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1. Introduction

The first lecture in this manual deals with how to identify and describe the minerals
through their properties like hardness, chemical reaction with acid, streak and so on
(see also Appendix A). In line with the first lesson, the second lecture explains about
the type of rocks and their classification. The third lab lesson in this manual deals with
how to read and use topographic and geologic maps. This lesson follows a sequence
that progresses through the basics of plate tectonics, seismology, and geologic time
and concludes with such overarching topics as Earth’s major geologic features (e.g.,
the deformation of Earth’s surface like folds and faults) and economic geology

resources.

Each lesson includes specific learning objectives that the students should use to
prepare for the lab. The lab manual includes the procedures that illuminate the central
principles of physical geology and lab course. The procedures can help the students to
review, analyze, and apply their knowledge of the materials covered in the lab course.
Reading this lab manual, completing the activities and exercises, and doing the field
trip at the end of lab course will provide the pupils with useful information that they

would receive in the classroom if you were taking this lab course on campus.

2. Minerals

According to geologists, minerals are inorganic, naturally occurring solids that have a
definite chemical composition, distinctive physical properties, and crystalline
structure. In other words, each mineral:
v" occurs in the solid, rocky body of Earth, where it formed by processes that are
inorganic (not involving life),
v" has a definite chemical composition of one or more chemical elements that can
be represented as a chemical formula (like NaCl for halite),
v" has physical properties (like hardness, how it breaks, and color) that can be
used to identify it,
v' has crystalline structure—an internal patterned arrangement or geometric

framework of atoms that can be revealed by external crystal faces, the way a



mineral breaks, and in atomic- resolution images

2.1.Classification of Minerals

Geologists have identified and named thousands of different kinds of minerals, but they
are often classified into smaller groups according to their importance, use, or chemistry.
For example, a group of only about twenty are known as rock-forming minerals, because
they are the minerals that make up most of Earth’s crust. Another group is called the
industrial minerals, because they are the main non-fuel raw materials used to sustain
industrialized societies like ours. Some industrial minerals are used in their raw form,
such as quartz (quartz sand), muscovite (used in computer chips), and gemstones. Most
are refined to obtain specific elements such as iron, copper, and sulfur. All minerals are
also classified into the following chemical classes (Table 1):

Table 1
Class Silicate Oxide Hydroxide | Sulfide | Carbonate | Phosphate Halide Sulfate
Chemical Sioz F~,CI”
. o* ©H)~ | S | (COox | (PO)* (SO,)*
Composition B I-
(Sioa)* )
Quartz | Hematite ) ] Pyrite Calcite ) Halite
Example . . Limonite . Apatite . Gypsum
Olivine | Magnetite Galena | Dolomite Fluorite

2.2.Minerals and rocks
Most rocks are aggregates of one or more mineral crystals. For example, mineral
crystals comprise all of the rocks in Fig. 1. Notice that you can easily detect the
mineral crystals in Fig. 1 by their flat faces, which are an external feature of the
internal geometric framework of their atoms. However, the crystals in many rocks
have grown together in such a crowded way that few faces are visible. Some rocks
are also cryptocrystalline, made of crystals that are only visible under a microscope.
Earth is sometimes called the “third rock” (rocky planet) from the Sun, because it is
mostly made of rocks. But rocks are generally made of one or more minerals, which
are the natural materials from which every inorganic item in our industrialized society
has been manufactured. Therefore, minerals are the physical foundation of both our

rocky planet and our human societies.



A.
2 A rock made of two large, visible, quartz mineral crystals. Crystal
faces (flat outside surfaces) merge into three dimensional crystaf
3 forms (geometric shapes). Crystal growth was uncbstructed, except
where the two crystals touched and grew together (x1).

Top view: Crystal growth was unobstructed so
crystal faces are developed (x1).

Side view:
Deformed
crystal faces
among

C.
crowded Crystal growth of the

intergrown b 4
crystals (x1). calcite mineral crystals

in this rock (marble)
was obstructed in
every direction. The
crystals grew together

B. . as a dense mass of P~
Rock made of many quartz mineral crystals. Note odd-shaped crystals
how crystal growth was obstructed as the sides of instead of perfect
many crystals grew together (side view), but tips of crystal forms.

the crystals (top view) grew unobstructed into
six-sided pyramids. Iron impurity gives the purple
amethyst variety of quartz its color.

agate are made of long intergrown
quartz mineral crystals.

Slice of rock (agate) cut with a diamond saw and polished. The layers are made of quartz mineral crystals that are
cryptocrystalfine (not visible in hand sample). They can only be seen in a thin section (thin transparent slice of the
rock mounted on a glass slide) magnified with a microscope to 30 times larger than their actual size (x30).

Fig. 1

2.3.Chemical and Physical Properties
The chemical properties of a mineral are its characteristics that can only be observed
and measured when or after it undergoes a chemical change due to reaction with
another material. This includes things like if or how it tarnishes (reacts with air or
water) and whether or not it reacts with acid. For example, calcite and other carbonate

(CO3- containing) minerals react with acid, and native copper tarnishes to a dull brown
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or green color when it reacts with air or water.

The physical properties of a mineral are its characteristics that can be observed (and
sometimes measured) without changing its composition. This includes things like how it
looks (color, luster, and clarity) before it tarnishes or weathers by reacting with air or
water, how well it resists scratching (hardness), how it breaks or deforms under stress
(cleavage, fracture, tenacity), and the shapes of its crystals. For example, quartz crystals
are hard to scratch, glassy, and transparent, while talc is easily scratched, opaque, and
feels greasy.

In this activity, you will use the properties of color and clarity (before and after
tarnishing), crystal form, luster (before and after tarnishing), streak, hardness, cleavage,
and fracture to describe mineral samples. Additional properties— such as tenacity,
reaction with acid, magnetic attraction, specific gravity, striations, and ex-solution

lamellae - can also be helpful in analyzing particular minerals.

Color and Clarity. A mineral’s color is usually its most noticeable property and may

be a clue to its identity. Minerals normally have a typical color, like gold. A rock
made up of one color of mineral crystals is usually made up of one kind of mineral,
and a rock made of more than one color of mineral crystals is usually made up of
more than one kind of mineral. However, there are exceptions, like the agate in Fig.
3. It has many colors, but they are simply varieties (var.)—different colors—of the
mineral quartz. This means that a mineral cannot be identified solely on the basis
of its color. The mineral’s other properties must also be observed, recorded, and
used collectively to identify it. Most minerals also tend to exhibit one color on
freshly broken surfaces and a different color on tarnished or weathered surfaces. Be
sure to note this difference, if present, to aid your identification.

Mineral crystals may vary in their clarity: degree of transparency or their ability to
transmit light. They may be transparent (clear and see-through, like window glass),
translucent (foggy, like looking through a steamed- up shower door), or opaque
(impervious to light, like concrete and metals). It is good practice to record not only
a mineral’s color, but also its clarity. For example, the crystals in Fig. 3 are purple in

color and have transparent to translucent clarity.



Crystal Forms and Mineral Habits. The geometric shape of a crystal is its crystal
form. Each form is bounded by flat crystal faces that intersect at specific angles and in
symmetrical relationships (Fig. 1). The crystal faces are the outward reflection of the
way that atoms or groups of atoms bonded together in a three-dimensional pattern as
the crystal grew under specific environmental conditions. There are many named
crystal forms (Fig. 2). Combinations of two or more crystals can also form named
patterns, shapes, or twins (botryoidal, dendritic, radial, and fibrous: Fig. 2). A mass of

mineral crystals lacking a distinctive pattern of crystal growth is called massive.
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Fig. 2

Crystal Systems. Each specific crystal form can be classified into one of six crystal

systems (Fig. 3) according to the number, lengths, and angular relation- ships of
imaginary geometric axes along which its crystal faces grew. The crystal systems
comprise 32 classes of crystal forms, but only the common crystal forms are
illustrated in Fig. 3.

Luster. A mineral’s luster is a description of how light reflects light from its surfaces.
Luster is of two main types— metallic and nonmetallic—that vary in intensity from
bright (very reflective, shiny, polished) to dull (not very reflective, not very shiny, not
polished). For example, if you make a list of objects in your home that are made of metal
(e.g., coins, knives, keys, jewelry, door hinges, aluminum foil), then you are already
familiar with metallic luster. Yet the metallic objects can vary from bright (very

reflective—like polished jewelry, the polished side of aluminum foil, or new coins) to



dull (non-reflective—like unpolished jewelry or the unpolished side of aluminum foil).

Crystal Forms (Specific Geometric Shapes) and Their Classification into Six Systems

Bovoa

Cube Octahedron Rhombic dodecahedron Pyritohedron Equilateral
(8 equilateral triangles) (12 faces) (12 faces) tetrahedron

Isometric (Cubic): Cubes and equidimensional shapes. Three axes intersect at 90° and are isometric (same in length).

¥ <0 \vo |

Tetragonal dipyramid Tetragonal dipyramid prist Isosceles tetrahedrons
[square cross section) {square cross section) (4 or 8 faces)

Tetragonal: Like isometric but langer in one direction. Three axes intersect at 90° but only two are equal in Iength

¢ 000 +ro

Orthorhombic dipyramid Orthorhombic dipyramid prisms and tabular prisms 4- or 8-sided rectangular, squarish, or rhombic
(tetragonal bipyramid) {diamond-shaped) horizortal cross sections

Orthorhombic: Prisms and dipyramids with rhombic or rectangular cross sections. Three axes intersect at 90° but have different lengths.

Scalenohedron 3-sided prism
(12 faces) [ <:>
3-, 6, or 12-siced
horizontal cross

Hexagonal sections, except for
HEXHQOHEI prisms dipyramid prism Rhombohedron  rhombohedrons (6 faces)

Hexagonal: Rhombohedrons and mostly 3-, 6-, or 12-sided prisms and pyramids—three axes of equal length in one
plane and perpendicular to a fourth axis of different length.

. @ ﬁ =

Moneclinic prisms Monoclinic tablet Monoclinic blade

Monoclinic: Tablets (two very large faces like a boak), prisms, and blades with six sides in diamond or parallelogram-shaped L=~ /,
cross section.Three axes of unequal length, two in one plane and perpendicular to a third axis.
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Triclinic prisms and blades

Triclinic: Tabular shapes, often not symmetrical from cne side to the other. Three axes of different lengths and all inclined
at each other (none are perpendicular to others).

Fig. 3
Streak. Streak is the color of a mineral or other substance after it has been ground to
a fine powder (so fine that you cannot see the grains of powder). The easiest way to
do this is simply by scratching the mineral back and forth across a hard surface such
as concrete, or a square of unglazed porcelain (called a streak plate). The color of the
mineral’s fine powder is its streak. Note that the brassy mineral in Fig. 4 has a dark

gray streak, but the reddish silver mineral has a red-brown streak. A mineral’s streak



is usually similar even among all of that mineral’s varieties.

If you encounter a mineral that is harder than the streak plate, it will scratch the streak
plate and make a white streak of powder from the streak plate. The streak of such hard
minerals can be determined by crushing a tiny piece of them with a hammer (if

available). Otherwise, record the streak as unknown.

A: MINERAL B: FRAGMENT
CRYSTAL e OF MINERAL
(CUBE) : CRYSTAL

Color: brassy 7 Color: reddish silver
Streak: dark gray Streak: red-brown
Luster: metallic (M) Luster: metallic (M) to nonmetallic (NM)

Fig. 4

Hardness (H). A mineral’s hardness is a measure of its resistance to scratching. A
harder substance will scratch a softer one. German mineralogist Friedrich Mohs
(1773-1839) developed a quantitative scale of relative mineral hardness on which the
softest mineral (talc) has an arbitrary hardness of 1 and the hardest mineral (diamond)
has an arbitrary hardness of 10. Higher- numbered minerals will scratch lower-
numbered minerals (e.g., diamond will scratch talc, but talc cannot scratch diamond).
Mohs scale of Hardness (Fig. 5) is widely used by geologists and engineers. When
identifying a mineral, you should mainly be able to distinguish minerals that are
relatively hard (6.0 or higher on Mohs scale) from minerals that are relatively soft
(less than or equal to 5.5 on Mohs scale). You can use common objects such as a glass

plate (Fig. 6), pocket knife, or steel masonry nail to make this distinction as follows.



LI 'rg} &
Hardness*
10 Diamond
9 Corundum
o y a
Z | 8Topaz
kS
7 Quartz
6.5 Streak plate
6 Orthoclase Feldspar
5.5 Glass, Masonry nail, —Kni
5 Apatite
4.5 Wire (iron) nail
4 Fluorite \
£ 3.5 Brass (wood screw, washer) g
& | 3Calcite 2.9 Copper coin (penny) !
2 2.5 Fingernail 7o / \
2 Gypsum
1 Talc

* A scale for measuring relative mineral hardness (resistance to scratching).

Fig. 5
v Hard minerals: Will scratch glass; cannot be scratched with a knife blade or
masonry nail.
v Soft minerals: Will not scratch glass; can be scratched with a knife blade or
masonry nail.
You can determine a mineral’s hardness number on Mohs scale by comparing the
mineral to common objects shown in Fig. 5 or pieces of the minerals in Mohs scale.
When using such kits to make hardness comparisons, remember that the harder
mineral/object is the one that scratches, and the softer mineral/object is the one that is

scratched.

Hardness test

Fig. 6



Cleavage and Fracture. Cleavage is the tendency of some minerals to break (cleave)

along flat, parallel surfaces (cleavage planes) like the flat surfaces on broken pieces of
galena. Cleavage planes are surfaces of weak chemical bonding (attraction) between
repeating, parallel layers of atoms in a crystal. Each different set of parallel cleavage
planes is referred to as a cleavage direction. Cleavage can be described as excellent,
good, or poor (Fig. 7). An excellent cleavage direction reflects light in one direction from
a set of obvious, large, flat, parallel surfaces. A good cleavage direction reflects light in
one direction from a set of many small, obvious, flat, parallel surfaces. A poor cleavage
direction reflects light from a set of small, flat, parallel surfaces that are difficult to
detect. Some of the light is reflected in one direction from the small cleavage surfaces,
but most of the light is scattered randomly by fracture surfaces separating the cleavage
surfaces.

Fracture refers to any break in a mineral that does not occur along a cleavage plane.
Therefore, fracture surfaces are normally not flat and they never occur in parallel sets.
Fracture can be described as uneven (rough and irregular, like the milky quartz in,
splintery (like splintered wood), or hackly (having jagged edges, like broken metal).

Other Properties. There are additional mineral proper- ties, too numerous to review

here. However, the following other properties are typical of specific minerals or
mineral groups:

Reaction to acid. Reaction to acid differs among minerals. Cool, dilute hydrochloric

acid (1-3% HCI) applied from a dropper bottle is a common “acid test.” All of the so-
called carbonate minerals (minerals with a chemical composition including carbonate,
COs) will effervesce (“fizz”’) when a drop of such dilute HCI is applied to one of their
freshly exposed surfaces (Fig. 8). Calcite (CaCOs)is the most commonly encountered

carbonate mineral and effervesces in the acid test.
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Shape of Broken Pieces

Number of Cleavages Name and Description et lllustration of
and Their Directions of How the Mineral Breaks (clt;?zar?uenﬁ;r:rgg?ns Cleavage Directions
N v No parallel broken surfaces;
(ﬁg’cfl',?gs %%?y) may have conchoidal ) fiens
fracture (like glass) ! (Y (no cleavage)
Quartz B e
Basal (book) cleavage p 1
1 cleavage . S E
"Books" that split apart 2
along flat sheets Muscovite, biotite, chlorite (micas)
Orthoclase 90°
Prismatic cleavage (K-spar) 1 /
2 cleavages 2
intersect Elongated forms that fracture "
at or near 90 along short rectangular &
cross sections Plagioclase 86° & 94°,
pyroxene (augite) 87° & 93°
Prismatic cleavage
2 cleavages
do not intersect Elongated forms that fracture
at90 along short parallelogram
cross sections
. V1
3 cleavages Cubic cleavage \ N
intersect B 2 h |
at 90° Shapes made of cubes and W | l ‘
parts of cubes \ =]
Halite, galena
Rhombohedral cleavage
3 cleavages
do not intersect
2t 90° Shapes made of

4 main cleavages
intersect at 71° and 109°
to form octahedrons,
which split along hexagon-
shaped surfaces; may
have secondary
cleavages at 60° and 120°

rhombohedrons and parts
of rhombohedrons

Octahedral cleavage

Shapes made of
octahedrons and parts
of octahedrons

Fluorite
Dodecahedral cleavage
6 cleavages
intersect at Shapes made of
60° and 120 dodecahedrons and parts
of dodecahedrons
Sphalerite
Fig. 7

Specific Gravity (SG). Density is a measure of an object’s mass (weighed in grams, g)

divided by its volume (in cubic centimeters, cm’). Specific gravity is the ratio of the
density of a substance divided by the density of water. Since water has a density of 1 g
>cmPand the units cancel out, specific gravity is the same number as density but without
any units. For example, the mineral quartz has a density of 2.65 g>cm?® so its specific
gravity is 2.65 (i.e., SG = 2.65).
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Fig. 8

2.4.The Importance of SG and Density

Have you ever considered buying silver coins as an investment? If so, then you
should be wary of deceptive sales. For example, there have been reports of less
valuable silver-plated copper coins marketed as pure silver coins. Copper has a
specific gravity of 8.94, which is very close to silver’s specific gravity of 9.32. So,
even experienced buyers cannot tell a solid silver coin from a silver-plated copper
coin just by hefting it to approximate its specific gravity. They must deter- mine the
coin’s exact specific gravity as one method of ensuring its authenticity. Mineral
identification is also aided by knowledge of specific gravity. If you heft same-sized
pieces of the minerals galena (lead sulfide, an ore of lead) and quartz, you can easily
tell that one has a much higher specific gravity than the other. But the difference in
specific gravities of different minerals is not always so obvious. In this activity you
will learn how to measure the volume and mass of mineral samples, calculate their
specific gravities, and use the results to identify them.

How to Determine Volume. Recall that volume is the amount of space that an

object takes up. Most mineral samples have odd shapes, so their volumes cannot be
calculated from linear measurements. Their volumes must be determined by
measuring the volume of water they displace. This is done in the laboratory with a

graduated cylinder (Fig. 9), an instrument used to measure volumes of fluid (fluid
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volume). Most graduated cylinders are graduated in metric units called milliliters
(mL or ml), which are thousandths of a liter. You should also note that 1 mL (1 ml) of
fluid volume is exactly the same as 1 cm? of linear volume.

Procedures for determining the volume of a mineral sample are provided in Fig. 9. Note
that when you pour water into a glass graduated cylinder, the surface of the liquid
is usually a curved meniscus, and the volume is read at the bottom of its concave
surface. In most plastic graduated cylinders, however, there is no meniscus. The
water level is flat and easy to read.

If you slide a mineral sample into a graduated cylinder full of water (so no water

splashes out), then it takes up space previously occupied by water at the bottom of the

graduated cylinder. This displaced water has nowhere to go except higher into the

graduated cylinder. Therefore, the volume of the mineral sample is exactly the same

as the volume of fluid (water) that it displaces.

How to Determine Mass. Earth materials do not just take up space (volume). They
also have a mass of atoms that can be weighed. You will use a gram balance to
measure the mass of materials (by determining their weight under the pull of Earth’s
gravity). The gram (g) is the basic unit of mass in the metric system, but instruments
used to measure grams vary from triple-beam balances to spring scales to digital
balances (page viii). Consult with your laboratory instructor or other students to be
sure that you understand how to read the gram balance provided in your laboratory.

How to Calculate Density and Specific Gravity. Every material has a mass that

can be weighed and a volume of space that it occupies. However, the relationship
between a material’s mass and volume tends to vary from one kind of material to
another. For example, a bucket of rocks has much greater mass than an equal-sized
bucket of air. Therefore a useful way to describe an object is to determine its mass
per unit of volume, called density. Per refers to division, as in miles per hour
(distance divided by time). So density is the measure of an object’s mass divided
by its volume (density = mass + volume). Scientists and mathematicians use the
Greek character rho (r) to represent density. Also, the gram (g) is the basic metric
unit of mass, and the cubic centimeter is the basic unit of metric volume (cm?), so

density (r) is usually expressed in grams per cubic centimeter (g/cm?).
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WATER DISPLACEMENT METHOD
FOR DETERMINING VOLUME
OF A MINERAL SAMPLE

mbL «<———Written mL or ml——— mL
10}~ 2] 10

; C. Volume
- of water is <

Mineral
sample
- T
A. Starting volume B. Ending volume
of water of water
PROCEDURES

A. Place water in the bottom of a graduated
cylinder. Add enough water to be able to totally
immerse the mineral sample. It is also helpful to
use a dropper bottle or wash bottle and bring
the volume of water (before adding the mineral
sample) up to an exact graduation mark like the
5.0 mL mark above. Record this starting volume
of water.

B. Carefully slide the mineral sample down into
the same graduated cylinder, and record the
ending volume of the water (7.8 mL in the above
example).

C. Subtract the starting volume of water from
the ending volume of water to obtain the
displaced volume of water. In the above
example: 7.8 mL-50mL =28 mL (2.8 mL is
the same as 2.8 cm®). This volume of displaced
water is the volume of the mineral sample.

Fig. 9
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3. Rocks and the Rock Cycle

Most rocks are solid aggregates of mineral grains (particles), either mineral crystals or
clasts (broken pieces) of mineral crystals and rocks (e.g., pebbles, gravel, sand, and
silt). There are, however, a few notable rocks that are not made of mineral grains. For
example, obsidian is a rock made of volcanic glass, and coal is a rock made of plant
fragments.

Rock-forming materials come from Earth’s mantle (as molten rock called magma
while underground and lava when it erupts to the surface), space (meteorites),
organisms (parts of plants and animals), or the fragmentation and chemical decay of
mineral crystals and other rocks. Environmental changes and processes affect these

materials and existing rocks in ways that produce three main rock groups:

1) Igneous rocks form when magma or lava cool to a solid form.

2) Sedimentary rocks form mostly when mineral crystals and clasts (broken
pieces, fragments) of plants, animals, mineral crystals, or rocks are compressed
or naturally cemented together.

3) Metamorphic rocks are rocks deformed or changed from one form to another

(transformed) by intense heat, intense pressure, and/or the action of hot fluids.

3.1.The Rock Cycle

All rocks are part of a system of rock-forming processes, materials, and products that
is often portrayed in a conceptual model called the rock cycle (Fig. 10). The rock cycle
model explains how all rocks can be formed, deformed, transformed, melted, and
reformed as a result of environmental factors and natural processes that affect them.

Of course, not all rocks undergo change along such an idealistic path. There are at
least three changes that each rock could undergo. The arrows in Fig. 10 to either of the
other two groups or recycled within its own group. Igneous rock can be (1) weathered
and eroded to form sediment that is lithified to form sedimentary rock; (2) transformed
to metamorphic rock by intense heat, intense pressure, and/or hot fluids; or (3) re-
melted, cooled, and solidified back into another igneous rock. Sedimentary rock can
be (1) melted, cooled, and solidified into an igneous rock; (2) transformed to
metamorphic rock by intense heat, intense pressure, and/or hot fluids; or (3) weathered
and eroded back to sediment that is lithified back into another sedimentary rock.
Metamorphic rock can be (1) weathered and eroded to form sediment that is lithified
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into sedimentary rock; (2) melted, cooled, and solidified into igneous rock; or (3) re-
metamorphosed into a different type of metamorphic rock by intense heat, intense

pressure, or hot fluids.

ROCK CYCLE
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Fig. 10

3.2.Rock Classification
All rocks are classified as igneous, sedimentary, or metamorphic, based on their

properties of composition and texture and how they formed. Some properties are

characteristic of more than one rock type. For example, igneous, sedimentary, and



metamorphic rocks all can be dark, light, or made of mineral particles. Therefore, it is

essential to classify a rock based on more than one of its properties.

3.2.1. Igneous Composition and Texture
Recall that igneous rocks form when molten rock (rock liquefied by heat and pressure
in the mantle) cools to a solid form (Fig. 11). Molten rock exists both below Earth’s
surface (where it is called magma) and at Earth’s surface (where it is called lava).
Igneous rocks can have various textures, including crystalline (hetro-granular), glassy,
or vesicular (bubbly). They commonly contain mineral crystals of olivine, pyroxene,
or feldspars. Igneous rocks from cooled lava flows may have ropy, streamlined shapes
or layers (from repeated flows of lava). Igneous rocks usually lack fossils and organic
grains.

3.2.2. Sedimentary Composition and Texture
Recall that sedimentary rocks form in two ways (Fig. 11). Lithification is the
hardening of sediment—masses of loose Earth materials such as clasts (rock
fragments, detrital mineral grains, pebbles, gravel, sand, silt, mud, shells, plant
fragments) and products of chemical decay (clay, rust). Precipitation produces
mineral crystals that collect as in situ aggregates, such as the rock salt that remains
when ocean water evaporates. The lithification process occurs as layers of sediments
are compacted (pressure-hardened) or cemented (glued together by tiny crystals
precipitated from fluids in the pores of sediment).
Thus, most sedimentary rocks are layered and have a clastic texture (i.e., are made of
grains called clasts —fragments of rocks, mineral crystals, shells, and plants—usually
rounded into pebbles, gravel, sand, and mud). The sedimentary grains are arranged in
layers due to sorting by wind or water. Sedimentary rocks may also include fossils —
bones, impressions, tracks, or other evidence of ancient life.
The crystalline sedimentary rocks are layered aggregates of crystals precipitated from
water. This includes the icicle-shaped stalactites that hang from the roofs of caves.
Common minerals of these precipitated sedimentary rocks include calcite, dolomite,

gypsum, or halite.

3.2.3. Metamorphic Composition and Textures
Recall that metamorphic rocks are rocks that have been deformed and transformed by

intense heat, intense pressure, or the chemical action of hot fluids (Fig. 11). Therefore,
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metamorphic rocks have textures indicating significant deformation (folds, extensive
fractures, faults, and foliation). Fossils, if present, also are deformed (stretched or
compressed). Metamorphic rocks often contain garnet, tourmaline, or foliated layers
of mica. Serpentine, epidote, graphite, galena, and sphalerite occur only in
metamorphic rocks. Metamorphism can occur over large regions, or in thin “contact”
zones (like burnt crust on a loaf of bread) where the rock was in contact with magma

or other hot fluids.
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3.3. Igneous Rocks
Right now, there are more than a hundred volcanoes erupting or threatening to erupt
on continents and islands around the world. Some pose direct threats to humans. Others
pose indirect threats, such as earthquakes and episodic melting of glaciers. In the
oceans, deep under water and far from direct influence on humans, there are likely
hundreds more volcanoes. The exact number is unknown, because they are erupting at
places on the sea floor that humans rarely see. Most of the world’s volcanoes occur
along its 260,000 kilometers of linear boundaries between lithospheric plates. The rest
are largely associated with hot spots. All of the volcanoes overlie bodies of molten
(hot, partly or completely melted) rock called magma, which is referred to as lava
when it reaches Earth’s surface at the volcanoes. In addition to their liquid rock
portion, or melt, magma and lava contain dissolved gases (e.g., water, carbon dioxide,
sulfur dioxide) and solid particles. The solid particles may be pieces of rock that have
not yet melted and/or mineral crystals that may grow in size or abundance as the
magma cools. Igneous rocks form when magma or lava cool to a solid state. The
bodies of igneous rock may be as large as those in Yosemite Park, where bodies of
magma cooled underground to form batholiths of igneous rock, tens of kilometers in
diameter. They may be as small as centimeter-thick layers of volcanic ash, which is
composed of microscopic fragments of igneous rock (mostly volcanic glass pulverized

by an explosive volcanic eruption).

There are eight silicate minerals that form most igneous rocks. This is because silicon
and oxygen are the most common elements in magma and lava. The silicon and oxygen
naturally forms silicon-oxygen tetrahedral, in which one silicon atom shares electrons
with four oxygen atoms (Table 2). This creates a silicon-oxygen tetrahedron (four-
pointed pyramid) with four electrons too many, so each oxygen atom also shares an
electron with another adjacent silicon atom. The simplest ratio of silicon to oxygen is
1:2, written SiO> and called silica. The mineral quartz is a crystalline form of pure
silica. However, with the abundance of other chemicals in magma and lava, silicon-
oxygen tetrahedral often bond with other kinds of metal atoms to make the other
silicate minerals commonly found in igneous rocks. Although each one has its own
unique properties that can be used to identify it, the minerals are also categorized into

two chemical groups.
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Table 2

COMPOSITION OF IGNEOUS ROCKS

Chemical Composition Physical Composition ’
Compositional Silica % Mafic Color Index (MCI):
Group Name (by weight) in the Percent of mafic (green, dark gray, and black)

magma, lava, or rock mineral crystals in the rock

Felsic (acidic) above 65% below 15%

Intermediate 54 - 64% 16 — 45%

Mafic 45 -53% 46 — 85%

Ultramafic below 45% above 85%

3.4. Textures of Igneous Rocks

Texture of an igneous rock is a description of its constituent parts and their sizes,
shapes, and arrangement. You must be able to identify the common textures of igneous
rocks described below and understand how they form. Notice the list of textures and
their origins in Fig. 12. Igneous rocks are also classified into two textural groups:
intrusive (plutonic) versus extrusive (volcanic).

Intrusive (plutonic) rocks form deep underground, where they are well insulated
(take a long time to cool) and pressurized. The pressure prevents gases from
expanding, just like carbonation in a sealed soft drink. The cap seals in the pressure—
an intrusive process. If you remove the cap, then the carbon dioxide inside the bottle
expands and bubbles— an extrusive process. Therefore, extrusive (volcanic) rocks
form near and on Earth’s surface, where the confining pressure is low and gases begin
to bubble out of the magma. Cooler surface temperatures also rob thermal energy from
magma, so it cools quickly. The size of mineral crystals in an igneous rock generally
indicates the rate at which the lava or magma cooled to form a rock and the availability
of the chemicals required to form the crystals. Large crystals require a long time to
grow, so their presence generally means that a body of molten rock cooled slowly (an
intrusive process) and contained ample atoms of the chemicals required to form the
crystals. Tiny crystals generally indicate that the magma cooled more rapidly (an
extrusive process).

Volcanic glass (no crystals) can indicate that a magma was quenched (cooled
immediately), but most volcanic glass is the result of poor nucleation as described

below.
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IGNEOUS ROCK ANALYSIS AND CLASSIFICATION

STEP 1 & 2: MCI and Mineral Composition STEP 3: Texture

Quartz
hard, transparent, gray,
crystals with no cleavage

Plagioclase Feldspar

hard, opaque, usually pale gray
to white crystals with cleavage,
often striated

INTRUSIVE ORIGIN

Potassium Feldspar

hard, opaque, usually pastel
orange, pink, or white crystals
with exsolution lamellae

g
g
=
=
O
@
B

Muscovite Mica

flat, pale brown, yellow, or
colorless, crystals that scratch
easily and split into sheets

Biotite Mica

flat, glossy black crystals that
scratch easily and split into
sheets

Amphibole

hard, dark gray to black, brittle
crystals with two cleavages that
intersect at 56 and 124 degrees

EXTRUSIVE (VOLCANIC) ORIGIN

Pyroxene (augite)

hard, dark green to green-gray
crystals with two cleavages that
intersect at nearly right angles

Mafic Color Index (MCI): the percent of mafic (green, dark gray, black) minerals in the rock.
See the top of Figure 5.2 and GeoTools Sheets 1 and 2 for tools to visually estimate MCI.

Olivine (gemstone peridot)

Porphyritic
| large and small crystals:

{1 Aphanitic
| crystals too small to identify

4 lens; rapid cooling of lava

4 Vesicular

4 Vesicular

Pegmatitic

mostly crystals larger than
1 mm: very slow cooling of
magma

Phaneritic

crystals about 1-10 mm,
can be identified with a hand
lens: slow cooling of magma

slow, then rapid cooling
and/or change in magma
viscosity or composition

with the naked eye or a hand

Glassy
rapid cooling and/or very
poor nucleation

like meringue: rapid cooling
of gas-charged lava

some bubbles:
gas bubbles in lava

Pyroclastic or Fragmental:

hard, transparent to opaque, particles emitted from
pale yellow-green to dark green volcanoes
crystals with no cleavage
& Aah ab —
STEP 4: Igneous Rock Classification Flowchart
- i 1208
Terturos Feispar> el minrals < e e SVENITE
pegmatitic < K-spar < Plagioclase DIORITE'?
oLpuaeTe Feldspar < mafic minerals ~—_ MCI = 45-85 T GABBRO'2
& MCI = 85-100 (< 15% felsic minerals)........... PERIDOTITE
felsic (MCI = 0-15) and/or pink, white, or pale brown. RHYOLITE?*® éilsgr;e ?;to
Texture is intermediate (MCI = 15-45) and/or green to gray. ANDESITE?? 9 ’
aphanitic and/or mafic (MCI > 45) and/or dark gray to black BASALT??
vesicular mafic with abundant vesicles (resembles a sponge) SCORIA
intermediate or felsic with abundant tiny vesicles—like meringue, floats in water.. PUMICE
Glassy texture OBSIDIAN
q fragments < 2mm TUFF
Pyroclastic (fragmental) texture  ———___ T = Zi VOLCANIC BRECCIA

1Add pegmatite to end of name if crystals are > 1 cm (e.g., granite-pegmatite).
?Add porphyritic to front of name when present (e.g., porphyritic granite, porphyritic rhyolite).
*Add vesicular to front of name when present (e.g., vesicular basalt).

Fig. 12

3.5. How to Identify Igneous Rocks

The identification and interpretation of an igneous rock is based on its composition

and texture. Follow these steps to classify and identify an igneous

Steps 1 and 2:

rock:

v’ Identify the rock’s mafic color index (MCI).Then, if possible, identify the

minerals that make up the rock and estimate the percentage of each.
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v"If the rock is very fine-grained (aphanitic or porphyritic-aphanitic), then you
must estimate mineralogy based on the rock’s mafic color index. Felsic fine-
grained rocks tend to be pink, white, or pale gray/brown. Intermediate fine-
grained rocks tend to be greenish gray to medium gray. Mafic and ultramafic
fine-grained rocks tend to be green, dark gray, or black.

v" If the rock is coarse-grained (phaneritic or pegmatitic), then estimate the mafic
color index (MCI) and percentage abundance of each of the specific felsic and
mafic minerals. With this information, you can also characterize the rock as
felsic, intermediate, mafic, or ultramafic.

Step 3: Identify the rock’s texture(s) using Fig. 12.
Step 4: Determine the name of the rock using the flowchart in Fig. 12.

v' Use textural terms, such as porphyritic or vesicular, as adjectives. For example,
you might identify a pink, aphanitic (fine-grained), igneous rock as a rhyolite.
If it contains scattered phenocrysts, then you would call it a porphyritic
rhyolite. Similarly, you should call a basalt with vesicles a vesicular basalt.

v The textural information can also be used to infer the origin of a rock. For
example, vesicles (vesicular textures) imply that the rock formed by cooling of
a gas-rich lava (vesicular and aphanitic). Pyroclastic texture implies violent
volcanic eruption. Aphanitic texture implies more rapid cooling than phaneritic

texture.

3.6.Sedimentary Rocks
Sedimentary rocks form when sediments are compressed, cemented, or otherwise
hardened together. Some sedimentary rocks form by a process similar to mud
hardening in the Sun to form adobe. Others form when masses of intergrown mineral
crystals precipitate from aqueous (water-based) solutions and lock together to form
crystalline rock, like rock salt that remains when ocean water is evaporated. Sediments
are loose grains and chemical residues of Earth materials, including rock fragments,
mineral grains, parts of plants or animals like seashells and twigs, and chemical
residues like rust (hydrated iron oxide residue). Grains of sediment are affected by
chemical and physical weathering processes until they are buried in a sedimentary

deposit.
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Sedimentary processes include everything from the time and place that sediment forms
to the time and place where it is lithified (hardened into sedimentary rock).

3.7. Textures of Sediments and Sedimentary Rocks
Sediment and sedimentary rocks are described, classified, named, and interpreted on
the basis of their composition and textures.
The composition of a sediment or sedimentary rock is a description of the kinds and

abundances of grains that compose it (Fig. 13).

_ COMPOSI LASSIFICATION OF S

A. DETRITAL (SILICICLASTIC) SEDIMENT AND SEDIMENTARY ROCK IS MOSTLY ONE OR MORE OF THESE:

5 Quartz grains: Feldspar grains: Clay:
may be angular or angular grains freshly large angular grains commonly forms from
rounded; can include broken from their source freshly broken from their chemical decay of
detrital chert grains (see and pebbles rounded source and small suban- feldspars and micas
“chert” below) during transportation gular grains

B. BIOCHEMICAL SEDIMENT AND SEDIMENTARY ROCK IS MOSTLY EITHER OR BOTH OF THESE:

Bivalve : ; —Coral
mollusk shell — 2
(clam)

Brachiopod ——

shell — Stem parts of a crinoid
(“sea lilly”) that is an animal
related to starfish

Shell bioclasts: Plant fragments:

broken and whole animal are brown in peat and
shells black in coal

C. CHEMICAL SEDIMENT AND SEDIMENTARY ROCK IS MOSTLY MADE OF ONE OR MORE OF THESE:

e

Gypsum: Calcite spar (crystals): Dolomite: Halite:

white or gray, easily reacts with dilute HCI, usually cryptocrystalline; gray to red cubic crystals
scratched with your breaks into rhombohedral reacts with dilute HCI only (often intergrown as rock
fingernail shapes if it is powdered salt); salty taste

Ooids: Limonit Hematite: Chert:

tiny (< 2 mm) spheres of opaque brown to yellow opaque brick red to silver a gray, red, brown or black
calcite or aragonite that rusty-looking crusts, layers;  gray layers; cements cryptocrtstalline variety of

resemble miniature pearls; cements sediment, making sediment, making it look quartz (may contain fossils,
reacts to dilute HCI it look yellow to brown red including silica microfossils

Fig. 13

Sediments and sedimentary rocks are classified as biochemical (bioclastic), chemical,
or detrital (siliciclastic) based on their composition. Biochemical sediments and rocks
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consist of whole and broken (bioclastic) parts of organisms, such as shells and plant
fragments. Chemical sediments and rocks consist of chemical residues and intergrown
mineral crystals precipitated from aqueous solutions. The precipitated minerals
commonly include gypsum, halite, hematite, limonite, calcite, dolomite, and chert
(microcrystalline variety of quartz). Detrital sediments and rocks consist of
siliciclastic grains (rock fragments, quartz, feldspar, clay minerals) that are also
detrital grains—rock fragments and mineral grains that were worn and transported

away from the landscape.

Processes of weathering, transportation, precipitation, and deposition that contribute
to the formation of a sediment or sedimentary rock also contribute to forming its
texture. The texture of a sediment or sedimentary rock is a description of its parts and
their sizes, shapes, and arrangement (Fig. 14). Grain Size. The particles that make up
sedimentary rocks are called grains. Size of the grains is commonly expressed in these
Wentworth classes, named after C. K. Wentworth, an American geologist who devised
the scale in 1922:

1) Gravel includes grains larger than 2 mm in diameter (granules, pebbles,
cobbles, and boulders).

2) Sand includes grains from 1/16 mm to 2 mm in diameter (in decimal form,
0.0625 mm to 2.000 mm).This is the size range of grains in a sandbox. The
grains are visible and feel very gritty when rubbed between your fingers.

3) Siltincludes grains from 1/256 mm to 1/16 mm in diameter (in decimal form,
0.0039 mm to 0.0625 mm). Grains of silt are usually too small to see, but you
can still feel them as very tiny gritty grains when you rub them between your
fingers or teeth.

4) Clay includes grains less than 1/256 mm diameter (in decimal form, 0.0039
mm). Clay-sized grains are too small to see, and they feel smooth (like chalk
dust) when rubbed between your fingers or teeth. Note that the word clay is
used not only to denote a grain size, but also a clay mineral. However, clay

mineral crystals are usually clay-sized.
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GRAIN SIZES " GRAIN ROUNDNESS GRAIN ARRANGEMENTS
Grains
visible; b~ ¥ 4
larger |
than
sand.
Very angular grains (VA)
Subangular grains (SA)
Grains
not visible;
feels
smooth; [
dull luster
on freshly
broken
surface. 5
Crystals
not visible;
feels
smooth; Subround grains (SR}
shiny luster
on freshly [EREENE
broken ESE 55
surface. [fifs R
Aggregate O O
of visible
crystals.
Well-rounded grains (WR) Well Sorted
Fig. 14

Rounding of Sediment. Sediments deposited quickly at or near their source tend to
lack abrasion. Sediments that have been moved about locally (as in waves on a beach)
or transported away from their source are abraded (worn). Roundness is a description
of the degree to which the sharp corners and points of a fragmented grain have been
worn away and its profile has become round (Fig. 14). A newly formed clast is very

angular. As itis transported and worn it will become sub-angular, then sub-round, and
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then well rounded. A freshly broken rock fragment, mineral grain, or seashell has sharp
edges and is described as angular. The more rounded a grain becomes, the smaller it
generally becomes. Gravel gets broken and abraded down into sand, and sand gets
broken and abraded into silt and clay-sized grains. When combined, the silt plus clay
mixture is called mud.

Sorting of Sediment. Different velocities of wind and water currents are capable of
transporting and naturally separating different densities and sizes of sediments from
one another. Sorting is a description of the degree to which one size class of sediment
has been separated from the others (Fig. 14). Poorly sorted sediments consist of a
mixture of many different sizes of grains. Well-sorted sediments consist of grains that
are of similar size and/or density.

Crystalline and Microcrystalline Textures. Sedimentary rocks that form when
crystals precipitate from aqueous solutions have a crystalline texture (clearly visible
crystals; see Fig. 14) or microcrystalline texture (crystals too small to identify). As
the crystals grow, they interfere with each other and form intergrown and interlocking

texture that also holds the rock together.

3.8.Classifying Sedimentary Rocks
Geologists classify sedimentary rocks into three main groups (Fig. 13): biochemical,
chemical (inorganic), and detrital (siliciclastic).

3.9.Hand Sample Analysis and Interpretation
Follow these steps to analyze and interpret a sedimentary rock:

v' Step 1: Determine and record the rock’s general composition as biochemical
(bioclastic), chemical, or detrital (siliciclastic) and record a description of the specific
kinds and abundances of grains that make up the rock.

v Step 2: Record a description of the rock’s texture(s) with reference to Fig. 14.

v Step 3: Determine the name of the sedimentary rock. Use the compositional, textural,
and special properties data from Steps 1 and 2 to deduce the rock name.

v’ Step 4: After you have named the rock, then you can use Fig. 15 and information from

Steps 1and 2 to infer where and how the rock formed. See the example for sample X.
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BIOCHEMICAL (BIOCLASTIC)
SEDIMENT
AND ROCKS (peat)

CHEMICAL
SEDIMENT evaporating
AND ROCKS T springs and
(evaporites) ! hot springs
Evaporating playa
lake with crystals
of gypsum or
halite (rock
gypsum, rock salt) -
and dolomitic mud ;-'i
BIOCHEMICAL  Sand dunes
(BIOCLASTIC) SR-frosted WR
SEDIMENT AND (sandstone)
ROCKS 4 Evaporatini '
(carbonates) lagc?:n witﬁ

| dolomite, gypsum,

Stream sand

TRy

- and/or halite g
Lagoon with calcareous  SR-polished WR
algae (micrite) * (sandstone, \
conglomerate) K

Ooid shoals \ - Reef
(oolitic :
limestone ; Marsh

Shell sand
(calcarenite or
fossiliferous

limestone)

A
(breccia)

Gravel
SR-WR
(conglomerate)

Marine (sea) '
mud with
parine shells

(mudstone) Sand

(Sandstone)

Mud
(clay + silt)
(mudstone)

Siliceous ooze
(chert from

dissolved Dolostone

siliceous altered from  ghell gravel

DETRITAL (SILICICLASTIC)
SEDIMENT AND ROCKS
(Gets finer and better

plankton) limestone (coquina) sorted with distance
from source)
CHEMICAL ROCKS GRAIN ROUNDNESS
@ VA QSA Q SR Q WR
Very angular Subangular Subround Well-rounded

Fig. 15
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3.10. Metamorphic Rocks
Metamorphic rocks are rocks changed from one form to another (metamorphosed)
by intense heat, intense pressure, or the action of watery hot fluids. Think of
metamorphism as it occurs in your home. Heat can be used to metamorphose bread
into toast, pressure can be used to compact an aluminum can into a flatter and more
compact form, and the chemical action of watery hot fluids (boiling water, steam) can
be used to change raw vegetables into cooked forms. Inside Earth, all of these
metamorphic processes are more intense and capable of changing a rock from one form
to another. Thus metamorphism can change a rock’s size, shape, texture, color, and/or
mineralogy. Every metamorphic rock has a parent rock, the rock type that was
metamorphosed. Parent rocks can be any of the three main rock types: igneous rock,
sedimentary rock, or even metamorphic rock, and the degree that a parent rock is
metamorphosed can vary. As temperature and pressure increases, so does the
metamorphic grade. Metamorphic grade refers to the intensity of metamorphism,
from low grade (least intense metamorphism) to high grade (most intense

metamorphism).

3.11. Textures of Metamorphic Rocks
Texture of a metamorphic rock is a description of its constituent parts and their sizes,
shapes, and arrangements. Two main groups of metamorphic rocks are distinguished

on the basis of their characteristic textures, foliated and non-foliated.

Foliated metamorphic rocks (foliated textures) exhibit foliations — layering and
parallel alignment of platy (flat) mineral crystals, such as micas. The foliations form
when directed pressure causes the platy (flat) mineral crystals to slide parallel to and
past one another (shear). This can happen as they recrystallize. Crystals of minerals
such as tourmaline, hornblende, and kyanite can also be foliated because their
crystalline growth occurred during metamorphism and had a preferred orientation in
relation to the directed pressure. Specific kinds of foliated textures are described
below:
v Slaty rock cleavage — a very flat foliation (resembling mineral cleavage)
developed along flat, parallel, closely spaced shear planes (microscopic faults)
in tightly folded clay- or mica-rich rocks (Fig. 16). Rocks with excellent slaty
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cleavage are called slate, which is used to make roofing shingles and classroom
blackboards.

Slaty cleavage surfaces

Clay minerals have been
changed to chlorite and
muscovite mica, which are
weakly foliated (aligned).

Edges of =
well-developed
slaty cleavage

(shear planes) along
which the rock

A. Hand samples, 1X prefers to break B. Side view, 30%

Fig. 16

v Phyllitic texture — a wavy and/or wrinkled foliation of fine-grained platy
minerals (mainly muscovite or chlorite crystals) that gives the rock a satiny or
metallic cluster. Rocks with phyllite texture are called phyllite (Fig. 17).

A. Top view, 1X

> Weakly developed

slaty cleavage ;
Y 9 Well-formed muscovite crystals

cause development of a strong
foliation along which the rock

—————==Foliation surfaces
o prefers to break.

slaty cleavage
(poorly developed
compared to slate)

B. Side view, 30x

Fig. 17
v’ Schistosity — a scaly glittery layering of visible (medium- to coarse-grained)
platy minerals (mainly micas and chlorite) and/or linear alignment of long
prismatic crystals (tourmaline, hornblende, and kyanite). Rocks with
schistosity break along scaly, glittery foliations and are called schist (Fig. 18).

Schists are a product of intermediate-to-high grades of metamorphism.
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Fig. 18

v" Gneissic banding — alternating layers or lenses of light and dark medium- to
coarse-grained minerals. Rock with gneissic banding is called gneiss (Fig. 19).
Ferromagnesian minerals usually form the dark bands. Quartz or feldspars
usually form the light bands.

Edges of foliation surfaces

Fig. 19
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Non-foliated metamorphic rocks have no obvious layering (i.e., no foliations),
although they may exhibit stretched fossils or long, prismatic crystals (tourmaline,
amphibole) that have grown parallel to the pressure field. Non-foliated metamorphic
rocks are mainly characterized by the following textures: Crystalline texture (non-
foliated) —a medium- to coarse-grained aggregate of intergrown, usually equal-sized
(equi-granular), visible crystals. Marble is a non-foliated metamorphic rock that
typically exhibits an equi-granular crystalline texture (Fig. 20).
v' Microcrystalline texture —a fine-grained aggregate of intergrown
microscopic crystals (as in a sugar cube). Hornfels is a non-foliated

metamorphic rock that has a microcrystalline texture.

»

| Enlarged 5x . =

Fig. 20

v' Sandy texture —a medium- to coarse-grained aggregate of fused, sand-sized
grains that resembles sandstone. Quartzite is a non-foliated metamorphic rock
with a sandy texture (Fig. 21) remaining from its sandstone parent rock, but the
sand grains cannot be rubbed free of the rock because they are fused together.

v' Glassy texture —a homogeneous texture with no visible grains or other
structures and breaks along glossy surfaces; said of materials that resemble

glass, such as anthracite coal.
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Photomicrograph (X 26.6)
Original sample width is 1.23 mm

Quartz sand grains

=

Fig. 21

3.12.Classification of Metamorphic Rocks
Metamorphic rocks are mainly classified according to their texture and mineralogical
composition. This information is valuable for naming the rock and determining how it
formed from a parent rock. It is also useful for inferring how the metamorphic rock

could be used as a commodity for domestic or industrial purposes.

4. Unconformities
Surfaces called unconformities represent gaps in the geologic record that formed
wherever layers were not deposited for a time or else layers were removed by erosion.
Most contacts between adjacent strata or formations are conformities, meaning that
rocks on both sides of them formed at about the same time. An unconformity is a rock
surface that represents a gap in the geologic record. It is like the place where pages are
missing from a book. An unconformity can be a buried surface where there was a pause
in sedimentation, a time between two lava flows, or a surface that was eroded before
more sediment was deposited on top of it. There are three kinds (Fig. 22). A
disconformity is an unconformity between parallel strata or lava flows. Most
disconformities are very irregular surfaces, and pieces of the underlying rock are often
included in the strata above them. An angular unconformity is an unconformity
between two sets of strata that are not parallel to one another. It forms when new
horizontal layers cover up older layers folded by mountain-building processes and

eroded down to a nearly level surface. A nonconformity is an unconformity between

32



younger sedimentary rocks and subjacent metamorphic or igneous rocks. It forms
when stratified sedimentary rocks or lava flows are deposited on eroded igneous or
metamorphic rocks.

A geologist’s initial challenge in the field is to subdivide the local sequence of
sediments and bodies of rock into mappable units that can be correlated from one site
to the next. Subdivision is based on color, texture, rock type, or other physical features
of the rocks, and the mappable units are called formations. Formations can be
subdivided into members, or even individual strata. Surfaces between any of these
kinds of units are contacts.

Relative age dating (Figs. 23-25) is the process of determining when something
formed or happened in relation to other events. For example, if you have a younger
brother and an older sister, then you could describe your relative age by saying that
you are younger than your sister and older than your brother.

Absolute age dating is the process of determining when something formed or
happened in exact units of time such as days, months, or years. Using the example

above, you could describe your absolute age just by saying how old you are in years.

Disconformity
In a succession of rock layers (sedimentary
strata or lava flows) paraliel to one another,
the disconformity surface is a gap in the
layering. The gap may be a non-depositional
surface where some layers never formed for
a while, or the gap may be an erosional
surface where some layers were removed
before younger layers covered up the surface.

Angular unconformity

An angular unconformity is an erosional
surface between two bodies of layered
sedimentary strata or lava flows that are not
parallel. The gap is because the older body
of layered rock was tilted and partly eroded
(rock was removed) before a younger body
of horizontal rock layers covered the eroded
surface.

Fig. 22

Nonconformity

A nonconformity is an erosional surface
between older igneous and/or metamorphic
rocks and younger rock layers (sedimentary
strata or lava flows). The gap is because
some of the older igneous and/or meta-
morphic rocks were partly eroded (rock was
removed) before the younger rock layers
covered the eroded surface.
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Law of cross-cutting. The body of igneous rock

H is the youngest rock unit, because it cuts across all of the others.
(When a narrow body of igneous rock cuts across strata in this way, it
is called a dike.) A is the oldest formation because it is at the bottom
of the sedimentary rock sequence that is cut by H. Folding and
erosion occurred after D was deposited, but before F was deposited. E
is an angular unconformity.

The sequence of events began with deposition of formations
A through D in alphabetical order and one atop the other. That
sequence was folded, and the top of the fold was eroded. Formation
F was deposited horizontally atop the folded sequence and the
erosional surface, which became angular unconformity E. G was
deposited atop F. Lastly, a magma intruded across all of the strata and
cooled to form basalt dike H.

Fig. 23
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Fig. 25

5. Topographic Map
A map is a flat representation of part of Earth’s surface as viewed from above and
reduced in size to fit a sheet of paper or computer screen. A plan metric map (Fig.
26) is a flat representation of Earth’s surface that shows horizontal (two-dimensional)
positions of features like streams, landmarks, roads, and political boundaries. A
topographic map shows the same horizontal information as a plan metric map but
also includes contour lines to represent elevations of hills and valleys. The contour
lines are the distinguishing features of a topographic map and make it appear three
dimensional. Thus topographic maps show the shape of the landscape in addition to
horizontal directions, distances, and a system for describing exact locations. Most
United States topographic maps are published by the U.S. Geological Survey (USGS)

and available at their US Topo website (http://store.usgs.gov). Canadian topographic

maps are produced by the Centre for Topographic Information of Natural Resources

Canada (NRCAN: http://maps.nrcan.gc.ca). State and provincial geological surveys,

and the national geological surveys of other countries, also produce and/or distribute

topographic maps.
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Fig. 26

5.1.Latitude-Longitude and Quadrangle Maps
Earth is a spherical body or globe, and specific points on the globe can be defined
exactly using a geographic coordinate system in which points are defined by the
intersection of imaginary reference lines. The most traditional geographic coordinate

system consists of reference lines of geographic latitude and longitude.

Earth’s spherical surface is divided into lines of latitude (parallels) that go around the
world parallel to the Equator, and lines of longitude (meridians) that go around the
world from pole to pole (Fig. 27). There are360 degrees (360°) around the entire Earth,
so the distance from the Equator to a pole (one-fourth of the way around Earth) is 90°
of latitude. The Equator is assigned value of zero degrees (0°) latitude, the North Pole
1S90 degrees north latitude (90°N), and the South Pole is 90 degrees south latitude
(90°S). The prime meridian is zero degrees of longitude and runs from pole to pole
through Greenwich, England. Locations in Earth’s Eastern Hemisphere are located in
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degrees east of the prime meridian, and points in the Western Hemisphere are located
in degrees west of the prime meridian. Therefore, any point on Earth (or a map) can
be located by its latitude-longitude coordinates. The latitude coordinate of the point is
its position in degrees north or south of the Equator. The longitude coordinate of the
point is its position in degrees east or west of the prime meridian. For example, point
A'in Fig. 27 is located at coordinates of: 20° north latitude, 120° west longitude. For
greater detail, each degree of latitude and longitude can also be subdivided into 60

minutes 60’, and each minute can be divided into 60 seconds (60").

Quadrangle Maps. Most depict rectangular sections of Earth’s surface, called
quadrangles. A quadrangle is a relatively rectangular area of Earth’s surface, bounded
bylines of latitude at the top (north) and bottom (south) and by lines of longitude on
the left (west) and right (east) (Fig. 27). A quadrangle map is the map of a quadrangle.
Quadrangle maps are published in many different sizes but the most common USGS
sizes are 15-minute and7.5-minute quadrangle maps. The numbers refer to the amount
of area that the maps depict, in degrees of latitude and longitude. A 15-minute
topographic map represents an area that measures 15 minutes of latitude by15 minutes
of longitude. A 7.5-minute topographic map represents an area that measures 7.5
minutes of latitude by 7.5 minutes of longitude. Therefore, four 7.5-minutequadrangle
maps comprise one 15-minutequadrangle map. Notice its name (Ritter Ridge, CA) and
size (7.5 Minute Series, SW 1/4 of the Lancaster 15 Quadrangle) in the upper right
and lower right corners of the map, respectively. Also notice that the map has colors,
patterns, and symbols that are used to depict water bodies, vegetation, roads, buildings,
political boundaries, place names, and other natural and cultural features of the
landscape. The lower right corner of the map indicates that the map was originally
published in 1958, but it was photo revised in 1974. Photo revised means that aerial
photographs (from airplanes) were used to discover changes on the landscape, and the
changes are overprinted on the maps in a standout color like purple, red, or gray. The
main new features shown on this 1974photorevised map are the California Aqueduct
(that carries water south, from the Sierra Nevada Mountains to the southern California

desert) and several major highways.
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5.2.Map Scales
Maps are representations of an area of Earth’s surface. The real sizes of everything on
a map have been reduced so they fit a sheet of paper or computer screen. So maps are
scale models. To understand how the real world is depicted by the map, you must refer
to the map scales. Topographic maps commonly have any or all of the following kinds
of scales.

The most obvious scales on topographic maps are the bar scales (graphic scales)
printed in their lower margins. Bar scales are rulers for measuring distances on the
map. Ratio scales are commonly expressed above the bar scales in the bottom margins
of topographic maps and express the ratio of a linear dimension on the map to the
actual dimension of the same feature on the ground (in real life). For example, the ratio
scale of the map is written as “SCALE 1:24,000.” This indicates that any unit (inch,
centimeter, foot, etc.) on the map is actually 24,000 of the same units (inches,
centimeters, and feet) on the ground. So 1 cm on the map represents 24,000 cm on the
ground, or your thumb width on the map represents 24,000 thumb widths on the
ground. The ratio scale can also be interpreted as a fractional scale, which indicates
how much smaller something is than its actual size on the ground. A map ratio scale
of 1:24,000 equals a fractional scale of 1/24,000. This means that everything on the

map is 1/24,000 of its actual size on the ground.

5.3.Declination and Compass Bearings

Because longitude lines form the left and right boundaries of a topographic map, north
is always at the top of the quadrangle. This is called grid north (GN) and is usually
very close to the same direction as true north on the actual Earth. Unfortunately,
magnetic compasses are not attracted to grid north or true north (the geographic North
Pole). Instead, they are attracted to the magnetic north pole (MN), currently located
northwest of Hudson Bay in Northern Canada, about 700 km (450 mi)from the true
North Pole.
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The trident-shaped symbol on the bottom margin of topographic maps shows the
declination (difference in degrees) between compass north (MN) and true north
(usually a star symbol). Also shown is the declination between true north (star symbol)
and grid north (GN). The magnetic pole migrates very slowly, so the declination is
exact only for the year listed on the map. You can obtain the most recent magnetic data
for your location from the NOAA National Geophysical Data Center

(http://www.ngdc.noaa.gov/geomaqg-web/#declination).

A bearing is the compass direction along a line from one point to another. If expressed
in degrees east or west of true north or south, it is called a quadrant bearing. Or it may
be expressed in degrees between 0 and 360, called an azimuth bearing, where north is
0° (or 360°), east is 90°,south is 180°, and west is 270°. Linear geologic features
(faults, fractures, and dikes), lines of sight and travel, and linear property boundaries
are all defined on the basis of their bearings. But because a compass points to Earth’s
magnetic north (MN) pole rather than the true North Pole, one must correct for this
difference. If the MN arrow is to the east of true north (star symbol), then subtract the
degrees of declination from your compass reading (imagine that you are rotating your
compass counter-clockwise to compensate for declination). If the MN arrow is to the
west of true north, then add the degrees of declination to your compass reading
(imagine that you rotated your compass clockwise).These adjustments will mean that
your compass readings are synchronized with the map (so long as you used the latest
declination values obtained from NOAA).

Some compasses allow you to rotate their basal ring graduated in degrees to correct
for the magnetic declination. If the MN arrow is 5° east (right) of true north, then you
would rotate the graduated ring 5° east (clockwise, to subtract 5° from the reading). If
the MN arrow is 5° west (left) of true north, then you would rotate the graduated ring

5° west (counter-clockwise, to add 5° to the reading).

To determine a compass bearing on a topographic map, follow the directions in (Fig.
28). Then imagine that you are buying a property for your dream home. The boundary
of the property is marked by four metal rods driven into the ground, one at each corner
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of the property. The location of these rods is shown on the map in Fig. 28 (left side) as
points A, B, C, and D. The property deed notes the distances between the points and
bearings between the points. This defines the shape of the property. Notice that the
northwest edge of your property lies between two metal rods located at points A and
B. You can measure the distance between the points using a tape measure. How can
you measure the bearing? First, draw a line (very lightly in pencil so that it can be
erased) through the two points, A and B. Make sure the line also intersects an edge of
the map. In both parts of Fig. 28, a line was drawn through points A and B so that it
also intersects the east edge of the map. Next, orient a protractor so that its 0° and 180°
marks are on the edge of the map, with the 0° end toward geographic north. Place the
origin of the protractor at the point where your line-B intersects the edge of the map.
You can now read a bearing of 43° east of north. We express this as a quadrant bearing
of “North 43° East” (written N43°E) or as an azimuth bearing of 43°. If you were to
determine the opposite bearing, from B to A then the bearing would be pointing
southwest and would be read as “South 43°, and West,” or as an azimuth of 223°.
Remember that a compass points to Earth’s magnetic north pole (MN) rather than true
north or grid north (GN). When comparing the bearing read directly from the map to
a bearing read from a compass, you must adjust your compass reading to match true
north or grid north (GN) of the map, as described above. You also can use a compass
to read bearings, as shown in Fig. 28 (right). Ignore the compass needle and use the
compass as if it were a circular protractor. Some compasses are graduated in degrees,
from 0-360, in which case you read an azimuth bearing from 0-360°.Square azimuth
protractors for this purpose are provided in Geo-Tools Sheets 3 and 4 at the back of

this manual.
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5.4.Reading Elevations
If a point on the map lies on an index contour, you simply read its elevation from that
line. If the point lies on an unnumbered contour line, then its elevation can be
determined by counting up or down from the nearest index contour. For example, if
the nearest index contour is 300 m., and your point of interest is on the fourth contour
line above it, and the contour interval is 20 m., then you simply count up by 20s from
the index contour: 320, 340, 360, and 380. The point is 380 m. above sea level. If a
point lies between two contour lines, then you must estimate its elevation by
interpolation. For example, on a map with a 20-m contour interval, a point might lie
between the 340 and 360 m contours, so you know it is between 340 and 360 m. above
sea level. If a point lies between a contour line and the margin of the map, then you

must estimate its elevation by extrapolation ( ).

5.5.Depressions
shows how to read topographic contour lines in and adjacent to a depression.
Hachure marks (short line segments pointing downhill) on some of the contour lines
in these maps indicate the presence of a closed depression (a depression from which
water cannot drain). At the top of a hill, contour lines repeat on opposite sides of the
rim of the depression. On the side of a hill, the contour lines repeat only on the downhill

side of the depression.
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Top of hill Side of hill

Fig. 29

5.6.Ridges and Valleys
Fig. 30 shows how topographic contour lines represent linear ridge crests and valley
bottoms. Ridges and valleys are roughly symmetrical, so individual contour lines
repeat on each side. To visualize this, picture yourself walking along an imaginary trail
across the ridge or valley (dashed lines in Fig. 30). Every time you walk up the side of
a hill or valley, you cross contour lines. Then, when you walk down the other side of
the hill or valley, you re-cross contour lines of the same elevations as those crossed

walking uphill.
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6. Geologic Maps and Block Diagrams
Geologic maps are flat (two-dimensional, like a sheet of paper or computer display)
models of Earth’s surface, viewed from directly above, that use different colors and
symbols to represent the locations of formations (Fig. 31). You can search for U.S.
geologic maps and formation descriptions with the National Geologic Map Database
and Geologic Names Lexicon (http://ngmdb.usgs.gov). This site also has links to state

geologic maps.

The widths of formations vary in outcrops and on maps because of variations in
formation thickness, angle of tilting, and the angle of the land surface at which they
crop out. To visualize this, geologist’s use block diagrams. A block diagram is an
oblique sketch of a block of Earth’s lithosphere, like a block of cake cut from a sheet
cake and viewed from one corner, just above the level of the table on which the cake
is sitting. It has a geologic map on top and a geologic cross section on each of its visible
sides. Notice how the block diagram in Fig. 31 gives you a three-dimensional

perspective of how the formations are oriented.

Formation contacts
GEOLOGIC MAP:

a 2-dimensional model
of formations (colors)
and formation
contacts.

Subparallel vertical
fractures (joints)

Blue Fm Red Fm Yellow Fm

| i Bedding
I ! Plane -—
| contact
I i
| 2
| | N FORMATION —|
] ! 1\0 CONTACT
I | go
I | 95
I I
| , ﬂ05
; ' { ( Bedding

ws Plane

contacts
SOUTH CROSS SECTION \
OUTCROP:
BLOCK DIAGRAM: a place where bedrock crops out (sticks out of the
a 3-dimensional oblique sketch of a block (outlined in ground). This outcrop is a roadcut (a vertical cliff
red) with a geologic map on top and geologic cross made when people cut through bedrock to make
sections (vertical) on its two visible sides. room for a highway).
Fig. 31
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Attitude is the orientation of a rock unit, surface (contact), or line relative to horizontal

and/or a compass direction. Geologists have devised a system of strike and-dip for

measuring and describing the attitude of tilted rock layers or surfaces, so they can

visualize how they have been deformed from their original horizontality (Fig. 32).

STRIKE AND DIP ON MAPS AND IMAGES OF LANDSCAPES
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Flatiron-a triangular ridge of steeply dipping resistant rock
between two V-shaped notches (cut by streams) and resem-
bling the flat pointed end of a clothing iron or a triangular roof
(above). A jagged ridge of flatirons is parallel to strike, and the
flatiron surfaces are dip slopes.

Hogback-a sharp-crested ridge of resistant rock that slopes

equally on both sides, so it resembles the back of a razorback
hog. The ridge crest is parallel to strike and dip is > 30°.

Cuesta-a ridge or hill of resistant rock with a short steep
slope on one side (scarp) and a long gentle dip slope on the
other side. The ridge is parallel to strike and the long gentle
slope is a dip slope. Dip is < 30°.

RULE OF Vs FOR FINDING DIP DIRECTION

i

Stream

90° dip
vertical

Vertical strata: No V-shapes
in the rock layers or contacts
can be seen on orthoimages
and maps.

Tilted strata: Streams cut V-shapes into the rock
layers and contacts that point in the direction of dip
(except in rare cases when the slope of the stream
bed is greater than the dip of the strata).

Fig. 32

\/Dl

slope ut

0° dip, horizontal
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into the rock layers and contacts that point
upstream and form a characteristic dendritic
drainage (streams branching like a plant).
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Strike and dip are usually measured directly from an outcrop using a compass and
clinometer (device for measuring the angle of inclined surfaces). However, they can
be measured or estimated by the shapes of landforms observed from a distance or on

aerial photographs, ortho-images, and satellite images (Fig. 33).
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block diagram in Figure 10.2. towards the water,

perpendicular to strike.
Fig. 33

Strike is the compass bearing (line of direction or trend) of a line formed by the
intersection of a horizontal plane, such as the surface of a lake, and an inclined surface
(contact) or rock layer such as a bed, stratum, or formation (Fig. 32).When the strike
is expressed in degrees east or west of true north or true south, it is called a quadrant
bearing. However, it is more common to express strike as a three-digit azimuth bearing
in degrees between 000 and 360. In azimuth form, north is 000° (or 360°), east is 090°,
south is 180°, and west is 270°. Because the azimuth data represents directions with a
number, instead of letters and numbers, it is easier to enter it into spreadsheets for

numerical analysis. Strike is usually expressed relative to north (Fig. 33).
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Dip is the angle between a horizontal plane and an inclined (tilted) surface, measured
perpendicular to strike. The surface may be a formation contact, bedding plane contact,
fault, or fracture. As you can see in a thin stream of water poured onto an
inclined surface always runs downhill along the dip direction, which is always
perpendicular to the line of strike. The inclination of the water line, compared to a
horizontal plane, is the dip angle. Dip is always expressed in terms of its dip angle and
dip direction. The dip angle is always expressed in degrees of angle from 0 (horizontal)
to 90(vertical). The dip direction can be expressed as a three-digit azimuth direction

or as a quadrant direction.

A strike-and-dip symbol consists of a long line showing the orientation of strike, plus
a short line for the direction of dip. Note that the dip direction is always perpendicular
to strike and points down dip —the direction that drops of water would flow or a ball
would roll. Accompanying numerals indicate the dip angle in degrees. See for
examples of how to read and express strike and dip in quadrant or azimuth form. Also

note that special symbols are used for horizontal strata (rock layers) and vertical strata
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Strike and dip of strata Strike and dip of a O and D for down to indicate
5 normal fault <Q relative movement
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7. Fractures and Faults

Brittle deformation is said to occur when rocks fracture (crack) or fault (slide in
opposite directions along a crack in the rock). Motion and scraping of brittle rocks
along the fault surfaces causes development of slickensides, polished surfaces with
lineation and step-like linear ridges that indicate the direction of movement along the
fault ( . If you gently rub the palm of your handback and forth along the
slickensides, then one direction will seem smoother (down the step like ridges) than
the other. That is the relative direction of the side of the fault represented by your hand.
Faults form when brittle rocks experience one of these three kinds of directed pressure
(stress): tension (pulling apart or lengthening), compression (pushing together,
compacting, and shortening), or shear (smearing or tearing). The three kinds of stress
produce three different kinds of faults: normal, reverse/thrust, and strike-slip (

Normal and reverse/thrust faults both involve vertical motions of rocks. These faults
are named by noting the sense of motion of the top surface of the fault (top block)
relative to the bottom surface (bottom block), regardless of which one actually has
moved. The top surface of the fault is called the hanging wall and is the base of the
hanging wall (top) block of rock. The bottom surface of the fault is called the footwall
and forms the top of the footwall block. Whenever you see a fault in a vertical cross
section, just imagine yourself walking on the fault surface. The surface that your feet

would touch is the footwall.

Normal faults are caused by tension (rock lengthening).As tensional stress pulls the
rocks apart, gravity pulls down the hanging wall block. Therefore, normal faulting gets
its name because it is a normal response to gravity. You can recognize normal faults
by recognizing the motion of the hanging wall block relative to the footwall block.
First, imagine that the footwall block is stable (has not moved).If the hanging wall
block has moved downward in relation to the footwall block, then the fault is a normal
fault.

Reverse faults are caused by compression (rock shortening). As compressional stress
pushes the rocks together, one block of rock gets pushed atop another. You can
recognize reverse faults by recognizing the motion of the hanging wall block relative

to the footwall block. First, imagine that the footwall block is stable (has not moved).If
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the hanging wall block has moved upward in relation to the footwall block, then the
fault is a reverse fault. Thrust faults are reverse faults that develop at a very low angle
and may be very difficult to recognize ( . Reverse faults and thrust faults

generally place older strata on top of younger strata.

Strike—slip faults (lateral faults) are caused by shear and involve horizontal motions
of rocks ( . If you stand on one side of a strike—slip fault and look across it, then
the rocks on the opposite side of the fault will appear to have slipped to the right or
left. Along a right-lateral (strike—slip) fault, the rocks on the opposite side of the fault
appear to have moved to the right. Along a left-lateral (strike—slip) fault, the rocks on
the opposite side of the fault appear to have moved to the left.

8. Folded Structures
Folds are upward, downward, or sideways bends of rock layers. Synclines are “down
folds” or “concave folds,” with the youngest rocks in the middle ( . Anticlines
are “up folds” or “convex folds” with the oldest rocks in the middle. In a fold, each
stratum (rock layer) is bent around an imaginary axis, like the crease in a piece of
folded paper. This is the fold axis (or hinge line). For all strata in a fold, the fold axes
lie within the axial plane of the fold. The axial plane divides the fold into two limbs.
For symmetric anticlines and synclines, the fold axis is vertical, but most anticlines
and synclines are asymmetric. The axial plane of asymmetric folds is leaning to one
side or the other, so one limb is steeper and shorter than the other. The fold axis may
not be horizontal, but rather it may plunge into the ground. This is called a plunging
fold. Plunge is the angle between the fold axis and horizontal. The trend of the plunge
is the bearing (compass direction), measured in the direction that the axis is inclined
downward. You can also think of the trend of a plunging fold as the direction a marble
would roll if it were rolled down the plunging axis of the fold. If a fold is tilted so that
one limb is upside down, then the entire fold is called an overturned fold. Monoclines
have two axial planes that separate two nearly horizontal limbs from a single, more
steeply inclined limb. Domes and basins are large, somewhat circular structures
formed when strata are warped upward, like an upside-down bowl (dome) or
downward, like a bowl (basin). Strata are oldest at the center of a dome, and youngest

at the center of a basin (
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FAULTED GEOLOGIC STRUCTURES (Brittle Deformation)
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Faults (brittle deformation). Three classes of faults result from three kinds of directed pressure (stress: tension,
compression, shear) applied to brittle rocks.

Fig. 35
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Appendix A (54)

Measurement Units

People in different parts of the world have historically used different systems of measurement. For example, people in the United
States have historically used the English system of measurement based on units such as inches, feet, miles, acres, pounds, gallons,
and degrees Fahrenheit. However, for more than a century, most other nations of the world have used the metric system of meas-
urement. In 1975, the U.S. Congress recognized that global communication, science, technology, and commerce were aided by
use of a common system of measurement, and they made the metric system the official measurement system of the United States.
This conversion is not yet complete, so most Americans currently use both English and metric systems of measurement.

The International System (Sl)

The International System of Units (SI) is a modern version of the metric system adopted by most nations of the world,
including the United States. Each kind of metric unit can be divided or multiplied by 10 and its powers to form the smaller
or larger units of the metric system. Therefore, the metric system is also known as a “base-10” or “decimal” system. The
International System of Units (SI) is the official system of symbols, numbers, base-10 numerals, powers of 10, and prefixes in
the modern metric system.

SYMBOL NUMBER NUMERAL POWER OF 10 PREFIX

T one trillion 1,000,000,000,000 1012 tera-

G one billion 1,000,000,000 10° giga-

M one million 1,000,000 106 mega-

k one thousand 1000 103 kilo-

h one hundred 100 102 hecto-

da ten 10 10! deka-

one 1 10°

d one-tenth 0.1 107! deci-

c one-hundredth 0.01 102 centi-

m one-thousandth ~ 0.001 1073 milli-

Y/ one-millionth 0.000001 10°¢ micro-

n one-billionth 0.000000001 1077 nano-

p one-trillionth 0.000000000001 10712 pico-

Examples

1 meter (1 m) = 0.001 kilometers (0.001 km), 10 decimeters (10 dm), 100 centimeters (100 cm), or 1000 millimeters
(1000 mm)

1 kilometer (1 km) = 1000 meters (1000 m)

1 micrometer (1xm) = 0.000,001 meter (000001 m) or 0.001 millimeters (0.001 mm)
1 kilogram (kg) = 1000 grams (1000 g)

1 gram (1 g) = 0.001 kilograms (0.001 kg)

1 metric ton (1 t) = 1000 kilograms (1000 kg)

1 liter (1 L) = 1000 milliliters (1000 mL)

1 milliliter (1 mL or 1 ml) = 0.001 liter (0.001 L)

Abbreviations for Measures of Time

A number of abbreviations are used in the geological literature to refer to time. Abbreviations for “years old” or “years ago” generally
« »

use SI prefixes and “a” (Latin for year). Abbreviations for intervals or durations of time generally combine SI symbols with “y” or “yr
(years). For example, the boundaries of the Paleozoic Erathem are 542 Ma and 251 Ma, so the Paleozoic Era lasted 291 m.y.

ka = kiloannum—thousand years old, ago, or before present
Ma = megannum—million years old, ago, or before present
Ga = gigannum—-billion years old, ago, or before present
yr (ory) = year or years

Kyr or k.a. = thousand years

Myr or m.y. = million years

Gyr (or Byr or b.y) = gigayear—billion years
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Mathematical Conversions

To convert: To: Multiply by:
kilometers (km) meters (m) 1000 m/km LENGTHS AND DISTANCES

centimeters (cm) 100,000 cm/km

miles (mi) 0.6214 mi/km

feet (ft) 3280.83 ft/km
meters (m) centimeters (cm) 100 cm/m

millimeters (mm) 1000 mm/m

feet (ft) 3.2808 ft/m

yards (yd) 1.0936 yd/m

inches (in.) 39.37 in./m

kilometers (km) 0.001 km/m

miles (mi) 0.0006214 mi/m
centimeters (cm) meters (m) 0.01 m/cm

millimeters (mm) 10 mm/cm

feet (ft) 0.0328 ft/cm

inches (in.) 0.3937 in./cm

micrometers (pm)* 10,000 pm/cm
millimeters (mm) meters (m) 0.001 m/mm

centimeters (cm) 0.1 cm/mm

inches (in.) 0.03937 in./mm

micrometers (pm)* 1000 pm/mm

nanometers (nm) 1,000,000 nm/mm
micrometers (um)* millimeters (mm) 0.001 mm/pm
nanometers (nm) millimeters (mm) 0.000001 mm/nm
miles (mi) kilometers (km) 1.609 km/mi

feet (ft) 5280 ft/mi

meters (m) 1609.34 m/mi
feet (ft) centimeters (cm) 30.48 cm/ft

meters (m) 0.3048 m/ft

inches (in.) 12 in./ft

miles (mi) 0.000189 mi/ft
inches (in.) centimeters (cm) 2.54 cm/in.

millimeters (mm) 25.4 mm/in.

micrometers (pm)* 25,400 pm/in.
square miles (mi2) acres (a) 640 acres/mi? AREAS

square km (km?) 2.589988 km?/m
square km (km2) square miles (mi?) 0.3861 mi*/km?
acres square miles (mi?) 0.001563 mi?/acr

square km (km?) 0.00405 km?/acr
gallons (gal) liters (L) 3.78 L/gal VOLUMES
fluid ounces (0z) milliliters (mL) 30 mL/fluid oz
milliliters (mL) liters (L) 0.001 L/mL

cubic centimeters (cm?) 1.000 cm?/mL
liters (L) milliliters (mL) 1000 mL/L

cubic centimeters (cm?) 1000 cm?/mL

gallons (gal) 0.2646 gal/L

quarts (qt) 1.0582 qt/L

pints (pt) 2.1164 pt/L
grams (g) kilograms (kg) 0.001 kg/g WEIGHTS AND MASSES

pounds avdp. (Ib) 0.002205 Ib/g
ounces avdp (o0z) grams (g) 28.35 gloz
ounces troy (ozt) grams (g) 31.10 g/ozt
pounds avdp. (Ib) kilograms (kg) 0.4536 kg/lb
kilograms (kg) pounds avdp. (Ib) 2.2046 Ib/kg

To convert from degrees Fahrenheit (°F) to degrees Celsius (°C), subtract 32 degrees and then divide by 1.8 To convert from degrees
Celsius (°C) to degrees Fahrenheit (°F), multiply by 1.8 and then add 32 degrees.

*Formerly called microns ()
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LABORATORY EQUIPMENT

Crucible tongs

Acid
bottle Pocket knife

with steel blade -

Dropper

Wash
bottle

Geologist’s
pointed tip pick

1414 1 T 1 1 ol 4! ol sl fal ds! 46! 47! da! do! do! 4! do! ds! da' ds' ds' 47! ds! do' do!
O Y YO O O U O R T I T T
Ruler

Geologist’s
chisel tip pick

Streak
plate Pocket
stereoscope
\ /
1%\ \gg\ s‘xo | 1%%/”0

' Drafting
compass

Cleavage

Graduated goniometer

cylinder

Beaker

electronic balance

b

Triple beam (platform) balance
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RULES FOR CONTOUR LINES

1. Every point on a contour line is of the exact same elevation;
that is, contour lines connect points of equal elevation. The
contour lines are constructed by surveying the elevation of
points, then connecting points of equal elevation.

120 o122 ® 127
o
120 120 120

1100 o
115 * ol

2. Interpolation is used to estimate the elevation of a point B
located in line between points A and C of known elevation.
To estimate the elevation of point B:

A B C
100 ? 300
Interpolate B =200 Interpolate
from 100 from 300
halfway to 300 halfway to 100

3. Extrapolation is used to estimate the elevations of a point C
located in line beyond points A and B of known elevation.

To estimate the elevation of point C, use the distance between

A and B as a ruler or graphic bar scale to estimate in line to

elevation C.
A B (o]
100 400 ?
e — — —0o— — —0o— — —o .

Imagine graphic bar scale
between A and B. Extend e———e
scale in line to estimate C. C =500

4. Contour lines always separate points of higher elevation
(uphill) from points of lower elevation (downhill). You must
determine which direction on the map is higher and which
is lower, relative to the contour line in question, by
checking adjacent elevations.

5. Contour lines always close to form an irregular circle. But
sometimes part of a contour line extends beyond the
mapped area so that you cannot see the entire circle
formed.

6. The elevation between any two adjacent contour lines of
different elevation on a topographic map is the contour
interval. Often every fifth contour line is heavier so that
you can count by five times the contour interval. These
heavier contour lines are known as index contours,
because they generally have elevations printed on them.

7. Contour lines never cross each other except for one rare
case: where an overhanging cliff is present. In such a case,
the hidden contours are dashed.

Overhanging
Dashed ———— .-~ — — dlif
contour

8. Contour lines can merge to form a single contour line only
where there is a vertical cliff or wall.

Vertical cliff

9. Evenly spaced contour lines of different elevation represent
a uniform slope.

10. The closer the contour lines are to each other the steeper
the slope. In other words, the steeper the slope the closer
the contour lines.

Steep Less steep

11. A concentric series of closed contours represents a hill:

12. Depression contours have hachure marks on the downhill
side and represent a closed depression:

13. Contour lines form a V pattern when crossing streams.
The apex of the V always points upstream (uphill):

Uphill

downstream

Apexlip) = (downhill)

of the V

14. Contour lines that occur on opposite sides of a valley
or ridge always occur in pairs. See Figure 9.13.

Rules for constructing and interpreting contour lines on topographic maps.

Relief and Gradient (Slope)

Recall that relief is the difference in elevation between land-
forms, specific points, or other features on a landscape or
map. Regional relief (total relief) is the difference in elevation
between the highest and lowest points on a topographic map.
The highest point is the top of the highest hill or mountain;
the lowest point is generally where the major stream of the
area leaves the map, or a coastline. Gradient is a measure of
the steepness of a slope. One way to determine and express
the gradient of a slope is by measuring its steepness as an
angle of ascent or descent (expressed in degrees). On a topo-

graphic map, gradient is usually determined by dividing the
relief (rise or fall) between two points on the map by the dis-
tance (run) between them (expressed as a fraction in feet per
mile or meters per kilometer). For example, if points A and B
on a map have elevations of 200 m and 300 m, and the points
are located 2 km apart, then:

relief (amount of rise or fall between A and B)

dient
gradien distance between A and B

100 m

2 km
=50 m/km
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A. PERSPECTIVE VIEW OF LANDSCAPE
— 200
Tﬂr'iﬁsa-&;‘-—i i Q ) fi*q,

\/ 0 f ki
L |

Contour interval 20 meter

/ /\ B. TOPOGRAPHIC MAP

Names of landscape features observed on topographic maps.

Note perspective view (A) and topographic map (B) features: valley (low-lying land bordered by higher ground), hill
(rounded elevation of land; mound), ridge (linear or elongate elevation or crest of land), spur (short ridge or branch
of a main ridge), saddle (low pointin a ridge or line of hills; it resembles a horse saddle), closed depression (low
point/area in a landscape from which surface water cannot drain; contour lines with hachure marks), steep slope
(closely spaced contour lines), gentle slope (widely spaced contour lines), vertical cliff (merged contour lines),
overhanging cliff (dashed contour line that crosses a solid one; the dashed line indicates what is under the
overhanging cliff ).
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Names of landscape features observed on topographic maps.         
Note perspective view  (A)  and topographic map  (B) features:  valley  (low-lying land bordered by higher ground),  hill  
(rounded elevation of land; mound),  ridge  (linear or  elongate elevation or crest of land),  spur  (short ridge or branch 
of a main ridge),  saddle  (low point in a ridge or line of  hills; it resembles a horse saddle),  closed depression  (low 
point/area in a landscape from which surface water cannot  drain; contour lines with hachure marks),  steep slope  
(closely spaced contour lines),  gentle slope  (widely spaced  contour lines),  vertical cliff  (merged contour lines),  
overhanging cliff  (dashed contour line that crosses a solid one; the dashed line indicates what is under the 
overhanging cliff ).   
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Step 1

— 1:24,000

220 - -
Topographic Profile A-A"

200 i
= 180 —
9) / ‘
< 160 —— ‘ ;
[} | | |
< 140 ;

Kl Stream ! ! ! !
@ 100 — — ; 3 ; ;
80 i N s ‘ : ‘ ‘
AY CON—T ! : !
60— o i — ‘ i ‘ ‘

T e e e e — :

U TT | [T T c') T [ [ | |
A 3 88: ® 82 ¢ 8 2 A

g

&

Paper strip with elevations noted beside tick marks.

Topographic profile construction and vertical exaggeration.
Shown are a topographic map (Step1), topographic profile constructed along line

e ——

Step 4 Vertical Exaggeration

On most topographic profiles, the
vertical scale is exaggerated
(stretched) to make landscape
features more obvious. One must
calculate how much the vertical
scale (V) has been exaggerated in
comparison to the horizontal scale

(H).

The horizontal scale is the map’s
scale. This map has an H ratio
scale of 1:24,000, which means
that 1 inch on the map equals
24,000 inches of real elevation. It is
the same as an H fractional scale
of 1/24,000.

On the vertical scale of this
topographic profile, one inch
equals 120 feet or 1440 inches
(120 feet x 12 inches/foot). Since
one inch on the vertical scale
equals 1440 inches of real
elevation, the topographic profile
has a V ratio scale of 1:1440 and a
V fractional scale of 1/1440.

The vertical exaggeration of this
topographic profile is calculated by
either method below:

Method 1: Divide the horizontal
ratio scale by the vertical ratio
scale.

H ratio

scale _ 1:24,000 _ 24,000 _
Vratio = 1:1440 — 1440 - 167X
scale

Method 2: Divide the vertical
fractional scale by the horizontal
fractional scale.

Vv
fractional

scale _ 1/1440 _ 24,000 _

H  ~1/24,000 - 1440 — 167X
fractional

scale

A-A’ (Steps 2 and 3), and calculation of vertical exaggeration (Step 4). Step 1—Select two points (A, A’), and
the line between them (line A-A’), along which you want to construct a topographic profile. Step 2—To construct the profile, the edge of a
strip of paper was placed along line A-A’ on the topographic map. A tick mark was then placed on the edge of the paper at each point where
a contour line and stream intersected the edge of the paper. The elevation represented by each contour line was noted on its corresponding
tick mark. Step 3—The edge of the strip of paper (with tick marks and elevations) was placed along the bottom line of a piece of lined paper,
and the lined paper was graduated for elevations (along its right margin). A black dot was placed on the profile above each tick mark at the
elevation noted on the tick mark. The black dots were then connected with a smooth line to complete the topographic profile. Step 4—Vertical
exaggeration of the profile was calculated using either of two methods. Thus, the vertical dimension of this profile is exaggerated (stretched) to

16.7 times greater than it actually appears in nature compared to the horizontal/map dimension.
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Name:

A. Use interpolation and extrapolation to estimate and label
elevations of all points below that are not labeled
Then add contour lines using a contour interval
of 100 feet. Notice how the 0-meter and 100-meter contour
lines have already been drawn.

Topographic Map Construction

Course/Section:

250
°

500
© 600
©600 ° °
©500 .
BM>?75 0600 .
©500 ~

: 300

®500 \‘ °

® 600 ° \\

B. Contour the elevations on the map below using a contour
interval of 10 meter.

112 100 78 90 106
° ° o [E ° °
]
o
7
115 103 84 110 111
° ° . ° °
122 110 98 107 116
° ° . ° °
125 118 110 113 123
° ° . ° °

Appendix B (61)

Date:

C. Using a contour interval of 10 meter, label the elevation
of every contour line on the map below.

Ocean

W
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Relief and Gradient (Slope) Analysis

Analyze the topographic map below.

1. The contour lines on this map are labeled in meters.
What is the contour interval of this map in meters?

2. What is the regional (total) relief of the land represented in this map in meters?

3. What is the gradient (steepness of slope) from Y to X? Show your work.

4. Apply your thinking from A4. Imagine that you need to drive a truck from point A to point B in this mapped area and

that your truck cannot travel up any slopes having a gradient over 20 m/km. Trace a route that you could drive to get from
point A to point B (More than one solution is possible).

X

%00

m
o
w
=
3

/-200\

Elevations are in meters.
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Topographic Profile Construction

A Construct a topographic profile for A-A? on the graph paper provided.

I
AT

1:24,000 Contour interval 20 meter

B. What is the vertical exaggeration of the topographic profile
that you constructed above? Show your work.
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