
Pearly white, translucent crystals of selenite gypsum
(CaSO4 � 2H2O). Lechuguilla Cave, New Mexico.
(Photograph by D. Bunnell.)
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Some readers of this book will have taken a prior course in
physical geology. These students will have been intro-
duced to rocks and minerals and may use this chapter as a
review. For other readers, a basic knowledge of earth ma-
terials sets the stage for an understanding of the processes
that have shaped our planet. Minerals and rocks (and the
fossils within rocks) are the indispensible documents from
which the history of the Earth is deciphered.

�MINERALS

Minerals are important to all of us. They are the raw
materials needed to manufacture the products that sus-
tain our modern technologic society. For geologists,
the search for new mineral deposits has always been a
key objective. Minerals, however, are also of interest to
earth scientists because of the evidence they provide
about past events. Many minerals form only within a
narrow range of physical conditions and therefore can
be used to diagnose the pressures and temperatures in-
volved in the formation of mountain ranges and volca-
noes. Some minerals develop exclusively in ocean water
and provide evidence of the incursion of seas across for-
mer areas of dry land. Others form under conditions of
excessive aridity and are used to locate the arid tropical
belts of long ago. The magnetic properties of certain
minerals provide clues to drifting continents, the
widening of oceans, and changes in the planet’s mag-
netic poles. As a further aid to deciphering Earth his-
tory, some minerals contain radioactive elements that
permit us to determine the ages of rocks and structures
formed at particular times in the geologic past.

Common Rock-Forming Minerals

Minerals are naturally occurring solid, inorganic sub-
stances that have a definite chemical composition or
range of compositions as well as distinctive properties
that reflect their composition and regular internal
atomic structure. Minerals can usually be identified by
such physical properties as color, hardness, density,
crystal form, and cleavage. Cleavage refers to the ten-
dency of some minerals to break smoothly along cer-
tain planes of weakness.
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What stuff ’tis made of, whereof it is born, I am to
learn.
Shakespeare, The Merchant of Venice
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More than 3000 minerals have already been discov-
ered and described, but most of these are rarely en-
countered. For our present purposes, it is important to
consider only those minerals that compose the bulk of
common rocks. Among these, the most important are
the silicate minerals.

SILICATE MINERALS About 75 percent by weight of
the Earth’s crust is composed of the two elements oxy-
gen and silicon (Table 2-1). These elements usually
occur in combination with such abundant metals as
aluminum, iron, calcium, sodium, potassium, and mag-
nesium to form a group of minerals called the silicates.
A single family of silicates, the feldspars, comprises
about one-half of the material of the crust, and a single
mineral species called quartz represents a sizable por-
tion of the remainder.

Quartz The principal silicate minerals and some of
their properties are listed in Table 2-2. The mineral
quartz (SiO2) is one of the most familiar and impor-
tant of all the silicate minerals. It is common in many
different families of rocks. In general appearance,
quartz is a glassy, colorless, gray or white mineral.
Quartz is relatively hard (see Mohs’ scale in the foot-
note of Table 2-2) and will easily scratch glass. When
quartz grows in an open cavity, it may form the hexag-
onal crystals (Fig. 2-1) that are prized by mineral col-
lectors. More frequently, the crystal faces cannot be
discerned because the orderly addition of atoms dur-
ing crystal growth was interrupted by contact with
other growing crystals and results in an aggregate that
exhibits crystalline texture. Such common minerals as
chert, flint, jasper, and agate are sedimentary varieties
of quartz. Chert (Fig. 2-2) is a dense, hard, white min-
eral composed of sub-microcrystalline quartz that

forms as a result of the precipitation of silicon dioxide
by either biologic or chemical means. Flint is the pop-
ular name for a dark gray or black variety of chert in
which the dark color results from inclusions of organic
matter. Red or red-brown chert is called jasper. Agate
is a submicroscopic variety of quartz characterized by
bands of differing colors.

The origin of chert is a complex problem made
even more difficult by the fact that different varieties
are formed by somewhat different processes. Some
cherts are replacements of earlier carbonate rocks.
Others appear to have formed as a result of the solu-
tion and reprecipitation of silica from the siliceous
skeletal remains of organisms. Small amounts of chert
may also be precipitated directly from concentrated
aqueous solutions.

The Feldspars The feldspars are the most abundant
constituents of rocks, composing about 60 percent of
the total weight of the Earth’s crust. There are two
major families of feldspars: the orthoclase, or potas-
sium, group (Fig. 2-3), which comprises the potassium
aluminosilicates; and the plagioclase group, which
comprises the aluminosilicates of sodium and calcium
(Fig. 2-4). Members of the plagioclase group exhibit a
wide range in composition—from a calcium-rich end
member called anorthite (CaAl2Si2O8) to a sodium-
rich end member called albite (NaAlSi3O8). Between
these two extremes, plagioclase minerals containing
both sodium and calcium occur. The substitution of
sodium for calcium, however, is not random but is gov-
erned by the temperature and composition of the par-
ent material. Thus, by examining the feldspar content
of a once-molten rock, it is possible to infer the physi-
cal and chemical conditions under which it originated.
Feldspars are nearly as hard as quartz and range in
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TABLE 2-1 Abundances of Chemical Elements in the Earth’s Crust*

Percentage
Element Percentage by Number Percentage
and Symbol by Weight of Atoms by Volume

Oxygen (0) 46.6 62.6 93.8
Silicon (Si) 27.7 21.2 0.9
Aluminum (Al) 8.1 6.5 0.5
Iron (Fe) 5.0 1.9 0.4
Calcium (Ca) 3.6 1.9 1.0
Sodium (Na) 2.8 2.6 1.3
Potassium (K) 2.6 1.4 1.8
Magnesium (Mg) 2.1 1.9 0.3
All other elements 1.5 — —

100.0 100.0† 100.0†

*Based on Mason, B. 1966. Principles of Geochemistry. New York: John Wiley & Sons. Note the
high percentage of oxygen in the Earth’s crust.
†Includes only the first eight elements.



color from white or pink to bluish gray. They have good
cleavage in two directions, and the resulting flat, often
rectangular surfaces are useful in identification. Those
plagioclase feldspars with abundant sodium tend, along
with potassium feldspars, to occur in silica-rich rocks
such as granite. Calcium-rich plagioclases occur in such
rocks as the Hawaiian lavas (called basalts).

Micas Mica is a family of silicate minerals easily rec-
ognized by its perfect and conspicuous cleavage (Fig.
2-5) along one directional plane. The two chief vari-
eties are the colorless or pale-colored muscovite mica,
which is a hydrous potassium aluminum silicate, and
the dark-colored biotite mica, which also contains
magnesium and iron. Both muscovite and biotite are
common rock-forming silicates.

Hornblende Hornblende (Fig. 2-6) is a vitreous, black
or very dark green mineral. It is the most common
member of a larger family of minerals called amphi-

boles, which have generally similar properties. Because
of its content of iron and magnesium, hornblende
(along with biotite, augite, and olivine) is designated a
ferromagnesian or mafic mineral. Crystals of horn-
blende tend to be long and narrow.

Augite Just as hornblende is only one member of a
family of minerals called amphiboles, augite is an im-
portant member of the pyroxene family, in which many
other mineral species also occur. Like hornblende, it is
a ferromagnesian mineral and thus dark-colored. An
augite crystal is typically rather stumpy in shape, with
good cleavages developed along two planes that are
nearly at right angles.

Olivine As you might guess from its name, this glassy-
looking iron and magnesium silicate often has an olive
green color. Olivine (Fig. 2-7) is present in dark rocks
such as basalt. Along with pyroxene and minor calcium
plagioclase, it is also an important component of the
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TABLE 2-2 Common Rock-Forming Silicate Minerals

Silicate Mineral Composition Physical Properties

Quartz Silicon dioxide Hardness of 7 (on scale of 1 to 10)*; will not cleave (fractures 
(silica, SiO2) unevenly); specific gravity: 2.65

Orthoclase Aluminosilicates of Hardness of 6.0–6.5; cleaves well in two directions; pink or 
feldspar group potassium white; specific gravity: 2.5–2.6

Plagioclase Aluminosilicates of Hardness of 6.0–6.5; cleaves well in two directions; white or 
feldspar group sodium and calcium gray; may show striations on cleavage planes; specific 

gravity: 2.6–2.7

Muscovite mica Aluminosilicates of Hardness of 2–3; cleaves perfectly in one direction, yielding 
potassium with water flexible, thin plates; colorless; transparent in thin sheets; 

specific gravity: 2.8–3.0

Biotite mica Aluminosilicates of Hardness of 2.5–3.0; cleaves perfectly in one direction, 
magnesium, iron, yielding flexible, thin plates; black to dark brown; 
potassium, with water specific gravity: 2.7–3.2

Pyroxene group Silicates of aluminum, Hardness of 5–6; cleaves in two directions at 87� and 93�; 
calcium, magnesium, black to dark green; specific gravity: 3.1–3.5
and iron

Amphibole group Silicates of aluminum, Hardness of 5–6; cleaves in two directions at 56� and 124�; 
calcium, magnesium, black to dark green; specific gravity: 3.0–3.3
and iron

Olivine Silicates of magnesium Hardness of 6.5–7.0; light green; transparent to translucent; 
and iron specific gravity: 3.2–3.6

Garnet group Aluminosilicates of iron, Hardness of 6.5–7.5; uneven fracture; red, brown, or yellow; 
calcium, magnesium, specific gravity: 3.5–4.3

and manganese

*The scale of hardness used by geologists was formulated in 1822 by Frederich Mohs. Beginning with diamond as the hardest mineral, he
arranged the following table:

10 Diamond 8 Topaz 6 Feldspar 4 Fluorite 2 Gypsum
9 Corundum 7 Quartz 5 Apatite 3 Calcite 1 Talc
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ultramafic rock called peridotite. Peridotite is a promi-
nent rock type in the Earth’s mantle, the rocky layer
that lies beneath the crust.

Clay Minerals The word clay is so familiar to us that we
may not appreciate its importance. Nearly seventy-five
percent of the surface of continents is covered by clay
minerals. They are the most abundant materials de-
posited in modern and ancient oceans. Shale, the most
abundant of sedimentary rocks, is about 50 percent
clay. Clay minerals are an essential component of agri-
cultural soils, serving to bind soil particles together,
and hold moisture and nutrients.

Clay minerals are silicates of hydrogen and alu-
minum with additions of magnesium, iron, and potas-
sium. Their basic structure is similar to that of mica,
but because individual flakes are extremely small (some
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FIGURE 2-1 A large crystal of quartz. This specimen is
14 cm (about 5.5 inches) tall.

FIGURE 2-2 Chert. This variety (called novaculite) has a
grainy texture that makes it useful as a grinding stone.

FIGURE 2-3 Orthoclase. (A) Crystals of orthoclase
(potassium feldspar). (B) A cleavage fragment of orthoclase.

(A)

(B)



are comparable in size to some viruses). Their mica-like
form can be seen only with the magnification provided
by an electron microscope (Fig. 2-8). Unlike many of
the silicate minerals already described, clay minerals
form as a result of weathering of other aluminum sili-
cate minerals such as feldspars. As a group, clays are
known by their amorphous form, softness, low density,
and ability to become plastic when wet.

Geologists recognize that there are two different
uses for the term clay. As described above, a clay min-
eral is a hydrous aluminum silicate with mica-like
form. However, the term clay can also be used to de-
note particles of sediment with a diameter of less than
1/256 mm.

NONSILICATE MINERALS Approximately 8 percent
of the Earth’s crust is composed of nonsilicate miner-
als. These include a host of carbonates, sulfides, sul-
fates, chlorides, and oxides. Among these groups, the
carbonates, such as calcite and dolomite, are the
most important. Calcite (CaCO3), which is the main
constituent of limestone and marble, forms in many
ways. It is secreted as skeletal material by certain in-
vertebrate animals, precipitated directly from sea
water, or formed as dripstone in caverns. Calcite is
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FIGURE 2-4 The variety of plagioclase feldspar known
as labradorite. The mineral often displays beautiful blue
and gold reflections as well as fine striations on cleavage
planes. (Courtesy of Wards Natural Science Establishment, Inc.,
Rochester, NY.)

FIGURE 2-5 Muscovite mica, exhibiting its
characteristic perfect cleavage in one plane. The blade of
the screwdriver is shown here separating pieces of the
mineral along its cleavage plane.

FIGURE 2-6 Hornblende. The black scaly flakes on the
surface are biotite mica. Specimen is 6 cm long. On the basis
of its dark color, what metallic elements are likely to be present in
this mineral?

FIGURE 2-7 Olivine.



easily recognized by its rhombohedron-shaped
cleaved fragments (Fig. 2-9) and by the fact that an ap-
plication of dilute hydrochloric acid on its surface will
cause effervescence (the bubbles are liberated carbon
dioxide).

The term dolomite is used both for the carbonate min-
eral that has the chemical formula CaMg(CO3)2 and
for the rock composed largely of that mineral. (The al-
ternate term dolostone is also used occasionally to des-
ignate dolomite rock.) In the mineral dolomite, cal-
cium and magnesium occur in approximately equal
proportions.

Aragonite (CaCO3) is another carbonate mineral
that occurs in a different crystal form and more rarely

than either calcite or dolomite. Most of us have seen it
as the inner “mother-of-pearl” layer of clam shells. Be-
cause both calcite and aragonite are two different
forms of the same compound, they are spoken of as
polymorphs of calcium carbonate.

Other common nonsilicate minerals include com-
mon rock salt, or halite (NaCl), and gypsum. Halite is
easily recognized by its salty taste and the fact that it
crystallizes and cleaves to form cubes (Fig. 2-10). Gyp-
sum is a soft, hydrous calcium sulfate (CaSO4 � 2H2O).
The variety of gypsum called satinspar has a fine, fi-
brous structure, whereas the variety known as selenite
(Fig. 2-11) will split into thin plates. The finely crys-
talline, massive variety known as alabaster is used
widely in carvings and sculpture because of its uniform
texture and softness. Halite and the various gypsum
minerals are sometimes referred to as evaporites be-
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FIGURE 2-8 Electron micrograph of the clay mineral
kaolinite. The flaky, stack-of-cards character of the clay
crystals is a manifestation of their silicate sheet structure.
(Magnified 32,000 times; courtesy of Kevex Corporation.)

FIGURE 2-9 Calcite, showing the characteristic
rhombohedral shape of cleavage pieces. (Courtesy of
Wards Natural Science Establishment, Inc., Rochester, NY.)

FIGURE 2-10 Halite. (Courtesy of Wards Natural Science
Establishment, Inc., Rochester, NY.) �? ? How do these cleaved
pieces of halite differ from the cleavage pieces of calcite in 
Figure 2-9?

FIGURE 2-11 A cluster of selenite gypsum crystals.
(Courtesy of Wards Natural Science Establishment, Inc.,
Rochester, NY.)



cause they are often precipitated from bodies of water
that have been subjected to intense evaporation.

If you were to make a list of the elements that com-
pose the minerals described thus far, the list would be a
surprisingly short one. Only eight elements make up the
bulk of these minerals, and only the same eight are abun-
dant in the Earth’s crust as well. As shown in Table 2-1,
these abundant elements are oxygen, silicon, aluminum,
iron, calcium, sodium, potassium, and magnesium.

�ROCKS

Rock Conversions

We have noted that minerals form under specific condi-
tions of temperature and pressure. It is therefore possi-
ble to know the origin of the rocks containing those
minerals. Geologists have agreed on a fundamental divi-
sion of rocks into three great families according to dif-
ference of origin. Igneous rocks are those that have
cooled from a molten state. Sedimentary rocks consist of
materials formed from the weathered products of pre-
existing rocks that have been transported, deposited, and
lithified. Metamorphic rocks are any that have been
changed from previously existing rocks by the action of

heat, pressure, and associated chemical activity. The
changes may include a recrystallization of the previous
minerals or growth of entirely new minerals.

It is important to remember that the rocks of any of
the three major rock families are not immutable. The
Earth’s crust is dynamic and everchanging. Any sedi-
mentary or metamorphic rock may be partially or
completely melted to produce igneous rocks, and any
previously existing rock of any category can be com-
pressed and altered during mountain building to pro-
duce metamorphic rocks. The weathered and eroded
residue of any family of rock can be observed today
being transported to the sea for deposition and con-
version into sedimentary rocks. These changes can be
summarized in a schematic diagram that is designated
the rock cycle (Fig. 2-12).

Although rocks are classified into groups that have
had similar origin, the identification of rocks is not
based on origin but on characteristics. For identifica-
tion, it is necessary to know general appearance as well
as mineral composition and physical properties. Tex-
ture (size, shape, and arrangement of constituent min-
erals) and mineral composition are essential for identi-
fication. Inferences regarding the origin of the rock are
based on geologic observations and experimentation.
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FIGURE 2-12 Geologic processes act
continuously on Earth to change one
type of rock into another.



Igneous Rocks

Igneous rocks constitute over 90 percent by volume of
the Earth’s crust, although their great abundance may
go unnoticed because they are extensively covered by
sedimentary rocks. Much of our mountain scenery is
sculpted in igneous rocks. Recent volcanic activity (Fig.
2-13) provides an often spectacular reminder of the
fiery processes that produce igneous rocks (the word
igneous comes from the Latin ignis, meaning “fire”). It
is an appropriate name for rocks that develop from
cooling masses of molten material derived from excep-
tionally hot parts of the Earth’s interior. Magma is the
term used to describe this mixture of molten silicates
and gases while it is still beneath the surface. If it should
penetrate to the surface, it becomes lava (Fig. 2-14).

COOLING HISTORY OF IGNEOUS ROCKS Igneous rocks
that formed from magma that had penetrated into
other rocks and solidified before reaching the surface
are termed intrusive or plutonic igneous rocks. Very
large masses of such rocks are sometimes called plu-
tons. Their exposure at the Earth’s surface results from
crustal uplift and erosional removal of overlying rocks.
In contrast, extrusive or volcanic igneous rocks form
from melts that have reached the Earth’s surface. This
group includes rocks formed from lava erupted from
volcanoes or lava that has welled out of fissures.

The grain size of igneous rocks is an index to their
history of cooling (Fig. 2-15). Magmas deep within the
Earth lose heat slowly and retain water. Water tends to

inhibit formation of myriads of crystal nuclei. Thus,
there is time and space for the growth of larger crystals
around fewer nuclei. In typical intrusive rocks such as
granite, diorite, and gabbro, the intergrown crystals
are large enough to be seen readily without magnifica-
tion. In contrast, extrusive igneous rocks have a finer
texture in which crystals are too small to be seen with
the unaided eye. The structure of such rocks reflects
sudden chilling of molten silicates as they were ejected
at the surface of the Earth. When a lava is extruded,
there is not enough time for the growth of large crys-
tals. Furthermore, water from the melt is quickly lost
to the atmosphere, and without water, many tiny crys-
tals form rather than fewer crystals that can grow to a
larger size.

One such extrusive rock is basalt, composed of fer-
romagnesian minerals and tiny rectangular grains of
plagioclase feldspars. Obsidian is an extrusive rock
that cooled so rapidly that there was insufficient time
for crystallization; the melt therefore froze into a glass
(Fig. 2-16). Obsidian forms from lavas that have lost
most of their dissolved gases. If the lava still contains
dissolved gases, bubbles can be released and form cavi-
ties called vesicles. Pumice is a vesicular glass. In a
sense, it is actually a solidified silicate froth. Tuff is a
volcanic rock composed of consolidated ash.

If coarsely crystalline igneous rocks indicate slow
cooling and finely crystalline ones indicate rapid cool-
ing, then what would be the cooling history of a rock
with large crystals immersed in a very fine-grained ma-
trix? Such rocks are said to have porphyritic texture
(Fig. 2-15C). The large crystals (phenocrysts) were
formed slowly, deep within the Earth, and were then
swept upward and incorporated into the lava as it hard-
ened at the surface.
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FIGURE 2-13 A stream of molten lava and a fire
fountain pour from Pu’u’O’o vent, Hawaii, 1986. The
lava solidifies to form an extrusive igneous rock. (J. D.
Griggs, U.S. Geological Survey.)

FIGURE 2-14 Front of a lava flow advancing over an
older flow, Kilauea Volcano, Hawaii, February 1990.
The advancing flow is breaking into a jagged, rough kind of
lava termed aa. The underlying older flow exhibits the ropy
texture of pahoehoe lava. (Courtesy of J. Plaut.)



COMPOSITION OF IGNEOUS ROCKS Both texture and
composition are used in naming and classifying ig-
neous rocks (Fig. 2-17). Granite, for example, refers to
a coarsely textured rock composed largely of feldspar
and quartz. Rhyolite has the same composition as gran-
ite but has a very fine-grained texture (Fig. 2-18).

The minerals in an igneous rock reflect the propor-
tions of such elements as silicon, oxygen, aluminum,
calcium, iron, magnesium, sodium, and potassium pres-
ent in the magma from which the rock was formed.
These eight elements combine in various ways to form
feldspars, ferromagnesian minerals, micas, and quartz,
which are the constituents of igneous rocks. If the
magma is particularly rich in silica, for example, it is
likely that quartz will be present in the rock formed by
solidification (crystallization) of the melt. In general,
intrusive igneous rocks are richer in silica than are ex-
trusive rocks. This observation is related to the fact that
greater amounts of silica in a magma increase its viscos-
ity (“thickness,” or resistance to flow). The thick liquid
cannot readily work its way to the Earth’s surface.

As noted earlier, granite (Fig. 2-18A) is a silica-rich,
relatively light-colored intrusive rock composed pri-
marily of potassium feldspar, quartz, sodium plagio-
clase, hornblende, and mica. It is derived from magmas
so rich in silica that after all chemical linkages with
metallic atoms are satisfied, enough silicon and oxygen
still remain to form quartz grains. These form an inter-
locking network with feldspars and micas to form the
crystalline texture of granite. Granodiorite is another
quartz-bearing igneous rock in which plagioclase is the
dominant feldspar mineral. Quartz-bearing rocks such
as granite and granodiorite are loosely termed granitic
rocks.

Basalt (Fig. 2-19) is a fine-grained extrusive rock
derived from a low-silica melt rich in iron and magne-
sium. Because the silica percentage is low, quartz
grains are rarely seen in basalt. Basaltic lavas have low
viscosity and are able to flow for considerable dis-
tances across the Earth’s surface before solidifying.
Because of the presence of ferromagnesian minerals
and gray calcium plagioclase, low-silica rocks such as
basalt tend to be black, dark gray, or green.

CRYSTALLIZATION OF MAGMA Not all minerals form
simultaneously during the crystallization of a magma.
For example, if the magma originally had a basaltic
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FIGURE 2-15 Differences in the texture of igneous
rocks. (A) A coarse-grained intrusive rock called gabbro.
(B) A porphyry with large phenocrysts of potassium
feldspar. It is used here in the ornamental posts outside St.
Paul’s Cathedral in London. (C) A fine-grained igneous
rock known as andesite. �? What is the origin of this type of
porphyritic texture? On the basis of color alone, what feldspar
mineral is represented by the large phenocrysts?

(A)

(B)

(C)



composition, olivine, pyroxene, and calcium feldspar
will be among the earliest minerals to crystallize. Often
these first-formed crystals are larger and more perfect
than those that formed later because there was ample
space for growth and an abundance of elements to in-
corporate in their crystal structure. The minerals that
crystallize later must grow within the remaining spaces
and thus tend to be smaller and less perfect. Also, min-
erals enclosed in other minerals must have formed be-
fore the enclosing mineral. When rocks are viewed mi-
croscopically, these observations permit one to
determine the order in which specific minerals crystal-
lized in a magma.

In the early 1900s an eminent geologist named 
N. L. Bowen studied the order in which minerals crys-
tallize as a magma is slowly cooled. Bowen made artifi-
cial magmas by melting powdered rock samples in a
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FIGURE 2-16 The volcanic glass obsidian. �? How does
obsidian form? 

FIGURE 2-17 Mineral composition, texture, and other properties of common igneous
rocks. The abundance of a particular mineral in an igneous rock can be estimated from the
thickness of its colored area beneath the rock name. The scale on the left side can be used to
estimate the percentage of each mineral. For example, granite at about the midpoint on the
figure would be composed of about 26 percent quartz, 25 percent potassium feldspar, 31
percent sodium-rich plagioclase, 12 percent amphibole, 5 percent biotite, and 1 percent
muscovite. �? What would be the composition of a midpoint basalt? What minerals might you expect
to find in the porphyry shown in Figure 2-15B?



steel cylinder called a bomb. The bomb was heated
until the powder melted and was then slowly cooled to
the temperature and pressure selected for the experi-
ment. That temperature and pressure was maintained
for a period of a few months so that some minerals
could crystallize within the melt. Thus, there would be
a mixture of crystals and uncrystallized melt within the
bomb. The bomb was then plunged into cold water or
oil, causing the mixture to solidify. The melt solidified

as glass, and within the glass the crystals were pre-
served. Bowen repeated the experiment many times,
forming crystals at different temperatures before
quick-cooling them. By identifying the crystals that
formed at each temperature, he was able to determine
the order of crystallization of minerals in a cooling
magma. For a melt of basaltic composition, Bowen
found that olivine would crystallize first and at the
highest temperature. Pyroxene and calcium plagioclase
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FIGURE 2-18 Granite and rhyolite. (A) Granite, a coarse-grained intrusive rock that has
the same composition as its intrusive, fine-grained equivalent, rhyolite (B). The lighter-
colored grains in the granite are potassium feldspar and quartz, whereas the black minerals are
hornblende and biotite. These minerals are also present in the rhyolite but cannot be seen
with the unaided eye.

(A) (B) 

FIGURE 2-19 Basalt. (A) A hand specimen of basalt. (B) A thin section of basalt viewed with
polarized light. Tabular crystals are plagioclase and brightly colored crystals are iron-
magnesian silicates. Width of field of view is 2 mm.

(A) (B)



would form next, followed by hornblende, biotite, and
more sodium-rich feldspars. The order in which the
minerals crystallized came to be called Bowen’s Reac-
tion Series (Fig. 2-20). It is called a reaction series be-
cause early formed crystals react with the melt to yield a
new mineral further down in the series. For example,
silica in the melt would react with olivine crystals by si-
multaneously dissolving and precipitating the dissolved
components to form pyroxene, and pyroxene crystals
would begin to grow in spaces between earlier formed
crystals. At still lower temperatures, the melt would
similarly react with pyroxene to form hornblende, and
subsequently hornblende would react to form biotite.
For the complete sequence to occur, however, the orig-
inal magma must have sufficient magnesium, iron, and
calcium. If the melt is rich in silica but deficient in these
elements, the first-formed crystals might be biotite and
sodic feldspars, followed by orthoclase, muscovite, and
quartz. Thus, reaction is prevented if silica in the melt is
exhausted in forming the early minerals. It is also pre-
vented if minerals are removed from contact with the
magma after they have crystallized.

On the right branch of Bowen’s chart, one can trace
the changes that occur as calcium-rich plagioclase re-
acts with the magma to produce varieties of plagioclase
that are successively richer in sodium. Because the pla-
gioclase minerals maintain the same basic crystal struc-
ture but change continuously in their content of cal-
cium and sodium, the right side of the diagram is called
the continuous series. The left side of the diagram depicts
reactions that result in minerals of distinctly different
structure. It is therefore called the discontinuous series.
The three minerals at the base of the chart do not react
with the melt. By the time they crystallize, little liquid
remains, and the residues of silicon, aluminum, oxy-
gen, and potassium join to form orthoclase, muscovite,
and quartz.

One can see evidence of the reactions described
above when igneous rocks are examined microscopi-
cally. One observes plagioclase crystals in which the
innermost layers or zones are more calcium-rich and
the outer zones more sodium-rich. Similarly, reaction
rims of pyroxene can be observed around olivine, and
rims of hornblende around pyroxene.
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FIGURE 2-20 A depiction of Bowen’s Reaction Series. Note that the earliest minerals to
crystallize are olivine and calcium-rich plagioclase. As crystallization proceeds, each mineral
reacts with the melt to form the mineral beneath it. �? What minerals are likely to form when
pyroxene crystals react with the remaining liquid magma? Are plagioclase crystals in a granite likely to
be of the sodium-rich or calcium-rich variety?



VOLCANIC ACTIVITY Although deciphering the his-
tory of a granitic mass is certainly intellectually stimu-
lating, it is unlikely to evoke the feelings of awe and ex-
citement one experiences when viewing volcanic
activity. Volcanoes are basically vents in the Earth’s
surface through which hot gases and molten rock flow
from the Earth’s interior. The extrusions may be quiet
or explosive. Quiet eruptions are exemplified by the
Hawaiian volcanoes and are frequently characterized
by truly enormous outpourings of low-viscosity lava
(Fig. 2-21). The lava spreads widely to form the gentle
slopes of a shield volcano. Explosive eruptions are
caused by the sudden release of molten rock, driven up-
ward by large pockets of compressed steam and gases.
Explosive eruptions can literally blow the volcanic
cone to bits. The explosive eruption of Krakatoa in
1883 was heard 5000 km away and was responsible for
the death of 36,000 people.

Water is an important cause of explosive volcanism.
It accounts for the violence of many Pacific rim volca-
noes, such as Washington’s Mount St. Helens. The
water released by these volcanoes as steam and vapor is
actually recycled sea water. At midocean ridges, sea
water reacts with extruding basalts to form hydrous

minerals. These water-bearing minerals are then con-
veyed by sea-floor spreading to subduction zones. As
the crust descends into the subduction zone, water is
released from the hydrous minerals. Pressures build in
areas containing the trapped water until they become
sufficient to cause explosive release.

There are, of course, all degrees of volcanic activity
between quiet and violently explosive. Perhaps in re-
sponse to changes in the composition of the melt, some
volcanoes have even been known to shift from one type
of activity to another. Volcanic activity also includes
successive outpourings of lava from great fissures to
form lava plateaus that extend over thousands of square
kilometers. Such fiery floods produced the Columbia
and Snake River Plateau as well as the Deccan Plateau
of India.

By far, the most abundant kind of volcanic rock is
basalt. It underlies the ocean basins, has been built into
midoceanic ridges, and has accumulated sufficiently in
such places as Hawaii and Iceland to have produced
substantial land area.

How and at what depth did this great volume of
basalt originate? To answer this question, it is neces-
sary to refer briefly to a model of the Earth’s interior
that has been formulated by the study of earthquake
waves. The model depicts the Earth’s basaltic crust as a
thin zone averaging about 6 kilometers thick and over-
lying the mantle of denser olivine- and pyroxene-rich
rocks. The boundary between the crust and the mantle
is recognized by an abrupt change in the velocity of
earthquake waves as they travel downward into the
Earth. For many years geologists believed that basaltic
lavas originated from the lower part of the basaltic
crust. However, several recent lines of evidence sug-
gest that the basaltic lavas may have come from molten
pockets of upper mantle material. For example, pre-
sent-day volcanic activity is closely associated with
deep earthquakes that occur within the mantle far be-
neath the crust. It is likely that fractures produced by
these earthquakes could serve as passages for the escape
of molten material to the surface. A detailed study of
earthquake shocks from particular volcanic eruptions
in Hawaii indicates that the erupting lavas were derived
from pockets of molten material within the upper man-
tle at depths of about 100 kilometers. A weak plastic
zone (called the “low-velocity zone”) in the mantle ap-
pears to represent the level at which the lavas origi-
nated. The mechanism by which they developed is
called partial melting. Partial melting (Fig. 2-22) is
that general process by which a rock subjected to high
temperature and pressure is partly melted and the liq-
uid component is moved to another location. At the
new location, the separated liquid may solidify into
rocks that have a different composition from the parent
mass. The word “partial” in the expression partial
melting refers to the fact that some minerals melt at
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FIGURE 2-21 A river of lava formed during the 1984
dual eruption of the Mauna Loa and Kilauea volcanoes,
Hawaii. (Courtesy of I. Duncan.)



lower temperatures than do others, and so for a time
the material being melted resembles a hot slush com-
posed of liquid and still-solid crystals. The molten frac-
tion is usually less dense than the solids from which it
was derived and thus tends to separate from the parent
mass and work its way toward the surface. In this way,
melts of basaltic composition separated from denser
rocks of the upper mantle and eventually made their
way to the surface to form volcanoes.

Many complex and interrelated factors control
where in the mantle partial melting may occur and
even whether it will occur at all. Generally, heat in ex-
cess of 1500�C is required, but the precise temperature
for melting is also influenced by pressure and the water
content of the rock. As pressure increases, the tempera-
ture at which particular minerals melt also rises. Thus,
a rock that would melt at 1000�C near the surface will
not melt in deeper zones of higher pressure until it
reaches far greater temperatures. Water has an effect
opposite that of pressure, for its presence will allow a
rock to start melting at lower temperatures and shal-

lower depths than it would have otherwise. Laboratory
experiments indicate that the melting of “dry” mantle
rock can occur at depths of about 350 kilometers but
that the presence of only a little water can cause partial
melting and yield basaltic liquid from depths as shallow
as 100 kilometers.

Not all lavas found at the Earth’s surface are
basaltic. Volcanoes of the more explosive type that are
located at the edge of continents around the Pacific and
in the Mediterranean extrude a lava called andesite.
Andesite contains more silica than basalt does, and its
lava is more viscous. This greater resistance to flow
contributes to the gas containment that precedes ex-
plosive volcanic activity. Andesites are intermediate in
silica content between the rocks of the continental
crust and those of the oceanic crust of the Earth.

Andesitic rocks may originate in more than one way.
Some emplacements result from originally basaltic
magmas in which minerals such as olivine and pyrox-
ene form early and settle out, thus leaving the remain-
ing melt relatively richer in silica. This process is called
fractional crystallization (Fig. 2-23). Other andesites
may result from the melting of basaltic ocean crust and
siliceous marine sediments as they descend into hot
zones of the mantle. The water-rich and silica-
enriched melts of andesitic composition are able to rise
buoyantly and erupt along volcanic island arcs. We will
examine this interesting idea more fully in Chapter 5,
which deals with plate tectonics.

Sedimentary Rocks

Sedimentary rocks are rocks composed of consolidated
sediment—particles and chemical compounds that are
the product of weathering and erosion of any previously
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FIGURE 2-22 A conceptual illustration of the process
of partial melting of peridotite to form basalt. With
relief of pressure at divergent plate boundaries, rocks of the
upper mantle begin to melt and release liquid that on
solidification would form basalt. Basaltic lava extruded
along divergent zones of tectonic plates is then moved
laterally in the course of sea-floor spreading.

FIGURE 2-23 An andesitic melt resulting from
fractional crystallization of a basaltic magma.



existing rock or soil. Components of sediments may
range from large boulders to the molecules dissolved in
water. Sediment is deposited through such agents as
wind, water, ice, or mineral-secreting organisms. The
loose sediment is converted to coherent solid rock by
any of several processes: precipitation of a cementing
material around individual grains, compaction, or crys-
tallization. These processes constitute lithification.

The most obvious feature of sedimentary rocks is
their occurrence in beds or layers called strata. Stratifica-
tion is commonly the result of changes in the conditions
of deposition that cause materials of a somewhat differ-
ent nature to be deposited for a period of time. For exam-
ple, the velocity of a stream might decrease, causing par-
ticles to settle out that might otherwise have stayed in
suspension. In another situation, the kind of materials
brought into a given depositional site by streams might
change, and there would then be a corresponding change
in composition of the accumulating layers.

Shale, sandstone, and carbonate rocks (such as lime-
stone) constitute the most abundant sedimentary
rocks. Sandstones are composed of grains of quartz,
feldspar, and other particles that are cemented or oth-
erwise consolidated. Shale consists largely of very fine
particles of quartz and abundant clay. Shale is the most
abundant of sedimentary rocks. The carbonates are
rocks formed when carbon dioxide in water combines
with oxides of calcium and magnesium.

DERIVATION OF SEDIMENTARY MATERIALS Sedimen-
tary rocks must have originally come from the disin-
tegration and decomposition of older rocks. Com-
monly, the older rocks are igneous; indeed, these
were once the only rocks on Earth. It is therefore in-
structive to review the manner in which the common
components of sedimentary rocks might be derived
from an abundant kind of igneous rock, such as gran-
odiorite (Fig. 2-24).
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FIGURE 2-24 A conceptual diagram showing how the weathering of granitic rock
yields quartz grains for quartz sandstone, clay for shale, and calcium for limestone. If
weathering is not too severe, detrital grains of feldspar will also be included in sands and
sandstones. For simplicity, minor mineral components are not included. �? What is the most
abundant, relatively insoluble product of the weathering of orthoclase and plagioclase? Which mineral is
most stable (least likely to experience dissolution during chemical weathering)?



Consider first the quartz in the granodiorite. Quartz
will persist almost unchanged during weathering. It is
one of the most chemically stable of all the common
silicate materials. As the parent rock is gradually de-
composed, quartz grains tend to be washed out and
carried away to be deposited as sand that will one day
become sandstone (Fig. 2-25).

The feldspars decay more readily than quartz. They
are primarily aluminum silicates of potassium, sodium,
and calcium. In the weathering process, the last three
elements are largely dissolved and carried away by so-
lutions (although some may remain in soils within clay
minerals). Ultimately, they reach the sea, where they
may stay in solution, or they may be precipitated as lay-
ers of sediment. Under suitable conditions, loss of CO2
from ocean water can result in the precipitation of cal-
cite. If large quantities of lake or sea water are evapo-
rated, evaporites such as halite or gypsum may be
formed. Of course, not all the feldspars and micas in
the granodiorite necessarily decay. Some may persist as
detrital grains that become incorporated into sand-
stones and other sediments.

The most voluminous product of the weathering 
of feldspars is clay. As described earlier, potassium,

sodium, and calcium are largely dissolved during
weathering. Aluminum and silicon are left behind to
form the chief ingredients of clay, which then finds its
way into the making of shales and claystones.

Biotite is another mineral in the granodiorite source
rock. Decomposition of biotite, which is a potassium,
magnesium, and iron aluminosilicate, yields soluble
potassium and magnesium carbonates, small amounts
of soluble silica, iron oxides, and clay. The iron oxides
serve to color many sedimentary rocks in shades of
brown and red.

VARIETY AMONG SEDIMENTARY ROCKS Sedimentary
rocks are classified according to their composition and
texture. The term texture refers to the size and shape of
the individual grains and to their arrangement in the
rock. A rock that has a clastic texture is composed of
grains and broken fragments (clasts) of pre-existing
minerals, rocks, and fossils. Other sedimentary rocks
are composed of a network of intergrown crystals and
therefore have a crystalline texture.

Clastic Rocks. The fragments of pre-existing materi-
als that compose clastic sedimentary rocks range in
size from huge boulders to microscopic particles. Par-
ticle size is particularly useful in classifying these
rocks, which include conglomerates, sandstones, silt-
stones, and shales. Conglomerate (Fig. 2-26) is com-
posed of water-worn, rounded particles larger than 
2 mm in diameter. The term breccia is reserved for
clastic rocks composed of fragments that are angular
(Fig. 2-27) but similar in size to those of conglomer-
ates. In sandstones, grains range between 1/16 mm
and 2 mm in diameter (Table 3-1). The varieties of
sandstone are then subdivided mainly according to
composition. Siltstones are finer than sandstones
(1/16 mm to 1/256 mm). Shales may contain abun-
dant clay minerals, which are flaky minerals that align
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FIGURE 2-25 Exposure of weathered granodiorite,
showing an accumulation of quartz grains and partially
decomposed feldspar resulting from the disintegration
of the parent rock. �? In addition to the quartz and feldspar,
what other weathering product is present in the debris beneath
the granodiorite?

FIGURE 2-26 Conglomerate. The pebbles in this
particular sample are chert in a carbonate matrix. The
largest pebbles are about 2.5 cm in diameter. �? How do
conglomerates differ from breccias?



parallel to bedding planes. As a result, shales charac-
teristically split into thin slabs parallel to bedding
planes. This property is termed fissility. Rocks lack-
ing fissility but composed of clay-sized particles are
called claystones or mudstones.

Most clastic sedimentary rocks are composed of
particles of minerals like quartz, feldspar, and mica. Be-
cause these are all silicate minerals, such rocks are
termed siliciclastics. Sandstones, shales, and most
conglomerates are siliciclastics. Approximately 75 per-
cent of all sedimentary rocks are siliciclastics.

Carbonate Rocks. The minerals that compose carbon-
ate rocks are primarily calcite, aragonite, and
dolomite. Calcite (CaCO3) and aragonite (CaCO3)
have the same chemical composition but differ in crys-
tal form. (Aragonite is relatively unstable and is usually
converted to calcite.) Calcite is the predominant min-
eral in limestone. Dolomite—CaMg(CO3)2—predom-
inates in the rock dolomite. (Here both mineral and
rock bear the same name.) Carbonate rocks usually also
contain variable amounts of impurities, including iron
oxide, clay, and particles of sand and silt swept into the
depositional environment by currents.

Limestones The most abundant limestones are of
marine origin and have formed as a result of precipita-
tion of calcite or aragonite by organisms and the incor-
poration of skeletons of those organisms into sedimen-
tary deposits. Inorganic precipitation of carbonate
minerals may also form deposits of limestone. The im-
portance of this process is questionable, however, be-
cause the precipitation is nearly always closely associ-
ated with photosynthetic and respiratory activities of
organisms or with the release of tiny particles of arago-
nite upon the decay of green algae. Strictly speaking, it
appears that very few marine limestones are the result
of direct chemical precipitation.

After the calcium carbonate has accumulated, it be-
comes recrystallized or otherwise consolidated into in-
durated rock that may be variously colored-from white,
through tints of brown, to gray. Limestones tend to be
well stratified (Fig. 2-28), frequently contain nodules
and inclusions of chert, and are often highly fossiliferous
(containing fossils). The rock may range in texture from
coarsely granular to very fine-grained and aphanitic.
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FIGURE 2-27 A breccia (bed across center) composed
of angular fragments or clasts of Precambrian
metamorphic rock (quartzite). Mosaic Canyon, Death
Valley, California. (Photograph by R.F. Dymek.)

FIGURE 2-28 Roadcuts exposing
limestone strata are familiar to
travelers on interstate highways
throughout the Mississippi Valley
region. In this roadcut near House
Springs, Missouri, beds dip about
35�. The beds are the limb of a
monocline (a fold with only one
limb).



In general, limestones consist of one of a combina-
tion of textural components such as micrite, carbon-
ate clasts, oölites, or carbonate spar. Micrite is excep-
tionally fine-grained carbonate mud. Carbonate
clasts are sand- or gravel-sized pieces of carbonate.
The most common clasts are either bioclasts (skeletal
fragments of marine invertebrates) or oöids (Fig. 
2-29), which are spherical grains formed by the pre-

cipitation of carbonate around a nucleus. Sparry car-
bonate is a clear, crystalline carbonate that is nor-
mally deposited between the clasts as a cement or has
developed by replacement of calcite. These textural
categories of limestone as seen through the micro-
scope are shown in Figure 2-30. They permit classifi-
cation of particular samples as micritic limestone,
clastic limestone, oölitic limestone, or sparry (crys-
talline) limestone.

There are many varieties of limestone. Chalk is a
soft, porous variety that is composed largely of calcare-
ous, microscopic skeletal remains of marine planktonic
(floating) animals and plants. Lithographic limestone
is a dense, micritic limestone once widely used as an
etching surface in printing illustrations. Some lime-
stones consist almost entirely of the skeletal remains of
reef corals and other frequently skeletonized marine
invertebrates.

Dolomite As we have already noted, dolomite is a
rock composed of the calcium-magnesium mineral of
the same name. Like limestone, it occurs in extensive
stratified sequences, and it is not easily distinguish-
able from limestone. The usual field test for distin-
guishing dolomite from limestone is to apply cold, di-
lute hydrochloric acid. Unlike limestone, which
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E N R I C H M E N T

Glass from Sand

Glass, a product formed by melting and cooling quartz sand
and minor amounts of certain other common materials, is
so familiar to us that we sometimes forget its importance.
In fact, it would be difficult to imagine a world without
glass. There would be no goblets, bottles, mirrors, or win-
dows; no glass laboratory retorts, tubes, or beakers; no elec-
tric light bulbs or neon signs; no glass lenses for cameras,
microscopes, telescopes, or motion picture projectors; and
no fiber optics for use in viewing the inside of the human
body. We see glass used everywhere in our buildings, elec-
tronic equipment, and medical devices. We not only see it,
we see through it.

Glass has a long and colorful history. Natural glass, such
as obsidian, was used by prehistoric humans to make ar-
rowheads and knife blades. Human-made glass was manu-
factured by Egyptians as long ago as 3000 B.C. At Ur in
Mesopotamia, glass beads nearly 4500 years old have been
found in archaeologic excavations. The Greeks and Romans
learned the art of making glass ornaments, bottles, vases,
and trinkets that were prized throughout the ancient world.
During the Middle Ages, Europeans produced beautiful
stained-glass windows for cathedrals. Blood-red stained
glass was made by adding copper compounds to the molten
silica. The Europeans knew that cobalt gave the glass a
rich, deep-blue color; manganese turned it purple; and an-
timony provided golden yellows. Iron oxides were added to
color glass green or brown.

Today, the sands used in making glass have a silica con-
tent as high as 95.0 to 99.8 percent. Sources of such ex-
ceptionally pure sands are the Ordovician St. Peter Sand-
stone of Missouri and Illinois and the sandstone members
of the Devonian Oriskany Formation of West Virginia and
Pennsylvania. These clean, pure sandstones were de-
posited in shallow marine environments where wave action
could remove clay impurities and concentrate grains of
sand-sized quartz. Both sandstones are composed of grains
that have been eroded from older sandstones, and this re-
working has contributed to their extraordinary purity.

In the manufacture of window glass, the mixture pre-
pared for melting consists of about 72 percent silica from
quartz grains. Certain metallic oxides, such as soda (Na2O)
and lime (CaO), serve to lower the temperature required for
melting. That temperature for soda-lime-silica glass is 600
to 700�C. Once molten, the batch (as it is called) is cooled,
poured, rolled, or blown into the shapes desired. Com-
pounds of boron and aluminum can be added to provide
heat-resistant glass, as in Pyrex� cookware. Fine cut glass
and so-called crystal are a silica-lead-soda glass known not
only for its brilliance but for its musical tone as well. By
varying the kinds and amounts of metallic oxides, glass can
be produced for a great variety of special uses and prod-
ucts. There is little doubt that it will always be an essential
part of life in this age of technology.

FIGURE 2-29 Oöids in an oölitic limestone. (Copyright
William E. Ferguson.)



bubbles readily, dolomite effervesces only slightly, if
at all.

The origin of dolomites is somewhat problematic.
The mineral dolomite is not secreted by organisms
during shell building. Direct precipitation from sea
water does not normally occur today, except in a few
environments where the sediment is steeped in ab-
normally saline water. Such an origin is not consid-
ered adequate to explain the thick sequences of
dolomitic rock commonly found in the geologic
record. The most widely believed theory for the ori-
gin of dolomites is that they result from partial re-
placement of calcium by magnesium in the original
calcareous sediment. However, it is not known for
how long or at what time in the history of the rock this
dolomitization occurs.

Other Sedimentary Rocks
Chert We have previously mentioned a form of

microcrystalline quartz called chert (SiO2), noting its
occurrence as nodules in limestones (Fig. 2-31). The
origin of these nodules is still being debated among
petrologists, although the majority believe that they
form as replacements of carbonate sediment by silica
dissolved in sea water trapped in the sediment. Some
cherts occur in areally extensive layers and thus qualify
as monomineralic rocks. These so-called bedded
cherts are thought to have formed from the accumula-
tion of the siliceous remains of diatoms and radiolaria
and from subsequent reorganization of the silica into a
microcrystalline quartz. Silica from the dissolution of
volcanic ash is believed to enhance the process; indeed,
many bedded cherts are found in association with ash
beds and submarine lava flows.

Evaporites As indicated by their name, evaporites
are chemically precipitated rocks that are formed as a
result of evaporation of saline water bodies. Only
about three percent of all sedimentary rocks consist of
evaporites. Evaporite sequences of strata are com-
posed chiefly of such minerals as gypsum, anhydrite,

halite, and associated calcite and dolomite. Gypsum is
a hydrous calcium sulfate, whereas anhydrite lacks
water. Halite has the same composition as ordinary
table salt. The conditions required for precipitation of
thick sequences of marine evaporites include warm,
relatively arid conditions and periodic addition of sea
water to the evaporating marine basin. Evaporites,
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FIGURE 2-30 Textures of limestones as seen in thin section under a microscope. (A)
Aphanitic limestone or micrite. (B) Bioclastic limestone with fine-grained sparry calcite as
cement. (C) Oölitic limestone. (D) Sparry or crystalline limestone.

FIGURE 2-31 White nodular chert in tan limestone.
Fern Glen Formation, west of St. Louis, Missouri.



however, are also precipitated from inland lakes in arid
regions such as the Basin and Range Province of the
United States.

Coal Coal is a black or dark-brown combustible
rock formed during the biochemical and physical alter-
ation of plant material that has accumulated in a swamp
or marshlike environment. For coal to form, the plant
matter must accumulate under water or be quickly
buried so that it does not have access to air. If this were
not the case, the carbon would be lost as oxygen com-
bined with carbon from the plant matter to form car-
bon dioxide (and water).

Metamorphic Rocks

Sir Charles Lyell recognized that igneous or sedimen-
tary rocks, if subjected to high temperature, pressure,
and the chemical action of solutions and gases, can be
altered to quite different kinds of rocks. Lyell em-
ployed the term metamorphism (from the Latin meta-
morphosis, meaning “change of form”) to describe this
process. It is still used today to describe alterations in
rocks brought about by physical or chemical changes in
the environment that are intermediate between those
that result in igneous rocks and those that produce sed-
imentary rocks. Any previously existing rock may be
converted to a metamorphic rock, and the changes pri-
marily involve recrystallization of minerals in the rock
while it remains in the solid state. In the process of re-
crystallization, the textural characteristics of the parent
rock may be changed, while at the same time new min-
erals develop that are stable under the new conditions
of pressure and temperature. New elements need not
be introduced; instead, those that are already present
are incorporated into different and often denser miner-
als. Variations in heat and pressure may result in differ-
ent kinds of metamorphic rocks, even from the same
parent material.

METAMORPHISM Alterations of rock immediately ad-
jacent to igneous intrusions constitute contact meta-
morphism (Fig. 2-32). The changes that occur in the
intruded rock are largely the result of high temperatures
and the emanation of chemically active fluids that ac-
company igneous intrusions. Such factors as the size of
the magmatic body, its composition and fluidity, and the
nature of the intruded rock also influence the kind and
degree of contact metamorphism. Important ore de-
posits are commonly situated in metamorphosed rock
surrounding intrusives. Examples of such deposits in-
clude magnetite and copper ores in metamorphic zones
around granite intrusives in the Urals, central Asia, the
Appalachian Mountains, Utah, and New Mexico.

Regional or dynamothermal metamorphism is
a type of rock alteration that is areally extensive and
occurs under the conditions of great confining pres-
sures and heat accompanying deep burial and moun-

tain building. In a subsequent chapter, we will discuss
how rocks deposited in crustal troughs adjacent to
continents may be compressed into mountain sys-
tems and thus be regionally metamorphosed. Meta-
morphic index minerals known to form under spe-
cific temperature and pressure conditions are used to
decipher the history of growth of these ancient
mountainous regions, even when only the roots of
the ranges remain. Figure 2-33 shows the tempera-
tures at which certain metamorphic index minerals
form in rock that is being subjected to heat and pres-
sure. Note that the mineral chlorite forms at temper-
atures of 50�C to 300�C. The metamorphic index
mineral garnet forms at higher temperatures and
pressures, and sillimanite indicates the highest level
of temperature and pressure.

KINDS OF METAMORPHIC ROCKS Because any rock
can be metamorphosed in a number of different ways,
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FIGURE 2-32 The Granite Peak aureole, located 12
miles east of Lincoln, Montana. An aureole is the zone of
contact metamorphism surrounding an igneous intrusion.
This metamorphic aureole is developed around a granitic
stock that has intruded into dolomite country rock. The
intensity of metamorphism diminished outward from the
granite margin, and particular assemblages of metamorphic
minerals occur within each contact metamorphic zone.
(Simplified from Melson, W. G. 1966. Am. Mineralogist
51:404, Fig. 1.).



there are hundreds of different kinds of metamorphic
rocks. However, we need only consider the most abun-
dant kinds. It is convenient to divide metamorphic
rocks into two groups based on the presence or absence
of foliation. Foliation is laminated structure in a meta-
morphic rock resulting from a parallel alignment of
platy or elongate mineral grains.

Foliated Metamorphic Rocks
Slate In slate, the foliation is microscopic and

caused by the parallel alignment of minute flakes of
silicates such as mica. The planes of foliation are quite
smooth, and the rock may be split along these planes
of “slaty cleavage.” The planes of foliation may lie at
any angle to the bedding in the parent rock, and this
characteristic helps to differentiate slate from dense
shale. Slate is derived from the regional metamor-

phism of shale. As heat and pressure are applied to the
clay minerals in shale, they are converted to chlorite
and mica, two platy minerals that contribute to the
rock’s fissility.

Phyllite The texture in phyllite is also very fine, al-
though some grains of mica, chlorite, garnet, or quartz
may be visible. Phyllite surfaces often develop a wrin-
kled aspect and are more lustrous than slate. Phyllite
represents an intermediate degree of metamorphism
between slate and schist. The parent rocks are com-
monly shale or slate.

Schist The platy or needlelike minerals in schist
have grown sufficiently large to be visible to the un-
aided eye; the minerals tend to be segregated into dis-
tinct layers. Schists are named according to the most
conspicuous mineral present. Thus, there are mica
schists (Fig. 2-34), amphibole schists, chlorite schists,
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FIGURE 2-33 Changes in minerals that will develop during the progressive
metamorphism of shale. As the parent rock is subjected to low-grade metamorphism,
chlorite and muscovite develop. The shale is metamorphosed to slate and then phyllite. With
increasing temperature and pressure, muscovite will be joined by biotite, garnet, and
staurolite. As temperatures approach the level of high-grade metamorphism, kyanite and
sillimanite appear. Beyond 800A7C, the rock may be melted.



and many others. Shales are the usual parent rocks for
schists, although some schists are derived from fine-
grained volcanic rocks.

Gneiss This is a coarse-grained (Fig. 2-35), evenly
granular rock. Foliation results from segregation of
minerals into bands rich in quartz, feldspar, biotite, or
amphibole (Fig. 2-36). Foliation is coarse and appears
less distinct than in schist. High-silica igneous rocks
and sandstones are the usual parent rocks for gneisses.

Nonfoliated Metamorphic Rocks
Marble A fine to coarsely crystalline rock, 

marble (Fig. 2-37) is composed of calcite or dolomite
and therefore is relatively soft. (It can be scratched with
steel.) Marble is derived from limestone or dolomite.

Quartzite A fine-grained, often sugary-textured
rock, quartzite (Fig. 2-38) is composed of intergrown
quartz and therefore is very hard. The rock will break
through, rather than around, constituent grains, and
may be any color. Quartzite is derived from quartz
sandstone.

Greenstone A dark-green rock, greenstone has a
texture so fine that mineral components, except for
scattered larger crystals, cannot be seen without mag-
nification. It is derived by the low-grade metamor-
phism of low-silica volcanic rocks such as basalt.

Hornfels This very hard, fine-grained rock is often
studded with small crystals of mica and garnet that have
no preferred orientation. Hornfels may form from shale
or other fine-grained rocks that are intensely heated at
their contact with intrusive igneous bodies.

THE HISTORICAL SIGNIFICANCE OF METAMORPHIC
ROCKS We have noted that the conditions for meta-
morphism are developed in regions that have been sub-
jected to intense compressional deformation. Such re-
gions of the Earth’s crust either now have, or once had,
great mountain ranges. Thus, where large tracts of
low-lying metamorphic terrane are exposed at the
Earth’s surface, geologists conclude that crustal uplift
and long periods of erosion leveled the mountains.
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FIGURE 2-34 Steeply inclined mica schists splitting apart along foliation planes. Great
Smoky Mountain National Park, North Carolina-Tennessee.

FIGURE 2-35 Coarse (gneissic) foliation developed in
a quartz-feldspar-biotite gneiss.



Metamorphic rock exposures at many localities across
the eastern half of Canada represent the truncated
foundations of ancient mountain systems.

From studies of the mineralogic composition of
metamorphic rocks, it is often possible for geologists to
reconstruct the conditions under which the rocks were
altered and then to make inferences about the direc-
tions of compressional forces, pressures, temperatures,
and the nature of parent rocks. Investigators are aided
in these studies by the knowledge that specific meta-
morphic minerals form and are stable within finite lim-
its of temperature and pressure. Maps of metamorphic
facies, or zones of rocks that formed under specific
conditions, can be constructed. Commonly, such maps
delineate broad bands of metamorphic rocks, each of
which formed under sequentially more intense condi-
tions of pressure and temperature.

Imagine a terrane that was once underlain by a thick
sequence of calcareous shales, was subjected to compres-
sion to produce mountains, and then experienced loss of

those mountains by erosion. One might then begin a tra-
verse across the eroded surface on unmetamorphosed
shales that were not involved in the mountain building.
These shales would contain only unaltered sedimentary
minerals. Progressing farther toward the area of most in-
tense metamorphism, one might see that the shales had
given way to slates bearing the green metamorphic min-
eral chlorite. Still farther along the traverse, schists con-
taining intermediate-grade metamorphic minerals
would appear. Finally, one might come upon coarsely fo-
liated schists containing minerals that form only under
high temperature and pressure. Although many charac-
teristics of metamorphic rocks reveal the conditions
under which they formed, they may also contain clues as
to conditions on the Earth prior to metamorphism. For
example, the discovery of a marble formed a billion years
ago by metamorphism of a limestone indicates that the
composition of the Earth’s atmosphere and ocean 1 bil-
lion years ago was similar to that in which carbonates can
be formed today.
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FIGURE 2-36 An exposure of 
the Monson Gneiss of New
Hampshire exbibiting plastic
deformation resulting from
intense pressure and heat. 
The dark bands are composed of
hornblende, biotite, and plagioclase,
whereas the lighter bands are rich in
quartz and white feldspar. (Courtesy
of Robert Tucker.)

FIGURE 2-37 Marble. On close examination, one can
discern the lustrous cleavage surfaces of the calcite crystals.
Width of specimen is about 9.0 cm

FIGURE 2-38 Hand specimen of an attractive green
quartzite. �? What simple physical test would convince you that
this specimen was quartzite and not a green marble?
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Rocks are the materials of which the Earth is composed.
Rocks are themselves composed of minerals, and minerals, in
turn, are constructed of chemical elements. The most com-
mon elements in rocks are oxygen, silicon, aluminum, iron,
calcium, sodium, potassium, and magnesium. Rocks and
minerals are the materials from which geologists make inter-
pretations of ancient environments and past geologic hap-
penings. Silicate minerals are the most important of the rock-
forming minerals. Quartz, mica, feldspar, hornblende,
augite, and olivine are silicates that were initially crystallized
from molten rock. Clay, calcite, dolomite, gypsum, halite,
and certain varieties of quartz (such as chert and flint) are
formed by processes of weathering and precipitation or de-
position at temperatures that prevail at the Earth’s surface.

Rocks are aggregates of minerals. Igneous rocks are those
that have cooled and solidified from a molten silicate body. If
solidified beneath the Earth’s surface, the igneous rocks are
termed intrusive. Granite is an example. Igneous rocks, such
as those formed from the lavas flowing from volcanoes, are
termed extrusive. Basalt is an example. The texture of ig-
neous rocks provides an index to their cooling history, in that
coarse-grained varieties cooled slowly (and are mainly intru-
sive), whereas fine-grained varieties cooled rapidly (and are
mainly extrusive).

Melting and crystallization of rock materials in the labo-
ratory have provided an understanding of the causes of ig-
neous rock diversity. Among the mechanisms that provide

for a variety of rock types are fractional crystallization, as
seen in Bowen’s Reaction Series, and partial melting, a
process by which rock is incompletely melted and molten
fractions are removed.

Calcite is the main constituent of the carbonate rock lime-
stone, and the mineral dolomite forms a carbonate rock that
is also called dolomite. In water bodies in which intense evap-
oration occurs, evaporite minerals such as gypsum and halite
may be precipitated. Clastic sedimentary rocks are composed
of fragments of weathered rock that have been transported
some distance from their place of origin. Transported peb-
bles and cobbles, for example, may be lithified to form the
rock called conglomerate, sand grains may form sandstone,
and particles of clay may accumulate to form shale.

Metamorphism refers to all the processes by which rocks of
any kind undergo mineral and textural changes in the solid
state in response to changing physical and chemical condi-
tions. The agents of metamorphism include heat, pressure,
and chemically active solutions. The basic kinds of metamor-
phism are contact and regional. Contact metamorphism oc-
curs around the margins of bodies of molten rock. Unlike con-
tact metamorphism, which may be relatively local, regional
metamorphism occurs on a large (regional) scale and is usually
associated with mountain building. The rocks in the regional
belts are well foliated and divisible into distinct metamorphic
zones or facies, characterized by minerals that formed in re-
sponse to particular conditions of pressure and temperature.

S U M M A R Y

1. What is a mineral? What characteristics of a true mineral
such as quartz or feldspar would not be present in a piece of
glass?
2. What are the eight most abundant elements found in
rocks and minerals?
3. Why are silicate minerals important in geology? Which
silicates might one expect to find in granite? Which silicates
occur in sedimentary rocks?
4. Which igneous rock best approximates the composition
of the continental crust? The oceanic crust?
5. With regard to the origin of igneous rocks, describe what
is meant by partial melting and fractional crystallization.
6. What inferences can be drawn from the color of igneous
rocks? From the grain size of igneous rocks?
7. List the clastic sedimentary rocks in order of increasingly
finer grain size.
8. What mineral groups discussed in this chapter are par-
ticularly common in sedimentary rocks?
9. List the foliated metamorphic rocks in order of increas-
ingly coarser foliation.
10. If you were a Stone-Age (Paleolithic) human and had to
choose between limestone and chert as the material for a
spearhead, which would you select? Why?
11. Imagine that you are a geologist making a study of an
area in which there are tabular layers of basalt lying be-
tween sedimentary strata. Some of the basalt layers repre-

sent lava that once flowed out upon the surface of the
ground. Others were formed when basaltic magma was 
injected along sedimentary bedding surfaces. The former
are called lava flows and the latter sills.

a. Which of the accompanying figures represents a
lava flow?
b. Cite two lines of evidence that support your interpre-
tation.
c. In which of the figures is the age of the bed above the
basalt older than the basalt itself?

Q U E S T I O N S  F O R  R E V I E W  A N D  D I S C U S S I O N
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R E A D I N G S

The Earth Through Time Student Companion Web Site
(www.wiley.com/college/levin) has online resources to help
you expand your understanding of the topics in this chapter.
Visit the Web Site to access the following:
1. Illustrated course notes covering key concepts in each

chapter;
2. Online quizzes that provide immediate feedback;

3. Links to chapter-specific topics on the web;
4. Science news updates relating to recent developments in

Historical Geology;
5. Web inquiry activities for further exploration;
6. A glossary of terms;
7. A Student Union with links to topics such as study skills,

writing and grammar, and citing electronic information.
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