland basin of the Cordilleran orogeny (see 
Blakey’s map of Late Cretaceous North Amer-
ica [85 Ma]). To what do the terms flysch and 
molasse apply? What economic resource is asso-
ciated with the shoreline and delta deposits (e.g., 
Cretaceous Ferron Sandstone and Blackhawk 
Formation) on the west margin of the Western 
Interior Seaway?
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Much of the physiographic character of North 
America came into being during the Cenozoic Era. 
The mountain ranges, valleys, river systems, volca-
noes, and deserts that are familiar parts of the human 
experience came into their current configurations 
during the past 65 million years. Many of these fea-
tures owe their existence to even more recent events. 
The purpose of this exercise is to acquaint you with 
the patterns and origins of the physiographic prov-
inces of western North America. The geological map 
activities presented here permit you to further see 
the nature of rocks and structures that developed 
during Cenozoic time.

Procedure	 Part A
Geologists and geographers have subdivided 

North America into formal physiographic provinces 
on the basis of bedrock geology, surficial deposits, 
and landforms. Familiarize yourself with the geo-
graphic extent and characteristic landforms of the 
major western US provinces by filling in the blank 
boxes on table 19.1. The requested information can 
be obtained from Wikipedia (http://en.wikipedia.
org/wiki/Physiographic_regions_of_the_United_
States). You may also wish to visit these areas via 
Google Earth and explore the landforms and fea-
tures that occur in each province.

Learning Objectives	A fter completing this exercise, you will:

1.	 be able to characterize the landforms and geology of the physiographic provinces of the western 
United States;

2.	 be familiar with Laramide structures that characterize Wyoming and adjacent states; and
3.	 have acquainted yourself with the nature of the extensional tectonics that characterize the eastern 

margin of the Basin and Range Provinces.

Exercise 19

Cenozoic Geology
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Province Location Characteristics

High Plains 
(Interior Plains)

Rocky 
Mountains

Colorado 
Plateau

Basin and Range

Columbia 
Plateau

Sierra Nevada

Pacific

 Table 19.1   Major western provinces of the United States.
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Procedure	 Part B

Geological Map of the 
Central Wasatch Front

Scale 2.5 inches = 1 mile

The Wasatch Fault separates the Central Rocky 
Mountain province in the east from the Basin and 
Range physiographic province to the west. The area 
represented on the map on page 289 (figure 19.1) 
straddles this boundary. The developed area on the 
west half of the map is the eastern portion of Provo, 
Utah. The eastern half of the map depicts strata 
and structures characteristic of the central Wasatch 
Range. Carefully examine the map and answer the 
following questions.

 1.	 Note the fan-shaped accumulations of sediment 
(Qal) at the mouths of Rock Canyon and Slate 
Canyon. What process formed these alluvial fans?

 2.	 If this process continues to be active in the 
future, what geological hazard might residents 
of the area anticipate?

 3.	What kind of fault is the Wasatch Fault? What 
type of tectonic stresses (compression, tension, 
shear) produced this faulting as well as faults 
located elsewhere in the Basin and Range?

 4.	What type of geological hazard might residents 
of central Utah anticipate along this active fault?
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Central Wasatch Front

Quaternary Q

Qal Yellow Stream valley alluvium
Rounded, stream-transported debris

Qrf Yellow Recent alluvial fan deposits

Qco Yellow Colluvium
Angular debris on hill slopes, includes talus

Qls Yellow Landslide, avalanche, slump, and mudflow 
deposits

Qlb Orange Lake Bonneville sediments, undifferentiated

Tertiary? Tq

Tqof Orange Pre-Bonneville fan and landslide deposits

Mississippian M

Mmc Green Manning Canyon Shale

Mgb Blue Great Blue Limestone

Mh Purple Humbug Formation

Md Green Deseret Limestone

Mg Light blue Gardison Limestone

Devonian and Mississippian DM

DMf Brown Fitchville Dolomite

Cambrian _

_m Red Maxfield Limestone

_o Green Ophir Formation

_l Red Tintic Quartzite

Precambrian =

=mf Light brown Mineral Fork Tillite

=bc Dark brown Big Cottonwood Formation
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 Figure 19.1  G eological map of the central Wasatch Range in the vicinity of Provo, Utah.
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Learning Objectives	A fter completing this exercise, you will:

1.	 have gained confidence in your ability to read and interpret geological maps;
2.	 better understand the effects of continental glaciation on the Great Lakes region;
3.	 know the name and regional extent of each of the four main Pleistocene depositional events; and
4.	 better understand the effects of valley glaciation on a mountainous region.

Procedure	 Part A

Glacial Map of North America
Scale: 1 inch = 72 miles

 1.	See the geological map provided on page 292 
(figure 20.1). On the basis of the principle of 
superposition, what are the relative ages of the 
four main Pleistocene till sheets?

 2.	What was the direction of ice movement in the 
vicinity of Chicago, Illinois; Fort Wayne, Indi-
ana; and Mankato, Minnesota?

 3.	What were the likely controlling factors that 
determined the present position of the Missouri 
and Ohio Rivers?

Exercise 20

Pleistocene Glaciation
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 4.	Explain the lack of glacial deposits in the south-
western corner of Wisconsin.

 5.	Pleistocene lake deposits are illustrated on the 
map by a horizontal pattern. What is the origin 
of the Pleistocene lake basin approximately 50 
miles south of Chicago?

 6.	What type of isostatic forces are likely to be 
affecting this area at the present time? Explain 
your answer.

Pleistocene

Pleistocene Lakes Blue horizontal

Wisconsin Glaciation Dark pink Moraine

Light pink Intermoraine

Illinoian Glaciation Dark green Moraine

Light green Intermoraine

Kansan Glaciation Light yellow Glacial deposits

Nebraskan Glaciation Yellow, vertical Glacial deposits



  292   Exercise  20	 Pleistocene Glaciation



	Exercise  20	 Pleistocene Glaciation   293   

Procedure	 Part B

Physiographic Effects of Valley 
Glaciers, Yosemite Valley, California

The stunning beauty of Yosemite Valley in Cali-
fornia reflects the power of valley glaciers to shape 
the landscape. In this part of the exercise you will 
compare and contrast physiographic features in 
glaciated (figure 20.3) and nonglaciated (figure 20.4) 
portions of the Yosemite and Merced River Valleys 
(see figure 20.2). Both map areas are underlain by 
Jurassic granite, so differences in landforms are a 
function of erosional processes, not differences in 
bedrock geology.

 1.	Construct topographic profiles along lines A to 
A′ and B to B′ in the spaces provided on figures 
20.3 and 20.4. The technique for constructing 
topographic profiles is explained in exercise 13 
(figure 13.7).

 2.	Compare and contrast the shape of the valley 
through which the Merced River flows in the 
two topographic profiles.

 3.	What is the gradient (elevation loss per mile) of 
the Merced River in figure 20.3?

	  feet/mile

 4.	What is the gradient of the Merced River in the 
area depicted in figure 20.4?

	  feet/mile

 5.	Name a map feature in figure 20.3 that repre-
sents a hanging valley.

 6.	Based on the comparison of the glaciated and 
nonglaciated stretches of the Merced River 
valley, discuss how valley glaciers modify the 
valleys through which they flow.

YOSEMITE    VALLEY

El Portal

Yosemite
West

Glacier Point Road

MERCED RIVER VALLEY

2 miles N

 Figure 20.2 
Index map showing locations of figures 20.3 and 20.4 
in Yosemite National Park, California.
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 Figure 20.3  T opographic map of the western portion of Yosemite Valley, California. See figure 17.2.
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 Figure 20.4  T opographic map of the Merced River Valley in the westernmost portion of Yosemite National Park, 
California.
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Learning Objectives	A fter completing this exercise, you will:

1.	 better understand the nature of the hominin fossil record;
2.	 be familiar with certain key hominin fossil discoveries;
3.	 know the difference between the genera Homo and Australopithecus; and
4.	 be familiar with diagnostic cranial features.

The first significant hominin fossils were found 
north of Düsseldorf, Germany, in the Neander Val-
ley in 1856. From then until now numerous finds 
have expanded the fossil collections of the subfam-
ily Homininae. These fossil remains are among the 
most valuable objects of antiquity in the possession 
of humankind. They are literally “national treasures” 
housed in approximately 25 museums around the 
world where they are given the utmost protection in 
safety and environmental controls. There are so few 
existing specimens that each one can have a signifi-
cant effect on the theory of hominin development. 
Examples of single finds that have revolutionized 
our evolutionary theories include the discovery of 
the “Taung baby” in Botswana in 1924, Homo habilis 
in Tanzania in 1962, “Lucy” in Ethiopia in 1974, 3.6- 
to 3.8-million-year-old footprints (“first family”) in 
Laetoli in Tanzania in 1976, the finding of the “black 
skull” in Kenya in 1985, and “Turkana boy” in Kenya 
in 1984. Each discovery represents either a profound 
bit of luck or, in most cases, the result of very expen-

sive, painstaking, and time-consuming excavations 
whose purpose was to seek hominin fossils in known 
productive locations. As a collection, they represent 
the evolutionary record of humankind for approxi-
mately the past 5 million years.

The classification of the hominins is in a state 
of flux. Although there is almost no disagreement 
among scientists about the fact of hominin evolu-
tion, uncertainty exists over the specifics of evolu-
tionary relationships. There is widespread belief 
that science teaches that humans were derived from 
the apes. This is not so. Modern hominins did not 
evolve from modern pongins; both are contempo-
raneous. They might, or might not, have shared a 
common ancestral stock. Whether they both evolved 
from a single common family, or each followed inde-
pendent lines of evolution, is not clear. The hominin 
fossils presently available to scholars provide us 
with a reasonably good look at the evolutionary his-
tory of the subfamily. The evolutionary sequence we 
see from these specimens elucidates hominin ori-

Exercise 21

Hominin Fossils
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gins at a time that was perhaps close to the probable 
time of divergence, if indeed hominins and pongins 
do share a common ancestor. The missing informa-
tion at present is the dearth of fossil pongins over 
the past 5 million years. If we had access to com-
parable pongin fossils covering this interval, the 
evolutionary story of these two families would be 
much clearer, and the identity of a possible common 
ancestor would be more predictable.

Most taxonomic schemes recognize two genera 
of hominins: Australopithecus and Homo. Within Aus-
tralopithecus, six species have been differentiated: 
Australopithecus afarensis, Australopithecus africanus, 

Australopithecus anamensis, Australopithecus aethi-
opicus, Australopithecus boisei, and Australopithecus 
robustus. Seven species are recognized in the genus 
Homo: Homo rudolfensis, Homo habilis, Homo ergaster, 
Homo erectus, Homo heidelbergensis, Homo neandertha-
lensis, and Homo sapiens. A third genus of the Hom-
ininae has been described and named: Ardipithecus, 
with a single species: ramidus. The material for this 
taxon was found in Ethiopia in 1994–1995. Table 21.1 
presents a tabular summary of the above listed taxa. 
Figure 21.1 illustrates the general evolutionary rela-
tionships thought to exist among hominin species.

Name Age (my) Sites Special Features
Homo sapiens 0.1–0.0 Worldwide Oldest cave paintings, c. 31,000 years, includes 

Cro-Magnon.

Homo neanderthalensis 0.3–0.03 Europe, Asia, Africa Discovered 1856 in Neander Valley in northern 
Germany. Most productive site in Croatia, 
where 850 fossils have been found.

Homo heidelbergensis 0.6–0.2 Europe Discovered in 1921, first fossil hominin found in 
Africa. First to build shelters.

Homo erectus 1.2–0.4 North and East Africa, 
Indonesia, China

First to use controlled fire. Includes “Peking 
Man” and “Java Man.”

Homo ergaster 1.8–1.5 East Africa “Turkana boy,” oldest complete skeleton found, 
stood nearly 6 ft tall.

Homo habilis 1.9–1.6 East Africa Smallest adult hominin ever found, height 
estimated to be approximately 1 m.

Homo rudolfensis 2.4–1.9 East Africa Similar to H. habilis. The two lived 
contemporaneously in East Africa.

Homo sp. 2.5–? East Africa A single upper jaw (maxilla) collected from a 
site otherwise restricted to specimens of 
Australopithecus. Stone tools present.

Australopithecus 
robustus

1.9–1.0 South Africa Originally called Paranthropus robustus, and 
many workers prefer the older term.

Australopithecus boisei 2.3–1.4 East Africa Became famous as Zinjanthropus, the 
nutcracker man, a hyper-robust species.

Australopithecus 
aethiopicus

2.7–1.9 East Africa “Black skull,” robust australopithecine with a 
prominent sagittal crest and huge teeth.

Australopithecus 
africanus

2.8–2.4 South Africa “Taung child” found in 1924, highly 
controversial for many years, a fossil gem.

Australopithecus 
afarensis

3.9–3.0 East Africa, 
Central Africa

“Lucy” and the Laetoli footprints. Includes 
A. bahrelghazali found in central Africa.

Australopithecus 
anamensis

4.2–3.9 East Africa Material exhibits an unusual combination of 
Homo and Australopithecus characters.

Ardipithecus ramidus 4.4 East Africa A third genus within the Homininae, thought to 
be ancestral to Australopithecus.

 Table 21.1  T axonomic scheme of hominins.



  298   Exercise  21	 Hominin Fossils

?

Millions
of Years

0.5

1

1.5

2

2.5

3

3.5

0

4

A. a
eth

iopicus

A. a
eth

iopicus

A. a
farensis

A. a
farensis

Austra
lopith

ecus

anamensis

Austra
lopith

ecus

anamensis

H. sapiens

H. h
eidelberg

ensis

H. n
eanderth

alensis

H. e
rectu

s

H. e
rg

aster

H. h
abilis

H. ru
dolfe

nsis

Homo sp.

A. a
fri

canus

Ard
ipith

ecus ra
midus

A. b
oisei

A. ro
bustu

s

H. sapiens

H. h
eidelberg

ensis

H. n
eanderth

alensis

H. e
rectu

s

H. e
rg

aster

H. h
abilis

H. ru
dolfe

nsis

Homo sp.

A. a
fri

canus

Ard
ipith

ecus ra
midus

A. b
oisei

A. ro
bustu

s

?

?

?

?

 Figure 21.1   Diagram showing temporal and evolutionary relationships among fossil hominins. 
(Reprinted with permission from Nature, Bernard A. Wood, “The Oldest Hominid Yet,” 371:280–281, 
1994, Macmillan Publishers Ltd.)
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MAN CHIMPANZEE

CRANIAL CAPACITY

BROW RIDGE

JAW

DIASTEMA

DENTITION
“V”-shaped

arched

absent

recessed

minimal

1300–1400 cc 300–400 cc

prominent

protruding

well-developed

flat

“U”-shaped

upper jaw upper jaw

skull skull

PALATE

Procedure
 1.	Figure 21.2 illustrates a comparison of the main 

characteristics of skull morphology of a chim-
panzee, representing the apes (subfamily Pon-
ginae), and a modern human skull (subfamily 
Homininae). Study the important differences 
between these two skulls.

 2.	Examine the drawings of the six fossil skulls 
in figure 21.3, noting the similarities with the 
chimp and modern human skulls found in fig-
ure 21.2. The natural stratigraphic order of the 
fossil skulls has intentionally been altered for 
your later reconstruction.

 3.	Reconstruct what you think to be the natural 
stratigraphic sequence of the fossil skulls based 
on their evolutionary development. Label the 
individual skulls from 1 to 6 in order of their sim-
ilarity to the chimp and human skulls (1 being 
most apelike and 6 being most humanlike).

 4.	Compare your evolutionary sequence with that 
of your instructor’s.

 Figure 21.2  C haracteristics of skull morphology for a human and a chimp skull and upper jaw.
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 Figure 21.3  S election of fossil hominin skulls and their dentition. The stratigraphic order of their occurrence has 
intentionally been altered awaiting the student’s evaluation. The jaw associated with each skull is 
located to its left.
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