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Preface

Active tectonics (also called tectonic geomorphology) is the study ol the
dynamic Earth—the processes that occur, how those processes shape the
landscape, and how those processes impact human society. In recent years,
tectonic geomorphology increasingly has become one of the principal tools in
a variely of applications including identification of active tectonic features,
seismic hazard mapping, and understanding the development of the Earth’s
fandscapes. Tectonic geomorphology has proven o be usciul in these applica-
tions because landlorms are created and preserved over time intervals ideal
for recording the particular details of tectonic activity.

This book requires only basic knowledge of geologic principles. It is appro-
priate for upper division undergraduate students, graduate students, and others
who work in the ficlds of geology, geomorphology, and earthquake studies. In
universities, this book is appropriate for classes in tectonic geomorphology, nat-
ural hazards, and geomorphology. We also have designed the text to be highly
applied, so that it will serve city planners, seismic engineers, and olher non-
geologists.

The lield of active tectonics is evolving very rapidly. At the cutling edge of
the [ield, spacc-based positioning and high-precision geodesy are bringing a
whole new class of inlormation to studies of the dynamic Earth. Advances in 1op-
ics such as buried reverse laulting, river dynamics, climate change, and isoslasy
continue to refine and redefine our understanding of tectonic and geomorphic
processes. We hope the readers of this book will [ind it to be an up-to-date source
ol inlormation, as well as a solid loundation lor understanding [urure advances in
the field of active tectonics.
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ACTIVE TECTONICS

In the geological sciences, the term “Leclonics” refers to the processes, structures
and landforms associaicd with deformation of the Earth’s crust. In a broader
sense, it refers to the cvolution of these structures and landforms over time. On a
global scale, we are concerned with the origin of continents and ocean basins,
which are the largest landforms produced by Lectonics on Earth. Al the regional
scale, we are interested in structures that produce mountain chains. At the local
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Chapter 1

scale, we often study features such as small [olds, which may form elongated low
hills, or faulting, which may result in ground rupwre and the production of rela-
tively small (a few tens to thousands of meters long by less than 1 m to about 8 m
high), steep slopes known as fault scarps.

The time scales of tectonics depend on the spatial scale at which the pro-
cesses act. For example, it takes billions of years for continents to develop; hun-
dreds of millions of years [or large ocean basins; scveral million years for small
mountain ranges; several hundred thousand ycars for small folds to produce hills;
and fault scarps may be produced almost instantaneously during earthquakes.

Rates of tectonic process are also extremely variable.

= Fault ruptures during earthquakes may propagate as [ast as several kilo-
meters per sccond. For example, during the 1983 Borah Peak earth-
quake in Idaho, eyewitnesses reported that a faull scarp approximately
1 m in height lormed in less than 1 sec [1].

= When teclonic processes are averaged over a period of years, rales gener-
ally range from {ractions of millimeters to several millimeters per year for
fault displacement to several centimeters per year for processes that
move continents and form ocean basins al locations where new oceanic
crusl is being produced, where old oceanic crust is being consumed, or
where plates are colliding.

The term “active Lectonics” relers to those teclonic processes that produce defor-
mation of the Earth’s crust on a time scale of significance to human society [1]. As
such, we are mosl interested in processes likely to cause disruption of sociely
within a period of several decades 10 several hundred years—the time period for
which we plan the lifetimes of buildings and important facilities such as dams and
power plants, However, in order to study and predict tectonic events over this
time period, we must study these processes over a much longer time scale—at
least several thousand years 1o several tens of thousands of years—because earth-
quakes on particular faulls may have long return periods {time between evenis).
Depending on when the most recent event occurred, faults may produce earth-
quakes in the next several decades or the next several thousand years.

Another viewpoint is that the time frame necessary to study aclive tectonics
is more like several millions of years [2]. The argument is that present or contem-
porary tectonic activity and associated deformation may be partially or predomi-
nantly controiled by the tectonic [ramework (geometry and mode of operation ol
structures such as faults and [olds} of the previous 500,000 yr. According to this
viewpoint, understanding the tectonic processes over several millions of years is
necessary to {ully understand active tectonics and mirigate associated geologic
harards such as carthquakes [2].

Although active tectonics includes the slow disruption {warping or tilting)
of the Earth’s crust that may cause damage to human structures, wc ar¢ most
concerned with active teclonic processes capable of producing catastrophes. A
catastrophe is defined as any situation in which the damage to people, property,
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Intreducion 10 Active Tecionics: Emphasizing Earthquakes 3

or society in general is sufficiently severe that recovery or rehabilitation, or both,
are a long, involved process {3]. One active tectonic process likely to produce a
catastrophe is a great earthquake. However, moderate-sized earthquakes also can
produce catastrophes, particularly if they occur in densely populated areas wherc
buildings are constructed of materials that cannot withstand shaking (homes con-
structed of unrcinforced cement blocks, bricks, or stones arc particularly haz-
ardous} or buildings constructed on thick layers of unconsolidated sediment
{particularly those sediments with a high water content). Catastrophic carth-
quakes in history include:

* A sixteenth-century event in China that reportedly claimed approxi-
mately 850,000 lives

s A 1923 carthquake near Tokyo that claimed 143,000 lives

= A 1976 carthquake in China that claimed several hundred thousand
lives

= A 1985 carthquake originating in rocks below the Pacific Gcean ofl Mex-
ico that sent seismic waves 1o Mexico Cily (several hundred kilometers
[rom the source) and caused approximately 10,000 deaths

* A 1989 carihquake on the San Andreas [ault system south of San Fran-
cisco, California, that killed 62 people and caused $5 billion in property
damage

* The 1994 Northridge carthquake in the Los Angeles, Calilornia, urban
area thai killed 61 people and caused more than $20 billion in damage

= The 1995 Kobe, Japan, carthquake that killed about 5000 people and
caused more than $30 billion in damages

It has been estimated that a great earthquake in a denscly populated part of
Southern Califernia could do $100 billion in damage and kill several thousand
people [4]. Thus, the 1994 event, as terrible as it was, was not “the big one.”
Because earthquakes have the proven potential for catastrophic damage, much
of our research in active tectonics is to better understand earthquake processes,
the damage likely to occur, and the ways to minimize loss of life and property
damage.

Research in active tectonics at a variety of scales, [rom regional to local, can be
useful o socicty. Figure 1.1 is a generalized flowchart from data input (at the
regional or local levels) to output and possible social impacts of active-tectonic
information such as improving regional planning and site-specific land use, estab-
lishing building codes, and planning {or eanthquake-hazard reduction. At the dara
input stage, we make measurements and observations from topographic maps, aer-
ial photographs, and field work that help define relative tectonic activity and areas
where more delailed work is needed to better understand the earthquake hazard.
This reconnaissance-level work delineates areas where detailed evaluation may
provide rates of active-tectonic processes, recurrence intervals of earthquakes, and
rates of crustal deformation. This information is necessary for sodety to develop
regional planning strategies and site-specific strategies for earthquake-hazard
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FIGURE 1.1
Active rectonics data inpur, cutpul, and use o society.

reduction. It is important 1o keep in mind that the role of the earth scientist is to
evaluale and predicl types and rates ol active-teclonic processes, and it is the role of
engincers 1o design our homes, buildings, and other structures to better withstand
these processes. However, it is the role of the policy makers to cvaluate risk,
develop management strategies, and implement policies that minimize loss of
lives and property (that is, reduce the hazard level 10 an acceprable risk) f1]. With
this general introduction, the remainder of this chapter will discuss sclecied
aspects of carthquakes and related phenomena at global to local scales.

GLOBAL TECTONICS

Tectonic processes are driven by forces deep within the Earth that deform the
crust, producing external forins such as ocean basins, continents, and mountains.
Collectively these processes are known as the tectonic cycle. Earth scientists,
through detailed study of the ocean basins and continents, have established that
the lithosphere—the outer layer of the Earth which contains the continents and
ocean basins—is relatively strong and rigid compared to deeper material, and
ranges in thickness from several tens of kilometers beneath parts ol occan basins
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Introduction 1o Aclive Teclonics: Emphasizing Earthquakes 5

to greater than 100 km beneath parts of continents. The lithosphere is not a con-
tinuous uniform shell, bur is broken into several large pieces called lithospheric
plates that move relative to one another (Figure 1.2) [5]. Plates can include both
continents and pertions of ocean basins, or ocean basins alone. Some of the
largest plates are the Padific, North American, South American, Eurasian, African,
and Australian. There are also numerous smaller plaies that are significant at the
regional scale, including the Juan de Fuca Plate off the Pacilic northwest coast of
the United States and the Cocos Plate off Central America (Figure 1.2},

The lithospheric plates move over the asthenosphere, which is thought ro
be a more-or-less continuous, hot, and plastically flowing layer of relatively
weak rock below the lithospherce. This motion causcs the continenls to change
their relative positions on the surlace of the Earth (Figure 1.3) [6]. The idea that
conltinents move is not ncw, but it is only in the last 25 years that this hypothe-
sis has been accepted and studied intensively enough 1o gain the status of a uni-
fied theory of the Eanh. Alfred Wegener, a German scientist, first suggested in
the carly twentieth century that the continents were moving or drifting. His evi-
dence was based in part on the good [it of the continents, such as between South
Amcrica and Alrica, but most importaniy on the similariries in rock types, geo-
logic structures, and paleontological (lossil} evidence now found on opposite
sides ol the Arlantic Ocean. However, it was not until the late 19605 when the
process of sca-floor spreading (shown on Figure 1.3) was discovered that a plau-
sible mechanism for continental drift was provided. The most recent global
episode of continental drift and sea-floor spreading started about 200 Ma, when
Wegener's hypothesized supercontinent called Pangea Lroke up. Figure 1.4
shows Pangea as it was 200 Ma as well as the prescnl positions of the continents
and ocean basins. Sca-floor spreading in the past 200 m.y. scparated Alrica and
Eurasia from North and South America, South America [rom Alrica and Antarc-
lica, and Australia and India from Antarctica. The Tethys Sea closed, leaving the
small remnant of it 1oday known as the Mediterranean Sca. About 50 Ma, India
crashed into Curasia, producing the Himalayan Mountains and Tibclan Plateau.
That collision is still happening today.

The boundaries between lithospheric plates are areas of geological aclivity
where most earthquakes and volcanic activity occur. The three types of boundarics
beiween the plates are divergent, convergent, and translorm [7]. Divergent
boundaries occur at spreading ridges where new lithosphere is produced and
plates move away from cach other (Figure 1.3). Convergent boundaries occur
where one plale dives (“subducts”™) beneath the leading edge of another plate, and
Lthus are also known as subduction zones. However, il both leading edges are com-
posed of relatively low-density continental malerial {(average composition of gran-
ite), it is morce difficuit for subduction to start, and a special type of convergent plate
boundary, called a continental-collision boundary, may develop. This type of
boundary condition produces some of (he highest linear mountain systems on
Earth, such as the Alps and the Himalayas. Transform boundaries occur where
one plate slides past another, displacing spreading ridges. This type of boundary is
mos( comumon in oceanic crust, but it also occurs on land, as for example along the
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Divergent boundary Convergent boundary

Oceanic spreading
ridge where sea-floor
spreading occurs i

FIGURE 1.3

Diagram ol the model of sca-Moor spreading which drives the movement of lithospheric
plates. New lithosphere is being produced at the spreading ridge (divergent plate boutrd-
ary). The lithosphere then maves laterally and eventually returns down o the interior of
the eanth at a convergent plare boundary (subduction zene). This process produces ocean
basins and provides a mechanism that moves continents.

{Alter Lulgens and Tarbuck, 1992. Essenials of Gealogy. Macmillan: New York)

San Andreas lault in California (Figure 1.2}, At sume locations, three plates meet,
and these arcas are known as triple junctions. One example of a triple junclion is
where the Juan de Fuca, North American, and Pacific plates meet (Figure 6.1 is a
detailed map ol this area). Another example of a triple junction is located west of
South Amcrica north of the equator (Figure 1.2), where the (hree spreading ridges
between the Pacific, Cocos, and Nazca plates meet.

Rates ol plate motion are shown on Figure 1.2. In gencral, the rates are about
as fast as [lingernails grow, but vary from about 2 cm/yr 10 15 em/yr. The San
Andreas fault moves at a rate of about 3.2 an/yr on average. The displacement is
termed right-lateral strike-slip because the displacement is predominantly horizon-
tal, and leatures such as rock units, stecams, or chain link fences are displaced to the
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8 Chapter 1

FIGURE 1.4

(A} Pangaea at 200 Ma and (B) present posilion of conlinents. Nolice that the polar gladia-
tion in (A} lelt evidence in five continents (B). The arrows show direction ol ice movement
and only make sense if the continents are moved back to their position 200 Ma.

{Adier Skinner and Porter, 1989. Tire Dynamic Earth. Jolin Wiley & Sons: New York)
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Introduction lo Acive Tectonics: Emphasizing Earthquakes 9

right where they cross the fault. Buring the past 4 m.y., there has been abour 200
km of displaccment on the San Andreas Faull. Los Angeles, which is on the Pacific
Plate, is slowly moving toward San Francisco {(which is on the American Plate}, and
in 10-20 m.y. the cities will be side by side. Movement at plate boundaries is not
necessarily a sicady process [rom year (o year, but rather may occur in episodic
jumps during great carthquakes. Fortunalely, such events only occur in any one
location every {cw hundred years.

The good correlation between plate boundaries and carthquakes is dramati-
cally shown on Figure 1.5, which is a map of global scismicity [rom 1963 to 1988.
The localions ol carthquakes clearly are related to the major plate boundaries
and, in fact, can be used 10 map the boundaries. It is important Lo recognize that
several large and damaging ecarthquakes also have occurred far [rom plate bound-
aries. However, these events are the exception and not the rule.

EARTHQUAKES AND RELATED PHENOMENA

QOur discussion of global teclonics established that the Earth is a dynamic, evolv-
ing system. Earthquakes are a natural consequence of the dynamic processes
forming the ocean basins, continents, and mountain ranges of the world. As new
lithosphere is produced at oceanic ridge systems, older lithosphere is consumed at
subduclion zoncs, or as plates slide past one another. Stress ([orce per unit arca
on a specilied plane, in a material such as rock) is produced, and strain (dclor-
mation, such as change in length or volume, or rupture resulting from stress)
builds up in the rocks. When Lhe siress exceeds the sirength of the rocks, the
rocks fail (rupturc) and energy is released in the form of an earthquake. As a
result, faulls are considered seismic {earthquake) sources. ldentilication of
scismic sources in an area is the [irst step in evaluating the earthquake risk.

The process ol faulting can be compared 1o sliding two rough boards past
one another. Friction along the boundary between the boards may temporarily
slow their motion, but rough edges break off and motion occurs along the bound-
ary. This process is analogous to what happens at plate boundaries where one plate
slides past or overrides another. The rocks undergo strain and, if the stress contin-
ues, the rocks eventually break, [orming a fault. A [ault is defined as a [racture or
fracture system along which rocks have been displaced; that is. rocks on one side
of the fault have moved rclative Lo rocks on the other side. Figure 1.6 shows the
major types of laults based upon sense ol relative displacement. Figure 1.7 shows
selected aspects of the three types of faultls—normal, thrust (a very low angle
reverse [aull), and strike-slip—and how they may look at the surface. Chapter 2
provides a detailed discussion ol how [aulting shapes the landscape. Most of the
faults shown on Figure 1.6 displace the surface. However, some {aults are buried;
thal is, fault rupture during earthquakes does not propagate to the surface even
during large earthquakes (as for example, the 1994 Northridge carthquake).
Buried faults are commonly associated with folding of rock. This imporiant class of
[aults is discussed {urther in Chapter 7 on acrive folding.
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Introduction w Adive Tectonics: Emphasizing Earthquakes 11

Right-lateral Leli-lateral QOblique-slip reverse Oip slip-reverse
strike-slip strike-slip {Componant of sirike-slip

and reverse slip)

FIGURE 1.6

Buried raverse faull Dip slip-normal Oblique stip-normal
’ {Component of sirike-slip
and normal slip)

Types ol [ault movement based on 1hie sense of [ault motion.
(Madilied [rom Wesson el al., 1975, U.S. Geolagical Sirvey Professiosal Paper 9414

Faulis almost never occur as a single trace or rupture. Rather, they form fault
zones. A fault zone is a group of related fault traces that are subparallel in map
view and often partially overlap in ¢n echelon or braided patierns. Fault zones
vary in width, ranging from a meter or so to several kilometers wide.

Mosl long {aults such as the San Andreas [aull are segmented, each seg-
ment having an individual style and history, including earthquake history. Rup-
ture during an earthquake is thought to stop at the boundaries between two
segments; however, great earthquakes may involve several segments of a [ault
zone. When he earthquake history of a [ault zone is unknown, individual [ault
segments may be characterized based on changes in fauli-zone morphology or
geomelry, It is prelerable, from an earthquake-hazard evaluation point of view, to
segment faults based on seismic activity and paleoseismic evaluation (see Chapter
8). Considcrable rescarch is being conducted to berter understand the geology
and processes that govern fault segmentation and the earthquakes generated on
individual segments. Fault scgmentation is discussed in later chapters.

Because most earthquakes are concentrated near plate boundarics, most
large U.S. earthquakes are in the West, particularly near the North American and
Pacific plaie boundaries. However, large, damaging carthquakes also have occurred
far [rom plate boundaries; these are termed intraplate earthquakes. For exam-
ple, during the winter of 1811-1812, a series of particularly strong earthquakes
struck the central Mississippi Valley, nearly des.roying the town of New Madrid,
Missouri, and killing an unknown number of people. These earthquakes rang
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Intraduction to Active Tectonics: Emphasizing Earthquakes 13

church bells in Boston, over 1600 km away, and produced intensive surface defor-
malion over a wide arca [rom Memphis, Tennessee, north 1o the confluence of the
Mississippi and Ohio Rivers. During the earthquakes, forests were flattened, frac-
tures opened so wide that people had to cut down trees to cross them, and the tand
sank several meters in some areas, causing flooding. Tt was reported that the Mis-
sissippi River aclually reversed its flow during the shaking [8]. The carthquakes
occurred along a seismically-active structure known as the New Madrid Fault
Zone, which underlics the geologic structure known as the Mississippi Embay-
ment. The Mississippi Embayment is a downwarped rill in the crust where the
lithosphere is relatively weak; it has broken repeatedly because compressional
slress is transmitted [rom the distant boundaries ol the plate. The recurrence inter-
val for large earthquakes along the embaymenlt is estimated to be 600-700 yr [8].
The possibility of fulure damage demands that ihe carthquake hazard Le consid-
cred in design and construction ol facilities such as power plants and dams, even in
the “stable” interior of the North American Plate, A second example of a large
intraplate earthquake is the 1886 event thasy nearly destroyed Charlesion, South
Carolina, 1aking 60 lives and causing $23 million in property damage.

MAGNITUDE AND INTENSITY OF EARTHQUAKES

The poinl within the Earth where carthquake rupture siarts is called the focus [9].
The epicenter is the point on the surface of the Earth directly above the focus
(Figure 1.8). News media usually report the location of the epicenter, but scienrif-
ic reporting includes the location of the ¢picenter and the depth o the focus.

The depih of an earthquake‘s focus may vary rom a few kilometers 1o almost
700 km. The decpest earthquakes occur along subduction zones, where slabs of
brittle oceanic lithosphere sink o greai depths. However, most earthquakes are
rclatively shailow, with {oci less than about 60 kmi. In Southern California, most
carthquakes have foci of abour 10 km 0 15 km depth, although deeper earth-
quakes do occur. The magnitude 7.4 event in 1992 on strike-slip faults in the
Mojave Desert near Landers, California, had a focus of less than 10 km. The Lan-
ders event caused extensive ground rupture lor about 85 km, with very local vet-
tical displacement exceeding 2 m and extensive lateral displacements as much as
about 5 m [10] (Figure 1.9). Il the Landers carthquake had occurred in the Los
Angeles Basin, it would have caused exiensive damage and loss of lile.

The Richter magnitude (M) of an earthquake (also known as the local
magnitude, or M,} is a measure of the amount of energy released and is useful
in comparing earthquakes [9]. The Richter magnitude was first determined by
the largest amplitude {in thousandths of millimeters) of seismic waves recorded
on a standard seismograph (an instrument {or recording earthquake waves) at
a distance ol 100 km from the earthquake epicenter [9]. The amplitude of the
shaking is converted to a Richter magnitude using a logarithmic scale; for exam-
ple, a M = 7 carthquake produces a displaccment on the seismograph 10 rimes
larger than does a M = 6. The energy relcased in an earthquake is proportional
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Chapier |

PIGURE 1.8 Fault scarp
Block diagram of a fault
plane and rupture area asso-
ciated with an eanhquake.
Also shown are the focus,
epicenter, and spreading rup-
ture. When the rupture
reaches the surface, a faul
scam is produced.

Epicenter

Faull slip

|:1 Faull plane
m]]mm] Spreading ruplure surface

10 the magniwude, but a one-unit change in Richter magnitude increases the
cnergy released by about 30 Limes. For example, a M = 5 carthquake relecases
about 30 times maore energy than a M = 4 event. Therelore, aboul 27,000 {30 x
30 x 30) shocks of M = 5 arc required o release as much energy as a single
carthquake ol M = 8. Considering the entire Earth, there arce about one million
earthquakes per year that can be [elt by people. However, only a small percen-
1age of these can be [ell very [ar [rom their source.

In a general sense, the Richter magnitude also may be related to the damage
expected [rom an earthquake. A M = 8 or above is considered 1o be a great earth-
quake, capable of causing catastrophic damage; an earthquake with Richter magni-
tude greater than 7 is a major earthquake, capable ol causing widespread damage;
an carthquake ol M = 6 can cause considerable damage, depending upon [actors
such as location and surlace materials present.

The Richier magnitude of an earthquake can also be estimated using graph-
ical solutions as illustrated on Figure 1.10A. The maximum amplitude and dif{er-
ence in arrival time of P (primary) and $ (secondary} waves from a disiant
earthquake are measured from a seismograph. The example on Figure 1.10
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FIGURE 1.9

Photograph showing ground
rupture from the Landers
earthquake, 1992.
Photograph by E.A. Keller.

shows the scismic record of an earthquake with an amplitude of 85 mm and a dif-
ference in arrival time {§ minus P} of 34 sec. The line connecling the amplitude
and dilference in arrival Llime indicates the magniutde is 6, and the distance from
the epicenter is aboul 300 km. Records [rom a minimum of three seismographs in
a region are necessary to precisely locate (he epicenter (Figure 1.103).

The Richter magnitude scale was initially intended as a local magnitude (M, )
and the seismic wave vsed was the largest regardless of type (P S, or surface). If
the magnitude is determined using the largest amplitude of the P waves, then the
resulting magnitude is termed M, (the & stands for body wave, and P waves are a
type of body wave; see Figure 1.11}, and if the largest amplitude of a surlace wave
is used, then the magnitude is called the M

In recent years there has been a move o change [rom the Richler magni-
tude 1o the moment magnitude scale. The moment magnitude is considered by
seismologists to be a natural progression 1o a more quantitative and physically-
based scale. The moment magnitude scale is based on the seismic moment,
which is delined as the product ol: {1} the average amount of slip on the {ault
that produced the earthquake, (2} the area thart acrually ruptured, and {3) the
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FIGURE 1.10

{A} Idealized diagram showing one procedure [or determining the Richter magnitude (M)
ol an earthquake. For our example, the maximum amplitede (85 mm) is measured Irom
the seismic record; the difference in arrival time bewween the § and P waves (34 sec}) is
also raken from the seismic record; the approximate magnitude ol the earthquake as well
as distance Irom the recording slation is obtained by placing a straight linc between the
amplitude in millimelers and difference in arrival time in seconds. as shown on the
diagram. Here, M = 6 and the distance is approximately 300 km. (B) Generalized concept
ol how the epicenter of an earthquake is located. Distance to cvent [rom at [east three
seismic slations is determined {Figure 1.10A} and ploited. The intersection of the arc
distances (cicele radii) delines the epicenter. For the diagram, the epicenter in Central
America is located from data supplied by three seismic stations. Accurale location of the
epicenter is not always as simple as the hypothetical example.

{{A} Atier Boll, 1988 (9)]

shear modulus (resistance of a material to distortion by shear stress) of the rocks
that failed [11]. In practice, seismic moment may be estimated for an carthquake
by examining the records from seismographs, determining the amount and
length of rupture, and estimating the shear modulus {strength} of rocks ar the
fault. The moment magnitude (M ) is then determined Irom the mathemarical
relationship

M, = 2/3logM, - 10.7 (1.1)

where M, is the moment magnitude, M, is the seismic moment, and 10.7 is a con-
stant [11]. The momenl magnitude scale has a more sound physical basis and is
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FIGURE 1.11
(A} Diagram of directions of vibration ol body (£ and §) and surface waves (Love and

Rayleigh) generared by an earthquake associated with the illustrated [ault. Also shown
arce the focus {center of energy release) and epicenter of the earthquake cvent. {B)
Propagation of body and surface waves.

L{A) From Hays, 1981 {12}, (13} Aller Bolt, 1988 {9}]
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18 Chapter 1

applicable over a wider range of ground motions than is Richter magnitude.
Thereflore, its use has becn encouraged in reporting carthquake statistics.

A qualtlative way ol comparing earthquakes is to use the Modified Mercalli
Scale, which is based on observations concerning the severity of shaking at dilfer-
ent locations during an earthquake (Table 1.1). The scale has 12 divisions of inten-
sity and, whereas a particular carthquake has only one Richier magnitude, the
Modificd Mercalii intensity al a particular location depends on its proximity Lo the
epicenier and local geologic conditions. Questionnaires sent out to residents in the
epicentral region after an earthquake are used to draw maps that show the sparial
(arcal} variability of intensity (see Table £.2). Thus, the magnitude of an earth-
quake provides inlormation concerning the amount of encrgy released, whereas
intensity reflects how people perceived and how structures responded to the shak-
ing. An example of 1he relationships beltween earthquake magnitude and inten-
sity of shaking {Modilied Mercalli Scale} for the 1971 (M = 6.6) San Fernando,
California, earthquake is shown on Table 1.2. Also listed are values of average
peak horizontal acceleration ol the ground expected from earthquakes of
M =3 to M = 9. Estimated peak acceleration (both horizontal and vertical) is nec-
essary infermation lor designing buildings and other strucrures to withstand seis-
mic shaking. Although the data on Table 1.2 suggest a good relationship between
earthquake magnilude and average peak horizontal acceleration, the correlation is
not nearly so geod for the accelerations that occur close to the epicenter area. For
example, during the M = 6.6 San Fernando carthquake of 1971, the maximum
peak horizontal acceleration recorded al one site was 1.15g (g is'the acceleration of
gravity, equal 1o 9.8 m/sec?). It is the horizontal acceleration that is most likely to
causc damagc 10 buildings. The 1994 Northridge earthquake locally produced even
higher values of horizontal acceleralion in the Los Angeles urban area. Unrein-
lorced buildings constructed of adobe, common in Mexico, South America, and
the Middle Easl, can collapse under a horizontal acceleration as small as 0.1g {9].

The vulnerability of unreinforced, prefabricated five-story apartments Lo seis-
mic shaking was tragically illusirated on May 28, 1995, when a M = 7.5 earthquake
struck Lthe 1own of Neftegorsk on the island of Sakhalin olf the northeast coast of
Russia. Seventeen live-story structures, constructed without consideration of
potential carthquake hazard in the late 1960s as part of a development to support
oil production, collapsed into rubble. Approximately 2000 of the town’s 3000 peo-
ple were killed. The town appears to be a toial loss and may not be rebuilr.

SEISMIC WAVES

Faulting breaks rock, and that movement along faults produces seismic waves that
cause the ground o vibrate. Some ol the seismic waves produced travel within the
Earth and are known as body waves, whereas others travel along the surface (Fig-
ure 1,11}. The two types of body waves gencrated by earthquakes are the primary.
or P waves, and the secondary. or S waves. The P waves are the fastcst of the iwo
and, like sound waves, may travel through both solid and liquid malerials. These
waves push and pull in the direction of wave propagation with an aliernating com-
pression and dilation motion. The rate of propagation lor P waves through rocks
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TABLE 1.1

Modified Mercalli intensity scale (abridged).

C

Intensity

Effects

T
I

I

VII

VIII

X

Not felt except by a very few under espedially favorable circumstiances.

Felt only by a few persons at rest, especially on upper floors of buildings. Delicately sus-
pended objects may swing,

Felt quite noticeably indoors, especially on upper floors of buildings, but many people
do not recognize it as an earthquake. Standing imotor cars may rock slightly. Vibration
like passing ol truck. Duration estimated.

During the day felt indoors by many, outdoors by a few. At night some awakened. Dish-
es, windows, doors disturbed; walls make cracking sound. Sensation like heavy truck
striking building; standing motor cars rocked noticeably.

Fell by nearly everyone; many awakened. Some dishes, windows, etc,, broken; a few
inslances ol cracked plaster; unstable objects overturned. Disturbance of trees, poles and
other (all objects sometimes noticed. Pendulum clocks may stop.

Felt by all; many Irightened and run owdoors, Some heavy [urniture moved; a few
instances ol fallen plaster or dantaged chimneys. Damage slight.

Everybody muns ourdoors. Damage negligible in buildings of good design and construc-
tion; slight 1o moderate in well-built ordinary structures; considerable in poorly built ot
badly designed siructures; some chimneys broken, Noticed by persons driving motor
cars.

Damage slight in specially designed structures; considerable in ordinary substantial
buildings with partial collapse; great in poorly builr structures. Panel walls thrown out of
frame structures. Fall of chimneys, [aclory stacks, columns, menuments, walls. Heavy
furniture overtumed. Sand and mud ejected in small amounts. Changes in well water.
Disturbs persons driving motor cars,

Damage considerable in spedally designed struclures; well-designed frame siruclures
thrown out of plumb; great in substanual buildings, with partial collapse. Buildings
shilted of[ [vundations. Ground cracked conspicuously. Underground pipes broken.

Some well-built wooden structures destroyed; most masonry and frame structures with
foundations destroyed; ground badly cracked. Rails bent. Landslides considerable from
river banks and steep slopes. Shifled sand and mud. Water splashed (slopped) over
banks,

Few, if any, masonry structures remain standing. Bridges destroyed. Broad fissures in
ground. Underground pipelines complelely out of service. Earth slumps and land slips in
soft ground. Rails bent grearly.

Damage toral. Waves seen on ground surfaces. Lines of sight and [evel distoried. Objects
thrown upward into the air.

(From Wood and Neuman, 1931. U.S. Geological Survey. 1974. Earthquake Infarmation Bulletin, 6(5): 28]
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TABLE 1.2

Approximiate relationships berween the magnitude and intensity of an earthquake, with the
San Fernando Valley earthquake as an example.

( —1
Intensity Ground Motion:
Area Felt {(maximum {Average peak
Over expected horizontal acceleration
{square Distance felt Modified £ = gravity = 9.8 meters
Magnitude kilometers) (kilometers} Mercalli) per sccond per second)
3.0-39 1,950 25 TI-TII Less than 0.15 ¢
4.0-4.9 7.800 50 Iv-v 0.15-0.04p
5.0-5.9 39.000 110 VI-ViL 0.06-0.015g
6.0-6.9 130,000 200 VII-VIIL 0.15-0.30g
7.0-7.9 520,000 400 IX-X 0.50-0.60g
8.0-8.9 2,080,000 720 XI-X1I Grealer than 0.60g
Utah
Arizona
Pacific Ocean
I 0 120 240 i
e .
km Mexico ~
1971 San Fernando Valley Modified Marcali
Earthquake (M = 6.6) inlensity map

[Alver U.S. Geolopical Survey, 1974, Farthquale Information Butletin, 6(5): 28]

20

such as granite is approximately 5.5 km/sec, The rate is much reduced through lig-
uids; lor example, P waves wravel about 1.5 km/sec through water. Interestingly, P
waves willl [requency greater than abour 15 Hz (cycles per sccond) are deteclable
o the human ear when propagated into the ammosphere, explaining why people
sometimes hear earthquakes before feeling the shaking from the slower surface
waves. S waves travel only through solid materials, and their speed through rocks
such as granite is approximately 3 km/sec. As § waves propagate, they produce a
sideways shearing motion in rocks at right angles to the direction of propagation.
This motion is similar to that produced in a clothesline by pulling down and letting
go. Liquids {unlike rocks) are unable to spring back when subjected to sideways
shear, explaining why S waves cannot move through liquids [9].

Surface waves cause much of the damage to buildings and other structures.
Surface waves include Love waves, which consist of complex horizontal ground
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Introduction Lo Active Tectonics: Emphasizing Earthquakes 2]

movement, and Rayleigh waves, with complex rolling motion (Figure 1.11),
Both travel slower than body waves, but Love waves travel faster than Rayleigh
waves; in general. Because different types ol waves and waves of dilferent [re-
quency travel at different speeds away [rom an earthquake source area, they
become organized into groups of waves traveling ar similar velocities, Near the
source of the large earthquake, however, there is not time for this segregation of
the waves to take place, and shaking may be severe and complex. Waves travel-
ing through rocks are both reflected and refracied across boundaries belween dif-
ferent earth materials and at the surface of the Earth, producing amplification
that may enhance shaking and damage to buildings and other structures. Fur-
thermore, as an cartlwquake occurs, the propagation of waves is also affected by
the rupture along a fault, which may be in a particular direction and (hus tend to
focus earthquake energy in that direction. Finally, surface shaking can be further
complicated and accentuated by local soil conditions and topography [9].

P and S body waves have a wide range of frequencies, but because of rapid
atlenuation (loss of higher frequencies with wave propagation), most body waves
iend ko have {requencies of 0.5 Hz 10 20 Hz. The more complex surface waves have
lower frequencies (less than | Hz). The frequericy of an carthquake wave equals
the number of waves passing a point of reference per second, expressed as Hertz
units. The period equals the elapsed lime (in seconds) betwveen successive peaks
ol a wave (observed at a point). The frequency of an carthquake wave is cqual to
1 divided by the pcriod {i.e., the reciprocal of the period). For example, the fre-
quency ol a P wave with period ol 2 secis 1 divided by 2, or 0.5 Hz. Buildings and
other struciures commonty have natural frequencies ol vibrarion in the same
range as earthquakes. This is unfortunate because shaking of buildings is amplilied
when the [requicncy of earthquake waves is close 1o thic natural frequency of the
building. Low buildings have a higher nawral frequency than 1aller buildings and,
as a result, compressional and shear waves with relatively high lrequencies tend o
accentuate damage to low buildings. On the other hand, surface waves with lower
[requencies tend to damage tall buildings more.

High-Ircquency waves attenuate (die or diminish) much more quickly with
distance from a generaring earthquake than do low-frequency waves. Thus, tall
buildings may be damaged at relatively long distances (up to several hundred
kilometers) by large earthquakes {9, 12], whereas low buildings tend to sustain
the greatest damage near carthquake epicenters. This principle was dramatically
illustrated in 1985 when a M = 8.1 earthquake several hundred kilometers away
[rom Mcxico City damaged or destroyed many ol the taller buildings in the city.

Another important principle is that earth materials such as bedrock, sand and
gravel, and silts and muds respond differently to seismic shaking. For example, the
intensity of shaking of unconsolidated sediments may be much more severe than
[or bedrock. Figure 1.12 shows how the amplitude of shaking in sediments (verti-
cal movement) is greatly increased, particularly in sill and clay deposits. This effect
is called material amplification. A major lesson from the 1985 earthquake
allecting Mexico Ciry was that buildings constructed on materials likely to amplily
seismic shaking are extremely vulnerable to earthquakes, even il the event is
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centered several hundred kilometers away. Seismic waves from this earthquake,
which occurred offshore of Mexico, initially contained many different frequencies,
but the seismic waves that survived the several hundred kilometer journey to the
city were those with relatively long periods of 1 10 2 sec {frequencies of 1.0 Hz to
0.5 Hz). It is speculated that when these waves struck the lake beds on which Mex-
ico City is builr, the amplitude of shaking may have increased ar the surface by a
factor of 4 to 5 times. The intense regular shaking caused buildings to sway back
and forth, and eventually many of them collapsed or “pancaked” as upper stories
collapsed onto lower oncs {Figure 1.13). Most of the damage was to buildings with
6 to 16 stories, because these buildings had a natural frequency that nearly
matched that of the arriving seismic waves {13].

The potential for amplification of surface waves 10 cause damage was again
demonstrated with tragic results during the [98% M =7.1 Loma Prieta (San Francisco)
carthquake, when the upper ter ol the Nimiz Freeway in Oakland, California, col-
lapsed., killing 41 people (Figure 1.14). Collapse of the tiered Ireeway occurred on the
seclion of roadway constructed on bay [ill and mud. Where the [reeway was con-
strucied on older, stronger alluvium, less shaking occurred and the structure sur-
vived. Exiensive damage was also recorded in the Marina District of San Francisco
(Figure 1.15), primarily in areas constructed on bay [ill and mud, including debris
dumped into the bay during the cleanup following the 1906 carthquake [14].

ACTIVE FAULT ZONES

Most geologists would consider a fault to be active il it has moved during the past
10 k.y. (Holocene Epoch). The Quaternary Period (the past 1.65 m.y.} is the most
recent period of geologic lime, and most of our landscape has been produced dur-
ing that time. Any fault that has moved during the Quaternary Pcriod may be
classilied as potentially active (Table 1.3). Faults that have not moved during the
past 1.65 m.y. are generally classified as inactive. However, it is often diflicult to
prove the activity of a [ault in the absence of easily measured phenomena such as
historical earthquakes. To prove that a fault is active, it may be necessary to deter-
mine its past carthquake history (palcoscismicity} based on the geologic record.
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FIGURE 1.13

Earthquake damage, Mcxico City. 1985. {A) Generalized geologic map of Mexico City
showing ancient lake deposits where greatest damage occurred. {(B) Multi-story building,
one of many Lhat collapsed.

{Map and photo couriesy of T. C. Hanks and D. Herd, U.S, Geolagical Survey)
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Collapse of two-lier
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significan1 damage during
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FIGURE 1.14

{(A) Generalized geologic map of parl of San Francisco Bay showing bay [ill and mud and
older alluvium. (B) Colfapsed Ireeway.

[{A) Madilied from Hough. S.E., ¢ al.,, 1990. Nature, 344: 853-855. € Macmillan Magazines Lid.,
1990, Used by permisston of the author. {B} Courtesy of John K. Nakata, U.5, Geological Survey|
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FIGURE 1.15

Dantage to buildings in the Marina District ol San Francisco resulting from the 1989
carthquake,

{Pholograph couriesy ol John K, Nakaia. U.8, Geuological Survey}

TABLE 1.3
Terminology related 1o recovery ol [ault activity,

Geologic Age Years Fault
Before Activit
Era Period Epoch Present Y
Historic {Calif.) 200
Holocene Acliv]c
W . 10,000
B Quatcrnary Pleistocenc Potentially
g eistocene active
b, 1,630,000 L
5] . .
Tertiary Pre-Pleistocene
65,000,000 — .
- Inaclive
Pre-Cenovoic lime
— 4,500,000,000

Age ol the carth

{Alter California Stare Mining and Geology Board Classification, 1973)
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This involves identifying faulted earth materials and determining when the most
recent displacement occurted. The above definition of an active fault is used in
the state of California for seismic zoning. However, other agencies have more
conservative definitions [or fault activity. For example, when considering seismic
safety for nuclear power plants, the U.S. Nuclear Regulatory Commission delines
a fault as “capable” if the fault has moved at least once in the past 50 k.y. or more
than once in the past 500 k.y. These criteria provide a greater salety factor, reflect-
ing increased concern for the risk of siting nuclear power plants.

SLIP RATES AND RECURRENCE INTERVALS

Qur discussion of faults and earthquakes involves 1wo important concepts: slip
rates on faulls, and recurrence intervals, or repeat times, of carthquakes. Slip rate
on a [ault is defined as the ratio of slip {displacement) to the time interval over
which that slip occurred. For example, il a fault has moved 1 m during a time
interval of 1000 yr, the slip rate is 1 mm/yr. The average recurrence interval on
a particular fault is delined as the average time interval between earthquakes, and
it may be determined by three methods:

1. Paleoseismic data; Averaging the time intervals between earthquakes
recorded in the geologic record (see Chapter 8).

2. Slip rate: Assuming a given displacement per event and dividing that
number by the slip rale. For example, if the average displacement per
event is 1 m and the slip rate is 2 mm/yr, then the average recurrence
interval would be 500 yr.

3. Seismicity: Using historical earthquakes and averaging the time intervals
between events.

Defining the terms sfip rate and recurrence interval is casy, and the calculations
seem straightforward, bur the underlying concepts are far [rom simple. Fault slip
raies and recurrence interval tend 10 be variable in time, casting suspicion on
average rales that mighr be derived. For example, it is not uncommon for earth-
quake events 1o be clustered in time and then be separated by relatively long peri-
ods of low aclivity. Both slip rate and recurrence interval will vary depending
upon the time interval for which data is available. The wpics of slip rates and
recurrence intervals will be discussed repeatedly in this book. They are intro-
duced here to [acilitate later discussions.

ESTIMATION OF SEISMIC RISK

Catastrophic earthquakes are devastating cvents. Historic earthquakes have
destroyed large cities and taken thousands of lives in a marter of scconds. Table
1.4 lists some of the major historical earthquakes that have occurred in the
United States.
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TABLE 1.4
Selected major earthquakes in the United Slates.
[ n|

Damage Lives

Year Locality ) S Million Lost
1811-12  New Madrid, Missouri Unknown
1886 Charleston, South Carolina 23 60
1906 San Francisco, California 524 700
1925 Santa Barbara, California 8 13
1933 Long Beach, Calilornia 40 115
1940 Imiperial Valley, California 6 9
1952 Kern Coitmy, Calilornia 60 14
1959 Hebgen Lake, Montana (damage to timber and roads) 1l 28
1964 Alaska and U.S. West Coast {includes sunami damage 500 131

from earthquake near Anchorage)
1965 Puget Sound, Washinglon 13 7
1971 San Fernando, California 553 65
1983 Coalinga, California 31 —
1983 Central Idaho . 15 2
1987 Whiltier, Calilornia 158 8
1989 Loma Priela {San Francisco), California 3,000 62
1992 Landers, California 27 1
1994 Northridge, California >20,000 61

[ ]
{Maodilicd alier Hays, 1981 [12]}

Seismic risk maps have been prepared for the United States. Although
relative hazard (where carthquakes have occurred) has been used to construct
these maps, calculating the probability of a particular event or amount of shaking
is considered preferable. Figure 1.16 is an earthquake hazard map, showing con-
tours of maximum horizontal ground acceleration caused by seismic shaking that
are not likely (with a 90% probability) to be cxceeded in 50 years. One way of
interpreting the map is that the darkest areas on Figure 1,16 represent the regions
of greatest seismic hazard, because those areas are most likely to experience the
greatest seismic shaking (in this casc, horizontal ground acceleration) in an aver-
age 50-yr interval. Although regional earthquake hazard maps are valuable, con-
siderably more data are necessary to evaluate hazardous areas more precisely in
order to develop building codes and determine insurance rates.

In California, conditional probabilities (probability dependent upon
known or estimated conditions) of major earthquakes along segments of the San
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Approximate herizontal acceleration
of rocks that, with a 90% probability,
is not likely to be exceeded in 50 years.

High [ >4 nsec? (0.4 g")
x B 204amsec?(021004g)
= 1102 misec? (0.1 10 0.2 g)
Llow [__1 0.5t01misec?(0.05100.1g)
{"g is \he acceleralion of gravily, 9.8 m/sec?)
FIGURE 1.16

A probabilistic approach to the scismic hazard in the United States. The darker the area
on the inap, the greater the hazard.,
{Erom Algermissen and Perkins, 1976, U.S, Geolggical Survey Open File Report 76-416)

Andreas fault [or a 30-yr period have been calculated (Figure 1.17). The proba-
bilities were calculated following synthesis of historical records and geologic
evaluarion of prehistoric earthquakes [15]. In 1988, this approach assigned a
probability of about 30% for a major event on the San Andreas fault segment
through the Santa Cruz Mounlains where the M = 7.1 Loma Prieta carthquake
occurred on October 17, 1989. Occurrence of this carthquake supports the valid-
ity of the conditional-probability approach. The probability of a large earthquake
on the southern segment of the San Andreas fault is cstimaled to be close to
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FIGURE 1.17

Conditicnal probability ol a mmajor earthquake along segments ol the San Andreas fault
{1988-2018).
{Aller Heawon c1 al,, 1989 [15])

50% for the next 30 years. The M = 7.5 Landers earthquake that occurred cast ol
the San Andreas [ault in 1992 was a surprising event. That event produced
major right-lateral horizontal surface displacement of up to 5 m, and maximum
Modilied Mercalli intensity of VII [16] on a {aull system Lhat was previously
mapped but which had not received much attention. This large earthquake
caused relarively little damage ($27 million) and one death, primarily becausc it
occurred in a region with low buildings and few people.
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EFFECTS OF EARTHQUAKES

Primary effects ol carthquakes are caused directly by the earthquake and can
include violent ground-shaking motion accompanied by surface rupture and
permanent displacement. For example, the 1906 earthquake at San Francisco
produced 6.5 m ol horizenial displacement and a maximum Modified Mercali
intensity ol XI [9]. Such violent motions can produce surface accelerations that
snap and uproot large trees and knock people to the ground. This motion may
shear or collapse large buildings, bridges, dams, tunnels, and pipelines, as well as
other rigid structures [17]. The great 1964 Alaskan earthquake (M, = 8.25)
caused extensive damage to railroads, airports, and buildings. The 1989 Loma
Pricta (San Francisco) earthquake, with a M = 7.1, was much smaller than the
Alaska event and yet caused about $5 billien in damage. The 1994 Northridge
earthquake, with M = 6.7, was one of the most expensive disasters ever in the
United States, causing 61 deaths and inflicting more than $10 billion in damage.
The Northridge event caused so much damage because there was so much there
to be damaged—the Los Angeles region is highly urbanized and has a high pop-
ulation density.

Short-terin secondary cflects of earthquakes include liquefaction, land-
slides, fires, seismic seawaves (tsunami), and [loods ([ollowing collapsc of dams).
Long-term secondary cflects include regional subsidence or emergence of land-
masses and regional changes in groundwater levels.

Liquefaction

Liquefaction is defined as the translormation of water-saturated granular mate-
rial from a solid to a liquid state. During carthquakes, this may result from an
increase in pore-water pressure caused by compaction during intense shaking.
Liquefaction of near-surface water-saturated silts and sand causes the materials to
lose their shear strength and flow. As a result, buildings may tilt or sink into the
liqueflied sediments, and tanks or pipelines buried in the ground may foal (o the
surface [18].

Landslides

Earthquake shaking cornmonly triggers many landslides (a comprehensive term
for several types of hilislope failure) in hilly and mountainous areas. Landslides
can be extremely destructive and cause great loss of life, such as during the 1970
Peru earthquake. In that event, more than 70,000 people dicd; of this rotal,
20,000 were killed by a giant landslide that buried several towns. Both the 1964
Alaskan earthquake and the 1989 Loma Prieta earlthquake caused extensive land-
slide damage to buildings, roads, and other structlures.
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Fires

Fire is 2 major secondary hazard associated with earthquakes. Shaking of the
ground and surface displaccments can break electrical power and gas lines and
ignite fires. In individual homes and other buildings, appliances such as gas heaters
may be knocked over. The threat [rom [ire is doubled because firefighting equip-
ment may be damaged and water mains may be broken. Earthquakes in both
Japan and the Uniled Siates have been accompanied by devasiating fires. The San
Francisco earthquake of 1906 has been called the “San Francisco Fire™; in facl,
80% of the damage [rom that event was caused by [irestorm that ravaged the city
for several days. The 1989 Loma Prieta carthquake also caused large fires in the
cily’s Marina District. Perhaps the most lethal earthquake-induced fire occurred in
1923 in Japan. The earthquake killed 143,000 people, and 40% of them died in a
firestorm that engulfed an open space where people had gathered in an unsuc-
cess(ul attempt to reach safety [17]. The 1995 Kobe, Japan, carthquake ruptured
gas lines, and fires devastated paris of the city. Ruptured water linecs and damaged
roads prevented firefighters [rom reaching and extinguishing fires.

Tsunami

Tsunami, or seismic seawaves, can be extremely destructive and present a seri-
ous nalural hazard (Figure 1.18). Forwunately, damaging tsunami are relalively
rare and usually are confined to the Pacific Basin. The frequency of these events
in the United States is about one every eight years [19]. Tsunami originate when
ocean water is displaced vertically during large earthquakes, submarine mass
movements, or submarine volcanic eruptions. In open water, the waves may
travel a1 speeds as great as 800 kim/hr, and the distance berween successive crests
may exceed 100 km. Wave heights in deep water may be less than 1 m, but
when the waves enter shallow coastal waters they slow to less than 60 km/hr
and wave heights may increase 10 15 m or more. Tsunami claimed most of the
lives lost in the 1964 Alaskan carlthquake. Tsunami can cause catastrophic dam-
age thousands of kilometers [rom where they are generated. For example, in
1960, an earthquake originating in Chile caused a tsunami that reached Hawaij,
killing 61 people. Tsunami often can be detected in time to warn coastal com-
munities that lie in the tsunami’s path. Travel time [or a 1sunami {rom Chile to
Hawaii is abour 15 hours, and [rom the Aleutian Islands in Alaska to northern
California the time is about four hours. The hazard (rom a tsunami at a particu-
lar coastal site depends in part on local coastal and sea-floor topography that
may increasc or decrease wave height [9]. Following an earthquake that pro-
duces a {sunami, the arrival time of the seismic seawaves can often be estimated
to within plus or minus 1.5 minthr ol travel time. This information has been
used o produce a isunami warning system such as that shown for Hawaii in Fig-
ure 1.19. Consideration is now being given to produce other tsunami warning
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FIGURE 1.18
Tsunami damage Lo [ishing boals at Kodiak, Alaska, cau';ed by the 1964 eanhquake.
{Photograph courtesy af NOAA)

systems, to warn people in northwestern California of tsunami generated by
Alaskan or Cascadia subduction-zone earthquakes. The plan involves placing
instruments on the bottom of the Pacilic Ocean {four off the Alaskan coast and
three off the northwest coast of Calilornia} that would detect and (ransimit data
on the movement of (sunami to warn coastal cities in their path.

Damage caused by rsunami is most severe at the water’s edge, where boals,
harbors, buildings, transportation systems, and utilities may be destroyed. The
waves also may cause damage to aquatic and supratidal lile in the nearshore and
onshore environments [19].

Waves caused by landslides also can cause damage. In 1958, an earthquake
induced a landslide into Lituya Bay. Alaska, causing a truly giant wave that pro-
duced run-up on land to an elevation ol over 500 m above sea level [20].

Regional Changes in Land Elevation
Vertical deformation, including borh upliit and subsidence, is another secondary

effect of some large earthquakes. The grear (M = 8.25) 1964 Alaskan carthquake,
with Modilicd Mercalli intensity of X-XI [9] caused vertical deformation over an
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FIGURE 1.19

Tsunami warning system. Map shows reporiing stalions and 1sunami travel times fo
Honolulu, Hawaii.

{From NOAA)

arca of more than 250,000 km? [21]. The delormation included two major zones
of warping, each about 500 km long and more than 210 ki wide (Figure 1.20),
including uplilt as much as 10 m and subsidence as much as 2.4 m. These regional
changes in land level caused effects ranging from severely disturbing coastal
marine lile w0 changes in groundwater levels. As a result of subsidence, flonding
accurred in some communitics, whereas in areas of uplift, canneries and fisher-
men‘s homes were displaced above the high-tide line, rendering docks and other
facilities inoperable. In 1992, a major carthquake (M = 7.1) near Cape Mendocino
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FIGURE 1.20

Map showing the disiribution of leclontic uplilt and subsidence in south-central Alaska

caused by the Alaskan earthquake of 1964 (210 30 [t = 0.6 v 9.2 m).
{Erom Eckel, 1970, U.S, Geological Stirvey Professional Paper 5460)
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in northwestern California produced approximately 1 m of uplilt at the shoreline,
resulting in the deaths of communities of marine organisms exposcd by the uplift
[22] (see Chapter 6).

TECTONIC CREEP

Tectonic creep is the process of displacement along a fault zone (hat is not
accompanicd by pcerceptible earthquakes. The process can slowly damage
roads, sidewalks, building foundarions, and other structures. Tectonic creep has
damaged culverts under the football stadium of the University of California a1
Berkeley, and periodic repaits have been necessary. Movement of approxi-
mately 3.2 cm in 11 years was measured (Figure L.21) [23]. More rapid rates of
teclonic creep have been recorded on the Calaveras faulr zone, a segment of
the San Andrecas fault near Hollister, California. At one location, a winery
located on the faubt is slowly being pulled apart ar about 1 cm/yr [24]. Damages
resulting from Lectonic creep generally occur along narrow fault zones subject
to slow, conlinuous displacement. However, creep may alse be discontinuous
and variable in rate.

EARTHQUAKES CAUSED BY HUMAN ACTIVITY

Several human activities are known to cause earthquakes or o increase earth-
quake activity. Damage [rom these earthquakes is regrettable, but the lessons
learned may help control or stop large catastrophic carthiquakes in the luture.
Three ways that the actions of people have caused earthquakes arc [25]:

« Loading the Earth's crust, such as building a dam and reservoir {reser-
voir-induced seismicity)

« Injecling liquid waste deep into the ground through disposal wells

+ Underground nuclear explosions

During the first ten years [ollowing the complerion of the Hoover Dam on
the Colorado River in Arizona and Nevada, several hundred local tremors
occurrcd. Most of these were very small, but one had a magnitude of about 5, and
two had magnitudes of about 4 [25]. An carthquake—atiributed to reservoir-
induced seismicity—of magnitude about 6 in India killed about 200 peopie [ol-
lowing dam construction and filling of a reservoir. Evidently, faults may be
activared by the increased load of water on the land and by increased water pres-
sure in the rocks below the reservoir.

From April 1962 to November 19635, several hundred earthquakes occurred
in the Denver, Colorado, arca. The largest earthquake had a M = 4.3 and knocked
bottles off store shelves. The source of the carthquakes was eventually traced to
the Rocky Mountain Arsenal, which was manulacturing materials for chemical
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FIGURE 1.21

Map showing the locaiion of the University of Calilfornia at Berkeley Memorial Stadium,
the aclive fault or shear zone within the Hayward [auli zone, and the stadium culvert
where major cracking has taken place

{Alter Radbruch et al., 1966. U.S. Geological Survey Circilar 525)

warlare. Liquid waste [rom the manufacturing process was being pumped down a
disposal well 1o a depth of about 3600 m. The rock receiving the waste was a
highly fraciured mctamorphic unit, and injection of liquid increased the fluid
pressure, facilitating slippage along preexisting [raciures and producing the earth-
quakces. Study ol the earthquake activily revealed a strong correlation between
the rate of injection of waste and the occurrence of carthquakes. When waste
injection stopped, the earthquakes stopped [26]. These induced carthquakes in
the Denver area were a milestone because they alerted scientists to the fact that
earthquakes and [luid pressure are related.

Numerous carthquakes with magnitudes as large as 5.0 to 6.3 have been
triggercd by underground cxplosions at the U.S. nuclear test site in Nevada [25].
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Analysis of the aftershocks suggests that the explosions caused somc relcase of
natural tectonic strain. This led to discussions by scienltists as to whether nuclear
explosions might be used to prevent large earthquakes by releasing strain before
it reached a critical point and caused a large earthquake. These discussions never
resulted in serious consideration of aciual application.

THE EARTHQUAKE CYCLE

Observations of the 1906 San Francisco earthquake led 1o a model known as the
Earthquake Cycle. Important features of (he hypothesis arc related to drop in
elastic strain following an earthquake and reaccumulation of strain prior to the
next event. Strain was delinced previously as deformation (displacement or change
in shape or volume) resulting [rom stress, and elastic strain may be thought of as
deformation that is not permanent, provided that the stress is released. IT the strain
is released, the deformed material returns Lo its original shape; for example, when
a rubber band is stretched and released or when an archery bow is benr and
released. During an earthquake, elastic strain drops because there is a siress drop
when the rocks break and permancent displtacement occurs (the rubber band or
bow breaks). This process is relerred o as elastic rebound and is illustrated on
Figure 1.22. It takes lime for sufficient elastic strain 1o accumulate again to produce
another carthquake [11]. The Earthquake Cydie is discussed further in Chapter 3.
Several models have been proposed as parl of the Earthquake Cycle to
describe earthquakes and slip that recur on lault zones [27, 28]. 1l a particular
fault or fault segment tends to generate carthquakes with aboul the same
maximum magnitude, then that fault is said (o generate characteristic earth-
quakes. The characteristic earthquake model resulted from paleoseismo-
logical studies ol the Wasaich [ault zone near Salt Take City, Utah, and the San
Andreas fault zone, California. In the characteristic carthquake model: (1) the
displacement per event at a point on the fault is constani, (2) the slip rate
along the length of the faull or fault segment may be variable, and (3) the size
of large earthquakes is nearly constant {Lthe range in magnitude [or an cvent is
narrow and near the maximum, and moderate events are infrequent) [27]. A
competing concept is the uniform slip model, also developed for the San
Andreas [ault zone [28]. In the uniform slip modecl there is: (1) constant dis-
placement per cvent at a point along the fault, (2) constant slip rate along the
lengih of the fault or fault segment, and {3) a constant size of earthquakes {more
frequent moderate earthquakes may occur). One difference between the charac-
Leristic earthquake and uniform slip models is that the former may have a vari-
able slip rarte along the length of the [aule. If the slip that results [rom a particular
carthquake is known to vary along the fault, then the long-term slip rate must
also be variable [29]. Since displacement dies oul at ends of a rupture, displace-
ment is variable. The main difference, however, is that the characieristic earth-
quake mode! predicts the recurrence of large carthquakes with infrequent,
moderate evenis, whereas the uniform slip model allows lor more frequent
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FIGURE 1.22

Idealized block diagrams illusirating the earthquake cycle and elastic rebound. (A) Begin-
ning position with no strain or displacement. {B} Aller accumulation of elastic strain.

(C) Pollowing carthquake and ruptuce,
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moderaie events. A third model is known as the variable slip model, in which
the amount of slip and the length of rupture may both vary from one earthquake
to the next, producing variability in earthquake size [27, 29].

As yer, we do not have sufflicient paleoseismic data on individual faults to
derermine which ol the modcls (characteristic earthquake, unilorm slip, or vari-
able slip} best characterizes recurrent earthquakes and slip on faults. In fact, all
three models are apparently present in nature. The characteristic earthquake
model seems to fit for the Wasatch fault and perhaps for some segments of the
San Andreas fault [27]. The unilorm slip model may also be invoked for some
segments of the San Andreas [ault {28]. Still other [aults are likely to have dis-
placement histories and canthquakes that are best represented by a variable slip
model. Variable slip nced not be a random pattern ol earthquake size and dis-
placement, as sometimes suggested [27]. Rather, it is hypothesized (assumed
without prool) that the more we learn about the behavior ol particular faulis
{cspecially reverse faulis; see Figure 1.7), the more variable (but perhaps system-
atically variable) the pauern of earthquakes is likely to be. For example, three
subduction-zone carthquakes {(reverse [aulting) in 1707, 1854, and 1946, that
uplilted the coastal area near Kyoto, Japan (Nankaido earthquakes), produced
rupture lengths that varied from 300 km to 500 km and uplift that varied from
1.2 m 10 1.8 m. Similarly, a series ol earthquakes off the Colombia-Ecuador coast
in 1906, 1942, 1958, and 1979 ruptured the same 500-km length of subduction
zone; the [irst event had a seismic moment over [ive times greater than the
monents of the other three events, suggesting the faulr slip in the 1906 event
was much greater than the other tiree {29]. The Japan and Colombia-Ecuador
events support the variable slip model. )

Some faults may be characterized by clusters of earthquakes over periods of
a 1000 yr or so, followed by long, quiet periods before new clusiers of events
occur. This pattern of aclivity may [it the Oued Fodda fault which produced the
1980 Algeria earthquake (M = 7.3). Paleoseismic investigation suggests thal the
three most recent earthquakes occurred during the last 900 yr {including the
1980 event) and provides a recurrence interval of about 450 yr. However, these
recent earthquakes represenlt a clusiering of events large enough to produce sur-
face rupture. During the Late Pleistocene, the earthquake activity on the fault
was characterized by relatively short periods, with earthquakes occurring every
few hundred years, separated by much longer periods (thousands to tens of thou-
sands of years) with no large earthquakes {30].

Although we have many empirical observations concerning physical changes
in earth malcrials before, during, and after earthquakes, there is no general agree-
ment on a physical model to explain the observations. One maodel, known as the
dilatancy diffusion model [9, 31], assumes that the first stage in earthquake
development is an increase of elastic strain in rocks that causes them to dilate, or
undergo an inelastic increase in volume after the stress on the rock reaches onc-
half its breaking strength. During dilation, open fractures develop in the rocks, and
at this stage the first physical changes take place that might indicate a future carth-
quake. The model assumes that the dilatancy and [racturing of the rocks are first

TRANNGE™

logical Academy of IRAN



https://iranageo.ir/
https://iranageo.ir/

40 Chaprer 1

associated with a relatively low water pressure in the dilated rocks (stage 2, Fig-
ure 1.23}, which helps to produce lower seismic velocity, more earth movement,
higher radon gas emission {radon is a naturally-radioactive gas that is dissolved
in water and released as rocks fracture and dilate), lower electrical resistivity,
and fewer minor seismic evenls. Water then enters the open [ractures {siage 3,
Figure 1.23), causing the pore pressure 1o increase (which increases the seismic
velocity while [urther lowering electrical resistivity), thus weakening the rocks
and triggering an carthquake (stage 4). Alter the movement and release of stress,
the rocks resume many of their original characteristics (stage 5) [31].

There is considerable controversy concerning the validity of the dilatancy
dilfusion model. One aspect of the medel gaining considerable favor is the role of
fluid pressure (lorce per unit area exerted by a fluid) in earthquakes. As we
learn more about rocks at seismogenic depths {the depth where earthquakes orig-
inate), it is apparent that a lot of water is present. Deformation of the rocks and a
variety of other processes are thought 16 increase the fluid pressure at depth, and
this lowers the shear strength, If the fluid pressure becomes sufficiently high,
then this can facilitale carthquakes. A wide variety of data [rom several environ-
ments including subduction zones and active fold belts suggest thar high fluid
pressures are present in many arcas where earthquakes occur. Thus, there is
increasing speculation and interest in the role of fluid flow that affects fault dis-
placement and is intimately related to the earthquake cycle. This process has been
termed the fault-valve mechanism {32]. The mechanism is a hypothesis in
which [luid pressure rises until failure occurs, thus triggering an earthquake and
discharging fluid upward. Subsequent scaling of the rock matrix in the fault zone
allows fluid pressure 1o reaccumuilate, initiating another cycle.

PREDICTING GROUND MOTION

Engincering design of critical facilities such as power plants and dams requires
carelul evaluation of earthquake hazard. Of particular importance is prediction
of strong ground motion due to carthquakes that may occur at or near facility
sites, Seismographs provide information about the amplitude of seismic shaking,
as illustrated on Figure 1.10A. Instruments known as accelographs measure
and record vertical and horizontal accelerations produced by earthquakes. By
mcasuring the verlical and horizontal components of acceleration in both the
nornh-scuth and east-west directions, a three-dimensional picture of ground
acceleration is created. Another imporniant parameter is the duration of shak-
ing. For ground accelerations measured from an accelograph, the duration of
strong shaking is defined as the bracketed duration, which is the rime in
which the acceleration is at least 0.05g. For the example shown on Figure 1.24,
the duration of strong shaking is approximarely 8 sec. Thus we recognize that
the peak maximum acceleration of seismic waves is important, but duration
ol strong shaking is also important. [9].
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Assessment of earthquake hazard starts with identification of the tectonic
framework (geometry and spatial partern of faults or seismic sources) in order
to predict earthquake ground motion {Figure 1.25). The major objective of such
assessment is to develop time histories (relationships betwecn properties of
scismic waves and time) of ground motion resulting from the largest earth-
quakes that could shake the site of intercst. The process of predicling ground

TIRANNGE™®)

Geological Academy of IRAN



https://iranageo.ir/
https://iranageo.ir/

Chapter 1

=) Norh-Sauth

[=

2 04

g

a 0.2

[+]

]

® 0.2 -

§ -0.4

£ 1 | | L ! 1 i |
o 2 4 6 8 10 12 14 16

Time (seconds)

=

§ 04

™ _

5 % »

R L T S

= 0.2

1]

.§ 0.4

> ] 1 | | I | I 1
0 2 4 6 8 i0 12 14 16

Time {seconds)
FIGURE 1.24

Hypothelical graph of vertical and horizontal accelerations [com an carthquake with a
magnitude M, = 6.5 at a distance of about 40 km from the center of energy release. Time
“07 on the graph is the [irst arrival of the P wavces. Vertical accelerations in this cxample
are approximatcly 0.1g. On the graph which shows the north-south horizonial accelera-
tion, the S and L waves artive approximately 4 scc later than P waves wilh a maximum
acceleration of approximately 0.25¢.

motion [rom a given earthquake may be illustraied by considering a hypotheti-
cal example. Figure 1.26A shows a map of a dam and reservoir site. The objec-
tive is 1o predict strong ground motion at the dam lrom sceveral seismic sources
(faulls) in the area, The tectonic framework shown consists of a north-dipping
reverse fault and an associated fold (an anticline} located to the north of the
dam, as well as a right-lateral sirike-slip fault located to the south of the dam.
Figure 1.26B shows a cross section through the dam illustrating the geologic
cnvironmenl, including several different earth materials, lolds, and faults.
Assuming thar earthquakes would occur at depths of approximately 10 km, the
distances from the dam to the two seismic sources (the reverse fault and the
strike-slip fault} are 42 km and 32 km, respectively. Thus, for this area, two focal
mechanisms arc possible: reverse faulting and strike-slip faulting, The next step
in the process is to estimate the largest earthquakes likely to occur on these
faults. Assume that field work in the area revealed ground ruptlure and other
cvidence of faulting in the past, suggesting that, on the strike-slip [ault, approxi-
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FIGURE 1.25

Assessment of earthquake hazard by modeling ol ground motion.

(Aficr Vogel, A, 1988, Eanthquake prognostics—the development of a coneept for interdisciplinary
work. In A. Vogel and K. Brandes {eds.), Harthquake Prognostics, Friedr, Vieweg & Sohn:
Brannschweig/Weisbaden: 1-13)

mately 50 km of fault length might rupture in a single event, with right-lateral
strike-slip motien of 2 m. The lield work also revealed thar the largest rupture
likely on the reverse [ault would be 30 km of fault length, with vertical displace-
ment of about 1 m. Given this information, the magnitudes of possible earth-
quake events can be estimated from graphs such as those shown on Figure 1.27
[33, 34]. Fifty kilometers of surface rupture are associated with an earthquake of
approximately M = 7. Similarly, for the reverse faull wilh surface ruprure length
of 30 km, the magnitude of a possible earthquake is estimated 1o be 6.5. Notice
on Figurc 1.27 that the regression line thar predicts the moment magnilude is for
strike-slip, normal, and reverse [aults. Statistical analyses have suggested that
the relation between moment magnitude and length of surface rupture is not
sensitive to the style of faulting [34].

With the information above, the next task is to cstimate the seismic shaking or
ground motion expected from these events. These are referred to as response
spectra, which are relationships berween ground motion and period of earthquake
wavces [35]. There are two approaches available to estimate response specira:

» Empirical evaluation where ground motions have been recorded from
previous events. Fortunately, there are o large number of records from
earthquakes around the world where seismographs and accelographs
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FIGURE 1.256

Tectonic framework for a hypotherical dam site. {A) Geologic map. (B) Cross scclion
A-A’, showing scismic sources and distances of passible ruptures 1o the dam.

have recorded seismic shaking. This technique involves identilying those
records that most closely approach the conditions [or the site of interest.
The objective is to0 match as closcly as possible the tectonic framework,
rock types, type of laulting, and earthquake magnitude from a known
event to known conditions at the dam site. The assumption is that the
shaking and strong ground motion associated with a known carthquake
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FIGURE 1.27

Relationship between moment magnitude ol an carthquake and surface rupture length.
Data [or 77 events are shown in (A). Solid line is 1the “best-fil” or regressior line, ancd
dashed lines are error bars at the 95% conlidence level. Graph in (B) shows individual
lines for diiferent types of faulis. There is no significant dilference belween the lines.
{Alter Wells and Coppersmith, 1994 {34])

will produce similar ground meotion at the dam. For example, an earth-
quake of M = 6.4 on a reverse faull in Alghanistan might serve as a
model for the dam site used as an example here. Similarly, an carth-
quake ol M = 7.1 on the San Andreas fault in California may be used as
a model to estimate the ground motion [rom such an event on the
strike-slip fault shown on Figure [.26. Of course, it is difficult 1o exactly
match the conditions [rom a known event 1o those of the dam site, and
so allowances are necessary to adjust lor small differences in carthquake
magnitude and distances to Lhe predicied epicenters. If the match
between a known event and possible cvent at the dam site is [aicly
good, then ground-motion parameters such as duration of shaking and
average peak acceleration of ground motion may be estimated.

s The second-approach is (o develop theoretical or numerical models to
estimate ground motions, including acceleration time histories for the
various laulting scenarios [35, 36]. Such models are now commonly
used in the seismic-risk evaluation of structures such as dams, bridges,
and tall buildings.

Results from the modeling ol ground motion are then compared to the
empirical results and, if the agreement is good, the ground-motion parameters
can be used ro evaluale polential shaking, duration of shaking, and ground
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acceleration at the dam site. If this analysis is completed prior to the designing
of a dam, then the parameters are useful to engineers designing the dam to
minimize potential damage from earthquakes. If the evaluation is of an exist-
ing dam site, then the information is useful in evaluating whether additional
engineering work is necessary to upgrade the structure to render it more resis-
tant to earthquakes. )

The preceding discussion of methods used to assess earthquake hazard out-
lines procedures {or evaluating the seismic hazard at power plants and dams.
Although this methodoelogy suffers from limiting assumptions and shortcomings,
it certainly is a valuable tool insefar as it allows estimation of strong ground
motions likely o allect a particular site. As additional earthquake records are
obtained, and in particular streng ground motions close to the epicentral areas are
recorded, then our understanding of how to better design structures to withstand
earthquake shaking will improve.

SUMMARY

Tectonics refers to processes and landlorms resulting from deformation of the
Eartht's crust, and active tectonics relers to those tecionic processes that produce
deformation of the Earui’s crust on a time scale that is signilicant to humans.
Active tectonics includes slow disruption of the crust that may cause damage to
human structures, but is most concerned with calastrophic evénts such as earth-
quakes thae cause scevere damage to people, property, and society. Tectonic
processes arc driven by lorces deep within the Earth, and collectively these
pracesses are known as the tecionic cycle. Global tectonics, or plate tectonics,
have been studied intensively and have gained (he sitatus of a unified theory of
how the Earth works.

A fault 15 a [racture or fracture system along which rocks have been dis-
placed. A group of related faults or fault traces is known as a faulr zone, and
most major faull zoncs arc segmented. Fault segments are recognized on the
basis of changes in the fauli-zone morphology or geometry as well as seismic
and paleoscismic activity.

Both magnitude and intensity of carthquakes are important in evaluating
potential carthquake hazard. Although the Richter magnitude has been used lor
many years, it is now being replaced by the more physically based moment mmag-
nitude systermn. The Modified Mercalli Scale is based on obscrvations concerning
severily of shaking and response of structures to earthquakes. It is a valuable ool
in assessing earthquake hazards.

Active [ault zones are those for which it can be demonstrated that a fault
has moved during the past 10 k.y. Faults that have moved in the past 2 m.y.
are considered potentially active, and those that have not moved during that
period generally are classified as inactive. Other, more conservative classifica-
tions [or fault activity also exist. For example, the U.S. Nuclear Regulatory

TIRANNGE™®)

Geological Academy of IRAN



https://iranageo.ir/
https://iranageo.ir/

Introduction to Aclive Teqonics: Emphasizing Farthquakes 47

Commission considers a fault to be “capable” if it has moved once in the past
50 k.y., or more than once in the last 500 k.y. Estimation of seismic risk is an
important endeavor and involves development ol seismic risk maps and calcu-
lation of condilional probabilities of earthquakes occurring in the furure. Slip
rate on a [aull is an important parameter in estimating the earthquake hazard
for a particular [ault. The average recurrence interval of earthquakes on a par-
ticular fault also is an important characteristic and can be determined by:
paleoseismic data, the ratio of assumed displacement per event to the slip rate,
and historical seismiciry.

Effects ol earthquakes include violent shaking, surface rupLure, liquelac-
tion, landslides, fires, tsunamis, and regional changes in land clevarion.
Earthquakes also have been caused by human activity, such as loading the
crust by building a reservoir or injecting liquid waste deep in the Earth in dis-
posal wells. An imporiant concept is the Earthquake Cycle, which is related to
drop in elastic strain following an earthquake and reaccumulation ol sirain
prior to the next event. Several models have been proposed as parl ol the
Earthquake Cycle, including characreristic earthquake, uniform slip, and vari-
able slip models.

An important aspect of earthquake-hazard reduction is prediction of
strong ground molion. Assessment ol the earthquake hazard starts with iden-
tification of the teclonic [ramework (geomelry and spatial pattern of faults or
seismic sources) followed by identilication of possible focal mechanisms for
faults present in the area being evaluated. Field work and other evidence are
used to predict the magnitude of earthquake events that might be expected at
a particular site. This information is used with mathematical models and in
comparisons with known earthquakes to predict strong ground molion at a
site ol interest. This information then may be applied to betler designed struc-
tures such as dams, power plants, and [rceway overpasses.
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TECTONIC GEOMORPHOLOGY

Landforms are surlicial [calures, the collection of which constilutes the land-
scape. Examples ol landiorms include large features, such as moumains and
plateaus, as well as smaller features, such as alluvial fans, hills, canyons,
slopes, and sand duncs (sce discussion ol Landscape Scale in Chapier 9, cspe-
cially Table 9.1). Geomorphology is the study of the nature, origin, and cvo-
lution of the landscape, focusing on physical, chemical, and biological
processes that produce or modify landiorms.

It is important to understand the relationships berween geologic environ-
ment and the landscape. Geological factors are important because landform
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development is closely related to the underlying structure of the Earth. In geo-
morphology, suructure is broadly defined to include rock and soil types, nature
and abundance of fractures in the rocks, and faults and [olds. Landform develop-
ment also depends on the nature of surficial and geologic processes, including
weathering (physical and chemical), Muvial {most of the landscape is produced
by subacrial crosional and depositional processes related to streams and rivers),
glacial, eolian {wind), mass wasting [including slope failures (landslide, mud-
flow, and carihflow)], tectonic {plate motion, laulting, [olding, tilting, uplift, and
subsidence), and volcanic.

Understanding geomorphology, and thus landscape evolulion, is facilitated
by the use of process-response models, which are qualitative and quantitative
representations of how processes influence landform development. For example,
models have been developed to explain changes in deposition on alluvial fans
that resulr [rom rectonic and [luvial processes and changes in climatic conditions
[1]. Such models are tools [or understanding tectonic processes because present-
day alluvial fan morphology can be used to infer tectonic activity in the past and
predict activity in the [uture. The process-response model for alluvial fans is dis-
cussed in detail in Chapter 9.

Tectonic geomorphology may be delined in two ways: (1) the study of
landforms produced by tectonic processes, or {2) application of geomorphic prin-
ciples o the solution of teclonic problems. The first definition implies that we
are interested in the landlorms themselves—their shape and origins—as [unc-
tions of tectonic processes. The second definition has a utilitarian value; it allows
us to use geomorphology as a ool to evaluate the history, magnitude, and rate
of tectonic processes.

Geomorphelogy ts a valuable tool in rectonic investigations because the
geomorphic record, delined as the set of landforms and Quaternary deposits
present ar a site or area, gencrally encompasses the last [ew thousand 10 about
two million years. Investigation of the geomorphic record provides the basic data
necessary Lo understand 1he role ol active tectonics in the development of a site
or an area. For example, study ol stream channels offset by faulting and faulted
Quaternary deposits may reveal the amount of displacement and timing of the
last [ew earthquakes at a particular site—information (hat is critical in evaluating
future earthquake hazards.

GEOMORPHIC CONCEPTS

The study of tectonic geomorphology requires investigation of geomorphic
processes, lectonic processes, and earth materials, as well as an appreciation
of how the landscape is formed and maintained and how iL evolves through
time.
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Four important geomorphic concepts directly applicable to the swudy of tec-
tonic gecomorphology are:

* Landscapes evolve through time, and changes in the assemblage of land-
forms are predictable,

* During landscape evolution, abrupt changes may occur as thresholds are
exceeded [2].

* The interaction of landscape evolution with thresholds results in complex
processes; this interaction is called complex response [2].

* A change in form implies a change in process.

Landscape Evolution

Willtam Morris Davis put lorward a simple mode! of landscape evolution in the
late 1890s called the “cycle of erosion.” His model was based on the assump-
tion that brief pulses of uplilt are followed by much longer periods of rectonic
inacuvity and erosion [3]. Davis envisioned thal during this cycle, the land-
scape would go {rom a briel period of youth, characterized by deep V-shaped
valleys and an abundance of waterfalls and rapids, (o a longer period of matu-
rity, characterized by a great variety of landlorms, including meandering
rivers and floodplains, followed by a long period of old age, in which the
landscape might be worn down to an erosional surface of low reliel that he
called a peneplain (Figure 2.1). The time necessary for this hypothetical cycle
is several million years, and the cycle could be interrupted ar any lime by
renewed uplift, called rejuvenation.

Over shorter periods of time (on the order of a [ew thousand years),
landscapes may approach a dynamic equilibrium in which the form of the
landscape is nearly independent of time [4]. However, it has been argued that
variables such as climate, tectonic processes, and geomorphic processes may
change too rapidly for equilibrium to be reached [or any appreciable length ol
time [5].

There is no doubt thar landscape evolution is occurring over a range of
time spans. Change is the norm, and sometilnes thar change may be very rapid.
For example, less than 100 k.y. is necessary to produce a coastline characlerized
by several broad, upliflted, marine platlorms {such as along the coasts of New
Zcaland, Japan, and Califoriia; sec Chapter 6}. Over a similar span ol time, com-
posite fault scarps up to 100 m high also may develop. Finally, [ault scarps pro-
duced by individual earthquakes are creared and croded away over periods of
only a few thousand years. Thus, our discussion of geomorphic evolution comes
to the conclusion that e landscape is constanuly changing over variable scales
of time and space. What is important is that the changes often are predictable,
and this provides a mechanism for evaluating active tectonics.
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B Maluity

FIGURE 2.1
The cyde of crosion as cnvisioned by William Morris Davis,

Thresholds

The life of a landscape must be like that of an airline pilot—long periods of rou-
tine work puncluated by bricl periods of intense activity and change, like rakcoll
and landing or {lying through an intense storm. Some landlorm changes reflect
changes in extrinsic variables—external processes such as sudden carthquakes
or the arrival of humans. Other changes result from changes in intrinsic vari-
ables, processes that arc part of the everyday operation of the landscape sysiem,
as, for example, weathering, or movement of groundwater through deposits on
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a slope. Although a system may be held steady by a rough dynamic equilibrium,
small changes may occur (for example, subsurface weathering that reduces the
strength of rock and soil) until a threshold is surpassed and the balance col-
lapses. When a threshold is exceeded, the elfects may be both dramatic and
quick. For example, in the Earthquake Cycle, the slow and steady deformation
ol rocks accumulates strain at a fault unril the strain exceeds the strength of the
rocks and an carthquake occurs.

Thresholds resulting [rom tectonic processes may change the operation of
the system from deposition to erosion. For example, if a fault block containing
a mountain and alluvial {ans is slowly rotated or lilted, then the alluvial [ans
become siceper. Evenrually a threshold slope is crossed, and streams on the
alluvial fans downcut rapidly, moving the deposition of alluvium [arther out
[rom the mountain front. Thus, the processes near the mountain [ront change
[rom deposition to erosion, and the deposition of alluvial-lan deposits is
moved downstream [ ).

An important consequence of understanding thresholds is that we are no
longer limited to madels in which long periods of slow change arc interrupted by
rapid cxternal events (perturbations) such as climatic change and tectonic uplilt.
Rather, some changes in process and/or form, although they are abrupt, result from
slovver change that has occurred over a period of time within the system itself [2].

Complex Response

We have established that landscape evolution occurs and that changes in land-
[orms are cxpected and predictable. We also have suggested that some of these
changes occur suddenly as thresholds are crossed, The interaction between hese
two can lcad to a complex evolution ol a particular landscape. This complexity is
olten called complex response [2]. For example, we once thoughe that il sev-
eral river Lerraces were present in a river valley, then cach werrace must rellect
some external event such as a climatic change or an uplilt cvent. However, our
understanding ol geomorphic thresholds and complex response suggests that
one perturbation eor uplift event may cause a complex response in which several
river terraces are produced. As a result, two drainages side by side may have dif-
[erent forms and histories. One basin may have scveral river terraces, while the
adjacent basin has only one.

Changes in climalc also have profound influences on geomorphic sys-
tems. For example, greater precipitation or aridity may resulr in channel depo-
sition or downcutting, producing terraces. Climate changes, however, should
be reflected in drainage basins on al least a regional scale. The fact that this is
not always the casc suggests that something else is occurring. That something
elsc is a complex response. Figure 2.2 shows a drainage basin, the lower part
of which has a floodplain. Faulting a1 the mountain [ront initiates a complex
sequence of incision [ollowed by deposition. Figure 2.2A shows the original
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FIGURE 2.2

Idealized diagram showing the
concept of the complex
response. One tecionic event

of uplift produces two 1erraces.

See text for explanation.

Chapicr 2

Fload plain
X——— L= X
rT 'II'I'J'L : Y Normal fault at

D mouniain [ront
Flood plain . X

Qriginal shape

Alluvium

Following additional
channe! erosion

shape of the valley and [loodplain prior to any disturbance by faulling. Follow-
ing faulting, which uplifts the basin by several meters, the stream responds by
downcutting (erosion), producing terrace T, shown on Figure 2.2B. The down-
cutring and erosion produce sediment. As the erosion works its way headward,
the channel in the lower part of the basin adjusts to the change prior to the
upper part of the basin, where crosion is still occurring. By the time headward
erosion in the channel reaches the upper part of the basin, additional sediment
is transported downstream and deposited in the valley, perhaps causing a shal-
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low, braided channel to form, as shown on Figure 2.2C. As deposition contin-
ucs, the slope of the valley and braided channel increases until a threshold is
crossed and downcutling occurs again, producing terrace T, (Figure 2.2D).
Tlws, in this simple example, two river terraces are praduced by one tectonic
disturbance.

Because no {wo river basins are exactly alike. the timing of erosion and
dcposition varies; thus the sequence of terraces may be variable. A climatic
perturbation that resulted in downcutling would produce a similar sequence
ol cvents. This is the essence ol complex response [2]. Thus, we must be care-
ful wlhen interpreting landlorms in Lectonically active areas. In places, multi-
ple 1erraces are produced by multiple tectonic events; elsewhere, multiple ter-
races mnight be related by complex response to a single teclonic or climatic
periurbation.

Al the southern end ol the San Joaquin Valley in California, San
Emigdio Canyon crosses an axis of active uplift caused by a buried reverse
faulL {Figure 2.3}, Upstream and downstrcam ol the axis of uplift, there are
two prominent Holocene siream terraces. Where the stream crosses the axis
of uplift at the mountain front, however, there are several additional terraces,
each scparated by approximately a meter. The terraces upstream and down-
stream of the uplift probably reflect the more regional changes that have
occurred. The additional terraces where uplilt is centered may be related
directly 10 carthquakes that have occurred at the mountain front. A feature
comman Lo many geomorphic systems is that in arcas with the highest rate of
uplift, not only are the elevations of landforms greater, but the rwmber of
cpisodic events recorded is greater.

Relationship Between Form and Process

A fundamcntal principle of geomorphology is that a change in landscape form
often implies a change in landscape process. Il you are walking up an alluvial
fan with a unilorm slope and you suddenly come 10 a sharp increase in gradi-
ent {perhaps to a near-vertical slope), [ollowed by a return to the original
slope, then this implies a change in process. In geomorphic terminology, the
steep part of the slope is a scarp, possibly produced by erasion (called an ero-
sional scarp) or tectonic processcs such as faulting (in which case it is a fault
scarp}. The scarp also might be depositional in origin, representing the steep
nosec of a debris flow on the fan. Whatever the case, the change in [orm of the
topography implics a change in the processes which formed it. Using this prin-
ciple, geomorphologists observe landforms and look for anomalies that might
reflect changes in process. When we are interested in tectonic geomorphology,
we arc often looking for landlorm surfaces that have been warped, tilted,
uplilted, fractured, or otherwise deformed,

The prindple that relates change in form to change in process is applicable at
a varicty of scales, from small faull scarps to mountain ranges. Just as the mor-
phology of a fault scarp reflects a dilference between erosion at its crest, producing
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Chapier 2
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FIGURE 2.3
{A)} Terraces near the mouth of San Emigdio Canyon, California. Multiple terraces have
formed near the uplilt axis associated with the buried Wheeler Ridge [ault.
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FIGURE 2.3 (continued)
{B) Photograph of 1erraces at San Emigdio Canyon.
{Alter Laduzinsky, 1989. M_A. thesis, Universily ol Calilornia, Sanla Barbaca)

a convex slope. and deposition at its base, producing a concave slope, so wo is the
morphology of an ercding mountain block fundainenally dillerent from the mor-
phology of the adjacent basin into which material eroded from the mountain
range is deposited.

TECTONIC GEOMORPHOLOGY AND FAULTING

Aclive faulting causes a varicty of landlorm fearures, including fault scarps,
warped and tilled ground, subsidence leawures such as sag ponds, and oflser fea-
tures such as stream chaunels. Each major category of fauliing—sirike-slip, nor-
mal, and reverse—may be discussed in terms of a characterisiic assemblage of
landforms. There is a fair amount of overlap between these different assemblages
because many faults have oblique displacement, partially suwike-slip and partially
vertical. The balance between strike-slip and vertical displacement may vary sig-
nificantly on a given lault systern. Nevertheless, because specilic processes tend
to produce a particular set of responses, and therefore a particular asscmblage of
landforms, a generic classification of landlorms is possible.
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Landforms of Strike-Slip Faulting

The characteristic assemblage of landiorms produced by active strike-slip faulting
is shown on Figure 2.4, These leatures include:

» Linear valleys are troughs along main fault wraces. These often develop
because continued movement along recent fault traces crushes the rock,
making it more vulnerable to erosion. Streams commonly follow these
zones of weakness and {low some distance along the troughs.

» Deflected streams arc sireams that enter a fault zone at an oblique
angle and flow parallel 10 the fault for some distance before returning to
the original orientation ol [low. Streams may be deflected either in a
right or a left sense.

« Offset streams are streams displaced by faulting; they indicate the
dircclion of relative displacement. The offset may reflect cumulative off-
set of several earthquakes. Eventually the stream may erode a more

Scarp Deflecled slream

Sag pond
Olfsel slream Pressure Shuller ridge {ridge
Banch ridge  blocking a drainage)
Scarp Scarp
Linear valley Spring Linear valley
— or lrough

<%

Older tauly
fraces

Recent fault
traces

FIGURE 2.4
Assemblage of landlorms associated with active strike-slip faulting.
{Alter Wesson et al., 1975. ILS. Geolegical Survey Professional Paper 941A)
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direct route across the fault zone, producing a beheaded stream ai Lhe
faulr trace (Figure 5.8 shows an example of an offset stream).

Shutter ridges (Figure 2.5) are lormed where a fault displaces topogra-
phy and moves ridge crests on one side of the fault against gullics on the
other side. Because this topography is commonly carved by sircams run-
ning perpendicular to faults, shutrer ridges can be closely related to
deflected and offsct streams.

Scarps can be produced by strike-slip motion by two possible mecha-
nisms; (1) a small component of vertical displacement on individual [ault
strands results in local vertical separations, or (2} topographic relief on
displaced landlorms results in fault-paralle] scarps.

Sag ponds are oflten found in the fault zone and generally are related 1o
downwarping between two strands of the fault zone (Figure 2.6).
Springs are often found along the fault zone because the cushed rock
associated with faulting can be either an elfective barrier to, or conduit of,
groundwater, [orcng it to the surface. Along the southern San Andreas
faull in rhe Coachella Valley, California, [ault traces are often delineated by
native palm trees that utilize the shallow groundwater. In some instances,
the springs and palms form small oases along the fault (Figurc 2.7).

FIGURE 2.5

Shutrer ridges along the San Andreas Fault.
{Phorograph by E.A. Keller)
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FIGURE 2.6

Sag pond (dry) along the San Andreas fault in cenural Calilornia. Note that the line down
the center of the depression is a fence, not a [ault-related feature.

{Photograph by L.A. Kellen)

« Benches consist of ¢clevaled, relatively flar topography in strike-slip {ault
zones. These benches may be slightly warped or tilted. These [eatures
usually are due to the displacements between several [ault segments or
strands in the zone.

* Pressure ridges are small warped areas produced by compression between
multiple traces in a fault zone {Figure 2.8). Where a faull subsequently
breaks through previous pressure ridges, shuuer ridges may be lormed.

Within strike-slip faull zones, simple shear may produce a varicty ol siruc-
tures and forms, including [ractures, folds, normal faults, thrust faulis, and
reverse laults (Figure 2.9). In Figure 2.9, the dashed circle is an imaginary arca
that is deformed by simple shear into the ellipse shown. As a result of that defor-
mation, both contraction and extension occur. Extension produces normal faults
and grabens {fault-bounded basins), somctimes at a microscale of only a [ew
meters. Contraction produces reverse faults and small folds in the fault zone.
Simple shear also produces synthetic and antithetic shears (faults with the
same and opposite sense ol displacement as the master fault, respectively) as
well as whal are called P-shears. Oricntations of those [ractures are also shown
on Figure 2.9. The landforms and structures associated with simple shear are
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FIGURE 2.7
Paln trees mark the trace of the San Andreas fault in Indio Hills, Califoernia.
{I’hotograph by C.A. Keller)

FIGURE 2.8
Pressure ridges along the San Andreas faull in central California.
{Photograph by E.A. Keller)
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CONTRACTIONAL FEATURES g C] EXTENSIONAL FEATURES
———— Folds K&\ Normal faults
‘4((‘/ Push-ups - Pull-aparts

Squeeze-ups D ‘ Hors! and grabens
T
FIGURE 2.9

Simple shear associated with active strike-slip laulting produces a variety of [racLures,
Taults, and [olds with characteristic orienation (A), as well as extensional and contrac-
tional [eatures (B).

{(After Wilcox et al., 1973, American Association of Petrefeitm Geologisis Bullciin, 57: 74-96; Sylvester and
Smith, 1976. American Assocation of Petrolenm Geologises Bulferin, 60: 2081-2102)

most common within fault zones—which, for large faulls, may be a kilometer
wide—but in some instances may extend beyond the faultl zone.

Indio Hills, cast of Palm Springs, California, is an area along the San Andreas
fault where many fault-related landiorms are present. Figure 2.10 shows an ofiset
alluvial fan where a number of fault-related landforms can be seen. These indude
shutter ridges, deflected strcams, beheaded streams, sags, and microtopography
[consisting of a small horst (fault-bounded uplilted block) and graben (fault-
bounded depression; in this case, small downdropped blocks produced by normal
faulting)] with orientations consistent with the simple shear model of Figure 2.9.
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Curmulative ofisel

Microlopography
{horst and graben?}

Shulter ridge and
deflected slreams

FIGURE 2.10
Offset alluvial lan and related landforms along the San Andreas fauh, Indio Hills, California.
tAlter Keller eual., 1982, Geological Socicty of America Bulletinn, 93: 46-56)

Figure 2.11 shows a low-sun-anglc photograph of the oifset alluvial fan and a
30-m high scarp associared with a small left bend of the main fault trace {see Fig-
ure 2.10). The left bend is thought to be responsible for the vertical component of
motion at this point along the [ault which produced the scarp. Localized uplilt and
subsidence are associated with bends and steps in a strike-slip faulr (Figure 2.12}. A
left bend in a right-lateral fault system produces an area of uplift and thus is called a
restraining bend. A right bend in a right-lateral fault produces an area of subsi-
dence and thus is called a releasing bend. If rwo or more approximately parallel
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FIGURE 2.1}
Ollse1 alluvial fan, Indio Hills, California. See Figure 2,10,
{rhotograph courtesy ol Woodward-Clyde consullanis)

fault traces in a strike-slip fault step to the leit or right, then (hese are called
restraining steps and releasing steps, respectively, and also can produce areas
of uplilt or subsidence 16, 7].

Strike-slip faulling is not limited to the land. Figure 2.13 shows parl of the
southern California borderland not far olfshore from San Diego, where the San
Clemente fault cuts the ocean floor [8]. This large, right-lateral strike-slip fault
parallels the San Andreas fault system and has many of the landforms we see on
land, including linear troughs, sags, [ault scarps, offset or dellected channcls, and
large tectonic benches. Some of the higher scarps have reliel of about 200 m.
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Extension Conlraclion

Right Lelt
{Releasing) -~ Bend - (Restraining}
{Releasing) - Slep - ({Restraining} S A
Sag (5) Pressure ridgé
basin {PR) uplifl
E Nomal [zull k Thrusl fault

FIGURE 2.12
Sags atul pressure ridges associated with bends and steps along sirike-slip faulis,
{Alter Crowell, 1974 {6]; Dibblee, 1977 {7])

Restraining and relcasing bends alse are [ound at more regional scales,
producing much larger basins or areas of uplilt. The general trend of the San
Andreas faull is northwest-southeast, but near Los Angeles a section of the
fault several hundred kilometers long is oriented closer to east-west (Figure
2.14}. The western end of this anomalous east-west section of the faulr is a
sharp hend known as the “Big Bend.” The geomelry of the east-west section of
the [aul, sandwiched between the 1wo northwesl-southeast-trending sections,
forms a large Ieli bend similar to that shown on Figure 2.12, and as such should
be associated with contraction. In facl, the Western Transverse Ranges lic along
the Big Bend; they are cast-wesi-trending mountains, in contrast to the north-
west-southeasi-irending Peninsular and Coast Ranges that characterize much
of the California coast. Uplift ol the Transverse Ranges can be explained in part
as compression caused by this large lelt bend of the San Andreas fault. It is also
possible that the San Francisco Bay is a pull-apart basin {produced by releasing
bends or steps) related to several strands of the San Andreas [ault in that
region. Discussion of some of the large-scale [catures associated with strike-slip
faulting is a speculative but interesting arca [or future work.

Landforms of Normal Faulting

Some of the most remarkable topography on land and beneath the oceans is
associated with crustal extension and normal [aulting. The mid-occan ridges are
the longest and most continuous mountain chains on Earth. The axes of oceanic
ridges are marked by rilt valleys, typically bounded by large normal faults. Rilt

TIRANNGE™®)

Geological Academy of IRAN



https://iranageo.ir/
https://iranageo.ir/

68

Chapier 2

200 Faull scarp, arrow in
-7 downslope direclion,
refief inm

D sag
{x Pressure ridge

—= Faull Irace

@ Submaring landslide

Beheaded oliset (7)
submarine channel

Large
5ag or
pull-apan

0 1 km o %
== 0 \
FIGURE 2.13

Idealized map of parl of the San Clemente [ault zone. Dala are [rom Scabeam survey.
{Courtesy of M.R. Legg. University of Calilornia, 5an Dicgo)

valleys are also found on a smaller scale on continents {Figure 2.15}. Perhaps the
best example of continental rifting is the East Alrican Rilt system that extends
for thousands of kilometers (Figure 2.16). The major landlorm of the system is
the rift valley, which is a graben. The morphology of the East Alrican Rift system
is similar to that [ound along some oceanic ridge systems, where overlapping
segments of ridges have a basin between them. The fault scarps produced by
normal faulting in rift valieys, both on land and beneath the occan, are some of
the largest fault scarps found on Earth. The East African Rift system, like the
aceanic ridge syslcms is a topographically high area with active volcanism,
including the spectacular Mt. Kilimanjaro and other peaks. The rift valleys of the
East African rifr are segmented along their lengths into a number of asymmetric

RI\NI\@E”‘)

logical Academy of IRAN



https://iranageo.ir/
https://iranageo.ir/

Landlorms, Tecionic Geomorphology, and Quatermnary Clironology 69

120° 110° 100°
T | Usge
Vancouver -
. ':’ North American plate
-~
5 5552 Remnants of Farallon plate 2
Seattle a
Pacilic plale
Spreading center—arrows
indicate direclion of spreading
40 o —= Fault or lracture zone—arrows
= indicate direclion of movement
—— 40!‘!
San Francisco
%,
- 09%
: - Big Bend
Mumay Fracturo zgng S (“
R
- L TN,
T : S T s z
30° - ' 7 teamy
- i - - = :
B —30°
N " o Hermosillo
Mazatlan
20|~
’ - : ) e
: reeqrrnl Ve Puerdo]age
SEERERY Walland 2
: " P “!%t;’__:
T T T
.| -] S EESEE
120° 110°

FIGURE 2.14
Tectonic [ramework of West Coast United States.
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FIGURE 2.15

Landiorms produced when the crust is pulled apart. Rifring and sea-floor spreading pro-
duce rilt valleys, linear seas, and ocean basins.

{(Aller Lutgens and Tarbuck, 1992. Esteniials of Geolzgy, Macmillan: New York)

basins (half grabens in which the valley is downdropped along a primary set of
normal faulis on one side of the valley) with lengths on the order of 100 km.
Some of these basins are the sites of large lakes, such as Lake Tanganyika and
Lake Victoria. The tectonic geomorphology of the East African rift valley is
known in a gross sense, but much more basic research is necessary to under-
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stand the rates of 1ectonic processes and how they have produced this complex
landscape. Understanding the geomorphic history of continental rift valleys may
provide important information about how their larger cousins, the oceanic rilts,
formed. The aceanic rifts represent the later stages of evolution of continental
rilt valleys, subsequent to the breakup of continents. Studies of the oceanic rifts
are frustrated by the difficulty in obtaining topographic data and images compa-
rable to those available on land.

In the United States, topographic expression of normal faulting is nowhere
betrer expressed than in the Basin and Range province (Figure 2.17). The gross
topography of the region has been compared to an army of caterpillars marching
south from Idahe, or nerth [rom Mexico, depending on your bias. The caterpil-
[ars are long mountainous spincs bounded by steep normal faults. The interven-
ing basins (fault-bounded depressions) are grabens.

Two typesol normal faults are shown in Figure 2.17B: high-angle normal
faults that bound the basins and ranges (producing steep, linear mountain
fronts), and a very-low-angle normal fault known as a detachment fault. Uplilt
ol the ranges ol the Basin and Range has been accompanicd by block tilting,
illustrated in Figure 2.17B. This tilting includes both down-to-the-cast and
down-lo-the-west rolalions, with regions of consistent tilt polarily scparated by
distinct “accommodation zones™ {9]. Tectonic stress and crustal thinning respou-
sible for the normal faulting in the Basin and Range began several million years
ago and is going on today.

Normal faults near the surface are gencerally steeply dipping (~60°). As a
result, mountain fronts along acuive normal laults tend to be straight and steep.
However, there are exceptions [o this; for ¢xample, mouniain fronts at Dixie Val-
ley and Pleasant Valley, Nevada, are more sinuous because the normal fault zones
are themselves sinuous. The same is true for the moumain [ront at Sale Lake Ciry,
Utah [L0]. The combination of verlical motion on range-bounding normal faults
and stream incision in the valleys results in formation of triangular [acets. Triangu-
lar facets are roughly planar surlaces with broad bases and upward-pointing
apexes that occur between valleys that drain the mounlains. Often there is a scries
of such fealures, sometimes called “flaticons,” as shown on Figure 2.18. Triangular
facets are characteristic of mountain [ronts associated with active normal {aults.

The western boundary of the Basin and Range is the Sierra Nevada of Cali-
fornia. A system ol normal and strike-slip [aults lics along ihe eastern flank of
the range. Just north of the town of Bishop, California, hundreds of [ault scarps
produced by normal faulling cut what is known as the Volcanic Tableland. The
Tableland was produced aboul 750 ka by a catastrophic volcanic eruption. Vol-
canic ash covered an arca ol at least 1000 km? to an average depth of 150 m. In
the past 750 k.y., numerous carthquakes have broken that surface {Figure 2.19)
forming the fault scarps. The Volcanic Tableland is noteworthy because the
durable surface records many faulling cvenls so well, but also because faulling
over such a broad area is not common in the Basin and Range. The pattern is
attributed to Nexure of the crust, accommodating westward tilting west ol the
Tableland and eastward tilting east of the Tableland [I1].
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FIGURE 2.16
(A} East Alrican RiflL Sysiem,
{From Lutgens and Tarbuck, 1992. Essentials of Geology. Macmillan: New York)

Normal faults result [rom crustal extension and thinning, and this environ-
ment also favors volcanic activity. Thin crust often is associated with high heat
flow, and partial mching of rocks at depths of a [ew kilometers produces magma to
[eed volcanic activity. Active volcanism is common along active spreading ridges
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FIGURE 2.16 (coutiniied)
{B) Tectonic [ramework and topographic section of part of the East African Rill System.
{Alter Bloom, A.L.. 1991, Geomorphology. Prenlice-Hall: Englewaod Clifls, NT)

(mid-ocean ridges), rift valleys, and other locations associated with extlensional
tectonics (normal faulting), including the Basin and Range province. For example,
in the Mong Basin, located north of the Volcanic Tableland, recent volcanisin
(within the fast 40 k.y.) and intrusion of dikes reflect tensional strain previously
taken up by normal laulting along the Sierra Nevada [rontal [ault system [12].
Notiiral faulting over several millions of years can form escarpments {long,
nearly continuous clifl-like slopes) that may dominate the topography of a region.
For example, normal faulting has dominated landscape development in much of
eastern Greece and the Aegean Sca for at least the last several million years [13].
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FIGURE 2.17

(A} Location of Basin and Range province, and (B) regional tectonic [ramewaork including
high-angle normal faults that produce the basins and ranges, and regional low-angle
detachment faulis,

The Gulf of Corinth {Figurc 2.20) is a graben bounded by normal fault escarp-
ments with reliel {dilference in elevation {rom base to top of the escarpment) of
several hundred meters. Two prominent escarpments south of Skinos climb 1100
m in two steps [13]. In February and March 1981, three moderate earthquakes (M
= 6.7, 6.4, and 6.4) produced considerable ground rupture on normal faults along
beth the north and south margins of the Gulf of Corinth (Figure 2.20). The major
surface ruprures occurred along a 10-km-long normal [ault segment wrending east-
wesl {east of Pision, Figurc 2.20) and following the base of a very prominecal
escarpment produced by numerous earlier faulting evenis. Vertical displacements
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FIGURE 2.17 (continned)
{C) Photograph of Central Arcow Canyon Range in the Basin and Range province,
tPholograph © J. Shelion)

were as much as 1.5 m, bul mostly ranged from .5 m to 0.7 m. Swudy ol the
ground rupture showed that this faulting was clearly the most recenu displacemnent
along the faults responsible [or the major topographic features {escarpments) on
the margin of the Gulf of Corinth [13].

In summary, the assernblage ol landforms associated with normal faults
includes steep, linear mountain [ronis; faull scarps; horsis and grabens; escarp-
ments; volcanic landlorms (lava flows, cones, clc.); and at regional scales, rift
valleys and axial rilts ol oceanic ridge systems.

Landforms of Reverse Faulting

Reverse faulting generally is [ound in arcas of crustal thickening, where moun-
lains are being constructed. Some of the most speclacular scenery in the world
is produced by uplift associated with reverse faulting. For example, at conver-
gent plate boundaries. thrust faulting associaced with subduction produces a
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FIGURE 2.18

{A) Idealized oblique diagram showing a imcuntain front, normal fault, and triangular lacets
{fladrons) in the southern San Joaquin Valley, Caliloria. {B) Photograph of features shown in
{A) looking across Saline Valley at Inyo Mountains and snowy crest of Sierra Nevada beyond.
{Photograph © J. Shehwon)
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FIGURE 2.19
Fault scarps on Lhe Volcanic Tableland, eastern California. The Tableland is a 738 ka vol-

canic sheet that has preserved extensive rupture across its sutface,
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FIGURE 2.20

Normal [aults in the Gull of Corinth, Greece, Also shown are areas ol surlace rupture
from the 1981 canhquakes, subsiding coastlines, and uplilied coastlines,

{Alter Jackson et al., 1982, Earth and Planeiary Scence Leiters, 57: 377-397)

varicty of landiorms, including uplificd marine terraces, anticlinal hills
{upwarps), and synclinal lowlands {(downwarps). One ol the best cxamples ol
this is the landscape near Bureka, in northwestern coasial Calilornia, where
folds associated with the Cascadia Subduction Zone are exposed onshore. Land-
forms such as Humboldt Bay and other coastal lowlands are atl sites of syn-
clines, whereas intervening hills are anticlines (Figure 2.21} [14, 15]. The
important subject of aclive lolding and fold-relaled landforms is discussed in
derail in Chapier 7. ’

The asscmblage ol landlorms assoctated with reverse laulting includes belis
of aclive folding and faulting called fold-and-thrust belts. Thrust faults are a tow-
angle variety of reverse faults and olten are associated with lolds. Active lolding
has produced spectacular folded topography in the Zagros fold belt of Iran (Figure
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(A} Map of folds and thrust [aults near Eureka, California. {B) Profile of uplift rates A-A’.
Uplift rates clearly maich the topography. Anticlines and thrust fauhs produce hills and
uplifted marine terraces and synclines produce bays (basins).

{Adter Valentine, 1992 [15); Clarke and Carver, 1992 f14])

2.22), and the northern Apennine Mountains in Italy, as well as in other parts ol
the world. Landlorms associated with reverse faulting include steep mountain
fronts, fault scarps, extensional features, and landslides. The 1980, M = 7.3, El
Asnam earthquake in Algeria produced a mean vertical displaccment of 6 m on
a 30-km-long reverse-fault system. One ol the surprising discoveries following
the earthquake was the amount of tensional (normal) faulting that accompanied
the event. Compressional deformation caused about 5 m of uplift of the anticli-
nal fold, but the most extensive surface-deformation features caused by the
carthquake were tensional, including normal fault scarps and grabens [16].
These normal faults are all on the upper plate above the fault, which was bent
during faulting, producing the extension (Figure 2.23).
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FIGURE 2.22
Oblique phowograph of an anticline in the active Zagros fold bel, Iran.

{Photograph courtesy ol Aerolilms)

PLEISTOCENE AND HOLOCENE CHRONOLOGY

Geologists have subdivided the eons of geologic time in order to understand
events in Earth history in their correct chronologic sequence and to correlate
local sequences of rocks within their regional and global context (Table 2.1).
For scientists and citizens concerncd with active tecronics, the period of most
interest is the Quaternary, which is the most recent 1.65 m.y., consisting of
the Pleistocene and Holocene Epochs. The Pleisiocene is divided into threc
patls.
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FIGURE 2.23

Idealized diagram of a fold deformed during the 1980 El Asnam carthquake (M = 7.3) and
graph of surface uplilt produced by the event. The [old was produced by a sequence ol
such events. Note the extensional [eatures at the crest of the [old.

{Adter Sicin and Yeats, 1989, Scientific American, 260(6): 48-57)

Early Pleistocene, Irom approximately 1.65 Ma 10 780 ka. The boundary
at 780 ka coincides with the time ol the most recent reversal of the
Earth’s magnetic ficld.

Middle Pleistocene, from 780 ka 1o 125 ka. The boundary at 125 ka
marks the most recent major interglacial and associated highstand ol sea
level.

Late Pleistocene, from 125 ka to 10 ka. The boundary at 10 ka marks the
end of the Pleistocene, and the beginning of the Holocene, and rellects a
major climatic change. Often in active tectonics we are interested in the
part of the Late Pleistocene from approximately 18 ka 1o 10 ka. The
boundary at 18 ka marks the maximum ol the most recent glaciation.
Holocene, [rom 10 ka Lo present. The Holocene is the time period in
which human civilizations burgconed and grew. Across most of Lthe
planet, the climate stabilized (with some notable exceptions) to the con-
ditions we know today. The early 10 mid-Holocene marks the Neolithic
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TABLE 2.1
The geologic time scale.

Chapier 2

Millions of Years

Era Period Epoch Duration Before Present
CENOZOIC Quaternary Holocene 0.01
Plcistocene 1.65
Teniary Pliocene
MESOZO .
Ic Miocene 64
QOligocene
Eocene
PALEOZOIC Paleacene
66
Crelaccous 78
Jurassic 64
Triassic 37
245
Permian 41
PREC .
RECAMBRIAN Pennsylvanian 34
Mississippian 40
Devaonian 48
Silurian 30
Ordovidan 67
Cambrian 63
570
Proicrozoic 2500
Archean 38007

{From Palmer, 1983, Geology. 11: 503-504)

Revolution, which inciuded such human advances as agriculture, settled
communitics, and development of the earliest complex societies. Active
faults are defined as laults that have moved during the Holocene, and
the study of the carthquake history during the Holocene allows us to

esrimate future earthquake hazards.

Dating is perhaps the most critical tool in assessing active teclonics, and it is
often the most difficult part of a tecionic study. If there is no chronology (in partic-
ular, no numerical dates), then we cannot calculate rates of tectonic processes (“no
dates, no rates”}. It is usually much easier to measure deformarion resulling from
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A 30601:50yr

FIGURE 2.24

Principles ol dating the most recent fault rupture. [n all three cases, several horizons have
been dated by HC. In case {(A) the minimum age [or the most recent [aulting event is
6250 = 100 yr. Tn case (B) the maximum age [or the most recent faulting is 3060 + 50 yr.
I[n case {C} the most recent faulting occurred between S000 + 200 and 4000 £ 80 yr.

tectonic activity than it is to accurately date when that deformation accurred. For
example, we can easily measure the amount of vertical displacement associated
with a past earthquake, but unless we are able o date the deposits associaled with
the displacement, we cannot calculate the rate of aclivity. If we are studying a
scquence of alluvial deposits and they overlic and are not displaced by a lault
below, than dating those deposits provides a minimum age since the last faulting
{earthquake) event (Figure 2.24A). Il the deposits are displaced, then dating them
provides a maximum age for the rnost recent faulting event [17] (Figure 2.24B).
Under ideal conditions, we would like to have several dates at a particular loca-
ton—one or more for the overlying deposits that are not laulled and others for
deposits that are faulted (Figure 2.24C). Given this information, we can bracket
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the tme in which displacement occurred. New techniques are now entering the
geologist's toolbox for establishing the age of fault motion, incduding numerical
datng of fault gouge and age of exposure of geomorphic surfaces.

Numerical age control [or faulting events is vital in tectonic and earth-
quake studies in order to establish three parameters: the age of the most recent
rupture; the typical duration of time between events (recurrence interval); and
the long-rerm displacement rate on the fault. The age ol most recent ruptures,
in particular, has both scientific and legal significance. In California, in order to
call a fault “active” it must be demonstrated that the [ault has moved in the
past 10 k.y. [18]. For the U.S. Nuclcar Regulatory Commission, a capable faull
is one that has moved at least once in the past 50 k.y. {conveniently within the
limits of conventional radiocarbon dating methods) or several times during the
past 500 k.y. {see Chapter 1) [19].

At presenty over 20 different methods of dating arc useful [or siedying aclive
tectonics. These methods may be categorized in terms of whether they are numer-
ical methods (providing an absolure age in years), relative dating methods, or cor-
relation methods [17]. Appendix A lists the more common methods used to date
Pleistocene and Holocene materials and summarizes the age range over which
each meLhod can be applied, the basis for the method, and selected comments.

Historical records provide the most accurate chrenology, but these are lim-
ited Lo only aboul 200 years in the United States. In other arcas such as China,
the hisiorical record exiends several thousand years. Given the brevity of human
history compared with geologic history, we are usually forced to vesort to analyti-
cal dating methods. All of the dating methods listed in Appendix A arc applicable
to aclive-lectonics studies under specilic circumstances. Which method is used
largely depends on the environment being studied. For example, il volcanic ash is
present, then the logical methods are rephrachronology or potassium-argon
analysis. On the other hand, if carbonate rinds are [ound on dasts in soil hori-
zons, Lhey may be dated by using the uranium-series method. I the rinds are of
Iotocene or latest Pleistocene age, then the 'MC merthod may provide some age
control, “C is the niost often ulilized of the dating technigues, and also the mest
available, least expensive, and probably the most thoroughly tested. Standard
radiocarbon analyses can daic malerial as old as about 50 ka (but many scientists
trust the results only as far back as about 35 ka). Accelerator mass spectroscopy
{AMS) is a variety of 1C analysis that increases the temporal range thal is datable,
shrinks the error bars, and decreases the minimum sample size. Additional com-
plications have been revealed by the extensive use ol radiocarbon analyses. A
fundamental assumption of the “C method is that the reservoir of “C in the
ammosphere, to which all terrestrial organisms are equilibrated, has remained
unchanged through time. Independent dating techniques reveal that this assump-
tion is slightly in error, and radiocarbon ages are systematically too young by up
o 3.5 k.y. at 20 ka, for example [20]. Independent corrections exist for this sys-
tematic error from tree rings [21], glacial varves (annual lake strata) [21], and
uranium-thorium dates from corals [22].
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In addition to systemalic crrors, random errors can be introduced into UC
ages by sample contamination with carbon that is either 100 old or too young.
Incorporation of 10% dcad carbon {carben with no “C left) into a sample will
provide a date approximaiely 800 yr too old, and contamination of only abour
0.5% recenl carbon in any very old (>50 ka) sample will produce a date of about
40 ka. even if the other 99.5% ol the sample formed millions of years ago [17].

In addition 10 mcthods of dating geologic deposits, a battery of new tech-
niques has been introduced to directly date the duration that a landform has
been exposed at the Earth's surface. Research is undcrway to evaluate the use of
beryllium-10, aluminum-26, chlorine-36, and other isotopes, all of which are
produced when cosmic rays interact with the Earth's atmosphere or its surface
[L7, 23]. Because these isctopes accumulate in measurable quantities in surface
materials such as soils, alluvial deposits, and rock surlaces, their concentration is
a potential measurement of minimum time of exposure of those surlaces. There-
lore, in principle, it would be possible to measure the amount of beryllium-10 in
the surface layer ol a lault scarp in bedrock and determine the time the scarp has
been exposed. This would be the duration of time since faulting.

Another new technique is being developed that may directly date the latest
movemenl of a fault through analysis of the fault gouge. Eleciron spin resonance
(ESR} takes advantage of the facr that ionizing radiation, from both cosmic rays and
radioactive decay in surrounding material, occurs in the crystal struclure of calciie
or quartz [24]. Fault displacement can reset the ESR clock by either friclional heat-
ing or migration of [luids along the fault plane [25]. Thus any ESR signal measured
in fault gouge should have accumulated only since the last fault rupture, That age
can be estimated by measuring the signal and the in-situ radiation dose.

It is oftien difficult to collect useful dating maicrial at a particular site where
deformation from active rectonics occurs. As 2 restlt, it can be useful to establish
a relative chronology based upon methods such as soil-profile development or
rock and mineral weathering. The development of a soil chronology is a complex
process thal requires the description and analysis of many soil profiles [26]. The
ool is, however, a powerful one because the chronology may be established over
an entire region and then carried to an arca where independent age control is not
available. Soils on alluvial surfaces ol a varicly of ages may be studied 1o produce
what is known as a soil chronoesequence, which is a series of soils arranged
[rom youngest to oldest in terms of relative soil-prolile development. Some of the
soils may be dated by radiometric and other methods at some location in the
region and then, through correlation of the soils (corhparing daled proliles with
profiles of unknown age), the chironology may be applicd to other sites where
absolute dates are unavailable. For example, the offset alluvial fan along the San
Andreas fault in the Indio Hills near Palm Springs (Figure 2.10) has a relatively
weak soil profile development with an estimaied age of 20 to 30 ka. This age was
determined by comparing soil-profile development at the site to soils of known
age in the region. Soil dates based on correlation with dated soils are only rough
cstimates, commonly with uncertainties of up to + 25%. Applying the estimared
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Faulted terraces ol the Ventura River near OQak View, California. Cross section A~A"shows
effects of [aulling; cross sections B~B’ and C-C’ show the river terraces between faults.

{Aller Rocksvell ct al., 1984 [27])
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Longitudinal profiles of the modern Ventura River and faulted Lare Pleistocene terraces.
Locations ol [aults shown on Figure 2.25.

{Mudified after Rockwell et al., 1984 [27])

age range o the alluvial fan in 1he Indio Hills, which is offset about 700 m, pro-
vides a slip rate of approximately 23~35 mm/yr. As a sccond example of the use
of soils in tectonic studies, consider the [aulted terraces near Qak View, Calilornia,
shown on Figures 2.25 and 2.26. Soils were described on the six river ierraces.
Development ol a soil chronosequence allowed the laulted terraces 1o be corre-
lated, and C datcs from charcoal in the terrace deposits [or terraces Qt,,, Qt,,,
and Qrt,, (along with measured displacement of the terraces) allowed calculation
of slip rates for the [aults {ranging from 0.3 mm/yr to 1.1 mm/yr). Ages for the
older terraces (Qu,, and Qt,. Figure 2.25} were estimated by extrapolation from
the younger dated Lerraces [27].

[n summary, development of the Pleistocene and Holocene chronology is
probably the maost difficult part of an active tectonics study. Nevertheless, it is
necessary if the history and rates of activity are 1o be determined. Vigorous
rescarch underway is developing new methods of dating that will be more reli-
able in estimaling ages of materials, surlaces, and events.

SUMMARY

Teclonic geomorphology is defined as the study of landforms produced by tectonic
processes or the application of geomorphic principles to the solution of tectonic
problems. Four important geomorphic concepts applicable 1o tectonic geomorphol-
ogy are: (1) landscapes evolve through time, and changes in landforms are pre-
dictable, {2) abrupt changes in landscape evolution may occur as thresholds are
cxceeded, (3) interactions of landscape evolution with thresholds can produce
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complex response, and (4) a change in form implies a change in process. Aclive
faulting produces a variety of landlorms, and each major category of faulting may
be discussed in terms of a characteristic assemblage of landforms.

Determination of the Pleistocene and Holocene chronology is critical to the
solution of any tectonic-geomorphology problem. If there are no dates, there are
no rates! Methods of establishing the chronology {dating) may be characrerized in
terms of whether they are numerical, relative, or based on correlation. Historical
records provide the most accurate chronology but these are limited to only about
200 years in the Uniled States. Vigorous research is now underway to develop

new methods ol dating.
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INTRODUCTION

Geodesy is the science of the shape of the Earth, including both its general form
and precise measurements of its surface. The [irst human attemplis at accurate
measurement of the land daie 1o the first advanced civilizations. The Egyptians
and Babylonians aspired to great works of architecture and engineering and
required accurate surveys of the land o construct them. The sophistication and
accuracy of surveying techniques have improved with the increasing ambitions
ol human civilization. Tn the modern world, networks ol roads and rails, canals,
power lines, and telecommunication lines unite and bind the planet, spanning
cven the most forbidding terrain. These works arc built, liguratively speaking,
on networks of highly accurate geodetic lines,
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FIGURE 3.1

Eratosthenes observed that ar noon on the summer solstice, the rays of the sun shone
directly down a well in Aswan, bul a pole in Alexandria cast a shadow. By measuring the
lengih of the shadow and the height of the pole, and knowing the distance between the
twa sites, he was able 10 calculate the radius of the Earth.

Swudics in aclive tectonics rely upon geodesy [or measurements of almost
imperceptible changes in the surface of the Earth, changes thar signal ongoing
tectonic activity. The first applications of geodesy were nol so subtle. In Classical
and Postclassical Greece, there was considerable debaie whether the Earth was a
Hat disk or, as Pythagoras and Aristotle postulated, a sphere. The father of geo-
desy was Eratosthenes, who lived between 276 and 195 B.c. and served as the
librarian of the Museum of Alcxandria, Egypt. Eratosthenes observed thai, at
noon on the day of the summer solstice, the Sun shone directly down into a
well al Aswan, along the Nile valley. At the same moment in Alexandria, farther
north at the Nile delta, the Sun was not directly overhead, and a vertical pole
cast a shadow (Figure 3.1). By mecasuring the length of the shadow and the
length of the pole and knowing the distance between Aswan and Alexandria
{5000 Egyptian sladia or 787.5 km), Eratosthenes calculated the radius of the
Earth to be 6267 km [, 2]. By this insightlul observation and careful measure-
ment, he not only proved that the Earth is roughly spherical in shape, bul also
thar it is possible to estimate its size—an cstimate that was within 2% ol the true
average radius of the Earth {6371 km)!

The spherical model of the Earth remained the governing paradigm for
nearly two millennia alter Eratosthenes, and il was the increasing accuracy of
geodelic measurement that proved the model 1o be inadequate. In the early
cighteenth century, it was found that a pendulum clock shipped from Paris to
more equatorial latitudes ran slower near the equator. Sir Isaac Newton argued
that this was evidence that the Earth was not truly spherical, but an oblate
cllipsoid, bulging at the equator (Figurc 3.2). The surface at the equator on an
oblate body is farther from the center than is the surface at higher laritudes.
Gravity would be fractionally weaker, and a pendulum would swing morc
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FIGURE 3.2

Eighleenth-centary Lheories on the Earth’s shape. English scientrisis believed that the
planel was an ablate spheroid (left)—the shape of a pumpkin sitting on the porch at
Thanksgiving. French scientisis believed il was a prolate spheroid (right)—cgg-shaped.
On an oblate spheroid, 1he disiance corresponding to one degree of latitude increases
toward the poles; on a prolate spheroid, the distance diminishes from equator Lo poles.
{Aller Fernie, 1991 [3])

slowly. Never avoiding an argument with the English, French scientists asserted
that the Earth was prolate—bulging at the poles. The acid test of this dispute
was o accurately measure the surface length of one degree of latitude, which
would be greater near the poles on an oblate spheroid, but greater near the
equalor on a prolate spheroid. The French Academy of Sciences sent out two
teams of geodesists, one to Ecuador and the other to Lapland. The scientists
assigned 10 the southerly expedition surely had no idea what was in store for
them—ithey were absent more than ten years and endured searing heat, icy
cold, starvation, disease, and murder. The northern expedition lared somewhat
better—despite heavy seas, awempted piracy, and a subzero Scandinavian win-
ter, they returned within 18 months. Through very careful geodetic and astro-
nomical observation, both expeditions succeeded in their objective. The French
found the length of 1°® of arc in Ecuador 1o be 340,404 [i, and in Lapland
344,532 {1, proving that the the English were right—the Earth is indeed oblate
[3]. Subsequent remeasurement found that the northern expedition had overes-
limated the distance in Lapland by about 600 It, but ihe conclusion was correct
nonetheless. We now know that the radius of the Earth at the equator is 1 part
in 298.25 (about 21.4 km) greater than-at the poles. From a purely spherical
point of view, the Mississippi River. runs uphill-—it is farther [rom the center of
the Earth at its delta than at its headwaters.
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Geodetic Frames of Reference

As the example of the Mississippi River illustrates, an important concept in geo-
desy is the [rame of reflerence against which a position, including elevation, is
measured. We now know that even the model of the Earth as an oblate spheroid
is only an approximation (Figure 3.3). The global position of sea level, which is a
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FIGURE 3.3

Relationship between the geacentric reference ellipsoid {cross section of an oblate spher-
oid), the geoid, and the surlace topography of the Earth. Note that all deviations [rom a

sphere are greatly exaggerated.
{Alier Wells, 1986, Guide fo GPS Posirioning. Canadian GPS Associares: Fredericlon, NB)
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surface of equal gravity potential known as the geoid, has an undulating shape
that deviates [rom the oblate spheroid by as much as 100 m (Figure 3.3A). Ele-
valion, as we commonly use the term, is a distance above or below the geoid, a
distance more correctly called orthometric height (Figure 3.3B). Geodctic net-
works must be tied to the absolute vertical datum ol the geoid, usually at several
dilferent locations. Mcan sea level ar a particular location is typically established
by use ol a tide gauge (see Chapter 6), which measures and averages the water
level over long periods ol time [4].

Geodetic Standards

In practice, geodesy rakes on a number of forms that range from localized sur-
veying conducted by construction and highway crews 1o three-dimensional posi-
tioning at points half a world apart. The accuracy and care required for the latter
measurements would be wasted on other applications. For that reason, the
United Slatcs has established different categories for classilication of geodetic
control and surveys: first-order surveys are the most accurate, sccond-order
the next, and third-order surveys arc the least accuraie, although they still
mcet stringent criteria [5]. Each order may be further subdivided into cither
class I {more accurate) or class II {less accurate). Some of the criteria for level-
ing surveys are listed in Table 3.1. Where ground positions are known with great

Specilications for precise leveling done by the U.S. Coast and Geodetic Survey.

Order of Leveling

First Second (Class I) Second (Class II) Third

Spacing of lines and 96.6 40,2-56.3 9.7 Nol
cross-lines (km) Specilied

Average spacing of
permanent benchmarks, 1.6 1.6 1.6 4.8
not to exceed (km)

Lengeh of seciions (k) 0.8-1.6 0.8-1.6 0.8-1.6 Not

Specified

Check berween forward and
backward runs between

fixed elevations, not 10

4 mm(L)** 8.4 mm{L)%* 8.4 mm(L}%% 12 mmq{L})**

exceed (L in kmy)

{Aller Brown and Oliver, 1976 [8])
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certainty, but elevation cstimates are less accurate [6], the nelwork is known as
a horizontal geodetic network; in a geodetic leveling networls, vertical
control points are well established, but the horizontal positions arc lcss accurate.

Measurement of Geodetic Change

For most human purposes, the topography of the Earth is relatively stable
through time. At most locations, once position and elevation have been accu-
rately determined, they will not change much during a human lifetime.
However, the accuracy ol some geodetic measurements is so great that, in
tectonically active regions, deformation of the surface of the Earth can be
detected over time. All geodetic techniques follow the same basic proce-
dure—a series of measurcments precisely determine the relative positions
within a network of control points.

Resurvey of a geodetic newtwork over a sullicient length of time will lead to
an estimate of the rate and direction of motion, if indeed any motion is occur-
ring. The duration of time required to detect neotectonic movement is a [unclion
of the rate of motion and the accuragr of the measurement technique. Along sec-
tiens ol the San Andreas [auly, one could measure the northward motion of the
Pacific Plate relative 1o North America with a yardstick, if one were patient
cnough to wait thirly years or more. With a geodelic positioning technique
accurate to +5 ¢m combined with a crecping [ault that moves steadily at
10 mm/yr, at least 5-10 yr berween [irst and final measurements, and more
likely 20-30 yr, are required to say anything meaningful about the motion. With
a geodetic positioning technique accurate 1o £1 ¢m, motion on the same faulr
could be detected by resurveys in as little as 1-2 yr.

Near-Field vs. Far-Field Geodesy

Use of geodesy for teclonic applications is often subdivided into near-field and
far-field methods. Far-licld geodesy refers to measurement over long distances,
away [rom any one faull in particular. Regional leveling nets are capable of
detecting regional recionic deformation, somelimes alerling scientists to activity
that they previously did not know existed [7, 8]. For example, one leg of a
regional leveling net crosses the Rio Grande rift in central New Mexico. Between
surveys in 1911 and 1951, up 10 20 cm of uplift occurred over what is now
interpreted as an active magma body bencath the rift {9]. In contrast, near-field
geodesy involves measurement in the immediale vicinily, within meters 1o a [ew
kilometers, of active fcatures or features suspected to be aclive.

Several far-field techniques are effective in measuring relative movement
between points located on different lithospheric plates. The slow moton in the
middle of plates seems to be remarkably regular through time [10]. A geodetic
survey between London and New York, [or example, would detect the contin-
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ued opening of the Atlantic Ocean ar a rate that varies very little over time.
Whether or not motion is detected by near-feld surveys across a plate boundary
or a major faull depends on whether that fault is creeping or locked {see Chapter
1). On creeping faulis, the tectonic driving force is accommodated by steady
movement along the [ault without large earthquakes, movement that can be
detecied by repeated near-lield surveys. On locked faults, the driving force builds
up until it exceeds the resistance at the fault plane and an earthquake occurs. A
summary of geodetic results in southern California found that constant, creeping
mation is occurring on several faults, bur that there is no continuous movement
on a number of others which are known to be active [11].

GEODETIC TECHNIQUES

The technology used by modern geodesists has changed quire a bit since Eratos-
thenes and Lhe French Academy of Scences expeditions. The techniques that
represent the current state-of-the-art are informally subdivided as follows:

« ground-based techniques

* space-based techniques
» Very Long Baseline Interferometry {(VLBT)
» Satellite Laser Ranging (SLR)
» Global Positioning Systems (GPS)

The ground-based metheds are a mature technology, the fundamentals of
which have been around for centuries, even millenia. The space-based methods
are a new technology, the limitations and applications of which continue to
evelve. Bach of the dilferent techniques must be cvaluated in ternis of the equip-
menlt required, its potential accuracy and precision, and its possible applications.

Ground-Based Geodesy

Both lar-field and near-lield geodetic techniques are well suited to studies of
neotectenic deformation. More than 700,000 km of leveling lines cross the
country, {rom coasts o mountain peaks, with accuracics measured in centime-
icrs [3]. This control network is sensitive o imperceptible changes in ropography
such as can be caused by ongoing tectonic activity. For example, in Yellowsione
Narional Park, the geysers and many volcanic features which tourists admire are
the result of a shifting magma body in the crust beneath. The area is also seismi-
cally aclive; in 1959, a M, = 7.5 carthquake ruptured and warped the surfacc just
west ol the park [12]. A network of geodetic conirol points, interrelated by high-
precision GPS satellite measurements, has been installed across the area in order
to understand the year-to-year pattern of surlace delormation and how it rclates
Lo the driving forces in the crust beneath [13].
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FIGURE 3.4

Near-field geodetic techniques [or measuring movement on an active lauit. The trilatera-
tion net is seositive to cither vertical or horizontal motion, the alignment array 1o hori-
zonlal motion, the leveling array Lo dip-slip motion, and the dry-till net 1o tilting of the
ground surlace.

In the immediate vicinity ol faults or other geologic struciures, near-field
geodetic surveying can be used to detect fault creep, uplift or subsidence of the
land, tilting, or the growth ol aclive lolds [14]. Several common near-lield tech-
niques are illustrated in Figure 3.4 and listed below.

= Alignment or leveling arrays. Using a single basc location, at which a
measuring instrument is located, and a line of fixed points which crosses
the fault, any relative motion can be determined. Alignment refers to the
relative position of the points (sensitive to strike-slip motion), and level-
ing refers to the elevalions {sensilive to vertical motion).

» Trilateration nets. A number of stations are located on either side of the
fault. Stations are arranged in a pattern of interlocking polygons so that
the position of each point is known relative to every other. Repeated
measurement of the orientations and lengths of the baselines between the
slalions results in a network sensitive 10 minute motion across the fault.

» Dry-tilt nets (also called “spirit levels®). These points are generally
arranged as an equilateral triangle located on one side of the fault or the
other. Any changes in the relative elevations of the points indicaie tilling
of the ground [14].

Most high-precision surveying today is done with electronic distance mca-
surement (EDM) systems, such as a theodolite (Figure 3.5). These systems
bounce a laser pulse off a refllector positioned some distance away and detect
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FIGURE 3.5

A theodolite. This instrument
and others like it are
designed 1o measure dis-
tances and angles with great
accuracy. These insrruments
are the most common devices
for measuring geodetic net-
waorks {e.g., Figure 3.4).
{Photograph courlesy of Sokkia
Corp.)

5N

the reflection of the pulse. The time interval between sending the pulse and
detecting its rellection is a measure of the distance between the laser source and
the reflector. Depending on the equipment used, EDM sysiems can measure
distances up 10 10-20 km or more, although greater accuracy is achieved with
shorter lines. Under the best conditions, accuracy of measurements over base-
fines 1-35 km long using a geodolite has been found 1o be between 3 and 8 mm
[15]. This accuracy was achieved by a series of short line sightings, temperaturc
measurcments at each station, and humidity measured by overhead aircralt.

Very Long Baseline Interferometry (VLBI)

VLBI staddles the line between geology and astronomy. This technique measures
positions on the Earth's surface with accuracy of less than | ¢m by observing
quasars, which are among the most distant and most energelic [ealures in the uni-
verse. Owing to their great distance [rom us, quasars arc the most stationary bea-
cons in the heavens. Closer celestial objects, such as the stars in the night sky, shift
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posilions at rates derectable by the most sensitive telescopes. Quasars arc also desir-
able as beacons because their radio signals, far higher in frequency than visible
light, are virtually undistorted by passage through the Earth’s atmosphere [16].
Radio telescopes around the world can track the positions of quasars and
monitor the signals they emit. Each receiving station records this information,
as well as the exact time at which it was received, calibrated by atomic clocks
(Figure 3.6). For any one quasar, Lhe radio signal detected at all of the tele-
scopes is identical, except that the signal will be detected fractionally carlier at

“\Xoua%‘*

Distance:
D=¢c<t

(c = speed of

light)

film

v !z_-"l;va":.'n_;_:_r-‘g? R PR e o

Receiver

Recaiver

Tape
recarder recorder

Delay time =1

FIGURE 3.6

Distance between twao radio telescope sites is measured by recording the signal from a
quasar, matching it to atomic clocks, and then comparing the records at the two sites.
{Aler wells, 1986. Guide to GPS Positioning. Canadian GPS Associates: Fredericton, NRB}
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some stations than at others {Figure 3.7). The lag time between any two
receivers is directly related to the distance between them parallel to the quasar’s
direction:

Distance = rale « time = (speed ol light) « (lag time) {3.1)

By rracking several quasars simultancously, a network of recciving stations can
precisely determine their relative positions in all three dimensions.

The accuracy of these VLBI distance measurements is a few centimeters or
less [16]. This method currently is the most accurate of the space-based geodetic
techniques. In addition, hecause VLBI is measured against a cclestial reference
frame and not a terrestrial one, it provides other information such as precisc
measurement of the Earth’s rotation rate and the orieniation ol the rotation
axis. Very minute variations in the Earth’s rotation reflect such processes as
tides, winds, scasonal redistribution of water and ice, and [low within the
molien interior of the planet [16]. _

The principal disadvantage of the VLBI technique is that it requires a fully
functional radio observatory, equipment that is neither easily portable nor avail-
able to the average geodcsist, However, monitoring ol existing VLB stations pro-
vides a highly accurate, coarsely spaced [ramcework [or the shape and the rates ol
delormation of the surface of the Earth. VLBI mcasurements have been used
successfully in several studies of tectonic movement and seismic deformation
[17. 18, 19].

Satellite Laser Ranging (SLR)

In 1976, the United States launched the [irst fully-dedicated laser geodynamics
satellitc (LAGEOS}. LAGEOS is one of several satellites currently equipped [or laser
ranging, in which the satellite is used as a reference by which 10 precisely locate
ground positions. Ground stalions track the satellite’s position in its orbit and
bounce laser pulses ofl it. The distance between the station and the satellite is mea-
sured as hall of the lag 1ime between sending the laser pulse (¢} and detecting its
refllection (z,,_), multiplied by the speed of light through the atmosphere (¢

Distance = /2« (1_ -1, Jec (3.2}

Al the ground station, threc types of data are recorded: the distance o the sarel-
lite, the satellite’s position in the sky above the observing station, and the times
ol the observations [10, 20] (Figure 3.8).

There are two ways to utilize the data recorded at a SLR ground station.
The first is to compare the record with data from another station simultancously
tracking the same laser-ranging satcllite. In this method, relative position
berween the two points can be determined with greatl accuracy. The sccond
method for locating SLR sites is to usc mcasurements from all stations around
the planet over a period of months to calculate a model of the satcilite orbit
(that model is known as an “ephemeris”}). The orbits of all satellites are very
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FIGURE 3.7 .

VLBI measures the arrival times of signals [rom distant quasars, which can be vicwed as a
scries ol parallel wave fronts. Two telescopes on the Earth at points 4 and B measure the

arrival rimes (T, T,) of a given wave [ront al the two locations. The duration of the delay

(T~-T,}is used 1o calculate the distance belween the two siles (Df = ¢}.

(After Carter and Robertson, 1986 [16])
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FIGURE 3.8

Satellite Laser Ranging. A lascr pulse is sent from a ground station, rellected olf the satel-
lite, and renurned to the ground. An atomic clock measures the delay between the origi-
nal signal and its reflection. The range Lo the satellite is calculared from this delay time.
{Aler Wells, 1986. Guide ro GPS Positioning. Canadian GPS Associales: Fredericton, NB)

nearly circular or elliptical, but they do {ollow small variations in the geeid {the
equal-gravity shape of the Earth). In addition, orbits are sensitive to factors such
as pressure from the Sun’s radiation and drag [rom the highest traces of the
atmosphere [20]. The LAGEOS satellite was designed to minimize these orbital
variations: it is dense and nearly spherical and is in a high orbit {6000 km) to
minimize contact with the atmosphere. The sum of all ground measurcments
leads to an ephemeris that approximates the satellite’s actual position in its orbit
to within a [ew centimeters. A single ground station ¢an determine its own posi-
tion relative to the model with similar accuracy.

The accuracy of ground locations determined by satellite laser ranging is
+2-3 cm. SLR measurcments are made with equipment that is increasingly com-
pact and portable. NASAs Transportable Laser Ranging System (TLRS-2} is
packed into a lew large crates [20]. A particular weakness of the SLR technique,
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however, is that it requires [avorable weather. Other space-based geodetic meth-
ods can operate regardless of weather (barring truly extreme conditions), but a
cloudy day renders SLR inoperative.

In some applications of SLR, a very different type of satellite is used to
reflect laser puises back to the peodetic ground station—the Moon. Mirrored
reflectors were deployed by the Apollo 11, 14, and 15 missions and by two Soviet
Luna landers [21] (Figure 3.9). In Lunar Laser Ranging (LLR), the basic principles

FIGURE 3.9

Lunar Laser Ranging reflector on the Sea of Tranquility, the Moon. This is the first of
three such devices emplaced by the Apollo astronauts {note the footprints of Buzz Aldrin
in the lunar dust}. Laser-ranging [acililies on Earth bounce a pulse of light off one of the
rellectors and measure the time it takes Lo delect the rellection. The detectors on Earth
must be exiremely sensitive because only a few photons will return to their source Irom a
2-billion walt laser emission.

{From Faller and Dickey, 1990 [21])
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of SLR apply. Like SLR geodesy, the position of a ground station can be deter-
mined with sufficient precision to measure plate motion. Bur like VLBI geodesy,
LIR ground stations are limited to specially equipped (and nonportablc) telescope
facilitics. Three [acilities have been systematically engaged in LLR: McDonald,
Texas; Halea Kala, Hawaii; and Grassc, France. Hitting the 46-cm?* Apolio 11 reflec-
tor {Figure 3.9) has been compared with hitiing a dime wilh a rille fired from two
miles away [21], not to mention that you then have to caich the ricochet. LLR
reveals new information about the Earth-Moon system; for example, that the drag
of tides on Earth is causing the Moon to slip away at a raic of 3.7 cm/yr. Further-
more, LLR has refined our understanding of the Moon's orbit to the point that
we can calculate the occurrence of solar eclipses as far back as 1400 n.c. [21, 22].
With some discussion of new manned expeditions to the Moon, therc arc plans
for improved LLR capability that would improve accuracy by nearly two orders
of magnitude {23].

Global Positioning System (GPS)

The most promising new geodetic technology is the use ol GPS. GPS geodesy
uses a constellation of 24 satellites that circle the Earth at an altitude of about
20,000 km and emit signals that arc used by reccivers on the surface 10 deter-
mine location precisely [24]. The receivers are fully portable; in fact, the most
compact designs arc hand-held units. Geodesy is just onc ol the applications of
GPS technology; others include marine and aircralt navigation, directing search-
and-rescue operations, land surveying, and local deformation modeling (of
dams, mines, etc.). With the systematic reduction in the price ol GPS equipment,
aulomalted maps in cars may somcday be standard.

What makes GPS locating possible is the array of salellites operated by the
U.S. Deparmment of Delense (Figure 3.10). At the hearl of each satelfite are [our
atomic clocks and a radio iransmitter, all powered by 7.2 m? of solar panels
[24]. The GPS salellite array is continuously monitored by a suring ol perma-
nent stations that gird the globe: Hawaii, Kwajalein, Ascension Island, and
Dicgo Garcia. Information on the satellite orbits, the health of each satellite,
and clock accuracies is compiled at Colorado Springs, Colorado, site of the cen-
tral control station for the system.

Operation ol GPS reccivers in the field is a passive procedure made possible
by the infrastructure that maintains the satellite array (Figure 3.11). Each satcllite
transmits at two [requencies simultancously, referred to as L, {1575.4 MHz} and
L, (1227.6 MHz). The signals carry navigation data that is used by receivers on
the ground to calculate the distance to the satellite. Receivers also can use the
two different frequencies to correct for delays in the signal caused by travel
through the atmosphere [25]. Each recetver picks up the signals broadcast by Lthe
satellites overhead at that time and uses the distance to each satellite to deter-
mine its position on the surface. If three satcllites are within range, then the map
position of the receiver can be determined; if four or more satelliles are in range,
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FIGURE 3.10

A GPS satellite. The plan calls for 24 satelliles orbiting the Earth, providing 24-hour,
three-dimensional positioning capability around the globe.

{Phot by Reckwell/Tsado/Tom Stack & Associates)

then the position and the elevation can be delermined. Using a single receiver
(absolute positioning), the location is accurale to as little as +10 m [24].

For maost applications, accuracy of a few wens of meters is ample, but gco-
desy requires centimeter- or even millimeter-scale accuracy. With a single
receiver, precise positioning is limited by uncertainty in the receiver clock,
uncertainties in the cphemeris of each satellite, and slight variations in the speed
of the signals through the atmosphere. However, such errors are common to
multiple receivers on the ground. By using two or more GPS units (relative
positioning), with at least one located at a lixed and known point, the positions
of other points can be found with accuracies of 1 cm or less [24]. In [acl, with
one receiver at a fixed location, a second one, mounted on a vehicle or in a
backpack, is free 1o move around and record positions continuously (kinematic
positioning). The potential accuracy of GPS measurements has been tested in
the very carelully surveyed area along the San Andreas fault near Parkfield,
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FIGURE 3.1}

A GPS geodetic receiver in
operation. Operaling in tan-
dem with another receiver o0
ilie other sidc of the bay. the
distance between the 1wo
sites can be measured (o
within a few cenlimelers.
{Pholo couricsy of Trimble
Navigation)

Calilornia. Horizontal coordinalcs were repeatable to +4-6 mm and elevations 10
+]-2 cm, OVErF basclines up o 11 km long 1261- Furlhermore. the unceriainties
did not grow proportionally with the distances ovel which they were measured.
Over baselines up 0 225 km long. GPS can provide distances accuratc to one
part in 20 million {26]. Although high-precision surveying with an EDM is still
pre[erable over shorl paselines, GPS locating is beller over longer distances.

GPS geodesy has several advantages over other methods. The equipment
works in all weather conditions. it is highly portablc and can go wherever the
most intrepid geodesist can hike, and receivers working in iandem need not be
mutually visible. permitting great flexibility in sclecring sites. It yarious advan-
lages, especially its potential for great accuracy, make GPS the preferred tool for
many applications of geodesy today. For example, repea rcd GPS surveys arc being
used o measurt the thinning of the Antarctic ice sheet in response 0 global
wamming [29}. monitoring groundwater withdrawal and land subsidence {301,
and pinpointing navigation for offshore oil and 5as exploration 1311- A potcmially
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tion around the world [35, 36, 37, 38]. In addition, the parern of coseismic surface
defonmation that accompanies a major carthquake can help reveal the Eeomelry of

faulting, even where the fault doesn rupture the surface 139]. GPs measurements

lechnique may someday coniribute 1o prediction in advance of carthquakes,

GPS technology is stil] in its infancy. Although the humber of receivers jp
use is increasing Tapidly, several obstacles Temain that block an cqual increase in
scientilic results, Ir has been suggested that, in some €ases, the precision of Gps
measurements has outsiripped the stability of the benchmarks being measureq
{40]. Benchmarks should be in solid rock; among the best are stainless steel pins
drilled into bedrock. Another obstacle is that geodcric-qualily GPS measure-
TMeNts require extensive and lime~c0nsuming analysis before the results are in
hand. The ability to collect Gps information may have ouisiripped the ability 1o
Process and make sense of it [40].

A final obstacle 1o widespread use of GPS geodesy is military secy rity. The
GPS sarellite constellation was designed and is operared principally as a mititary
toal. Until recently, GPS sarellites have broadcast their signals frec and without
restrictions. Since 1990, however, the U.S. Departmeny of Defense has considered
it hecessary 1o inlemionally degrade the Gps signal |41]. The military has 1wo
techniques for réstricting access to the most precise GPFS-positioning capabiliry:
Selective Availability and Anli-SpooIing [25]. Selective Availability involves
degrading the broadcasi information abou; satellite orbits and perturbing the satel-
lite clocks. Anti-Spoofing refers 1 encryption of the L, signal. The highest possibie
Precision is still available to receivers equipped with appropriate decoding devices.
There is a possibility that Selective Avatlability decoders may be provided to scien-
tific users wihg require the maximum possible accuracy.

Summary of Geodetic Techniques
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GPS moniloring of Teishi volcano, Japan. A swarm ol carthquakes berween July 3 and 10
preceded Lhe eruption of July 12, 1989, GPS receivers ar two locations across the voleanic
feature, ITO and HTS, detected permanent changes in relative elevarion and distance dur-
ing the increased seismic activity.

{Alter Shimada ecal.. 1990 [33])

that accuracy can be obtained. Figure 3.13 illusirates accuracy of relative posi-
tioning as a [unction of haseline length. Ground-based measurement (using an
EDM) remains the most accurate method for all bascline distances less than
about 4 km. Of-the spaced-based technologies, VLBI is the most accurate,
although not necessarily the most useful, given the great mass and complexity of
cquipment required. The {lattest line on Figure 3.13 describes the accuracy of
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Accuracy as a function of bascline length for a variety of geodetic techiniques. Electronic
distance measurement, for cxample, is most accurate over baselines up 1o a few kilome-
ters in fength, but becomes decreasingly reliable (relative to the other lechniques) over

longer distances.

(Alter Wells, 1986. Griide to GI*S Positioning, Canadian GPS Associates: Fredericion, NB})

SLR, which fades little with increasing distance. However, the accuracy ol the
SLR rechnique may be counterbalanced by the cost of the equipment and its
limirations in nonideal wealher conditions. Probably the best balance ol accu-
racy, cost, and mobility today is GPS, which may well become the standard for
many geodetic and other applications in the near [uture.

APPLICATION OF GEODESY TO ACTIVE TECTONICS

Seismic Deformation Cycle

Geodetic measurements can reveal many details of neotectonic motion. Compar-
ison of far-field and near-ficld results tells us much about how stress builds up at
faults and leads to earthquakes. Where [ar-field measurements detect motion, it
usually represents steady, long-term movement, such as the inexorable motion
between two plates. Where the near-ficld measurements across a given plate
boundary equal the far-field motion, we can conclude that the fault is creeping
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(see Chapter 1) and that motion is concentrated on that [ault strand spanned by
the near-lield array. Recall that creep is deflined as any motion on a fault that is
not accompanied by measurable seismic acrivity.

In many cases, howcver, active faults remain frozen, building up stress
over decades to centuries during which no near-field deformation is observed
(see Chapter 1). On such locked [aults, most or all movement is coseismic
motion, instantaneocus and coincident with an earthquake. When a lault
ruptures the surface, it typically produces deformartion that is quite unsubile.
However, a large earthquake can cause deformation both near the fault zone
and over large surrounding areas. The first large earthquake ever menitored
by GPS geodesy was the magnitude 7.5 Landers earthquake, which-sheock
most Southern Californians out of their beds at 4:57 a.m. on June 28, 1992.
The Landers earthquake was the largest in California in 40 years and was
over six times as powerlul as the 1994 Northridge earthquake which caused
an estimated $30 billion in damage in the Los Angeles area. Damage and loss
of life due to the Landers cvent were minimal because that earthquake was
centered in a remote area northcast of Los Angeles [42]. The Permanent GPS
Geodetic Array {PGGA) was csiablished in Southern California in 1991, just
in rime to measure the ellects of the Landers earthquake. The earthquake
caused surface rupture with displacemenis up to 5 m along a 85-km-long
zone of the Mojave Deserl. The GPS stations also revealed something that was
not immediately obvious, that the carthquake altered the shape of Southern
California—shifting the land by up Lo 0.5 m as far as [00 km [rom the fault
rone [43, 44].

Regional deformation associaled with the Landers earthquake was also
detected and measured by a new geodetic technique, satellite radar inter-
ferometry (Figurc 3.14). Some satellites are equipped with synthetic aperture
radar, which measures Lhe distance between the satellite and the Earth's sur-
face by bouncing radar signals off rhe surface at various localions in the satel-
lite’s orbit. These satellites collect data continucusly, repeatedly mapping
regions al regular intervals. A radar-mapping satellite, ERS-1, passed over the
Mojave Desert belore and alter the 1992 Landers cartbquake. Changes in the
satellite-to-surface distance near the region of faulting reveal a systematic pat-
tern called an interferogram (Figure 3.14), which is a regional map of defor-
mation caused by the earthquake. This technique is superior to GPS measure-
ments because it creates a piclure of movement across the entire area, rather
than mecasurements at a simall number of points {45].

Delormation associated with the Landers earthquake seems to have
occurred largely in a single coscismic pulse [44], but other [aults have been
known to exhibit creeping motion immediately before and/or after an earth-
quake. Afterslip, which is aseismic molion that {ollows in the days or few weeks
after a coseismic rupture, may be rclatively rapid immediately after the earth-
quake, but usually diminishes to zero with time [14]). An earthquake rupture also
may be preceded by preseismic motion. Using near-field geodesy to detect pre-
seismic motion is of particular interest as a means of predicting earthquakes in
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FIGURE 3.14

Radar interlerogram illusirat-
ing coseismic motion thal
accompanied the Landers
earthquake sequence of

June 28, 1992. Each dark
band represents 28 mm of
change in position, so that the
image represenis a contour
map of deformation. In this
image, the original radar data
were used (o creale a geophys-
ical made! of coseismic defor-
mation that smooths the con-
tours and eliminates some of
the random noise in the signal.
{From Massonnet ¢t al., 1993
1451}

the days before they occur. Altogether, the repeated pattern ol coseismic motion
during an earthquake, postseismic motion, an interscismic interval, preseismic
maotion, and another earthquake is known as the seismic deformation cycle
[46] (Figure 3.15).

Geologic Models of Plate Motion

All geodetic measurements of teclonic movement are the briefest snapshots ol
motions that have been occurring for long periods of geologic time. The peodetic
estimares of present plate motion need to be compared to estimates from longer
intervals. Several aspecis of the geology of the plaies and the plate boundaries
preserve the dircctions and rates of motion [9]:

* pccanic magncelic anomalies
= orientations ol occan transform [aults
= offsets of geologic formations and {catures

Earthquake focal mechanisms—the sense of ruplure measured during earth-
quakes by seismographs around the world—also help delincale the plares and
show how they are moving. All of this geologic information has been incorpo-
rated into global modcls of lithospheric plate motton {47].
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FIGURE 3.17

Simplilied teclonic map of
the western United Stales
showing the Pacific plate, the
Sierra Nevada-Great Valley
block (SN}, the Great Basin
region {GB), and the siable
portion of the North Ameri-
can plawe. Solid squares are
radio telescope sites on North
Aumnerica; triangles are radio
telescopes on the Sierra
Nevada block,

{Alter Argus and Gordon, 1991
[32])
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Two simplifying assumptions Incorporated
into most current global plate models are:

{1) the plates are rigid bodies, with no
interior deformation, and

(2) plate boundaries are sharp, concen-
trated features where all relative
plate motion takes place.

The plate models [ail where the tectonic
reality is not so simple, where (1) somc defor-
maltion occurs in the interior of plates
{intraplate motion}, or {2) where the plate
boundaries are not simple lines on the map,
but rather broad zones across which rclative
motion is distributed [48]. In the casc of the
San Andreas, both simplifying assumptions
seem to be invalid.

Woest of the San Andreas [ault, on the
North American landmass but on the Pacific
plate (Figure 3.17), the Coast Ranges and the
Continental Borderland are cut by faults and
folds thal accommodate compression and
right-lateral translation. East ol the San
Andreas [ault, the Great Valley and Sicrra
Nevada appear to constitute a rigid, unde-
formed block. However, the Sierra Nevada is

separated from the core of stable Narth
America by the Great Basin province (also
called the Basin and Range}, a broad zone of
active intraplate deformation. The Great
Basin is characierized by many deep basins
and steep, laull-bounded mountain blocks.
This Lopography was [ormed by widespread
extension and right-lateral translation during
the past 20-30 m.y. It is theorelically possi-
ble. but unlikely in practice, o find the total
rate of deformation across the Great Basin by
purely geological means—studying every
fault in the province and summing the rotal
displacement,

The greal strength of space-based geodesy
is its ability 10 determine the relative motion
of any two points on the surface, not only
berween great occan basins or across simple,
concentrated bounding faults. Radio tele-
scopes on both the west and the east sides of
the Great Basin allow us to measure the
intraplate motion east ol the San Andrcas
fault using VLBI [51]—the result, relative
movement of 11 21 mm/yr is oriented 36° +
3° west of north [52]. When this vector is fit
into the “missing motion,” it accounts for all
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FIGURE 3.18

A geodetic network monitors delormation west of the San Andreas [ault, across the Cali-
[ornia Coast Ranges and Continental Borderland. Because motion between the Padific
Plaie and the North American Plate is not limited to the San Andreas fauly, but is distri-
buted over a broad range of faulis, this dense network was designed to determine cxactly

where this motion is occurring.
{Aller Jordan and Minsier, 1988 [51]}

but 6 + 2 mm/yr of the San Andreas discrep-
ancy. That remainder is probably raken up by
delormation west of the fauli. The final step
in accounting for all of the motion between
the Pacific and North American plates is 1o
measure whete on the California coast those

remaining 6 mm/yr are going. A GPS grid is
being monitored to measure deformation
across the California Coast Ranges and Conti-
nental Borderland 10 help determine where
the remainder of the molion is occurring
[51] (Figure 3.18).
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SUMMARY

Rapid advances in the technology of high-precision geodesy are leading to a rev-
olution in the study of active tectonics, global geology, and astronomy, as well as
countless nonscientilic applications. In active tectonics, it is possible [or the first
time not only to reconstruct surflace deformarion, bur actually to measure it
directly! Repeated geodelic surveys can detect the directions and rates at which
lithospheric plates move. The relative motion of the centers of the plates is
remarkably regular, bul stress and strain are unevenly distributed near the plate
boundaries. At more local scales, geodetic nerworks are being used to detect
regional warping of the surface and creep on faults. As rechnology and data-pro-
cessing capability improve, it is likely that geodesy increasingly will be used to
provide real-1ime warning ol volcanic and earthquake hazards.

REFERENCES CITED

. Torge, W., 1980 [Lranslated by C. Jekeli].
Geodesy: An Introdiction. Walter de Gruyter:
New York.

. Vamicek, P, and E.J, Krakiwsky, 1986. Geo-
desy: The Concepts, North-Holland: New York.
. Fernie, J.D., 1991 and 1992. The shape of
the Earth, Parts 1, 11, and Ul Arrerican Scien-
ist, 79: 108-110, 393-395; 80: 125-127.

. Emery, K.QO., and D.G. Aubrey, 1991, Sea
Levels, Land Levels, and Tide Gauges. Springer-
Verlag: New York.

. U.5. Fedcral Geodetic Control Committee,

1984, Starndards and Specifications for Geodetic
Control Networks, Nalional Oceanographic and
Almospheric Administration: Rackville, MD.
. Schomaker, M.C,, and R.M. Berry, 1981.
Geodetic Leveling. NOAA Manual NOS NGS 3,
U.S. Dept. of Commerce: Washington, D.C.

. Fujita, N., 1974, Horizonlal displacements
in Japan. Teclonophysics, 23; 419—422.

. Brown, L.D.. and J.E. Oliver, 1976. Vcrtical

10.

13.

[4,

Harrison, C.G.A., and N.B. Douglas, 1990.
Satellite laser ranging and geological con-
strainls on plate motion, Tectonics, 9:
935-932,

. Louie, LN., C.R, Allen, D.C, Johnson, P.C.

Ifaase, and 5.N. Cohn, 1985. Fault slip in
soulhern California. Brilletin of the Scismofoqgi-
cal Society of America, 75: 811-833.

. Witkind, L], W.B. Myers, J.B. Hadley.

w. Hamillon, and G.D. Fraser, 1962, Geologic
Ieatures of the earthquake at Iehgen Lake,
Mountana, August |7, 1959. Bulleiin of the
Sefsmelogical Soctety of America, 52: 163-180.
Mecertens, C.M.,, and R.B. Smith, 1991.
Crustal deformation of the Yellowsione
caldera from [irst GPS measurements:
1987-1989. Geophysical Research Leiters, 18:
1763-1766.

Sylvesler, A.G., 1986. Near-field 1ectonic
geodesy, In Active Tectonics, National Acad-
emy Press: Washington D.C.

crusial movements from leveling dara and 15. Savage, J.C., and W.H. Prescou, 1973. Preci-
their relation o geologic struciure in the sion ol Geodolite distance measurements for
castern United States. Reviews of Geopliysics determining faull movements. Journal of
and Space Physics, 14: 13-35. Geophiysical Research, 78: 6001-6008,

. Reilinger, R, and J. Oliver, 1976. Modern 16. Carier, W.E., and D.S. Robertson, 1986.

uplift associated with a proposed magma
body in the vicinity of Socorro, New Mex-
ico. Geology, 4: 583-586.

Studyinji the Earth by very-long-baseline
interferometry. Scientific American, 255 {(5):
46-54,

TRANNGE™

logical Academy of IRAN



https://iranageo.ir/
https://iranageo.ir/

118

17.

18.

19.

20.

21

22,

23,

24,

25.

26.

27.

28.

Molnar, P, and J.M. Gibson, 1994. Very
long baseline interderometry and active
rotations of crustal blocks in the Western
Transverse Ranges, California. Geolagical
Society of America Budletin, 106: 594—606.
Zarraoca, N., A. Rius, E. Sardon, and J.W.
Ryan, 1994. Relative metions in Europe
studied with a geodetic VLBI network. Geo-
physical Journal International, 117: 763-768.
Argus, D.F, and G.A. Lyzenga, 1994. Site
velocities belore and after the Loma Priela
and Gulf of Alaska earthquakes determined
{rom VLBI. Geopliysical Researcir Letters, 21:
333-336.

Christodoulidis, D.C., D.E. Smitl,

R. Kolenkiewicz, S.M. Klosko, M.H. Tor-
rence, and BJ. Dunn, 1985. Observing tcc-
tonic plate motions and deformations from
satellite laser ranging. Journal of Geophysical
Research, 90: 9249-9263.

Faller, J.E., and J.0. Dickey, 1990. Lunar
laser ranging. EOS: Transadions, American
Geoplysical Union, 71: 725-726.

Morrison, D.C., 1989. An unsung legacy of
the first lunar landing. Sciernce, 246.
447448,

Bender. P.L., and J.E. Faller, 1990. Ranging
goals for our return o the Moon. EOS:
Transactions, American Geophysical Union, 71:
475 {abstract G2Z1A-9).

Leick, A., 1990. GPS Satellite Surveying. John
Wiley & Sons: New York.

Prescott, W.H., 1994, personal communi-
cation.

Prescott, W.H., J.L. Davis, and J.L. Svarc,
1989. Global posilioning system measure-
ments {or crusial deformation: Precision and
accuracy. Science, 244: 1337-1340,

Vega, V., I. Kellogg, and J.T. Freymueller,
1992, Repeat observations over northwesl-
ern South America, the Caribbean and
Panama [rom the CASA Global Positioning
System project. EOS: Transactions, American
Geophysical Union, 73: 86 (abstract G42A-7).
Dixon, T.H., 5.K. Woll, G. Blewitt, and

M. Hellin, 1992. Preliminary resulls from
the CASA GPS experimenlt. EOS: Transac-

29,

30,

31.

32.

33,

341

35.

36.

37.

Chapter 3

tions, American Geophysical Union, 73: B6
{abstract G42A-6).

Shibuya, K., Y. Fukuda, and Y. Michida,
1990. Applications of GPS relative position-
ing for height above sea level in the Antarc-
tic marginal ice zone. Journal of Plysics of the
Earth, 38: 149-162.

Blodgelt, J.C., M.E. Ikchara, and G.E.
Williams, 1990. Moniloring land subsidence
in Sacramento Valley, California, using GPS.
Journal of Surveying Engineering, 116:
112-1340.

Jensen, MLH.B., 1992. GPS in offshore oil
and pas exploration. Geophysics: The Leading
Edge of Exploration, 11 {11): 30-34.
Thatcher, W., 1990. Precursors Lo eruption.
Nature, 343: 590-591.

Shimada, S., Y. Fujinawa, S. Sekiguchi,

S. Ohmi, T. Eguchi, and Y. Okada, 1990.
Detection ol a volcanic fraclure opening in
Japan using Global Posilioning System mea-
surcments. Naire, 343: 631633,

Yalbuki, T., T. Kanazawa, and H. Wakita,
1991, Anomalous movements in Oshima
volcano associated with the [to submarine
eruption revealed [rom GPS measurements.
In Y. Ida and M. Mizoue {eds.}, Scismic and
Volcanic Activity In and Around the lzu
Peninsula and its Tectonic Implications.
Journal of Physics of the Earth, 39: 155-164.
williams, S.D.P, J.L, Svarc, M. Lisowski,
and W.H. Prescott, 1994, GPS measured
rates of deformation in the northern San
Francisco Bay region, Calilornia,
1990-1993. Geophysical Research Lerters, 21;
1551-1514.

Sturkell, E., E Sigmundsson, P. Einarsson,
and R. Bilham, 1994. Strain accumulaiion
1986-1992 across the Reykjanes Peninsula
plate boundary, Iceland, determined [rom
GPS measurcments. Geophysical Researcht Lel-
fers, 21: 125-128.

Dixon, T.H., 1993, GPS measurement of rel-
ative motion of the Cocos and Caribbean
Plates and strain accumulation across the
Middie America Trench. Geopliysical Research
Letters, 20: 2167-2170.

TIRANNGE )

logical Academy of IRAN



https://iranageo.ir/
https://iranageo.ir/

Geadesy

38.

39.

40.

41.

42.

43,

45,

Tanaka, T., and M. Ohba, 1993. Crustal
movement rescarch and GPS in Japan. Jour-
nal of Geadynamics, 18 1-12,

Williams, C.R., T. Amadouir, and P. Segall,
1993. Coseismic deformation and disloca-
tion madels of the 1989 Loma Prieta earth-
quake derived [rom global positioning sys-
tem measurements. Journal of Geophysical
Research, 98: 4567—4578.

Bevis, M., 1991. GPS networks: the pracrical
side. FOS: Transactions, American Geoplysical
Union, 72: 49, 55-56,

Anderson, G.C., and D, Swinbanks, 1990.
Scientists given the jitlers, Nature, 345; 195.
Hudnut, M.J,, L. Jones, E. Hauksson, and
K. Hutton, 1992. Rapid scientilic response
to Landers quake. EOS; Transaciions, Ameri-
can Geophysical Union, 73: 417418,

Bock. Y., D.C. Agnew, P Fang, LE Genrich,
B.H. Hager, T.A. Herring, K.W. Hudnug,
R.W. King, 5. Larsen, J.B. Minster, K. Siark,
8. Wdowinski, and R K. wyau, 1993. Detec-
tion of crustal deformation [rom the Lan-
ders earthquake sequence using continucus
geodelic measurements, Nature, 361;
337-340,

. Blewit, G., M.B, Hellin, K.J. Hursl, D.C,

Jeflerson, EH, Webb, and J.E. Zumberge,
1993. Absolute lar-ficld displacements from
the 28 June 1992 Landers carthquake
sequence, Narirre, 361; 340-342.
Massonnel, D., M. Rossi. C. Canmona,

[ Adragna, G. Pehzer, K. Feigl, and

46.

47.

48.

19.

50.

51.

52.

119

T. Rabaute, 1993. The displaccment lield of
the Landers earthquake mapped by radar
intericrometry. Nature, 364: 138-142,
Thatcher, W, 1986. Geodelic measurements
of aclive-tectonic processes, Tn Active Tecronics.
National Academy Press: Washington, D.C.
DeMets, C., R.G. Gordon, D.E Argus, and

5. Stein, 1990. Currcru plate motions. Geo-
physical Journal lmternarional, 101: 125478,
Gordon, R.G, and S. Stein, 1992, Global tec-
tonics and space geodesy. Science, 256:
333-342.

DeMers, C., R.G. Gordon, 5. Stein, and

D.E Argus, 1987, A revised estimate of
Pacific-North America motion and implica-
tions for western North American plate
boundary zone tectonics. Geophysical
Research Letters, 14: 911-914.

Sich, K.E,, and R.H. Jalins, 1984. Holocene
activity of the San Andreas faull a1 Wallace
Creek, California. Geological Society of Anrerica
Bulletin, 95: 883-896.

Jordan, T.H., and J.B. Minster, 1988, Mea-
suring cruslal deformalion in the American
Wosl. Scientific American, 259 (2): 18-56.
Argus, D.F, and R.G. Gordon, 1991. Cur-
rent Sierra Nevada—-North America motion
[rom very long baseline interferometry;
implications [or the kinemalics of the west-
ern Uniled Siates. Geolegy, 19: 1085--1088.

TIRANNGE™®)

Geological Academy of IRAN



https://iranageo.ir/
https://iranageo.ir/

TIRANNEGE)

logical Academy of IRAN



https://iranageo.ir/
https://iranageo.ir/

4

Geomorphic Indices
of Active Tectonics
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INTRODUCTION

Morphometry is defined as quantitative measurement of landscape shape, At
the simplest level, landforms can be characterized in terms of their size, cleva-
tion {maximum, minimum, or average), and slope. Quantitative measurements
allow geomorphologisis to objectively compare different landiorms and to calcu-
late less straightforward parameters (geomorphic indices) that may be useful
for identifying a particular characteristic of an area-~for example, its level of tec-
tonic activity.
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Some geomorphic indices have been developed as basic reconnaissance
tools o identify areas experiencing rapid tectonic deformation {1]. This infor-
mation is used [or planning research to oblain detailed inlormation aboul
active tectonics. Other indices were developed to quantily description of land-
scape [2]. Geomorphic indices are particularly useful in tectonic studies
because they can be used for rapid evaluation of large areas, and the neces-
sary data ofien are obtained easily from topographic maps and aerial pho-
tographs [1]. Some of the geomorphic indices most useful in studics of active
rectonics are:

= the hypsometric integral [2]

s drainage basin asymmetry [3, 4|

= sireamn length—gradient index [5}]

« mountain front sinuosity (S, index) {6, 7]

« ratio ol valley floor width to valley height (V,index) [6, 7].

The results of several of the indices may also be combined, along with other
information such as uplift rates, to produce tectonic activity classes [7]. which
are broad-based assessments of the relative degree of activity in an area.

HYPSOMETRIC CURVE AND HYPSOMETRIC INTEGRAL

The hypsometric curve describes the distribution of elevations across an arca
of land, from onc drainage basin to the entire planet. The curve is created by
plotting the proportion of total basin height {relative height) against the propor-
tion of total basin area (relative area) (Figure 4.1) [2]. A hypsometric curve for a
drainage basin on a uniform slope (Figure 4.2) illustrates how the curve is cre-
ated. The drainage basin spans eight contour lines, numbered 1 o 8 on the [ig-
ure. The total surlace area ol the basin (4) is the sum ol the arca belween each
pair of adjacent contour lines. The area (a) is the surlace area within the basin
above a given linc of elevation (#). The value of relative area (a/A) always varies
from 1.0 at the lowest point in the basin (#/H = 0.0) o 0.0 at the highest point
in the basin (#/H = 1.0).

A useful attribute of the hypsometric curve is that drainage basins of dif-
fercnt sizes can be compared with each other because area and elevation are
plotted as functions of total arca and total clevation. That is, the hypsometric
curve is independent of differences in basin size and relicf [2]. As long as Lthe
topographic maps being used are of a sufficiently large scale to accurately
characterize the basins being measured, there should be no cliect of different
scales.

A simple way to characterize the shape of the hypsometric curve for a
given drainage basin is to calculate its hypsometric integral. The integral is
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FIGURE 4.1

Hypothelical drainage basin showing how one point (x.y) on the hypsometric curve is
derived. Plouting several other values (for different contours) of a/A and #/H allows the
curve o be construcled.

{Aller Strahler, 1952 [2])

defined as the area under the hypsometric curve. One way to calculate the inte-
gral for a given curve is as [ollows [8, 9]:

mean elevation - minimum elevarion @1

maximum ¢levalion — minimum elevation

Thus only three values, easily oblained [rom a wopographic map, are necessary to
calculate the inregral. Maximum and minimum elevations are read directly from
the map. Mean elevation is obtained by point sampling (on a grid) of at least 50
values of elevation in the basin and calculating the mean [8], or by using Digiral
Elevation Models {DEMs). High valucs of the hypsometric integral indicate that
most of the topography is high relative to the mean, such as a smooth upland
surface cut by deeply incised streams. Intermediate 1o low values of the integral
are associaled with more evenly dissected drainage basins.

The relationship between the hypsomerric integral and degree of disscction
permits ils use as an indicator of a landscape’s stage in the cycle of crosion (see
Chapter 2). The cyde of erosion describes the theoretical evolution of a landscape
through several stages: a “youthlul” stage characterized by deep incision and rugged
relief, a “mature” stage where many geomorphic processes operate in approximate
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FIGURE 4.2

Idealized diagram showing how Lhe hypsometric curve is determined. Sce text for further
explanation.

(Alter Mayer. 1920 [9])

equilibrium, and an “old age” stage characterized by a landscape near base level
wilh very subdued relief. A high hypsomeiric integral indicates a youth{ul Lopogra-
phy (Figure 4.3A). An intcrmediate value of the hypsometric integral and a sig-
motdal-shaped hypsometric curve indicaic a mature stage of development {Figure
4.3B). Further development to the old-age stage will not change the vatuc of the
integral, unless high-standing erosional remnants are preserved (Figure 4.3C).
However, more sophisticated numerical descriptions of the hypsornetric curve that
are sensitive Lo continued evolution of the wopography are available {2, 9, 10]. In
summary, hypsometric analysis remains a powerlul 1ool for differentiating tectoni-
cally active from inactive regions. The calculation of hypsometric curves and inte-
grals has become almost trivial with the advent of digital elevation models {DEMs)
[11). Hypsometry at continental and planetary scales is discussed in Chapter 9.

DRAINAGE BASIN ASYMMETRY

The geometry of stream networks can be described in several ways, both quali-
tatively and quantitatively. Where drainage develops in the presence of active
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FIGURE 4.3
Three examples of different vatues of the hypsomelric integral. See 1ext for explanation.
{After Strahler 1952 [2])
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tectonic deformation, the network often has a distinct pattern and geometry
(sce Chapter 6). The Asymmetry Factor was developed to delect tectonic tilt-
ing at drainage-basin scales or larger areas [3].

The Asymmetry Factor (AF) is defined as:

AF=100 {A,/A) (4.2)

where A, is the area of the basin to the right ([acing downstream) of the trunk
stream, and 4, is the tolal area of the drainage basin. For a stream network that
formed and continues to flow in a stable sefling, AF should equal about 50. The
AF is sensitive to tilting perpendicular 1o the trend ol the trunk stream. Values of
AF greater or less than 50 may suggest tilt. For example, in a drainage basin
where the trunk stream [lows north and tectonic rotation is down to the west
(Figure 4.4), tributaries on the east (right) side ol the main strcam are long com-
pared to triburaries on the west side, and AF is grealer than 50. If the tilting was
in the opposite direction, then the larger streams would be on the lefu side of the
main stream and the AF would be less than 50.

Like most geomorphic indices, the AF works best where each drainage
basin is underlain by the same rock type. The method also assumes that neither
lithologic controls {such as dipping sedimentary layers} nor localized climate
(such as vegetation diflcrences beyween north- and south-facing slopes) causes
the asymmetry [12].

FIGURE 4.4

Block diagram showing how
the asymmerry {actor is cal-
culared.

AF =100 A
= A

_q00] 32N
- 49wm? ) ~

AF > 50 implias lilt down 1o lhe
left of basin (looking downsiream)
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An example of application of the drainage basin asymmelry [actor comes
from the Pacific coast of Costa Rica [3]. The Nicoya Peninsula is a broad, emer-
genl arca of the outer arc of the Middle America subduction zone. The Nicoya
Peninsula has been the site of active uplift probably since at least
Oligocene-Miocene time {about 25 Ma). Measurements of the drainage-basin
asymmetry of large southwest-draining rivers show that deformation coincides
with the major faults on the peninsula {Figure 4.5). In particular, the area south-
east of the Montarfia Lineament Zone is marked by drainage basins tilied down to
the southecast. Together, the morphormetric and the geologic data support a
faulted hall-dome model for the active delormation of the Nicoya Peninsula [3],

Another quantitative index 1o cvaluate basin asyminetry is the Transverse
Topographic Symmetry Factor (T) [4]

T=D,/D, (4.3)

where D, is the distance from the midline of the drainage basin o the midline of
the aclive meander belt, and D, is the distance [rom the basin midline to the basin
divide (Figure 4.6}. For a perfectly symmetric basin, T = 0. As asymmetry
increases, T increases and approaches a value of 1. Assuming that the dip of the
bedrock can be shown to have negligible inlluence on the migration of strcam
channels, then the direction of regional migration is an indication of the ground
tilting in that direction [4]. Thus, Tis a veclor with a bearing (direction) and mag-
nitude from 0 to 1. Values of T arc calcuiated for dilferent segments of valleys
(Figure 4.6} and indicate preferred migration of sireams perpendicular to the

NW SE

,/ f Drainage basin asymmetry

3 Il 1 1 1
+ t

AF 454 345 490 751 72.5 70.3 498
{ I

{

Monlana linsamenl zone

Limonas-Canas lineament

FIGURE 4.5

Asymmeltry faciors [or the Nicoya Peninsula indicate tilling down 1o the southeast, south
of the Montaiia Lineament.

{Adier Hare and Gardoer, 1985 [3])
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FIGURE 4.6

Diagram of a portion of a
drainage basin showing how
the transverse topographic
symmerry {actor (1) is
calculated.

{Alter Cox, 1994 4]}

:D/0y 4 km segment:
T {average) = 0.31
Bearing = 212°

drainage-basin axis. This analysis is most appropriate to dendritic drainage pat-
terns, where evaluation of tibutary valleys as well as the main or trunk valley
allows [or a larger range ol T Statistical analysis can then be used 10 eslimate most
prominent direction of stream migration. This method, as with AF described car-
lier, does not provide direct evidence of ground tilting, but like AE it is a method
for rapidly identifying possible tilt. This method was used to suggest the direction
of possible Holocene tilting of the ground in the Mississippi Embayment [4].

STREAM LENGTH-GRADIENT INDEX

The stream length—gradient index (or SL index) is calculated [or a particular
reach of interest and defined as:

SL=(AH/AL)» L (4.4)
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FIGURE 4.7 Drainage divide
Idcalized diagram showing
how stream length-gradient
index (SL) is calcularted for
the hypotherical “Hack
Creek.”

AH=40m-20m=20m
AL=2000m
L=10,600m

SL:ﬂL
AL 0 2 km
Lol
40m-20m -
= ooom - '0600m

= 106 gradient melers

where SL is the stream length—gradient index, AH/AL is the channel slope or gra-
dient of the reach (AH is the change in elevarion ol the reach and AL is the
length ol the reach), and L is the rotal channel length from the point of interest
where the index is being calculared upstream to the highest point on the chan-
nel. In most cases, these parameters are measured from topographic maps. Fig-
ure 4.7 shows how the SL index is calculated for a hypothetical example.

The SL index correlates to stream power. Total stream power available at a
particular reach of channel is an important hydrologic variable because it is
related 1o the ability of a stream to erode its bed and transport sediment. Total or
available stream power is proportional Lo the slope of the water surface and dis-
charge. The pradient of the water surface generally correlates well with the
channel slope, and there is also a good correlation between total channel length
upsiream and bankful discharge (the discharge necessary to fill a channel) which
is thought to be important in forming and maintaining rivers.

The SL index is very sensitive to changes in channel slope, and this sensi-
tivity allows the evaluation of relationships among possible tectonic activity,
rock resistance, and topography. The sensitivity of the SL index to rock resis-
tance is illustrated on Figure 4.8, which shows the longitudinal profile of the
Potomac River upstream {rom Washington, D.C. SL index values are relatively
low in the Valley and Ridge province and in the Appalachian Valley. where the
rock types are shale, silistone, some sandstone, and carbonate rocks. The index
increases dramatically where the river crosses the relatively hard rocks of the
Blue Ridge, then decreases on relatively soft rocks ol the Triassic basin and the
Piedmont. Finally, the index increases dramatically again at the resistant rocks
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Stream length-gradient indices (S7) [or the Potomac River upsireamn [rom Washinglon, D.C.
{Aller Hack, 1973 [5])

of the Great Falls in the lower reaches of the river [5]. Studies in the
Appalachian Mountains of the eastern Uniled Siates suggest thal a good coire-
lation exists berween rock resistance and stream length-gradient index. In
other words, the form of the land is well adjusted to Tock resistance.

{n landscape evolution, the adjusiment of siream profiles Lo rock resistance is
assumed to occur [airly quickly. Therefore, the SL index is used Lo identily recent
tectonic activity by looking for anomalously high index values on a particular rock
type. An area of high SL indices on soft rock may indicate recent tectonic activity.
Anomalously low values of the index may also represent tectonic activity. For
example, along linear valleys produced by strike-slip faulting, Jow indices are
expected because the rocks in the valleys are olten crushed by fault movement,
and the streams [owing through those valleys should have a lesser slope.

A map of the SL indices is produced by the following steps:

1. Obtain a topographic map of the area of interest. The method is partic-
ularly useful [or large areas, so 1:250,000 scale maps often are uselul.
Using a transparent overlay, outline Lthe major streams and rivers.
Exiend streams to where contour lines no longer “V* in the upstream
direction.
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0 20 km Cl=100m

FIGURE 4.9
Hypothetical mountain showing construction of map ol level 1o which streams have
eraoded, Dots are poinls where strcam length-gradient index (SLj should be calculated.

2. Selecl a convenient contour interval {say 100 m for a map scale of
1:250,000). Where these contours cross the mapped streams, mark the
locations on the overlay.

3. Conncct poinis of equal elevation between the streams. This will create
a map of the level to which the streams have croded, often called a
subenvelope map. Figure 4.9 shows a hypothetical map of the level
to which sireams have eroded Bull Mountain.

4. Along each stream, measure the distance, AL, between successive con-
tours along the stream as well as the rotal upstream stream length. The
calculations are simple because the contour interval is constant, and thus
AH is constant. Calculate the SL index (Equation 4.4) for each small-
stream segment, and mark that valuc at the midpoint between contours
on the subenvelope map. These locations are noted as dots on Figure 4.9.
The values of the index farthest upstreamn, near the drainage divide, may
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be spurious, 50 il may be necessary to start calculating the index a slan-
dard distance downstream {rom the divide.

5. Finally, construct the SL-index map by contouring the SL values calcu-
lated. The subenvelope map lor Bull Mountain (Figure 4.9) suggesis that
a belt ol high indices lies between the contour intervals of 200 m and
400 m for streams 1, 2, and 3. This zone may reflect a resistant rock unit,
or perhaps an active fault zone along the southern flank of the range.
Field work should confirm or negate the interpretation. As discussed
below, SL index has proven uselul as a reconnaissance 100l in aclive tec-

tonics work in several swudics |13, 14, 15].

Stream Length~Gradient Indices in the San Gabriel
Mountains of Southern California

SI. indices can be calculared for arcas of several thousand square kilometers or
more, utilizing small-scale topographic maps (1:50,000 (o 1:250,000). For exam-
ple, Figure 4.10 shows SL indices for the San Gabricl Mounltains of Southern

San Femando

SL > 3000
SL 2000-3000

SL 10002000
[ sL <1000 ¢ 5 10 15 20 km S
[ I | Pomona ¥

FIGURE 4.10
Stream lengih-gradient indices (SL). San Gabriel Mountains, Southern California.
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California. The mountain range is part of the Transverse Ranges, which have
been uplifted from below sea level to several thousand meters elevation in the
pasl few million years. The range is bounded on the north and northeast by the
San Andrcas fault zone and on the southwest and south by a system of acrive
reverse faults including the San Fernando fault and the Sierra Madre fault zone.
The San Gabriel fault zone, also located near the southern and southwestern
boundary, is a right-lateral strike-slip fault that is thought to have been more
active in the past than at present.

Anomalously high values of the SIL index occur along the southern and
castern front of the San Gabriel Mountains., Although it has been known lor
some years that uplilt rates are relatively high there, the SL-index map of the San
Gabriel Mountains demonstrates the utility of the index for idenlifying zones of
tectonic activity. Of particular interest is the zone ol high indices near San Fer-
nando. This is the site of the 1971 (M = 6.6) San Fernando earthquake that
caused widespread damage in the Los Angeles area. Thus, if nothing were known
about the San Gabriel Mountains, but good Lopographic maps and other elevation
control were available, the SL index would have indicated that the southern and
southeastern Hanks of the range should be studied in more detail. There the
active reverse faults that generaled the 1971 earthquake would be found.

Other interesting aspects of the Si-index map for the San Gabriel Moun-
1ains are the belis of relatively low indices along the San Andreas and San Gabriel
Tault ones. These index values are most likely related to solt rocks produced by
crushing caused by long-term [ault movement. Low indices are also found in a
belt of rocks with low resistance between Elizabeth Canyon and Soledad Canyon.
In the ceniral part of the ranges {at the southcastern end of the map, Figure
4.10}. resistant metamorphic rocks are present and high indices are found.

Stream Length—Gradient Indices at the Mendocino Triple
Junction, Northern California

A study of teclonic geomorphology at the Mendocino Triple Junction (Figure
4.11) sought to identify zones of active tectonics [15]. This triple junction is the
location where the North American, Pacilic, and Gorda plates come together at
one point. The research evaluated the response of coastal streams to uplift
related to the triple juncrion {also scc discussion in Chapler 6). The position of
the triple junction is not fixed in time; it is migrating northward at approxi-
mately 56 mm/yr—Lhe same rate as the relative movement between the Pacilic
and North American plates along the San Andreas [ault. North ol the triple junc-
tion, Lthe tectonics are dominated by northeast-directed compression, producing
northwesi-trending folds and thrust fauls [16]. South of the triple junction, the
teclonics are relared to the right-lateral strike-slip motion of the San Andreas
fault system, with localized extension and compression. At the triple junction
itsell, high rates of uplilt have been observed.
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Fise 7 /

v gd 02D

Gorda
91 v 14d

Mendocino

Big Flal
° (4 mméyr)

Poinl Arena
7

&ﬁ Triple junclion

Location of stream lengih-gradient
dala shown on Figure 4.14

FIGURE 4.11

Tectonic ramework of the Mendocino triple junction arca (F is Fourmile Creek, Tis
Telegraph Creek, and D is DeHaven Creek).

{After Memius and Vincent, 1989 [15])
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A
Siill water Still waler

Maximum

disturbrance

uplill of waler

. Recovery and ]
N = \ \
o disiurbance decreasing disturbance No disturbance

B Norhwest /w

Uplift caused by Maximum uglill
migrating lriple

junclior (TJ

| iert (TJ) Recovery lrom passing

Zzone of uplitt
|
Incregstng Decreasing uplifl
uplift
FIGURE 4.12

Idealized diagram to illustrate uplilt process relaled 1o migraling Mendocino Triple Junc-
tion. (A) The moving ship represenis the migrating junction disturbing the water surface.
{B) The migrating triple junction produces a similar partern of uplift.

As the triple junction migrates northward, it acts similarly to a ship plow-
ing through calm lake watcr (Figure 4.12). In [rom of the ship, uplift of the
water surlace increases to a maximum near the ship’s bow. In Lthe wake of the
ship, uplift decreases back to the calm water level. Similarly, uplift rates due 1o
the passage of the triple junction increase from about 1 mm/yr ncar Eureka, to
2.8 mm/yr at Singley Flat, to a maximum of about 4 mm/yr at Big Flat, and then
uplift rates decline gradually to the souih. At Fort Bragg, rates arc approximately
0.3 mm/yr (Figure 4.11) [15]. The rates of uplift along Lthe coast were estab-
lished by carelul measurement and dating of uplifted marine platiorms.

Both climate and rock resistance are relatively uniform along the coast of
the study area (Figure 4.11). Detailed study of the coastal streams suggests that
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FIGURE 4.13 o 40 80 120
Relationship between channel 5 i L :
gradient of lirst-ocder streams —
and uplift rate near the Men-
docino Triple Junction.

{Alter Merrills and Vincenl,
1289 [15]}
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the lirst-order streams {Lthosc [arthest headward in the drainage basin) are maost
sensitive 10 tectonics and thus are the best indicators of areas with high rates of
uplift. Figure 4.13 shows the uplift rate and channel gradients of the first-order
stream channcls. In contrast, the channel gradienlts of higher order stream chan-
nels {not illustrated) do not correlate well with uplilt rates [15]. Evidently larger
strcams have sufficient stream power Lo overwhelm the elfects of tectonics. For a
more detailed explanation of the relationship between strcam power and teclon-
ics that flow over bedrock, see Chapter 6.

SL indices were also evaluated for the Mendocino Triple Junction area. The
index allowed discrimination berween streams characterized by high to interme-
diate uplili rates and streams characterized by low uplift rates. Figure 4.14 shows
the profiles of three strcams {approximate localions shown on Figure 4.11)
along with average SL indices [or stream reaches. DeHaven Creek is an area with
a low uplift rate, less than 1 mm/yr, and SL indices are also rclatively low. excepl
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FIGURE 4.14 500
Stream length—gradient <00
indices (SL) for streams in c J
areas of contrasting rates of £ 300 L DeHaven Creek:
uplift. Locations shown on 3 1\ rato of
Figure 4.11, 3 200 k 157 low uplill
{Aflcr Merritts and Vincent, 1989 100 -} 1457 / 00
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in the headward part of the siream profilc. Telegraph Creck is an area of inter-
mediate rate of uplift, and the SL indices are of intermediate value along the
entire profile. Finally, Fourmile Creek is in an area of rapid uplill and has rela-
tively high SL indiccs along its entire length, as well as a convex profile which is
characteristic of streams undergoing rapid uplift [13].

A conclusion of this study is that the SL index is clearly able 1o distinguish
between low, intermediate, and high rates of uplift. In particular, first-order
stream channels are most sensitive to recent tectonic aclivity. This study con-
firmed the usefulness of the SL index as a reconnaissance tool in categorizing
relative magnitudes of uplift in an area.
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MOUNTAIN-FRONT SINUOSITY

Mountain-[ront sinuosity [6, 7] is defined as:
S =L/ L, (4.5)

where S is the mountain-lront sinuosity; L., is the length of the mountain {ront
along the [oot ol the mountain, at the pronounced break in slope; and L, is the
straight-line length of the mountain front (Figure 4.15). Mountain-Iront sinuos-
ity is an index that reflects the balance between crosional [orces thal tend Lo cut
embaymenis into 2 mounrain [ront and tectonic forces that tend to produce a
straight mountain front coincident with an active range-bounding fault. Those
mountain fronts associated with active tecionics and uplilt are relatively siraight,
with low values of S, If the rate of uplift is reduced or ceases, then erosional
processes will carve a more irregular mountain front, and § fwﬂl increase.

In practice, the values of S, may be calculated easily [rom topographic maps or -
aerial photographs. However, values of §,, depend on image scale [17], and small- -
scale ropographic maps (1:250,000) produce only a rough estimate of mountain-
front sinuosity. Aerial photographs and larger scale maps, with resolution greater
than the irregularity of the mountain Iront, are more useful when calculating S,

FIGURE 4.15
Idealized diagram showing
how mountain [ront sinuos-
ity (S,r) is caleulated.
—— —— \
Yalley
-~
-~
-
-
1 km
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Mountain-Front Sinuosity Near the Garlock Fault, California

One of the [irst studies that used S, evaluated relalive tectonic activity north
and south of the Garlock [aulr in Calilornia [17]. In Figure 4.16, the dashed
lines represent the straighte-line lengths of the mountain {ronts that were
evaluated. The solid lines are the outlines of the actual mounzain [ronts,

Mountain Front No. Mountain-
Front Sinuosity
NORTHERN SUBAREA
Black Mountains B-1 1.4
Black Meuntains B.2 34
Panamin! Range P-3 3.4
Panamint Range P-4 29
Panamini Range P-5 1.6
Slale Range 5-6 1.8
Slate Range 5-7 1.4
Argus Hange A-8 25
Argus Ranga A-9 20
Argus Range A-10 1.2
Argus Range A-11 1.5
TRANSITIONAL SUBAREA
Panamint Range P-12 3.5
Stata Range 513 4.0
Argus Range A-14 4.1
Argus Range A-15 7.2
Argus Range A-16 28
SQUTHERN SUBAREA
Granite Mounlains G-17 2.7
o Granite Mouniains G-18 34
Gf,’ 0 10 20 ki Tielort Mouniains T-18 3.0
e (SR S Eagle Crags E-20 148
91", Eagla Crags E-21 6.0
o A ( Slr:ll?;::lli?tr c’irI:re:nce) Robbers Mountains R-22 6.5
Pilot Mountain P-23 3.4
Pilgt Mountain P-24 36

FIGURE 4.16
Mountain-front sinuosity (S,,) norh and south of the Garlock fault.
{Aler Bull and McFadden, 1977 [17])
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reflecting (heir sinuosity. The values ol sinuosity seem 1o define three groups
of acrivity [17]:

» the subarea north of the Garlock fault, with relatively low S,

= a transitional subarea in the central part of the map, north of and adjacent
1o the Garlock faulr, with higher values ol 5,

* a subarea south of the Garlock fault, with rclatively high values of S,

This study concluded thar the most active mountain fronts—those associ-
ated with active, range-bounding faults—generally have an 5, between 1.0 and
1.6. Mountain fronts with lesser activity, but still reflecting active Leclonics, have
sinuosities between approximately 1.4 and 3. Inactive mountain [ronts have sin-
uosities from about 1.8 to greater than 5. [n gencral, sinuosity valucs greater
than 3 are associated with fronts that are so croded and ecmbayed that the topo-
graphic range fronts, at one time coincident with lhc active gcologic structures,
are now | km or mote away [17].

Like the stream length—-gradicnt index, mountain-lront «:lnuosuy is a polen-
tially valuable reconnaissance tool used 1o identify arcas ol tectonic activity.

RATIO OF VALLEY-FLOOR WIDTH TO VALLEY HEIGHT

The ratio of valley {loor width to valley height (V)} may be expressed as:
V=2V ! [(Bu=E) + (Ey~EJ] (4.6)

where V, is the valley-floor width-to-height ratio, Vj, is the width ol the valley
floor, E,; and E, arc clevations ol the left and right valley divides, respectively,
and E,_is the elevation of the valley floor [6, 7] (Figure 4.17). When calculating
V,, these parameters are measured at a sef distance from the mountain front for
every valley swudied. This index dilferentiates between broad-lloored canyons,
with relatively bigh valuces of V,, and V-shaped valleys with relatively low values.
High values ol V} arc associated with low uplilt rates, so that streams cut broad
valley floors. Low valucs ol V, rellect deep valleys with strcams that are aclively
incising, commonly associated with uplift.

The study that evaluated the mountain-Iront sinuosity north and south of
the Garlock fault also calculated values of the ratio of valley-floor widlh 10 valley
height [17]. The V; values in thal area ranged [rom 0.05 ro 47.0. Lower values
were associated with valleys north of the Garlock fault, where tectonic activity is
assumed to be more vigorous.

RELIC MOUNTAIN FRONTS

Sinuosity and the ratio of valley-floor width to height establish that some moun-
tain [ronts are more active than others. Older mountain fronts, located within
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FIGURE 4.17

Idealized diagram illustrating how the ratio of valley-floor width ro valley height (Vi}is
calculaled. Note: Left and right is determined by looking downstreamn.

ranges, commonly arc no longer active. Hypothetically, mountain [ronis [ormed
early in a range’s development are active for a period of time, then deformation
migrates toward the cdges of the range, and new mountain [ronts form. In the
western Transverse Ranges of Calilornia, we see a central highlands with a num-
ber ol inactive mountain fronts is flanked by fold-and-thrust belts that are
presently active {Figure 4.18). The interior, relic mountain [ronis had the same
basic morphology as the active, outer [ronis—streams thal emerged from the
fronts commonly fed a series of alluvial fans on the margins ol the ranges. When
tectonic activity shifted, the old alluvial fans were sometimes consumed by the
active mountain-building process as new fronts developed. Thus, in a sense, as
the mountain ranges grow outward, they consume their own alluvial fans.

CLASSIFICATION OF RELATIVE TECTONIC ACTIVITY

Each of the indices discussed provides a relative classilicalion of tectonic activiry
uselul in reconnaissance studies. When more than one index is applied {0 a par-
ticular region, the results are more meaningful than those of any single analysis.
This concept was tested by evaluating mountain fronts on the southern flank of
the cenrral Ventura Basin in California (Figure 4.19). The basin has a complex
geologic history characicrized by extension and rotation during the Miocene and
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FIGURE 4.18

Aclive and relic mountain [tonts, Western Transverse Ranges. The San Andreas and Big
Pine [aults are right-lateral and leflt-lateral sirike-slip [aulis, respectively.

strong compression from the Pliocene 1o the present [18]. Eight mouniain [ronts
in the area were evaluated in terms of 5, and V,. In addition, SL indices were
calculated for the same arca. All of the mountain fronts are bounded by aclive
folds or faults. Mounltain fronts associated with the San Cayetano [aull (fronts
4-8 on Figure 4.19; Figurc 4.20) generally have high SL indices, whereas the
[ronts associated with the Venlura Avenue anticline and the buried Ventura faulr
{fronts 1-3) have relatively low indices. S, of the young mountain {ront at the
San Cayetano fault is [.14, and the V; is 0.47, refleciing relatively high active
tectonics. The reason [or the low SL indices along [ront 1 (Figure 4.19) is that
the rocks are weak, and the gradients of streams that cross these rocks do not
reflect the tectonic activity in thar area. However, the other indices of relative
Lectonic activity do indicate active deformation; the front has a very low moun-
tain-front sinuosity and low valley-floor widrth-to-height ratios. Table 4.1 sum-
marizes selecied geomorphic parameters for the eight mountain fronts.

When all the information {rom the mouniain {ronts and SL indices is com-
bined, it is possible 1o produce a relative tectonic activity class designation
6. 7]. Mountain fronts that are suggestive of the highest tectonic activity are des-
ignated as class 1 fronts. These fronts typically have low values of S, low V,, and
high SL indices. In the central Ventura Basin, these fronts are usually associated
with an uplilt rate of greater than 1 mm/yr. Class 2 mountain fronts are associ-
ated with less tectonic activity, reflected in higher §,, and ¥, values and lower SL
values. Class 3 mountain fronts are still associated with aclive tectonics, but geo-
morphic indices suggest less activity than for class 2 fronts. An example of a class
2 {ront in the central Ventura Basin is mountain [ront 6, which has an S, of 2.7
and a ¥, of approximately 1.9. Mountain fronts characterized by minimal tectonic
activity or those that are now inactive may be classilied as class 4 or class 5 [6, 7].
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Topa Topa Mountains

Lien  Fayh
Sulphur Mountain

Ventura Faull

Pacific
Ocean

- Faul

....... Mountain Front

—‘L Fald (anticline)
FIGURE 4.19

Mountain fronts and major structures used for Lthe Leclonic geomorphic analysis in the
central Ventura Basin, (Values of 5, ., V¥, and 1ectonic acliviry class for these mountain
[ronts are lisied on Table 4.1.)

{Aller Rockwell e1 al., 1985. In Morisawa and Hack (eds.), Tedenic Geomarphiology. Allen & Unwin: Hoslon)

Attempting 1o classify mountain fronts in terms of zelative teclonic aclivily
is a fairly new endcavor [6]. The classification and boundaries between classes
stated above are arbitrary and only indicate relative differences. No atiempls
have been made to put specific bounds on values of geomorphic indices, because
these indices reflect local conditions of rock type, structure, and climate. Their
real uscfulness is for differentiating mountain fronis as very active, moderately
active, or inactive. This information is valuable in areas where dewailed field
studies have not yet been conducted.

TIRANNGE™®)

Geological Academy of IRAN



https://iranageo.ir/
https://iranageo.ir/

(uoisog umun g Uy Abojarydionoary dusap "{-spa) HPCH LT PUT EMESLIOW "W UL "5841 “[E 12 [[PMY0Y 13v)

]
{4 uorT) payne; Aafpea refo
ustouyun 1 g0 peT 1§44 £ MI 01 08N Juipunog  1addp aprs yinog g
painef 221D ajucuy
IAunur g I ££°0> or s0¢ 58S JSLN {ddv} Supunog Lteg 01 S|t L
M-3IN 1woyy papio; ucdueD AIpun
Haouyun | i 68'1 LT E9ET [ Yot Bulamny Supunog 153/ 01 S[S[TM, 9
(108} parney ¥a21D) epnegd
Hhpur §°1-¢'0 I Lb'o 138 6591 §9'¢ MO9IN  Burpunoq/eusaur elueg o1 18515 ¢
{128} parpne} 32217 adsag
IA U g-7 l [3:41) ANt sla 4] Mg [euIaiu] 01 X330 'S 5
papoy ‘udD aousg
ussotyun (4 16'1 €8'1 0871 t-at 09N Sutpunog o1 'ud7 unaIg £
_ papio] ‘uiD uofeg
umouun [4 8 L8'1 0L9 88’8 400N mpuncyg 01 'UAD osI[V z
(Y¥A} pPaplo;  'udD uownrey o
hm_.._EE -4 I L0 60’1 BEY P9 M—T mcm—ucﬂom IDAIY eInIuas T
;ey sse[D a e {un) (ury) U0l jo worg jo 2dAl  uory upelunow Iaqurnp
undn fjanoy  agqdial Aafrea Alfsonups JELIEY: piuarT  worreuapQ JuojIaL juorg
Jucyral 01 YIpIM Juory WINWXEW  Juold 10 uoptEdeT
Ioo[g-Ad[[eA  -UPIUNOW

"61°p 210314 Ul UMOYs saBUeY ISI2ASUBLL UIBISIM 341 JO SIUOY] UIBHINOW JO SUOHRIOT

'y 2 19VL

144

¢
|

RANNCE®)

logical Academy of IRAN

=



https://iranageo.ir/
https://iranageo.ir/

\\/\ N /7

N
20N
_\}, \ an \am tront \ \\}—\—E-L s J"z'* SN
\ ger MW Ty 2 by /J-// /
\ N 7 RS /)
— & A Faull scarp_"-\,b-____ T \ |

_k b~ Thrust fault

FIGURE 4.20

(A) Obligue acdal photograph of wuncated alluvial [an at the San Cayetano faull along
mouniain [ront 5 (Figure 4.19). (B} Skewch map illustrating points of interest on (A). The
nearly-straigli fault scarp at this location is approximately 60 m high. Upsiream of this loca-
tion {in upper lefi pan ol the photo) is an older mountain front that inay no longer be active.

{Photagraph Ly E.A. Keller and T, Rackwelly
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SUMMARY

Quantitative measurements have allowed geomorphologists to objectively com-
pare landforms and calculate geomorphic indices that are useful for identilying a
particular characteristic of the arca; for example, its level ol tectonic activity.

The hypsometric curve and hypsomerric integral are relawed to the degree
of dissection of a landscape. Hypsomelric analysis is a uselul tool for dillerentiat-
ing tecronically-active [rom tectonically-inactive regions. Drainage-basin asym-
melry is defined in terms of the Asymmetry Factor as well as the Transverse
Topographic Symmetry Facror. Both of these are valuable in rapid evaluations of
drainage basins 1o delermine if tectonic tilt may have occurred. The stream
length-gradient index (SL) is a useful tool for studying tectonic geomorphology:
high values commonly are [ound where streams cross resistant rocks or wherc
streams cross active structures. Values of the stream length-gradient index may
be calculated easily from topographic maps to provide informarion where more
detailed studies would be fruitful. Mountrain-frontsinuosity (S,,) is an index that
reflects the balance between crosional forces and tectonic forces at a mountain
[ront. In general, active mountain [ronts have relatively low values of sinuosity.
The ratio of valley-floor width 1o valley height (V) diffcrentiates berween broad-
lloored canyons and V-shaped valleys. Low values ol V, are associated with
aclive Lecronics.

when several indices ol relarive tectonic aclivity arc evaluated for a partic-
ular region, it is possible to develop a system of relative tectonic-activity classes.
Commonly, it is uselul to classify areas as being very active, moderately active,
or inactive. Such basic classilication is useful in delineating areas where more
detaited field studies will identify active structures and calculate rates of active
tecloqnic processes.
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The face of {the river}, in time, becanme a wonderful book . . . which told
its mind to me without reserve, delivering its most cherished secrets as
clearly as if it uttered them with a voice. . . . In truth, the passenger who
could not read this book saw nothing but all manner of pretty pictures
in it, painted by the sun and shaded by the clouds, whereas to the
irained eye these were not piciures at all, but the grimmest and niost
dead-earnest of reading matter.
Mark Twain
Life on the Mississippi
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FIGURE 5.1
The Norman River in the North Queensland Gull Region of Australia.
{Pholo by Bill Bachman/FPhoto Researchers, Inc.)

INTRODUCTION

Of all the processes acting on the surface ol the Eacth, rivers arc ncither the
most powerful {compared, for example, to glaciers or volcanoes} nor the most
widespread {compared, for example, to gravity-driven slope processes). Yetl
rivers have a special place in the human world and in the human psyche—in the
locations of our cilies, as the avenues of commerce, as the life-blood ol agricul-
ture, and in our poetry and literature. Perhaps it is for this reason thal, of all the
geomorphic systems, so much study and rescarch has gone into river systems. At
the same time, rivers also have all the makings of a scientific obsession—they are
tremendously varied and complex, but also systematic—as if just one more cru-
cial insight would explain all of the variety and complexity.

The study of river systems is known as fluvial geomorphology (from the
Latin fluvius, meaning “river”). The [orms of rivers or streams and the processes
accurring in those systemns are described by a large number of parameters: channel
width and depih, dissolved sediment load, suspended ltoad, bed load, channel slope
and sinuosity, flow velocity, channel roughness, and many others. The delicate
balance berween all of these parameters in a river system means that rivers are
very sensitive to any kind of cange. Climatic changes that have repeatedly swept
over the Earth during the Quaternary Period have had prolound effects on most
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geomorphic systems, including rivers {1]. Changes in global sea ievel over the
same interval (see Chapter 6) have caused large-magnitude cydes of aggradation
{accumulation of sediment in river valleys) and degradation {removal of material
from river valicys). Last but not least, the single most effective agent of geomor-
phic change ltas been humans, who in their briefl tenure upon the Earth have
nearly doubled the sediment supply to the world's rivers [2] and otherwise mon-
keyed with Nuvial systems worldwide. In addition, with the grow(h of the science
of tectonic geomorphology has come the growing realization that active teclonic
process also can influence river [orm and process [3, 4, 5].

Coseismic Modification of River Systems

As students of both tectonic and fluvial gecomorphology, we are interested in the
changes wrought by earthquakes on river systems. Among such changes, some
occur during earthquakes as direct results of ground shaking or coseismic delor-
mation. Many of these coasefsnric modilications of rivers present an immediate
threat to humans in the vicinity of the rivers, a threat that often exceeds the
threar from the shaking iisell. Farthquakes may causc sudden shilts in river
[low, posing a flood hazard, or they may even permancntly alter the course of
the river. The Owens River of easiern Calilornia brings rainfall and snow meli
from the peaks of the Sierra Nevada down to the desert of the Owens Valley. In
1872, a M = 8 earthquake struck the Owens Valley and, according to eyewitness
reporls, “the disturbance of the water in the river . . . was so severe thar fish
were thrown out upon the bank; and men stopping there, who were engaged in
building a beat, did nor hesitate to capture them, and served them up lor break-
fast” {6]. In 1872, the Owens River system included Owens Lake, a small inland
lake which was later drained to supply water to the Los Angeles region. During
the greal carthiquake, it was reported thar “the water had receded [rom Lhe
shore, and that it stood in a perpendicular wall. . . . The wave, howevér,
returned o shore in the course of two or three minutes, breaking and [lowing
some two hundred feet beyond the former edge of the shore” [6].

A great carthquake also struck India in 1819. It caused a 6-m uplift that
entirely blocked an eastern branch of the Indus River, one of the major rivers of
the world. It is reported that for years after the earthquake, the Indus River was
“unsettled in its bed.” Finally, in 1826, the river underwent sudden avulsion (it
jumped from cone channel to another} and overran the barrier which had been
uplilied by the earthquake, regaining its most direct route 10 the ocean {7].

Gradual Change in River Systems

Of the many elfects of active tectonics discussed in this chapter, the majority are
neither so sudden nor so dramatic as the coseismic events described above. More
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typically, tectonic deformation of the Earih's surface takes place slowly over
thousands of years or longer. Recall from Chapter 3 that, although deformation
is imperceptible to human eyes, it often can be measurcd by the most sensitive
scientific instruments. In their own way, rivers are almost as sensitive o tectonic
deformation as are geodetic survey instruments or satcilite locating systems.
Geomorphologists have used the characteristics ol river systems to confirm or
refute geodetic measurcments that suggest areas of active deformation [3, 8[.
After geodetic instruments, which can detect gradual deformation over a few
years 1o a few decades, river systems are the next most sensitive tool, capable of
adjusting to deformalion over periods of decades to centuries.

TECTONIC MODIFICATION OF ALLUVIAL RIVERS

One of the most fundamental subdivisions ol river systems is between (1) those
that flow over bedrock channels, and {2) those that {low on a bed of alluvinm
{river sediments). Alluvial rivers are those that “flow between banks and on a
bed composed of sediment that is iransported by the river” [9]. The form of a
given river depends upon the balance between driving forces (gravity, amount of
precipitation in the drainage basin) and resisting [orces (substrate strength, Fric-
tion). In alluvial rivers, resisting forces are greater than driving forces, and the
river cannot transport all of the available sediment—the result is that the river
flows in a bed ol its own detritus. In bedrock rivers, driving forces arce greater
than resisting forces, and all sediment supplied can be transported away, with
the result that the river flows over a channel of expoused bedrock. In general,
bedrock rivers arc associated with smaller drainage basins, higher relief, and
stronger bedrock.

In general, alluvial rivers obey a stricier set of rules than do bedrock rivers
because of the balance between driving forces and resisting forces. A river that
maintains itself in such a staic of dynamic equilibrium (see Chapier 2} is called
a graded river. The concept of graded rivers was developed by Mackin [10] and
refined by Leopold and Maddock [11]:

A graded river is one in which, over a period of years, slope and chanrnel
characteristics are delicately adjusted to provide. with available dis-
charge, just the velocity required for the transportation of the load sup-
plied from the drainage basin. The graded stream is a system in equilib-
rium, its diagnostic characteristic is that any clange in any of the
controlling factors will cause a displacement of the equilibrivm in a
direction that will tend lo absorb the effect of the change,

The key to understanding river grade is the last sentence in the definition
above—any change in one variable in a graded river system will cause change in
other variables in the sysiem in order 1o reestablish equilibrium.

TIRANNGE™®)

Geological Academy of IRAN



https://iranageo.ir/
https://iranageo.ir/

Aclive Tectonics and Rivers 153

600 —.
- --------- River Severn
E 400 El River Derwenl (Yorkshire)
c S
o
E
3
g 200
. ' : pt s,

1
100 - 150 200 250 300
Dislance downsiream (km}

FIGURE 5.2 -t
Equilibrium longitudinal profiles of two rivers in Great Britain. The concave-upward
shapes ol these profiles are characteristic of most graded rivers.

(After Richards, 1982. Rivers: Fornr and Process it Aluvial Chamyels. Methuen & Co.; New Yark)

Longitudinal Profiles

Graded rivers have a characreristic longitudinal profilc {rom their headwaters o
their mouths {Figure 5.2), because the different tributaries gradually coalesce,
and the volume of flow in the trunk channel increases downstream. If all of the
flow in a river were added at the head of just one tributary, then the graded
profile of the river would be an enormous waterfall a1 the headwaters and a
uniform, gentle slope from there to the ocean. Longiludinal proliles are also
powerlul tools for detecting subtle perturbations along a river's course, The
stream length-gradient index outlined in Chapter 4 is a practical method
for measuring such perturbations.

For example, the 1886 Charleston, South Carolina, earthquake (M, = 6.6-6.9)
was the largest on the eastern coast of the United States in hisiory, but the exact
location of the fault that caused the earthquake is unknown because it did not rup-
ture the surface. However, longitudinal Proﬁles of rivers across Lhe epicentral areca
are anomalously shaped; they are convex upward across a northeast-trending zone
above the buricd Woodstock fault [12, 13]. The implication is that rupture on the
Woodsteck [ault was responsible for the 1886 earthquake, but rupture did not pen-
etrale the thick sedimentary cover of the South Carolina coastal plain. Rupture at
depih resulted in a belt of muted uplilt at the surface [13].

River Patitern

Rivers and streams span a continuous range ol [orms, a range that we tradition-
ally divide into three classes that depend on valley slope (steepness): (1) straighr,
(2) meandering, and (3} braided channels {Figure 3.3). Tectonic uplift or tilting
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FIGURE 5.3

Relationship between valley slope and sinuosily (channel length/valley lengih) [or a
given discharge. Channels are classified as either straighl, meandering, or braided.
(Afler Schumm and Kahn, 1972, Geological Society of American Budlerin, 83: 1735-1770)

of just a [ew tenths of a percent can change the pattern of a river, such as [rom
meandering to braided (a 0.1% change in slope is equivalent to differential uplift
of 1 m over a distance of 1 km). The Sefid Rud River in northwest Iran has both
straight and meandering reaches. The largest meandering reach coincides with
the epicentral region of a M, = 7.3 earthquake in 1990 that killed 40,000 people.
It is interpreted that uplilt during previous earthquakes and between earth-
quakes has caused upwarping and higher slopes that have altered the river’s
course from straight 10 meandering [14]. This evidence suggests thal upwarping
in the region has been occurring for a long {ime and probably is caused by the
same process that caused the 1990 earthquake [14].

Sinuosity

Even small amounts of deformation can change the sinuosity of a meandering
river. Sinuosity is measured as illustrated in Figure 5.4. In the conceptual
framework of a graded systcm, rivers meander in order to maintain a channel
slope in equilibrium with discharge and sediment load. A river meanders
when the straight-line slope of the valley is too steep for equilibrium—the sin-
uous path of the meanders reduces the slope of the channel. Any tectonic
deformation that changes the slope of a river valley results in a corresponding
change in sinuosity 10 maintain the equilibrium channel slope. A secondary
effect of this adjustment is that, as a river swirtches {rom one sinuosity to
another, the rates of meander migration and floodplain reworking accelerate
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FIGURE 5.4 .
Delinition and calculation ol

the sinuosity ol a river c
channel.

Sinuosily =S5 = Valley length —

accordingly; this secondary clfect itsell has proved to be a diagnostic 100l in
identifying arcas ol aclive Lectonics [15].

Repeated geodctic surveys since the late, 1800s along the Mississippi
River between Caire, Illinois, and St. Louis, Missouri, show relative clevation
changes of several tens of centimeters [3]. This amount of deformation is
large for the stable interior of the North Amecerican Plate and generally has
been considered 1o be erroneous. However, the pattern of the Mississippi
reveals a signilicant correlation between sinuosity and the geodetic results
(Figure 5.5). The river is most sinuous in zones ol purported downtilt, and
Icast sinous in zones of uptilt, just as expeciled. The river pattern provides
independent evidence that the geodetic measurements are valid and the tec-
tonic deformation is real [3].

BEDROCK-CHANNELED RIVERS

In a bedrock river, driving forces exceed resisting forces, and the channel tra-
verses bare bedrock. One ol the delining studics on the effects of recent tecronic
activity in bedrock river systems was described in detail in Chapter 4 {Stream
Length-Gradient Indices at the Mendocino Triple Junction, Northern Califor-
nia) [16]. Small drainage systems along the Pacilic coast ol northern Calilornia
reflect the history of tectonic deformation in that area. The Mendocino Triple
Junction, where the Paciflic, North American, and Juan de Fuca plates meet
(see Figure 6.1), is a zone of high uplift rates—4 mm/yr, versus 0.3 mm/yr
away from the triple junction [17]. Through time, northward migration of the
Mendocino Triple Junction has caused a wave of upliflt to move along the coast.
As discussed in Chapter 4, the gradieni (stecpness) of the bedrock channels is
greatest near the region of greaiest uplift rate.

The effect of uplifi rates, however, is not evenly distributed through each
individual drainage basin. The smallest, most upstream tribularies in each basin
“feel” the clfect of uplilt the most, and the downstream trunk channels “feel”
the effects the [cast (Figure 5.6) [16]. The explanation for this is illustrated in
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FIGURE 5.5
{A) Relative uplili and subsidence along the Mississippi River between St Louis, Missouri,
and Cairo, Illinois, as determined by geodetic releveling. {B) Average sinuosity of the Mis.
sissippi for the same intervals measured in (A) above. Note that where the geodetic mea-
surements indicare uptilt, the sinuosities are relatively low; where there is downiily, sinu-
osities are relatively high.
{After Adams, 1980 [3])

Figure 5.7. In a setting undergoing uplift, the rate (R} at which a point on a river
increases in altitude through time is equal to

R = uplift rate - rate of incision. {5.1)

Even though entire drainage basins are being uplifted, the largest streams
have the most energy for erosion and are best able to maintain equilibrium pro-
files (Figure 5.7). The largest streams will not increase in altitude through time
as much as the small tributaries, nor will their gradients increase as much if the
rate of uplilt increases.
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FIGURE 5.6 A

Plots of {A) uplift rate and

{B) channel gradients of first-, o 10 50 120
second-, and thicd-order
channels along a transect [
along the coast of northern
California near the Mendo-
cine Triple Junciion. Note
that the channels are steepest
where the uplilt rate is great-
cst, and that the first-order
gradients show Lhe most pro-
nounced effect.

{Irom Mcrrins and Vincent, 1989
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The conclusion that gradient variations in different drainage basins near
the Mendacino Triple Junction are caused by active tectonics is valid only il
other hypotheses can be excluded. Systematic change in climate could sys-
tematically alter fluvial systcms, but it is argued that long-term climate
change was not systematic in northern California during the period of time in
question [16]. Another plausible explanation for the variations in channel
gradients along the northern California coast is differences in the local
bedrock. In this region, diflerent rock types do crop out and bedrock sirength
does seem 1o influence drainage density (the total number of channels in a
basin) [18], but the differences do not correspond to the differences in chan-
nel gradient [16].

An important contribution [rom river studies ncar the Mendocino Triple
Junclion is a sense of the time required for a gcomorphic response to a tectonic
siimulus. Because the (riple junction and its associated pulse of upliit are moving
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FIGURE 5.7

Ilustration of why first-order channels are uplifted most and become sleepest as a result
of uplift. The change in elevation of a point on the channel is the net effect of uplift {uni-
Torm across the drainage basin) and erosion of the channel (greater farther-downstream,
where the channel carrics more waler).

at a fixed rate—5.6 cm/yr [19]-—distance along the coast can be translated into
time. The streams with the steepest gradients arc about 7.3 km away [rom the
zone of the greatest uplilt rates—suggesting thal the drainage systems require
abour 130 k.y. (at 5.6 cm/yr) to re-cquilibrate 1o accelerated uplilt. This estimated
response time is specific to rivers in this study area; basins of a different size, in a
different climare, or with a different assemblage of rocks will respond differently.
However, lime is a very diflicult variable to quantify, and the 130-k.y. lag time
remains one of the firmest estimates available. The issue of the balance between
uplilt and degradation is more fully elaborated in Chapter 9.

EFFECTS OF BASE LEVEL

Base level refers to the lowest elevation in a drainage basin, at the [oot or outlet
ol a channel nelwork. A fluvial system can degrade no lower than its base level
and, if necessary, will aggrade 1o remain in equilibrium with that level. For con-
tinental-scale drainage systems, such as the Mississippi River, base level is the
ocean. Sea level is sometimes referred to as ultimate base level because all
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rivers that flow to the coast reach that identical lowest level. Some streams do
not reach the coast, though; for example, streams that drain into Death Valley.
The lowest elevation on thosc strcams is a local base level—86 meters bhelow
sea level in the case ol Death Valley. Local base level also relers 1o any portion of
a river, such as where it llows over a very resistant rock unit, thar conirels
degradation or aggradation upstream.

Basc fevel, both local and ultimate, can be influenced by tectonics and other
pracesses, cspecially Ice Age sea-level change. Base-level change exerts a major
influence en river systems. The primary mechanisms by which base level influ-
ences river form arc (1) the change in the system’s potential encrgy, and (2) the
sediment supply [20]. The response to a base-level rise is aggradation. A river will
respond in one of Lwo ways Lo a base-level fall: (1} by indsing, or (2) by changing
internal variables, such as sinuosity or channel pattern, with little or no incision
[21]. The more rapid the rate of base-level [all, the more likely that the river will
incise, confine itself in a narrow channel, and transmit the effects of the base-
level fall upstream [21}. ' '

DRAINAGE NETWORKS AND DRAINAGE PATTERN

A drainage nerwork formed on a stable, homogeneous landscape will develop
a characteristic pattern known as a dendritic drainage pattern (Figure 5.8A).
In the real world, dendritic patterns may develop in small drainage basins, but
variations in bedrock strength and geologic structures tend to result in differ-
cnt patterns at regional scales. Of the different drainage patierns, scveral indi-
cate distinct bedrock structures. For example, a wrellis pattern (Figure 5.8C)
can form as a result of strong joiniing in the rock. This kind ol structural con-
trol over the drainage pattern does not imply any aciive deformation, only
heterogeneity in the bedrock. In contrast, some drainage patterns result from
active deformation. For example, radial drainage (Figurce 5.8D) typically arc
formed by ongoing upwarp of a small dome, such as caused by salt diapirs
{columns of salt thar rise through denser surrounding sediment). The [lirst
great petroleum reservoirs of the Gull of Mexico region and the Middle East
were found around salt diapirs (oil and gas are trapped against the margins of
Lthe salt), because diapirs may be located by surlace expressions such as
drainage pattern.

Offset Streams

A characteristic feature of a strike-slip fault is that small strecams are offset
across the fault with a distinct right-lateral or left-lateral sense (Figure 5.9)
(also see Landlorms of Strike-Slip Faulting in Chapter 2}. Offset sireams reflect
movement on the [ault during one or more earthquakes and/or by gradual,
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A Dendritic

B Parallel Dendritic ~ This drainage patlern forms on
homogeneous bedrock or loose
sediments in areas with genilla
regional slopes.

Parallel Parallel drainage pattem forms on
steep slopes and where bedrock
or landierms trend parallel to the
regional slope.

e
WAV Tre'llis Pattern forms where underlying

C Treliis P“ D Radlal rock has one or more planes ol
weaakness oblique to regional
slope, such as on folded sedi-

mentary rocks, or where linear
landforms like beach ridges

conirol drainage.
Hadial Paftern forms around structural
high poinis such as volcances,
v\:i\ k sall domes, or leclonic upwarps.

FIGURE 5.8

Classilication of the basic drainage paiterns.

{Aler Bloam, A.

L.. 1991. Geamorpholegy: A Systematic Analysis of Late Cenozoic Landforms. Prentice-Hall:

Englewaood Clitis, NJ)

aseismic motion. Where offset channels can be dated, they can provide esti-
mates of the rates of fauit slip.

One of the most famous ollset sireams is Wallace Creek, which is olfset
nearly 400 m across the San Andreas [aull at a site approximately 150 km north-
west of the city of Los Angeles. Wallace Creek (Figure 5.9} is an ephemeral stream
(a stream which flows only during times of precipitation) that flows at nearly right
angles (o the San Andreas fault [22]. Figure 5.10 shows a serics of sketch maps
depicling the recent history of faulting at Wallace Creek, where irenches were
excavated to determine the sequence of deposition and erosion. This sequence
allowed determination of slip rates for this section of the San Andreas [ault. Age
control was provided by carbon-14 analysis of organic material in the stream allu-
vium. Figure 5.10 shows [ive stages in the development of Wallace Creek [22]:

« Stage 1: deposition of alluvium dated ar approximately 19 ka

+ Stage 2: channel indsion sometime before about 5.9 ka

= Stage 3: offser of Wallace Creek by approximately 250 m between 5.9 ka
and 3.9 ka

* Stage 4: the offsel stream was abandoned in favor of a more direct route
across the fault sometime during the last 3900 yr

« Srage 5: continued offsel along the fault produced 380 m of offset on the
Stage 2 channel and 130 m of offset on the Stage 4 channcl between
3900 ka and present
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FIGURE 5.9

Oblique aerial pholograph ol sircams offsel across the San Andreas [ault al
Wallace Creek.

(Urom Wallace, R., 1990. U.S. Geolagical Survey Professional Paper 1515)

Reasoning that the Lotal oflsel of 380 m must be older than or approximately equal
10 the oldest materials deposited alter the [irst stream incision (>3900 ka), the
380 m of offsct and the 5900 yr interval provide a maximum stip raic of 64 mm/yr.
The 130-m ollset occurred in £3900 yr, providing a minimum slip rate of 33 mm/yr.
Taken together, these two conclusions suggest that the long-term slip rate at Wal-
lace Creek is between 33 and 64 mmJyr [22]. Offset stireams along strike-slip faules
arc often dilficull 1o work with because, by themselves, there is no way to directly
daic the ollset. AL Wallace Creek, il was possible to bracket the slip rate with mini-
mum and maximum age estimates because ol the datable stratigraphy associated
with the two stream ollsels found there.

Drainage-Pattern Control in Extensional Settings

Aclive deformation resulting from extension of the crust forms a characteristic
topography of upthrown blocks (horsts) and downthrown blocks (grabens}.
The drainage patiern in such a setting quickly assumes the structural pattern of
the extension. Any throughgoing rivers [low within the grabens. Major tribu-
lary streams tend to find their way into the grabens at irregularities in the
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FIGURE 5.10

The history ol carthquake surface rupture al Wallace Creek revealed by subsurlace trenches.
{From Sich. K.. 1931. In D.W. Simpson and P.G. Richards {cds.). Earthiquake Prediction: An Interna-

tional Review. American Geophysical Union: Washington, D.C.)

bounding faults, such as laull step-overs [23]. Another commaon feature of
cxtensional topography is a half graben—one of the faults bounding a down-
thrown block is dominant, and the other is subsidiary or inaclive altogether
(Figure 5.11). Through time, offsct on the dominant fault will tilt the {loor of a

half-graben block down in that direction.
Streams in half grabens are alfected by acrive tilting and shift ioward the

[ault [24]. This phenomenon has been recognized in the Hebgen Lake arca of
Montana, just west of Yellowstonce National Park, the site of a magnitude 7.5
earthquake in 1959. The earthquake was accompanied by up to 6.7 m of fault
olfser and a corresponding amount of down-10-the-northeast ilt on the Hebgen
Lake tilt block |25]. Where the Madison River crosses the tilt block, it [lows in a
broad meander belt, 225-1600 m wide (Figure 5.12). The active channel, how-
cever, is located at the very northeast margin of the belt, suggesting that tilt has
shifted the channel [26, 27]. However, the asymmelry of the Madison River
alone does not reveal the mechanism by which the river shilted. If it suddenly
avulsed to one side of the meander belt, such as in a single earthquake, old
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Fault scam |

FIGURE 5.11

Topography and gecmorphelogy of a hall graben, Note that the active channel draining
down the axis of Lthe half graben has shifted toward the active fauh scarp by ongoing riliing.
{From Leeder and Gawthorpe, 1987, In M.I% Coward, I.F Dewey. and PL. Hancock {eds.), Comtinental
Extensional Tectonis. Geological Socicly Special Publication, 28)

meander scars would be randomly oriented within the belt (Figure 5.13A). The
mcander scars along the Madison Rivey, in contrast, are preferentially oriented,
concave to the northeast (Figure 5.12). This pailern is consistent with gradual
migration ol the channel as a result of steady tectonic tilt (Figure 5.13B) that
must predate the 19539 Hebgen Lake carthquake [26, 27].

Lareral migration of strcams that run perpendicular to tectonic deformation is
evident elsewhere. Long Valley caldera is a caldera (a volcanic depression) in easi-
emn Calilornia formed by an enorrnous eruption about 750 ka. A portion of the
magma body that caused the erupton remains bencath the caldera, periodically
swetling and uplifting a dome-shaped region [28), most recently causing about 0.5 m
of uplilt in 1980. The Owens River {mentioned carlier in this chapter. but about
150 km upstream) runs through Long Valley caldera around the periphery of the
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C ¢ Meander belt

U.S. Aouts 191

FIGURE 5.12

Geomorphic map of the Madison River in the Hebgen Lake area, just west of Yellowstone
National Park. The active channel lies ar the northeast margin of the river's meander belt,
a1 the base of the blufi line, During the 1959 Hebgen Lake earthquake, [his region sub-
sided by as much as 6,7 m down 1o the northeast.

(From Leeder and Alexandcr, 1987 [26])

1980 uplilt. The river runs in one of two parallel meander belts, one closer to the
zone of uplift and one farther away (Figure 5.14) [29]. Historical records indicate
that the river has been shifting to the downtilt meander belt during the last century
or 50 [29]. Researth in the area concluded that the two bells are maintained by the
periodic nature of uplift in the caldera—the downslope channel is active when the
magma chamber is ifillating, and the upslope channel is aclive when the chamber is
deflating [29].

The same asymmetry in river systems is also seen in ancient sedimentary
deposits and may be a valuable tool to help sedimentologists recognize tectornic
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FIGURE 5.13

Models illustrating the effects of rilling perpendicular to 2 meandering channel, (A) In
the casc of a sudden tilting event. the channel shilis with a sudden avulsion and leaves
randomly oriented meander scars. (B} In the case of gradual riliing, the channel shilts
graduvally, leaving meander scars preferentially oriented toward the direction of relative
subsidence. -

{From Leeder and Alcxander. 1987 [26])

deformation active in the geologic past [24]. For example, fluvial deposits found in
northern Wales have the asymmetrical characieristics described above. They reveal
ongoing tilting at the time of accumulation in the QOrdovician (about 450 Ma) [30].

INTEGRATED MODELS OF TECTONIC ADJUSTMENT

As the reader is now certainly aware, rivers are highly complex systems.
Researchers have uscd a variety ol approaches 1o understand the full range of
fluvial responses Lo active-tectonic deformation, in particular: (1) large sandbox
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FIGURE 5.14

Parallel meandering channels of the Owens River in Long Valley caldera, looking down
toward the northwest. Recent uplift of the resurgent dome of the caldera {left of photo-
graph) has been shifting river [low from the upslope channel to the downslope onc.
{From Reid, 1992 [29])
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Axds of
deformation
Upsiream {rm}) Downstream {m)
2.0 1.5 1.0 0.5 0.5 1.0 1.5 2.0
1 1 1 | 1 1 1 |
E %_ Aggradalion, Degradalion, Aggradation,
@ 2  Frequent channel shifts Terraca lormalion Strongly bralded pattern
< P
Q § ]
L= .
=] @ .
T B Degradation, Aggradation, Flooded D i
9 B Bardestruclion Strongly braided pattemn egradation
@ 3
= Floeded, Indistinect Sinuosity increase, Bank erosion,
=] . . .
£5 5 channgl, Sediment daposition Point-bar growth
=
R
ES é Sinuosity increase, Bank erfosion, Flooded, Indistinct
@ Paint-bar growth channel, Sediment deposition
2
TABLE 5.1

Response of experiment channels to uplilt and subsidence across the channel.
{Alter Ouchi, 1985 [4])

models that re-create Muvial systems in the laboratory, (2) carcful observation of
rivers in areas of known tectonic activity, and (3) mathematical simulations of
river response.

Experimental Models

Quchi [4] created braided and meandering fuvial patierns in a 9.1-m-long by
2.4-m-wide by 0.6-m-deep [lume (a sediment-lilled box, inclined and provided
with a continuous flow of water from high end to low end). The central 2.4 m ol
the flume was fitted with a flexible base, allowing incremental raising and low-
ering of the channel to mimic uplift and subsidence. Four experiments were run
using this apparatus:

uplift across a braided channel
subsidence across a braided channel

. uplift across a meandering channel

. subsidence across a meandering channel

Lalb il A

The results are summarized in Table 5.1. In experiment 1, the braided channel
incised through the axis of uplilt, and il aggraded both upstream and downstream
ol the upwarp. Aggradation downstream was caused by increased sediment load
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supplied by the incision; aggradation upstream was caused by the reduction in
slope. In experiment 2, the effects were opposite those of experiment 1—aggrada-
tion across the axis ol deformation and degradation upstream and downstream.
In experiment 3, the meandering channel adjusted to uplift by changes in sinuos-
ity and flow velocily, with little or no aggradation or degradation. Downstream of
the upwarp, sinuosity increased and, in the process, the outer banks of the mean-
ders eroded and point bars inside the meanders grew; upstream of the uplift, flow
velocity was reduced and water [looded over the point bars. In experiment 4, the
eflects were opposite those of experiment 3—sinuosity increased upstream and
the current slowed, and {looding occurred downstream [4].

Observational Models

In a very different approach, the effecs of deformation were siudied by docu-
menting the characteristics of rivers that cross the Monroe and Wiggins uplifts of
Louisiana and Mississippi (Figure 5.15). Deformarion on these zones is amply doc-
umented—Tertiary and Quaternary sedimentary strara are delormed, Pleistocene
and Holocene terraces are warped, and geodetic surveys measure ongoing motion
[31]. The rivers that cross the zones of uplift show many ol the same modifica-
tions seen in the flume experiments. Above the axes of uplift, channel sinuosity as

FIGURES5.15 [ — === -
Locations ol 1the Monroe (M)
and Wiggins {W) uplilts.
{Aflter Burnett and Schumm,
1983 [31])
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well as channel depth are reduced, and overbank [looding is increased. Below the
uplifts, sinuosity and depth are increased, bank erosion is accelerated, and some
reaches are locally braided in response to increased sediment loads [31]. In addi-
tion, the longitudinal profiles of both the river-valley lloors and the channels are
convex upward across the Monroe and Wiggins uplilts on all but the largest rivers.
The largest rivers apparenily have sufficicnt energy for the channeis to cut
through the deformation without measurable perturbation {31].

Numerical Models

The dynamics of fluvial systems are sulficiently well known to be modeled on
computers. Computer models and laboratory experiments have strengths that
real-world studies typically lack; for cxample, they integraie changes in the sys-
tem through time rather than just illustrating the characteristics in an instant of
geological time (the present}). In one such simulation, the effects of several dif-
ferent types of tectonic deformation were modeled for a large river system [32].
Figure 5.16 illustrales how the gecometry of {luvial response can change through
time. The [igure illusirates responses along a 200-km-long river reach across

10,000
Poinl of maximum
nel bed
elevalion increase
1000 | " Daposition . AL
R . " T
= \
@ \
|.‘§- 'v._ Jd . R
- ] ' \."Point:of zeid- ;-
100 : iNet - “niterssionand - =
: Deposition " .zeronet deposition-" -+ -
' T
i o
: S
10 | T [ T
0 100 150 200
Distance downsiream (km)
FIGURE 5.16

Zones of aggradation and degradation and critical transition points on a simulated river
channel undergoing anticlinal uplift across the channel at the 100-km mark {distance = 0
is upslope). Note that the zones and Lhe transition poinis gradually shilt locations after
uplilt begins at time = 0.

{Aficr Snow and Slingerland, 1990 [32]}
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which there is uplilt, centered at the 100 km mark, beginning at time = 0. The
zone of channc! incision widens, and the point of maximum channel-elevation
increase (the net clfect of uplift and incision) shifis upsiceam through time. The
results of this simulation also emphasize the complexity of such systems. Even
though the modcl was greatly simplilied, simple tectonic deformations led to
complex river responses, including:

1.

reversals ol deposition and erosion through lime at somce points on the
chanacl

signilicant lag (imes between stimuli and responses

critical transition poinlts, such as between zones of aggradation and
degradation, thal do not coincide with the axes of delormation

in general, a mismatch between the location of tectonic deformation
and the distribution of fluvial response

Note that the complex responses in this study, sometimes called “nonlinear”
responses, are different from the concept of complex response intreduced in
Chapter 2.

RIVER TERRACES

When a river becomes graded, it begins to’ cut a floodplain {Figurc 5.17). The flood-
plain is a flat strip of land lormed by lateral migration of the channel through time.

FIGURE 5.17

Transition [rom disequilibrium river conditions and active incision (A, B, and C) to cqui-
librium and aggradation of sediment (D and E). The Noodplain begins to [orm alter the
transition {rom disequilibrium to equilibrium.
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The deposits that comprise a floodplain include channel sediments as well as over-
bank deposits from periodic lMooding. As discussed previously in this chapier, this
sediment substrate is what distinguishes an alluvial river from a bedrock river. If
uplilt occures, base level {alls, or other faclors disrupl the equilibrium of the system,
a river may incise through its floodplain in order to reach a new graded prolile and
begin cutling a new floodplain. In this manner, the old floodplain becomes a river
terrace—an inactive bench stranded above the new level of the river. Repeared
cpisades of downcutting may preserve several terraces above a river (Figure 5.18).

River terraces can be classified in terms ol the three processes Lhat lead Lo
their formation [33]:

» tectonically-induced downcutling
= climatically-induced aggradation
= complex response

FIGURE 5.18

The Rakaia River in New Zcaland. Note the braided channel and Iloodplain in the fore-
ground and the broad, flat werrace across the upper lelu corner ol the photo.

{"hole courtesy of the National Archives of New Zealand, REF #AAQT 6404 WA 2367)
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@ Teclonic-aul plaHomms

(@ Cimatc aggradation suraces
@ Complex-response lemaces
@ Modem river floodplain

FIGURE 5.1%

Classificarion of tectonic, climatic, and complex-response terraces. Platforms cut onto
bedrock rellect periods of tectonic uplili. Aggradation of thick fluvial deposits reflects
episodes of climate change. Small unpaired benches reflect eritical thresholds and adjust-
ment of internal variables.

{Alter Bull, 1990 [33)}

Terraces in a setting undergoeing long-term uplilt typically cousist of a thin
layer of river sediment overlying a bedrock-cut platform (these terraces are
called strath terraces). Downcutring is characterized by brief periods of cqui-
librium and floodplain construction separated by periods of incision. Terraces
with a thick sedimentary cover (called fill terraces) reliect extended pcriods
when resisting forces exceeded driving forces in a system (for example, when
there is an abundant supply ol sediment). Aggradation of these thick 1errace
deposits typically is associated with major climatic shifts [33]. Complex
response—changes in river systems caused directly by internal variables and
thresholds, without tectonic or other external stimuli (see Chapter 2)—forms
terraces that are typically small and unpaired (isolated, not found on both
sides ol a river) (Figure 5.19).

Fluvial terraces are probably the landlorm most widely used to detect and
mcasure tectonic aclivily from the late Pleistocenc to the present. When terrace
surfaces become inactive and incised, they do so over short periods of time. As a
result, the surfaces become good tools for studying both the distribution and the
liming of tectonic deformation. Three types of delormation can be traced across
terrace surfaces:

= surface faulting
* warping
= tilting (convergence or divergence ol terraces)
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Surface Faulting on Terraces

Faults are as likely to cut the surface of a fluvial terrace as any other landform,
but several aspecis of lerraces make them useful for studying faulting. Terraces
are quitce flat, so faull scarps are preserved longer than they would be on a steep
slope. Furthermore, terrace surfaces represent approximate geomorphic time-
lines. If a fault cuts a given terrace, then fauliing is known to posrdate that sir-
face: if a lault crosses but does not cur a given terrace, then faulting must predate
thar surface, Finally, the age of faulr scarps cut entirely in loose sediment some-
times can be estimated directly by diffusion-equation modeling, a process
that is outfined in Chapter 8 (Fauli-Scarp Degradation).

Many studies have recognized (aulting on river terraces [e.g., 34, 35, 36]. In
one case, initial field mapping recognized a large number of dilferent surfaces, bul
careful remapping and correlation of surfaces using soil ages revealed that there
were only four terrace levels [34]. The {our terraces were cut and offset by a
number of fault strands. By knowing the ages of the dillerent terraces and mmca-
suring the surface displacements, it was possible to calculate the rate of slip on
the fault system [34].

Warping of Terraces

Terrace surfaces are formed as river [loodplains. Because they are in equilibrium
. when formed, terraces have graded longhudinal profiles unless they have been sub-
sequently deformed. Deformation will alier the profiles ol terraces compared with
the longitudinal profile of the modern channel. The shapes of deformed terraces
reveal the character ol deformation (Figure 5.20C). An assumption implicit in this
comparison is that the original terrace proflile was 1the same as the profile of the
modern river. Changes in discharge, sediment load. or bedrock substrate strength
may invalidate this assumption. An important test of tectonic deformation is
whether higher and older werraces are more deformed than younger terraces. Cli-
matically or lithologically controlled variations in prolile are unlikely to progress
systematically through time, although they may do so in certain situations.
Longitudinal profiles of terraces have been used to recognize recent defor-
mation in many siudies [e.g., 36, 37, 38]. In the heart of the Los Angeles metro-
politan area, Pleistocene and Holocene Lerraces and broad geomorphic surfaces
arc warped over two active anticlines, revealing as much as 150 m of uplift and
up to 30° of tilting [36]. These anticlines probably represent the surface manifes-
tations of buried thrust faults similar to the one that caused the 1994 Northridge
earthquake (see Chapter 7).

Tilting of Terraces

Simple downcutting on a river systemn without any contemporaneous deformation
will lead o a sequence of parallel terraces. Where downcutting is accompanied by
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A Downcutling without deformation
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FIGURE 5.20

Four types of tectonic delormation of fluvial terraces: (A) uplilt and incision withouu dil-

ferential deformation, {B) surface faulting, {C) terrace warping, and {D) Lilting. Note that
cases B, C, and D illustrate progressive deformation through time—the oldest terraces are
most deformed.

regional-scale tilting, howcever, longitudinal terrace profiles will diverge or con-
verge {Figure 5.20D). As wilh terrace warping, other processes can cause diver-
gence or convergence; progressive displacement of a series of terraces is an
important test before tectonic deformatton can be inferred.

SUMMARY

Rivers are profoundly influenced by active tectonics. Fluvial syslems are sensi-
live 10 both faulting and regional surlace deformation. As a result, it is possible
1o use perturbations in these systems to locate, characterize, and measure recent
tectonic activity. This type of research is a relatively recent development in geo-
morphology, and the study of rivets and active teclonics continues o evolve.
Several avenues ol research are now being developed that may lead to greal
advances in the [uture. Digital elevalion models and a variety of satellite images
make recognition of fluvial patterns increasingly straightforward [5]; many para-
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meters can even be measured by automatic computer analysis [39]. In addition,
advances in dating techniques {40, 41] should increase opportunities for dating
terraces and other landforms, widening the range of scttings [rom which tec-
tonic rales can be calculated. Finally, we look forward to the [ull integration of
fluvial geomorphology and tectonic geomorphology, with the recognition of Lec-
tonic cifects in many fluvial systems and the recognition that rivers present
valuable 1ools for use in studies of active tectonics.
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Active Tectonics and Coastlines
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INTRODUCTION

On April 25, 1992, a M = 7.1 earthquake struck the northern California coast
near Cape Mendocino (Figure 6.1), causing moderate damage to small towns in
the area. The earthquake occurred along the Cascadia Subduction Zone, where
the Juan de Fuca Plate subducts beneath the North American Plate. In the days
and weeks alter the earthquake, subtle changes to the coastline of northern
California became apparent. The first accounts came from fishermen and resi-
dents of the coast near the epicenter who reported changes in [amiliar offshore
rocks and recls. Within one to two weeks, attached marine organisms began to
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FIGURE 6.1

Location map of the Cascadia subduction zone. The star indicates the site of the

April 25, 1992, earthquake ncar Cape Mendocino. The Juan de Fuca and the Explorer
plates arce being carried beneath the North American Pldte. In contrast, where the Pacilic
Plate is in direct contact with the Nonh American Plare, south of Cape Mendocino and
north of the Explorer Plate, the plate boundarics are transiorm [aults.

die al the tipper margin of the interiidal zone, forming a siripe of bleached-out
death along 23 km of the shoreline (Figure 6.2). Scientists who investigated the
natural destruction determined that the earthquake had uplilted the coast by
up to 1.4 m, carrying a whole intertidal ecosystem up and out of the ocean [1].
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FIGURE 6.2

Phowgraph of the mortality of intertidal organisms caused by the 1992 Cape Mendocing
earthquake.

{From Carver eval., 1924 [1])

While such events are rare in the timescale of human eveats, they are common
in geologic time.

Tectonic activity occurs in all settings of the planet, from the deepest ocean
trench to the highest mountain peak. But activity that coincides with ocean or
lake coastlines has unique effects, and the record of tectonic aclivity at coasts
contains data of great value in derermining past earthquake history. The ocean
surface is Earih's best approximation of a perfect horizontal datum (see discus-
sion of the geiod in Chapter 3}. Apari from tides and variations in atmospheric
pressure, which average out over time, sea level precisely follows a surface of
equal-gravity polential everywhere around the Earth. Any change of position
relative to sea level disrupts the delicate balance of biological, chemical, and
physical forces concentrated there. ’

Coastal landforms can be used to decode several aspects of active teclonics.
Alter the April 1992, Cape Mendocino earthquake, scientists used the height of
the “kill zone” ol intertidal organisms o determine the amournt of coscismic uplift
(up to 1.4 m) and the pattern of the uplilt {an east-west—irending arch) [1].
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Although these “kill zones™ are uselul for measuring coseismic uplift, they are
not as useful for measuring gradual, long-term uplift or deformation of coast-
lines, simply because the biological evidence is not preserved longer than a few
months to years. Long-term uplift is recorded by more durable features, such as
marine terraces, beach ridges, and coral reefs. Coastlines are further useful for
studies of active tectonics because many coastal landforms act as elfective
isochrons (time-lines) and allow us to estimale the age of faulting or other
deformation events. -

The character of a coastline is a function of many variables, but four stand
ouL:

the local teclonic setring

the supply of sediment

the amount of crosional energy

the nature and amount of biological activity

L

The rugged, cliff-lined coasts of California, Orcgon, and Washington are distinct
from the sandy, barrier-island coastlines of the East Coast of the United States
because, in much of the West, the land is stcadily rising relative to sea level. In
addition, the Pacific Coasl is starved of sand compared to the Atlantic, and the
energy ol breaking waves is [ocused onto the dliffs. Figure 6.3 illustrates the clas-
sification of coastlines along two axes, [rom emergent (rising relative to sea
level) 1o submergent (falling relative 10 sca level), and from retrograded
{retreating landward through time) to prograded (advancing oceanward
through time}).

Coastal landlorms are profoundly influenced by changes in sea level relative
to the land. Since the maximum of the lasi Ice Age, about 18 ka, meliing glaciers
and warming oceans have raised global sea level by about 125 m, drowning con-
tinental shelves worldwide and crcating coastal landforms intimately associated
with rising sea levels. Among the stable [0 emergent coastlines, there are many
different examples of retrograded and prograded shorelines. The Pacilic Coast of
the United States is emergent, the Guif of Mexico near the Mississippi River is
submergent, and the Atlantic Coast is close 1o neutral. In this chapter, three
classes of coasts are discussed:

» erosional (“Pacific-type™: high erosional energy relative 1o sediment
supply})

« clastic (“Atlantic-type”™: high sediment supply relative to erosional
energy)

« carbonate (coasts characterized by the formation of coral reels)

These three classes are associated with dillerent assemblages of landforms, each
recording the occurrence, character, and raic of active tectonic deformation in a
given region.
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FIGURE 6.3
Genetic classification of coastlines. Coasts are categorized along two axes: from “emerged”
to “submerged,” and [rom “prograded” to “retrograded.”

{Alter Valentin, 1970, Paper read ar the Symposium ol the IGU Cominission on Coastal Geomorphol-
ogy: Moscow)

COASTAL LANDFORMS

Erosional Coasts

Bold erosional coasts have a characteristic morphology (Figure 6.4). At low ride,
one can walk along the wave-cut platform, a wide and flat surface cut by the
abrasive action of wave-churned sand, chemical weathering of the rock by sea-
water, and the action of interridal organisms. Where organisms are the principal
agent of erosion, such as in tropical shorelines protected from wave action, the
cut platform is called a bioerosion platform [2]. At the landward margin of the
platform is the seacliff. The seacliil is a gcomorphic anomaly—the steep lace is
maintained only by the perpetual battering of high-tide and srorm waves at its
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FIGURE 6.4 .

General morphelogy of an erosional coastline. Aciive features include the modern wave-
cut platform, beach, and scacliff. An older, uplifted, and now inactive shoreline is
recorded by the old wave-cut platform, its cover of marine sediment, and the eroded
remnant of the old seacliff. Note that the shoreline angles, both modern and uplifted, are
the only eniform reference w sea level,

{After Hanson e al., 1990, Guidebook, Friends of the Pleistocene Fall Field Trip)

)

base. Wave erosion of a durable rock may form a wave-cut notch at the base of
the dliff, an overhung depression that is a good indicator of sea level. Long-term
seacliff retreat makes clifflop homes scenic but ephemeral real estate [3].

When a wave-cut platform is uplilted above sea level, the landlorm
becomes known as an uplifted marine terrace (see Figure 6.4). The surface ol
the old platform may, with luck, still contain fossils of its previous inhabitants,
and generally will be covered with a veneer ol loose marine sediments. The
uplifted seaclilf is no longer maintained by wave erosion, so it will degrade.
Through time, the marine terrace becomes covered by colluvium from the old
seaclilf and by wash from [arther upslope. )

It is important to note that the top surfaces of active wave-cut platiorms
and uplifted marine terraces typically have a natural upward slopc away from
the ocean. For that reason, neither the top edge of a seachilf nor any random
point on the surface is a good estimate of the sea level that formed the terrace.
The only uniform horizontal reference to sea level on an uplified marine terracc
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FIGURE 6.5
General morphology of a clastic shorcline.
{Adicr Easierbrook, 1993 [32])

is the shoreline angle (see Figure 6.4}, which is the angle between the old plat-
form and the associated seacliff.

Clastic Coasts

Sandy barrier islands from Fire Island, New York, to Chincoteague, Maryland,
to the Outer Banks of North Carolina, to Padre Island, Texas, are all examples
ol clastic coastlines. All are associated with ample sediment supply and shore-
parallel transport {longshore transport) of sand along the beach. The partic-
ular nature of barrier islands, separated {rom the mainland by broad lagoons,
is arrributed o rising postglacial sea level [4]. Clastic coasts are associated with
a variety ol landlorms, bur the shore has a generalized profile (Figure 6.5) that
rellects the fundamental processes of wave action and sediment transport.

Of the [eatures of the shoreface prolile, the winter berm {or storm
bermy} is the “high-water mark” of a given shoreline. More specifically, the berm
is a ropographically-high, laterally-continuous feature that may be preserved if
the active shoreline shifts oceanward. Such a shift can be caused by (1) an influx
ol sediment and progradation of the coast (Figure 6.6}, {2} a relative [all in sea
level {see discussion of sea level later in this chapter), or (3) uplilt—either
coseismic or gradual—of the land (Figure 6.7).

Carbonate Coasts

Coral reefs are constructed by biological activity in warm (>18°C), clear, oxy-
genated water (Figure 6.8) [4]. Modern theories ol coral reef development can
be traced back to Charles Darwin, who made many observations during the voy-
age of the Beagle from 1832 1o 1835. He characterized different reefs around the
Pacific, and suggested a hypothesis 10 explain their origin by subsidence of
~ extinct island velcanoes and upward growth of the coral.

The growth of coral is closely tied 10 sca level (Figure 6.9}. Active colonies

can grow only as high as the lowest low tide. Reef corals live no deeper than the
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FIGURE 6.6

Multiple prograded beach ridges developed al St. Vincent Island, Florida. Prograded beach
ridges are formed by a massive influx of sediment, and not necessarily by etther uplift or
sea-level change,

{rhota connesy of U.S, Geolopical Survey)

depth that light penetrates through the water. Most species live at depths of ess
than 25 m, with maximum growth shallower than 10 m [5]. Coral reels are a
complex ecosystem, and particular species—for example. Acropora paimata—pre-
dominate at shallow depths, In fossil reels, these species are the best indicators
of the position of sea level when the reel formed.

Some of the best-documented examples of teclonic coastlines contain uplified
corai reels {6, 7]. Reels have some characteristics that make them ideal lor studying
aclive teclonics. First, uplilted coral reef surlaces are good time lines, because the
lirst vertical movement carrying the reef crest out ol waler kills the organisms and
preserves Lthe surface as a record of sea level at that moment. Second. the carbonate
material of which coral reels are constructed usually can be dated. Radiocarbon and
uranium-series analyses are used to date uplifted reels as old as 350 ka (for more
details, see Dating Coastal Landiorms at the end of this chapter).

COSEISMIC DEFORMATION

Many ol the large and greart earthquakes of historical time have been accompanied
by measurable deformation of the surface. In 1964, approximately 250,000 km? of
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FIGURE 6.7

Emerged Holocene beach ddges en Ostergarnsholm, Sweden. Ongoing uplilt is driven by
isostalic compensation [ur the meliing ol the ice cap that covered Scandinavia during the
Pleistocene, Although the ice has been gone for several thousand years, isosiatic compen-
sation continues and cauwses very rapid uplift, a1 a rare ol about 2 msk.y. at this localion.
{Pholograph courtesy ol A. Philip, Visby, Sweden}

the Alaskan coasl experienced vertical deformation, with uplift of up to 10 m and
subsidence of up to 2.4 m (sce Figure 1.20) [8]. Such episadic pulses of uplift,
summed over the cons of peological time, are one mechanism by which the large-
scale topography of the Earth is created (see also Chapier 9). When earthquakes
sirike near a coastline, it is often possible ro measure the magnitude and patern of
the coseismic deformation by virtue of the nature of coastal landlorms and their
link 10 the global sea-level darum. Dilferent 1ypes of coastlines provide a range of
tools for studying coseismic vertical deformation:

* lide-gauge data
+ mortality of intertidal organisms {“kill zones™)
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FIGURE 6.8
Three Lypes of carbonate coastlines,
(Alter Wilson, [974. Awrerican Assaciation of Petrofeinn Geologisis Bufletin, $8: 811)

» Dbeach strandlines
» submerged stratigraphy

Tide Gauges

It may be a bit counterintuitive, but the surface of an ocean is a very precisc hori-
zonial tevel. Indeed, ar any one time, the watcer is tossed by waves, drawn in and
out with the tides, and pushed about by currents and weather. However, when
ali of these variations are averaged over a long period of time, Lhe result is a fixed
clevation accurale 1o within millimeters. Where moniloring stations are set up to
systematcically measure the average level of the ocean surface at a point on the
coast, at porls or at scientific stations, it then becomes possible to precisely deter-
mine the clevation of that point through time relative 10 sea level (Figure 6.10).
These monitoring staldons are known as tide gauges, and 517 stations world-

TIRANNGE™®)

Geological Academy of IRAN



https://iranageo.ir/
https://iranageo.ir/

Aclive Tecionics and Coasllines 189

FIGURE 6.9
A coral reef at low 1ide. Note (that the upper limit of growih is approximately equal 1o the
low-tide water level,

{Photo by Douglas Faulkner/IPhato Researchers, Inc.}

wide have records [rom a long enough duration of time and have proven sulfli-
ciently slable to provide geodetic-quality measurements of mean sea level [9].

Where an earthquake causes coseismic deformation near one of these tide
gauges, the amount ol vertical movement is recorded as an abrupl change in 1he
elevation ol the land relative 1o mean sea level. In [act, coseismic movement is
onc ol the most straightforward applications of tide-gauge data. In addition, by
1993, approximately 125 of the stations had records spanning 52 years or more,
a duralion of time long enough, given the data’s accuracy, to measure long-term
changes in global sea level as well as long-term uplift of the land due to subduc-
tion, glacial unloading, and volcanism [9]. Tide gauges are especially valuable in
docuntenting deformarion because they are a continuous record of lecal sea
level through time, capable of distinguishing between preseismic, coseismtic, and
postseismic movements (see Chapter 3).

There are, however, drawbacks 1o tide-gauge data. Coscismic deformation
is local and variable in magnitude. Because tide gauges measure movemenlt only
at a few scantered points, such measurements (1) are only minimum cstimates of
the maximum uplilt magnitude, and (2) provide little inlormation regarding the
pattern or distribution of uplift.
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FIGURE 6.10
Tidal curves for three stations atong the coasts of the United States. Nole thal althougi the

waler

level is quite variable, the average sea level can be detenmined wilh great accuracy.

{Aler Gmery and Aubrey, 1991 [9])

Mortality of Intertidal Organisms

The uplilt and death ol organisms, such as after the 1992 event at Cape Mendo-
cino described previously, have also been observed after other subduction-zone
carthquakes. Such kill zoncs have been used to measure the coseismic uplifi
associated with the 1964 Alaska carthquake {10], the 1985 Mexico City carth-
quake [11], the 1960 Chile earthquake [12], the 1992 M = 7.2 carthquake in
New Guinea [13], and others. The principal advantage of studying the mortality
of intertidal organisms is that dala arc available over a wide area—wherever
uplift coincides with the coastline.

Looking at the kill zone along the Mexican coast after the 1985 earth-
quake, Bodin and Klinger [11] defined the vertical extent of mortality
(VEM) as the average height of mortality of attached intertidal organisms, mea-
sured by surveying equipment. Just as tide gauges average the short-term {luctu-
ations of the gcean surlace, organisms living in the intertidal zone are adapled to
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a particular position relative to sca level—exposed 1o air no more nor less than a
certain portion of the time, and just out of reach of their fiercest predators. For
example, mussels form a dense band along the intertidal zone of some rocky
shores, a band with abrupt upper and lower boundaries. Any musscl that takes a
position too high is stranded out of water too long and dies; any mussel that is
teo low quickly [alls victim to hungry starfish inhabiting the subtidal zone
below. Organisms that prove particularly uselul in measuring VEM include
species ol coralline algae, barnacles. mussels, colonial anemones, surf grass, and
sea lettuce [1]. Alter the Mendocino earthquake, mortality was evident within
one to two weeks. Mcasurcments 1aken alter one month and again two months
after the carthquake showed a slight increase in the VEM, but little more than
Lthe range-of-measurement uncertainty {1].

Beach Strandlines

Coseismic uplilt ol a clastic coast will tend to shilt the beach prolile (see Figure
6.5} upward and out of equilibrium with the [orces that {ormed it. On the lower
portion of the profile, this shift brings the zone of wave action closer and erodes
material to re-equilibrate the shape of the shore. However, the upper portion of
the profile, panicularly the high winter-storm berm, is removed [rom wave cro-
sion and may be preserved as a beach ridge, landward of and higher than the
active berm thar relorms. Inactive berms also can be formed by occanward
progradation of the shore (sce Figure 6.6), but these beach ridges will be at
approximately the same elevation as the active berm.

Late Hotocene beach ridges that step upward and landward from the active
shoreline are characteristic of many 1ectonically active, clastic coasts. An important
question abour a given beach-ridge sequence is: Why does it have a particular
number and spacing ol ridges? Three mechanisms are possible: (1) small-scale
Nluctuations in Holocene sea level, (2} gradual uplilt of the land, puncruated by
severe storms, and (3} episedic coseismic uplifis. Given the general lack of global
synchroneity in beach ridges and the lack of independent evidence of Ilolocene
sea-level [lucluations, many scientists reject the fiest explanation and invoke either
the second or the third [14].

Beach ridges olten are dilficulr 10 dare, usually providing litde inlormation
on the precise dates of past earthquakes. However, if the ridges [ormed coscismi-
cally, they may provide good information regarding the number of events and
earthquake recurrence over time periods of several thousand years. On the Boso
Peninsula ol Japan, an earthquake in 1703 lifted the active shoreline up and oul
of contacl with the ocean. Three other paleoshorelines step upward Irom Lhe
pre-1703 shore, the highest dated at about 6.5 ka [15]. Those landiorms reveal
that at least four coseismic uplilt events ol the magnitude of the 1703 carth-
quake have occurred on the Boso Peninsula in the past 6500 years.
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Coseismic Subsidence

In most cases, downward movement of the land relative to the ocean is much
more difficult to discern than upward movement. Subsidence covers the coastal
landscape with watcr and sediment, hiding it from the scrutiny of air-brearthing
geologists.

Along the coast of Washington and Oregon, al the convergent boundary
berween the small Juan de Fuca Plate and the North American Plate, salt
marshes and coastal lorests display an unusual stratigraphy (Figure 6.11). Long
periods of gradual sedimentation and siow emergence from the ocean led to the
formation of stable coastal landlorms capped by soil and vegelation. These stable
surfaces were resubmerged beneath sea level, apparently catastrophically. Dur-
ing the resubmergence, marsh grasses were buried cither by intertidal mud or, in
some locations, by a layer ol coarse sand interpreted as a tsunami deposit [16,
17]. Coastal [orests were inundated and the stumps, still rooted in the soil from
which they grew. were buried by marine sediments. Examination ol Lhe outer-
most growth rings of these trees shows that growth was normal during the last
few years before the death of the trees, suggesting that submergence was sudden
[16]. Tn each case, submergence was [ollowed by renewed emergence {rom the
ocean, soil formation, and vegetation growth.

The stratigraphy of coastal Oregon and Washington is interpreted to
rellect sudden, coseismic subsidence during great earthquakes on the
Cascadia Subduclion Zone [18]. Although this area has experienced no great
carthquake (M > 8) during the two cenluries of European occupalion, some
geologists infer that the coseismic subsidence events record thrust-lauit
earthquakes on the subduction zonc at least as large as M = 7.6-7.8 [19],
perhaps even rivaling the M = 9.5 1960 Chile earthquake {largest recorded in
history) il the entire 1200 km length of the Cascadia subduction zone were o
rupture all at once [19].

As many as six dilferent coseismic subsidence events along the coast have
been suggested {20]. High-precision radiocarbon dating suggests that events at
widcly separated sites on the coast may have been simultaneous [18]. In partic-
ular, evidence is widespread that one carthquake occurred about 300 yr ago,
probably between 1695 and 1710 [18, 19, 20, 21].

Some scientists doubt that the stratigraphic and other dara have been
correcily interpreted as evidence ol great earthquakes along the Cascadia sub-
duction zone, Tt has been pointed out that [or fourieen great earthquakes
measured on nine dilferent subducrion zones around the world, areas ol
coasls in the same setting as most of coasral Oregon and Washington experi-
enced uplift rather than subsidence (22]. Submerged stratigraphy could reflect
the effects ol several much smaller carthquakes, rather than one great one.
Alternatively, it is possible thar the evidence reflects only very large storm
cvents superimposed upon the much slower processes of sediment accumula-
lion, Holocene sea-level rise, and episodes ol gradual uplilt or subsidence.
Nonetheless, the consensus is that the Oregon-Washingion coast does record
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FIGURE 6.11

Schemalic cross section through Holocene salt-marsh deposils along the Cascadia subduc-
tion zone. The dune sand is interpreted 1o represent 1wo coseismic subsidence events in
the past 960-1257 yr. Ages in years belore present.

{Afler Clarke and Carver, 1992 [19])

long periods of stability punciuated by large earthquakes and regional coseis-
mic subsidence.

COASTAL GEOMORPHOLOGY AND SEA LEVEL

No discussion ol coastal geomorphology or movement of the land relative to the
ocean can be separated {rom the dramatic fluctuations in sea level that have
occurred during the last 2 m.y. or so. Changes in sea level (eustatic change)
during this interval primarily reflect the growth and decay of the great ice sheets
that repeatedly covered much of North America and Europe. These ice sheets
reached thicknesses of up to 3000 m [4], storing up to 100 billion m? of water
[23] on the continents and depleting the world’s oceans proportionally. At the
time of the last glacial maximum, about 18 ka, global sea level was approxi-
mately 125 m lower than it is today [6].
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Coastal landforms can only record changes in the position of the land rela-
tive to the position of sea level. The number of coastal [eatures, their spacing, and
their character are a [unclion of both rectonic movement and sca-level change.
In order to say anything about the history ol tectonics, we must lirst know
something about the history of sea level.

The best records ol sea level come not from stable coastlines, but from
coasis experiencing steady long-term uplift. Sea-level change on stable coast-
lines repeated itself during the glacial advances and interglacial retreats of the
Pleistocene ice sheets, destroying evidence of older highs and lows. On uplifting
coasts, though, shorelines were progressively lifted out of the range of eustatic
change. Sea-level data have been collected around the world, but the iwo most
complete records are in Barbados [7] and New Guinea [6] (Figure 6.12). Al
both of these sites, coral reels formed at approximately the times of sea-level

FIGURE 6.12

Uplifted coral reel terraces at the Huon Peninsula, New”Guinea. Relatively rapid [luctua-
tlions of global sea level during the Pleistocene have been superimposed on long-term
Leclonic uplifl of the New Guinea coast. Each terrace indicates a former position of the
shore. Because coral can be dated, each terrace also gives the date at which the shore was
at that position.

{Pholograph counesy of A.L. Blowm)
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highstands and were uplifted by long-term tectonic activity. Dating the carbon-
ate in each uplifted reef reveals a history of sea-level highs at 60 ka, 82 ka,
105 ka, 125 ka, 170 ka, and 230 ka in Barbados {7] and at 28 ka, 40 ka, 60 ka,
82 ka, 103 ka, and 124 ka in New Guinea [6]. The agreement between these
lwo siles, located at completcly different areas of the globe, has led o wide-
spread acceptance of the naturc and timing of global sea-level change.

In addition to the timing of past sea-level events, it is important to know
the elevations of the different highsiands and lowstands. In Barbados and New
Guinea, this information was obtained by calculating the long-term uplilt rate.
For a recl or other feature [ormed at sea level, its present elevation is cqual to

elevation = (uplift rate) « time — (sea level) {6.1)

where fime refers to the age of the feature and sea level 1o the level of the ocean
surface at that time, measured in distance below modern sea level. By assuming
that the sea level of the last interglacial reel (125 ka) was about 6 m higher than
modern sea level (an assumption supported by daila from stable, nontectonic
coasts), it became possible to calculate the uplift rates [or the sites at Barbados and
New Guinea and then 10 determine the position of sea level at the fime of the for-
mation of each reef. A summary of the New Guineca data is shown in Figure 6.13,

Time (ka)
140 120 100 80 60 40 20 Today
1. 1 L J. 1 1 i MOdem
] / sea level
\_ //\\ /n\ / 20
 / .
l I \/ / A [\ N
o =
N HE
\ 60 =2
VU J [V 35
- 0 W
o5
o 23
100
120

FIGURE 6.13

A graphical representation of glabal sea level during the past 140 ka. This sea-level model uti-
lizes the data from New Guinea coral recls (Bloom et al., 1974 [6]) and an analysis technique
(Medilied alter Pinter and Gardner, 1989 [25]). The lormula for calculating this mode!
numerically is outlined in Table 6.1.
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TABLE 6.1
Sea level (SL) is calculated as [ollows: SL = AT+ BT + CT? + DT + E.
[ 1
Age Range
(in Ka) CF A B < D E
0-18 -0.005026 0.137217 -0.447917 0 0
18-28 0 0.1895 -12.993 283.554 -1871.9
28-35 0 -0.0336253 4.11303 -187.787 1796.45 ~28655.8
35-45 30 0 0.0745 -2.1525 15.938 32.81
45-53 30 -0.0227332 1.60311 —41.513 471.838 -1957.77
53-58 50 0 0.906 —14,784 64.242, -6.63
58-74 50 ~0.00278963 0.168136 -3.48014 30.763 -73.04
74-85 70 0 0.0812547 -2.24076 14.026 34.05
85-93 70 -0.0231131 1.55582 —-37.982 402.962 -1564.75
93-107.5 90 0 0.0478658 -1.41498 7.197 62.35
107.5-116.5 90 -0.0159186 1.26071 -36.4263 459.548 -2138.6
116.5-122.5 110 0 0.731019 -20.6965 176.398 -402.92
122.5-130 1o -0.027282 1.67703 -37.8731 37531 -1369.59
130-142 L10 0 0.0282407 =2.13406 51.472 -379.26
— ]

In each imerval, the age L {in ka) is modilied by a correction facior (CF): - CF=T.

and a mathematical expression to estimate sea level back to about 125 ka is shown
in Table 6.1.

Uplified coral reels are not the only features used Lo inler ancient sea lev-
els. The slow, sieady buildup of sediment on the deep ocean floor and ice atop
the Greenland and Antarctic ice caps record variations in nawurally occurring iso-
topes of oxygen and carbon that are approximately synchronous with the coral-
reef eustatic signal. Mereoric water (rainflall and snowfall) is depleted in the
heavy isotope of oxygen (¥0) relative to ocean water; therclore the great accu-
mulations of continental ice sheets that lowered sea level during the Pleistocene
concentrated '#Q in the world's oceans [24]. A different sca-level driving mecha-
nism operates for carbon. The light isotope of carbon {1*C) is concentrated in
plants and other organic matter compared with its heavy stable isotope (1°C).
Low sea lcvels expose the shallow continental shelves to erosion, fushing large
amounts of light carbon into the oceans [24]. In fact, these oxygen and carbon
isotope records provide a much more detailed history than do coral-reef
sequences, suggesting a continuous rccord of sea-tevel changes through time.
But the jsotope histories are necessarily indirect measures of sea level. For exam-
ple, the oxygen isotope ratio is also allected by the average wemperature of the
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oceans as well as the latitude in which most precipiration [alls; it is very difficult
to translate a definite isotopic value into a particular sea-level elevation {25].
Uplifted coastal features are much more direct indicators of ancient sea level.

LONG-TERM UPLIFT

Long-lerm vertical movement of the land is the sum of all coseismic and inter-
seismic movement {deformarion during and between earthquakes, respectively)
averaged over a long period ol time. Under [avorable conditions, long-ierm rates
of uplift can be determined on clastic, carbonate, or erosional coasis. Favorable
conditions include coaslal landlorms that are (1} durable and long-lived, and (2)
capable of being dated.

As a general rule, clastic coasts are the lcast likely to mect the two criteria
above. Beach ridges are loosc and unconsolidated when they lorm, and any
datable material originally incorporated into the deposits decays rapidly in this
porous and unprotected setting. A good example of the limitations ol and possi-
bilities for using clastic coastal [eatures in studying long-term uplift comes from
the Atlantic coastal plain ol the United States. The coastal plain has been
emerging slowly from the Atlantic Ocean through the Pliocene and Pleistocene,
leaving a path of old beach and dune ridges, escarpments, and marine-terrace
remnants behind the retreating coast [26]. The shoreline features can be traced
over long distances and, in places, can be correlated with the underlying
marine stratigraphy 1o provide a rough chronology of their ciergence. The
slow but steady emergence of the Adantic coastal plain is understood to be a
result of erosion of the North American continent, deposition on the Atlantic
continenial shelf, and isostatic tesponse of the Earih’s crust {27].

In general, though, carbonate and erosional coasts tend ro prescrve a
clearer picture of long-term uplili. The coral-reef sequences ol Barbados and
New Guinea are classic examples of emergent coastlines, refllecting the combined
eflects of long-term uplilt and Pleistocene sca-level fluctuations. Continuous
sequences of erosional marine terraces, such those along the Pacilic Coast of
North America, reflect the same processes at work.

Where such scquences ol uplilted shorelines are used to infer [ormer sea
levels, a rate of uplift must be assumed; where the shorelines are used to infer
the uplifl rate, global sca-level history must be assumed (e.g., Figure 6.13). Uplift
ratc can be calculated using Equation 6.1, or determined graphically as shown in
Figure 6.14. The graphical solution combines sca-level history plotted against
time, the ages of preserved shoreline features, and the elevations at which those
[eatures currently are found. For example, a terrace {formed at 85 ka when
global sea level was 15 m below its current level (point A on Figure 6.14) is now
found 88 m above modern sca level (point C at elevation B on Figure 6.14). The
line connecting points A and B is the uplift path for that terrace. The uplift
paths [or all the terraces prescrved in the same sequence should be parallel if
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the uplift rate in that location was uniform through time. The average slope of
the uplift paths is the uplilt rate [28].

Where many terraces can be identified in a single sequence, and where
their elevations can be precisely determined, the uplift rate can be determined
without dating every terrace in the sequence. Using the principles of the graphi-
cal correlation method illustrated in Figure 6.14, the relative spacing of the
terraces is used to assign ages to each terrace in the sequence and an uplift rate
to the site. Assumptions necessary for this method are that [28]

« heights of shoreline angles of terraces are accurately measured

* the sea-level model (ages and heights of highstands) used is correct and
appropriate to the site

= the uplift rate at the site has been uniform though time

As a general rule, the higher an area’s uplift rate, the better the resolution of ter-
races using the relative-spacing method. Each terrace in the sequence is ascribed

- _ ~fima (ka) -~ -
- -
100 -780 _€0 40 .20

1 Lo N ]
- -

FIGURE 6.14

Graphical delermination of the rate of uplift for a sequence of marine terraces (the ter-
races are shown on the upper right of the figure}. The modern terraces {elevations at
time = 0) are correlated to sea-level highstands during the Late Pleistocene. The line con-
necting the modern elevation of each terrace 10 the time and position at which it formed
is its uplift path, the slope of which is the rate of uplifr.
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to a sea-level highstand appropriate to its elevation. I the result s not consistent
with uniform uplift through time, then a different set ol ages must be assigned
until the result is consistent [28].

In most areas that have been studied, the assumption of a uniform
uplift rate over periods of hundreds of thousands ol years has proved satisfac-
tory [29], but this is not always the case. Study of three marine-terrace
sequences al widely separated sites along the Alpine [aull in New Zealand
[29] revealed a consistent history of uplift (Figure 6.15). Prior to about
140 ka, uplift was uniform (1.2 m/k.y.). However, between 140 and 135 ka,
the uplift rate doubled to its present value of about 3 m/k.y. This change is
interpreted to reflect accelerated convergence between the Australian and
Pacific plates [30].

Long-term rates ol uplilt worldwide, measured over intervals of tens of
thousands to hundreds of thousands of years, are grealest at convergent plate
boundaries where sustained uplilt rates of 6 m/k.y. to 10 m/k.y. have been
calculated [31]. Transform boundaries show low uplili, generally less than
0.3 m/k.y. Intraplate and divergent boundary coasts show no movement o
very low rates of uplift associated with erosion and isostatic rebound (sce
Chapter 9). The fastest uplilt rates are ephemeral events related to lemporary
disequilibria in the Earth's crust; for example, postglacial rebound (uplift
due to melting ice caps and the resulting isoslalic compensation) and vol-
canic tumescence {uplilt caused by magma-chamber inflation bencath a
volcano). Whercas volcanic (umescence is a short-lived phenomenon of
weeks to months, glacial rebound has occurred during the past 18 k.y., lifring
Hudson Bay by over 250 m and is still lilling Scandinavia a1 a rate of up to
I m per century {Figure 6.16) [32]. In facl, with the current rate of rebound
along the shores of Lake Michigan, drainage [rom the lake will jump natu-
rally from the St. Lawrence River to the Mississippi River within the next
3000 years [4]-

FIGURE 6.15

Plot of uplift versus time for a
sequence of marine terraces
at Fiordland, New Zealand.
Terraces formed prior to
135~140 ka indicate uniform
uplift ar a rate of 1.2 miky.,
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FIGURE 6.16

Meodern rates of uplilt (in
mm/{yr} around the Baltic
Seca, caused by posigladal
unloading and isosiatic com-
pensation.

{Aler Flint, 1971. Glaciaf and
Qreaternary Geology. John Wiley &
Sons: New York)

DEFORMATION OF MARINE TERRACES

In addition 1o the information that marine terraces and other coastal landforms
provide regarding uplift, either coseismic or long-term, these landforms also can
reveal patterns and sometimes rates of deformation of the surface. Most shoreline
feawures make good time-lines, having emerged {from the maelstrom of the coastal
zong in an instant of geologic time. Furthermore, the shoreline angle of a marine
terracc and the crest of a beach ridge are excellent benchmarks of when sea level
formed. Together, these two facts make coastal landforms very sensitive indicators
of deformation, including both faulting and warping.

Faults are as likely to cut the surface of a marine terrace as they are to
cut any other landform. Unlike most of the Earth’s surface, however, it is
somerimes possible to assign an age to marine terraces. If a fault cuts the sur-
face of a given terrace, then the most recent movement on the faull is known
to postdate \he age of the terrace [33]. The amount of vertical motion on (he
fault is best esiimated by measuring the displacement on the wave-cut plat-
form, which is less subject 1o erosion than the surface of the terrace. On the
other hand, when the trace of a fault crosses a dated terrace bur ollsets neither
the surface nor the platform, then regardless of any amount of displacement
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FIGURE 6.17

Elevations of strandlines along the Allantic coastal plain south of the Cape Fear River.
North Carolina. Srrandlines reflect ongoing uplift in the Cape Fear area. The magnitude of
recorded uplilt increases with increasing age of the landlorms.

{Alter Winker and Hosward, 1977 [26])

DATING

on the underlying bedrock, the latest movement on the fault must predate the
age ol the terrace.

Uplilted coastal landforms often can be traced or correlated over long dis-
tances. Variations in elevation of such a landform indicatc variations in the ratc of
uplift. Along the Atlantic Coast of the Uniled States, the same, traceable Pleis-
tocene strandline ranges in altitude [rom less than 50 m to about 100 m (Figure
6.17) in a sysiematic pattern reflecting a wave ol postglacial rebound that has
migrated northward during the past 18 k.y. [26]. On the Osa Peninsula of Costa
Rica, Tate Pleistocene beach ridges and nearshore marine deposits arc uplifted by
amounts that decrease with distance away from the Middle America Trench (Fig-
ure 6.18), and merge with active subsidence in the gull behind the peninsula [34].
Such landward tilting, across zones ranging in width from 30 1o 50 km, seems o
be a characteristic process in the outer arcs of many subduction zones {15].

COASTAL LANDFORMS

Like all studies in aclive tectonics, work on coastal landforms requires absolute
dates in order to calculate the rates of uplift or deformation. Fortunately, coaslal
landforms sometimes incorporate material from the ocean, such as shells and
coral, that can be dated by one or more of several possible methods. Depending on
the nature of the material incorporated into a landform and its age, one or more of
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FIGURE 6.18
Uplili rate versus distance away [rom the Middle America Trench, Osa Peninsula, Costa

Rica. The uplift rale deciines to the northeast, becomes negative (subsidence) in the gull,
and probably represents underthrusting along the outer arc of the subduction zone.

the following dating techniques may be applicable: radiocarbon, uranium-series
method, amino acid racemization, and electron spin resonance (see also Chapter 2,
Pleistocenc and Holocene Chronology}.

The most straightforward coastal landlorm for dating is an uplified coral
reel. Unaltered coral as old as 350 ka can be dated using the uranium-series
mcthod. The ability Lo date uplifted marine terraces and beach ridges largely
depends on the likelihood that carbonate material has been incorporated in
deposits contemporaneous with the landform. For example, the marine veneer
that usually overlies marine rerraces may conlain solitary corals that can also be
dated using the uranium-series method [35]. Shells generally are a more com-
plex material to date, bul several relative and absolute methods have been
developed o assign ages to shelly material. Among some assemblages, the vari-
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ely of organisms preserved may contain a few species that indicate conditions
cither warmer or colder than the present, and thereby may suggest a landform
age [14]. Finally, systematic processes ol erosion may permit morphological dat-
ing ol coastal landlorms by comparing the degree of degradation (see discussion
ol Morphological Dating in Chapler 8}. Al the least, this last merhod is a uselul
o0l for correlating from dated coastal landforms to undated equivalents in the
same region [30].

I1 also should be noted that most tectonic analyses of shoreline landforms
can be used for the shores ol lakes as well. The Great Basin province ol the
United States is characterized both by repeated formation of Pleistocene lakes
and by ongoing tectonic activity. Although lake {ormation and lake levels are pri-
marily functions of climate, lake shorclines have been used as time lines to date
fauli movement |e.g.. 36] and as horizonlal benchmarks to determine deforma-
tion |e.g., 37]. Many of the techniques used to date coastal [eatures, such as the
uranium-series method and amino-acid racemization, can be used in lakes as
well, although samples from isolated lakes may have different baseline condi-
tions than in the much larger reservoir of the world’s oceans. In addition, tech-
niques are available for dating lake levels that do nor exist [or the occans, For
example, pack-rat middens (the nest and waste at the boutom of their dwellings)
provide minimum ages [or the exwent of lakes in the Great Basin—because rats
do not live under waler, the eldest material accumulated in their nests must
postdate the time thar a lake retrcated and exposed the site to air [38]. Other
methods used to estimate ages of different lake levels include measuring the
development of rock varnish, soils, and the accumulation of cosmogenic isolopes.

COASTAL TECTONICS AND TIME-SCALE

This chapter has discussed a number ol geomorphic [eatures of coasls that are
formed by or arc uselul in studying active tectonics. The particular types of land-
forms preserved and the 1ypes of information Lhey can yield are [unctions of the
time-scale over which the {ormative processcs have operated. Figure 6.19 sum-
marizes this information.

Processes thal operate over geologically short periods of time—for cxample,
coseismic pulses of uplift, or catastrophic storms—Icave their mark on the
coastal area as beach ridges, wave-cut notches, or zones ol uplifted intertidal
organisms. Larger and more regional features, such as marine- and coral-terrace
sequences, are the results of many smaller incremental cvents repeated over
lime, or the results of processes that operate over time spans of several thousand
to tens ol thousands of years, such as glacial-interglacial sca-level change.
Finally, the end-product of sustained teclonic and geomorphic aclivity, the sum
ol both short-lterm and medium-term processes repeated through geologic time,
is the construction of whole physiographic regions, [rom mountain chains to rift
valleys. In time, individual landlorms that weee the record of short time-scale
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FIGURE 6.19

Variety and scale of ceaslal landforms formed by Lectonic activily at dilferent time-scales.
Processes that operale at tonger scales of time are generally the sum of processes that
operale at short rime-scales,

evenls are obliterated by erosion and are preserved only as anonymous incre-
ments in the construction of the topography of the Earth.

SUMMARY

AL the boundary between land and water, coastlines consist of a distinct group of
landlorms. The particular landforms that occur depend on the tectonic setring, the
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sediment supply, erosional processes, biological processes, and the history of sea-
level changes. Through time, coastal landforms may be deformed by tectonic activ-
ity. They can be uplifted, downdropped, faulted, or warped. Ceastal landforms are
particularly uselul tools for studying tectonics for lwo reasons: (1) sea level acts as
an absolute [rame of reference, and (2) it is often possible to determine the age of
coastal features. In addition, coastal landforms illustrate very cleatly the role of
lime-scale in landscape cvolution— processes that act over short periods of time
blur together over longer and longer time intervals and create more regienal cle-

ments of the landscape.
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SUMMANY oo e s

INTRODUCTION

Folds in layered rock form some of e most beaulilul geologic structures on
Earth (Figure 7.1}. Folds arc Tound in a variety of shapes and sizes, [rom
microscopic to regional warps hundreds ol kilometers across. Folds are
.- described by a [ew simple terms (Figure 7.2). Each fold consists of 1wo limbs,

v, and the limbs join at the hinge of the [old. A [old hinge is delined as the linc
that connecis points of maximum curvature along a fold. In a fold consisting of
several rock layers, Lhe surface that connects the different hinge lines is known

. as the axial surface.

v ' Folds are classified into several different categories, depending on the
orientation of their limbs. In the simplest case, where young rock layers over-
lie older layers, an anticline is a fold in which the limbs slope down away
from the hinge, and a syncline is a fold in which limbs slope toward Lhe
hinge (Figure 7.2). Anticlines and synclines are the two most basic and mosl

207
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FIGURE 7.1
Phorograph of [olded rocks.
{Photograph courlesy ol A.G. Sylvester)

Synclina
hinge line
Anticline

Axial
surface

FIGURE 7.2
Idealized diagram showing the basic [catures of [olds (an anticline and syncline).
(After Skinner and Porter, 1989, The Dynamic Earth, John Wiley & Sons: New York.)
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Ridge produced
Anticlinal mountain Synclinal valley by resislant rock layer

Nomal limb
Anticline Overlumed
Syncline

Symmaetrical fold Asymmetrical fold Overtumed fold

FIGURE 7.3

Block diagram illustraling scveral 1ypes of common folds, with possible surface-expres-
sions such as anticlinal mountains and synclinal valleys.

tAlver Lurgens and Tarbuck, 1992, Essemvials of Geology. Macmillan: New Yark.)

common Lypes of folds. Three additional complications also need to be consid-
ered; Figure 7.3 illustrates {olds that are overturned, recumbent, and asym-
metrical. In an overturned fold, the axial surface slopes such that both limbs
dip in the same direction. In a recuinbent fold, the axial surface is horizontal
or nearly horizontal. Finally, in an asymmeterical fold, one of the limbs dips
significantly more steeply than the other, and the axial surface is curved.

In Figures 7.2 and 7.3, all of the hinge lines for the folds are horizontal;
this is seldom the case in nature. When the hinge line is inclined, we say that
the fold plunges. A block diagram illustrating the concept of a plunging fold
is shown in Figure 7.4A. Folds on geologic maps are represented by the hinge
lines, and the strike (the compass direclion of the intersection of the rock
layer with a horizontal planc) and the dip {thc maximum anglc that the rock
layer makes with the horizontal) of rock layers that crop out at the surface. A
simple example of a geologic map is shown on Figure 7.4C. The hinge line
and strike and dip symbels on the map show an anticline plunging to the
northwest. The fold is slightly asymmetrical with the northeast limb dipping
more steeply than the northwest limb.

Geologic structure can be evaluated by constructing geologic cross sections
(Figure 7.4D) which aid in the interpretation of structures such as folds and
faulis. Subsurface control may come [rom well logs and geophysical data. Inter-
pretlation of cross sections of folds and [aults is {acilitated by using specific mod-
cls to explain folding and to construct quantitative balanced solutions to cross
sections. Such cross sections balance (maintain a constant total length and
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A Block diagram B strike and dip

 Horizontal

Dip plang

Ptunging fold
shown in A

C Geologic map E

Hings line shawing
direction of plunging
anlickine

Strike and dip

of sedimentary rock
unils {(showing angle
of dip); for exampla,
at(1)on the map.
Thae strike is north-
west and dip is 40°
to the nartheast.

Sandsione

Shale

Limestone

E Tepographic profile =

FIGURE 74
Idealized block diagrams of (A) a plunging fold, (B) strike and dip, {C) geologic map of
plunging [old, and (D) geologic cross section.

TRANNGE=)

Geological Academy of IRAN



https://iranageo.ir/

Active Folding and Earthquakes 211

thickness of rock units) before and alter delormation [1, 2]. Other models have
been developed to allow for deformation with changes in thickness of rock
units [3]. Solutions to cross sections cari be tested by retrodeformation,
which removes the deformation, restoring the section to geologic conditions
prior 1o folding and [aulting. Another purpose ol retrodeformation is Lo ensure
that the “original” strata appear to make sense—to make sure that there are no
voids in the undelormed section. For example, il one interprets the cross sec-
tion in a particular geologic serting to be a tapered wedge of sediments thar
have been folded and faulied, then retrodeformation checks that the balanced
section is viable, Comparison of deformed to retrodcformed conditions allows
the amount of shortening due to folding and faulting to be estimated. If the
apes of the deformed rocks are also known, then rates of tectonic processes can
be estimated [4].

Construction of balanced cross sections is becoming a powerful tool for
evaluating deformation and rates of [olding and faulting. Having said thar, it is
important to understand thar the use of balanced cross sections o produce mod-
els of subsurface geological structures {i.e., folds and faults) is controversial.
There are serious issues related to this form of medeling, including:

« Availability of sulficient [ield, well log, and geophysical data to ensure
accuracy of cross-section models.

« Strike-slip motion makes it difficult to produce viable cross sections.

¢ Methods of model constructlions require the existence of relatively flat
detachment faults at some depth. Therefore it is not surprising that the
models produce these structures.

» The models may inler the existence of faults that, lacking surface defor-
mation, may be diflicult to evaluate {you cannot determine whether the
faults are active).

* The models do not produce unique solutions (several solutions are possi-
ble that balance the cross section).

« Methods of deriving rates of tectonic processes are new and largely
untested.

Nevertheless, models produced by construction of balanced cross sections are an
exciting area of research that provides an important new dimension in under-
standing active tectonic processes.

FOLD-AND-THRUST BELTS

Folds are seldom found in isolation. Rather, folds are oflten found as belts of anti-
clines and synclines. Folds in an individual belt may plunge in one direction or
another, and the hinge lines tend to be long relative to the width of individual
folds. In addition, the fold belts themselves tend to be long and relatively narrow
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features. Folding ol sedimentary layers is directly related 10 compressional siress
and crustal shortening. Three principal causes of crustal shortening are:

+ Plaic teclonics al convergent plate boundaries
* Rotalion of crustal blocks that cause one black to converge with another
» Strike-slip faulting where restraining bends and steps occur {see Chapter 2)

Shortening rclated 10 plate motion at a convergent plate boundary is
illustrated in a cross scction of the Cascadia Subduction Zone and associated
fold-and-thrust bell of the Olympic Mountains (Figure 7.5). Farther south in
Northern California, the fold-and-thrust belt bends and comes onshore near
Eurcka, where anticlines form hills and small mountains parallel ro the fault-
ing, while synclines are topographically low areas such as Humboldt Bay and
Big Lagoon (review Figure 2.21 and accompanying discussion in Chapter 2).

Of particular importance to fold belts is the fact that the folds are com-
monly accompanied by reverse laulting. Many of these reverse {aults are low
angle (less than 45°) and are called thrust faults, so that the resulling struc-
tural domain is called a fold-and-thrust belt. Some of the thrust laults and
high-angle reverse faults may break the surface, bul many others remain hid-
den within the cores of anticlines and are termed buried reverse faults. Only
recently has it been recognized thatl these buricd active [aults present a signili-
canlt carthquake hazard—that large damaging carthquakes can occur on faults
located entirely beneath or within [olded rocks. Such faults may be buried at
depths of several kilometers, and when they rupture during carthquakes,
uplilt and folding may occur at the surface [5]. The recognition of buried
reverse faults and their accompanying carthquake hazard has resulted from
the observation ol several earthquakes in Calilornia and other areas that
occurred on buried [aults in anticlinal [olds, without accompanying surface
rupture. These events include the 1983 M = 6.5 Coalinga earthquake that
caused $31 million in property damage, the 1987 M = 5.9 Whillier earthquake
that claimed 8 lives and caused $358 million in damage, and the 1994 M = 6.7
Northridge (Los Angeles) earthquake that killed 61 people and caused more
than $20 billion in damage.

Other large carthquakes in fold-and-thrust belts produce surlace rupture as
well as uplift and {olding. For example, the 1980 M = 7.3 El Asnam, Algeria,
earthquake that Killed 3500 people was produced by 3 to 6 m of slip on a reverse
fault scveral kilometers below the surface [5]. Ground rupture {(as much as 2 m)
rcached the surface over a signilicant part of the fauli, but the greatest deforma-
tion ai the surface was anticlinal uplilt ol approximaitcly 5 m, Figure 2.23 shows
a schematic drawing of the fold as well as a topographic profile showing the
uplilt produced by the earthquake. The good correlation between the shape of
the topographic uplifi and the shape of the fold suggests that faulting during this
earthquake and other events like it does produce folds [5].

The 1980 El Asnam carthquake produced a variety of near-surface deforma-
tions {Figure 7.6} [6]- The dominant deformation was upper-plate folding (folding
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A

— Cascade Range

Pacific Plate

0

Meliing of Juan de Fuca
Plate supplies magma
lor Cascade Ranga

FIGURE 7.5
Cascadia subduction zone. The fold-and-thrust belr is just east oifshore ol the Pugel Sound.
{From Coch and Ludman, 1991, Physical Geology. Macmillan: New York.}
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above the [ault plane; Figure 7.6A. B, D), but also included a variety of extensional
features produced by a component of left-lateral shear, such as grabens (Figure
7.6D), tension fractures (Figure 7.6C), and elongated en echelon depressions (Fig-
ure 7.6A). Deformation also included lower-plate folding (folding beneath the

El Abadia

Site of nalural dam
farmed by earlhquake scarp

2= Thrust faull

+ Normal faull

— Fracture {{faul race)
0 5 km
===

Approximate scale

FIGURE 7.6

Generalized map of surface [aulting and block diagrams showing characieristic deforma-
tion produced by the October 10, 1980, El Asnam, Algeria, canhquake in North Africa.
{Alier Philip and Mcghraoui, 1983 [6])
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fauir plane) and flexural-slip laulting (Figure 7.6B), which is discussed in a later
section of this chapter. During the earthquake, the upliit and faulting blocked the
Chelilf River, producing a lake upstream of the epicentral arca. The river flowing
into the lake deposited silt particles, producing a layer approximately 0.4 m thick.
Small tectonic dams on rivers are not permanent [eatures, and when the dam is
breached, the silt deposits remain as evidence that a lake was there. Excavations in
the El Asnam area revealed that there have been six such lakes in the past 6 k.y.
Of course, additional earthquakes may have occurred but did not produce lakes,
Smaller carthquakes might not cause sufficient uplifi, and if a flood occurred very
soon lollowing the earthquake, then the dam might have been too short-lived for
appreciable silt to have been deposited [S, 6].

As a result of recent earthquakes on buried faults, intensive study was
begun on active folds to learn more about the relationship between buried
faults and folds as well as the earthquake hazard that these structures present.
For example, one of these belts occurs along the southern flank of the San
Gabricl Mountains extending into the Los Angclcs Basin. Buried fauits present
a significant earthquake hazard to the millions of people who live in the Los
Angeles Basin [7, 8]. and have produced several damaging earthquakes in the
las1 25 yr, including the 1994 M = 6.7 Northridge ecarthquake that caused over
60 dcaths, damage to or destruction of thousands of buildings (Figure 7.7),
and collapse of several [reeway overpasses. The geometry of the Northridge
earthquake is shown on Figure 7.8. The fault which caused the earthquake is
inferred to be a reverse fault dipping 35° to 45° 10 the south. Rupture was initi-
arted al a depth of about 18 km and quickly propagated upward (northward)
up to a depth of about 4 km and laterally {mostly westward} about 20 km. The
faulting and folding uplilted part of the Sanra Susana Mountains (a few Kilo-
meters north of Northridge) about 38 cm and moved them 21 e¢m to the north-
west [9]. Fault displacement near the focal depth of 18 km was about 2 m.
Two other Southern California {old-and-thrust belts (Figure 7.9) are located
south ol Bakerslicld, on the north [lank of the Western Transverse Ranges, and
near Ventura, on the southern {lank of the ranges; these two belis are dis-
cussed in detail at the end of this chapter.

In order Lo understand relationships between faulting, Iolding, and flold-
and-thrust belts, geologists have developed models for predicling the behavior of
folding as the result of buried [aults. The models are generally subdivided into:

+ Fauli-propagation {olds
* Fault-bend [olds
Fault-Propagation Folds

Fault-propagation folds are folds that [orm on the upper plate (hanging ‘wall)
of a thrust or reverse fault. Remember that a thrust [ault is a reverse fault with a
dip of less than 45% the terms are [oosely used and often are interchangeable (sce
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FIGURE 7.7
Damage to a parking structure at Calilornia Siate University, Northridge, produced by the
1994 Narihridge carthquake.

{Photograph courtesy ol T Hopsen)

Chapter 1). Fault-propagation folds result from deformation in front of a pro-
pogating fault [4]—that is, the tip of the [ault is advancing the same way that a
newly formed crack advances across a car’s windshield. Fault propagation fold-
ing at the tip ol a thrust fault is idealized on Figure 7.10A. The propagating Tault
lip {lime | to time 3) diverges from a décollement, or detachment fault, that
runs along a weak stratigraphic horizon [4) and steps up through lault-bend
[olds. Dashed lines are axial surfaces of the developing fold. Rocks below a
décollement are olten relatively undelormed compared to rocks above the
décolliement. As the [old develops, il becomes more asymmeiric. Figure 7.10B
shows a fault-propagation anticline {the Meilin aniicline) thal is part of a fold-
and-thrust belt in western Taiwan, deforming Pleislocene strata. An important
observation associated with fault-propagation [olding is that thrust faults and
folding are intimately related. Thrust faults commonly die out in [olds thal ter-
minate a short distance from the end of the fault [4]. Furthermore, the rate of
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Holly-
waod
San fault

Femando

FIGURE 7.8

Block diagram of the San Fernando Valley slwowing the approximare location of the faule

that generated the 1994 (M = 6.7) Northrdge carthquake. Solid lines are steike-slip faudts,
and barbed lines are reverse or thrust [aulis, some of which, such as the Elysian Park and
Tlollywood, are buricd.

{Courlesy of B Williatns and % Holland, Lawrence Herkeley Laboratory. Farrh, ScpL, 94, p. 44)

lateral propagation of Whe fault and fold may be several rimes greater than the
vertical slip rate of the fault [10].

Fault-Bend Folds

Fault-bend folds develop because faults are not perfectly planar surfaces. They
may have signilicant curvature or even sharp bends (“ramps”). As slip occurs
along irregular [ault plancs, fault-bend foiding occurs. The two most commonly
recognized structural environments [or lauli-bend folding are [4]:

« Steps or ramps along décollements {detachment faults)
» Flatiening ol normal faults with depth

Progressive development of an idealized fault-bend fold is shown on
Figure 7.11. With progressive development of the fold, strata roll through the
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FIGURE 7.9
Map of fold-and-thrust belts in the Western Transverse Ranges.

faull bend, and axial surfaces become more widely spaced. The characteristic
fault-bend anticline is nearly symmetric, but, as shown on Figure 7.11, the front
limb may be steeper than the back limb. Notice that the folding is conlined 10
the strata above the [ault plane [4]. These [lat-topped anticlines were described
in 1934 by J. L. Rich [11] while interpreting low-angle thrust faulting of the
Cumberland fault block in Virginia, Kentucky, and Tennessee. The geometry
above the thrust fault for the Cumberland fault block is an anticline with a long,
flat top, bordered by much shorter limbs. Structures like this are known as
monoclines—structures characterized by a local steepening of dip in a sequence
of layered rocks that otherwise dip gently.

Displacement on normal faults that bend (listric faults) and become
Ratter with depth are also associated with faulti-bend folding on the down-
thrown (hanging wall) block of the fault [4,12]. The term for such folding is
rollover and the phenomenon is common in the Gulf Coast region and the
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FIGURE 7.1¢

{A) Development of a fault-propagation lold as a result of slip along a décollernent and a
stecper thrust fault. (B) Fault-propagation fold and the Meilin anticline in western Taiwan.
{From Suppe, 1985 [4])
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FIGURE 7.11

Progressive development {lime 1 o lime 3) ol a [ault-bend anticlinte.
{Alter Suppe, 1983 [2])

Colorado Platcau [12], as well as in other areas associated with extensional
tectonics. The progressive development of a rollover [old along the Hurricane
fault is shown on Figure 7.12. Folding had already started when ¢xtrusion of
Quaternary age basalt {Q,,. Figure 7.12A) covered the [ault. Subsequently, the
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basalt was displaced by about 400 m and Iolded {Figure 7.12B), and a younger
basalt (Q,;) was extruded and is also displaced and [olded (Figure 7.12C and
D). Development ol the rollover anticline is clearly related o collapse of the
downthrown (hanging wall) block with time. Older strata are more strongly
folded than the Quaternary basalr, indicaring that faulting and [olding
occurred at the same lime. Nolice on Figure 7.12 that while the rollover anti-
clinge has beds dipping toward the faulr, reversal of dip occurs at the fault due
o drag. There is hol debate as to whether or not listric normal faults are capa-
ble of gencrating large earthquakes. In the Basin and Range province, listric
faulis are interpreted {rom seismic reflection proliles, but to date all large nor-
mal carthquakes have been on steeply dipping fault planes. I large, low-angle
normal faults are capable of generating large carthquakes, then we are grossly
underestimating the earthquake hazard of many regions [13]! Of course this is
exactly what we did with respect 1o buried reverse faults in the Los Angeles
area and other regions. Our historic record ol large earthquakes on normal
faults is too short to answer this imporiant question.

Folds may also form over a buried normal Tault, as idealized on
Figure 7.13. Such folds are called drape folds. A good example of a young
and active drape fold occurs on the cast llank of the Sicrra Nevada ol south-
cern Spain, near Granada. Normal faulls are common along the range [ront,
and several displace Quaternary deposits [14]. A drape fold is present necar
the toc of a prominent alluvial fan. Fan gravels generally dip 3° to 4°, but
steepen 1o 10° 10 12°, forming a scarp several tens of meters in height. This
simple structure is a monocline, delined by steeply inclined strata bounded by
more gently inclined sirata. The pattern of deformation of the [an gravels sug-
gests the presence ol a buried normal [ault below the alluvial fan. Figure 7.14
is a blaock diagram showing how displacement along a normal fault mighy
change laterally 10 a monocline.

Fold-and-Thrust Belts: Selected Processes

Faulting with displacement along a décollement (detachiment [ault) is an impor-
tant process in [old-and-thrust belts. For example, the décollement shown in
Figure 7.15 displaces earth material in the opposite direction as the dip of the
fauhs. Two asymmetric anticlines, formed by buried reverse faulls, accommaodate
the shortening. The folds of the [ault-propagation variety are said Lo verge (o
the south (Figure 7.15); vergence refers to the dominant direction of transport of
malerial along both the décollement and the reverse faulis that merge with the
décollement. However, the situation is often complex, and there may be other
reverse faults or back thrusts off the detachment surface thart verge in the oppo-
site direction. For example, the north-verging [ault that generated the 1994
Northridge carthquake probably is a back thrust of the south-verging Santa
Monica fault {(see Figure 7.8). Al convergent plale boundaries, the dominant
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Hollover beds dip toward 1he normal fauli, drag-folding beds dip opposite

FIGURE 7.12

Progressive development of a rollover [old by collapse of the downthrown block (hanging
wall) on the Hurricane normal faull, Utah and Arizona.

{Alter Hamblin, 1965 [12]}
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Drape fold

FIGURE 7.13
Idealized Mock diagram showing the development of a drape fold on alluvial fan gravels
over a buried normat [aulr.

Horizontal and verlical scale

FIGURE 7.14

Block diagram showing how a normal fault could change laterally into a monocline, which
is a simple fold where one limb dips steeply and the other limb is (lat or gently dipping.
{Alter Skinner and Porter, 1989. The Dynamic Eartll. John Wiley & Sons: New York.)
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FIGURE 7.15 South «—-— ] Amount of
Asymmetric faull propagalion shortening
folds over a décollement. : ---.}.--.ﬂ

Undeformed Faull propagalion Décall .
sedimantary folds with buried | Iec: Em{-‘{" "
layers reverse faulls (detachment fault)

direction of transport is toward adjacent basins. For example, in the continental
collision forming the Himalayan Mountains, the dominant direction ol transport
is away [rom the mountain mass and toward the adjacent basins. Furthermore,
the locus of eclonic activity usually migrates toward adjacent sedimentary
basins. That is, as a mountain range forms, the locus of tecronic activity migrates
away [rom the highlands of the range 1oward the adjacent flanks of the ranges.
This migration widens the fold-and-thrust belt with rime, and interior faults of
the systein may become inactive as Lhe aclive leclonic processes are transferred
to [rontal [ault systems [15, 16]. The patiern of delormation described above has
Ireen observed in fold-and-thrust belts in Taiwan (subduction zone) [17], India
and Pakistan (conlinental collision [orming the Himalaya) [16], Japan (subduc-
tion zone) [15], and California Transverse Ranges (shortening associated with
San Andreas fault boundary) [8, 15, 16, 18, 19]. The observed pattern of thrust-
fault migration is consistent with a mechanical model (Figure 7.16) proposcd 1o
explain the observed pattern of {olding and faulting in Taiwan [17]. This maodel
is based on earlier observations ol onshore and ollshore fold-and-thrust belts
120] that emphasize:

» Bxistence ol a basal décollement {detachment laull) sloping toward the
interior of the mountain bLell below which there is litlle deformation

» The shape of the fold-and-thrust belt in cross section is a tapering wedge

s Existence of shortening in the tapering wedge

The mechanics operating in tic model are analogous to thosce observed in the
wedge of snow in front of a moving snowplow (Figure 7.16) [17]. The snow
deforms until the wedge reaches a critical 1aper, when it locks up and slides over
the basal décollement so that deformation is translerred to the [ront of the
wedge where snow continuces o accrete and delorm [16, 17]. The model pre-
dicts that folds will migrate toward the edge of a fold-and-thrust belr, explaining
why these folds and related faults arc likely to be active and to present an earth-
quake hazard [16].
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A Subduction zone Deformed tapered wedge
of felded and laulted
Thrust fault and folds above décollemant sedimentary rocks
youngest -«—— oldest {fald-and-thiust bell)

B snowplow Deformed tapered
wedge of snow

Delormation of snow

yougest -« oldest
—— S
T TR

e

Basa! decollement
{detachment lault)

FIGURE 7.16

(A} Idealized diagram ol a subduction zone and {B) analogy to a moving snowplow. With
time, new thrust [aults form above the detaclhment near the narrower part of the 1apered
wedge.

{Aler Davis et al., 1983 {17)}

FLEXURAL-SLIP FOLDS

Flexural-slip folding occurs when the strain resulting [rom shortening is
concentrated directly along the surfaces that are being folded, such as the
bedding planes between sedimentary layers (Figure 7.17). It is imporlant to
recognize that flexural-slip displacement along bedding planes reverses across
the hinge surface of a fold. Flexural-slip folding is analogous to bénding a
telephone book so thar displacement occurs along the pages. Because oflset
does occur and the displacememnt surfaces are faults, they are termed flex-
ural-slip faults.

The central Ventura Basin in Southern California has several good
examples ol flexural-slip faulting and associated folding. A general tectonic
map ol the region showing active and potentially active faults and folds is
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FIGURE 7.17 . Axial surfaces
Idealized diagram showing
flexural-slip [olds.

Flexural-slip
fault

shown on Figure 7.18A. The Devil's Gulch fault (Figure 7.18B) laulis
Miocenc shale over Ventura River terrace gravels {about 40 ka in age) with
several meters ol displacement along a bedding plane in the shale |21]. Ter-
races of the Venwura River displaced by the flexural-slip faults are shown on
Figures 2.25 and 2.26.

Onc of the major thrust faults in the central Ventura Basin is the San
Cayelaie fault {Figurc 7.18A), with stratigraphic separation of about 7.5 km
in the past 1 m.y. and therciore an average slip rate of abour 7.5 mm/yr.
Study of Quaternary stratigraphy and tectonic geomorphology suggests a slip*
rate of I mm/yr to 9 mm/yr {22]. Flexural slip is present ar one location {Fig-
ure 7.18C}. The style of defermaltion at that site is very similar to defermartion
during the 19892 El Asnam cvent (see Figure 7.6B), suggesting that the flex-
ural slip may be coseismic wilh large earthquakes on the San Cayetano fault.

Flexural-slip faults, such as those in the central Ventura Basin, can
cause a ground-ruplurc hazard. It is dcbatable, however, whether [lexural-
slip faults also present a seismic-shaking hazard. If the [old structures are
shallow, then these faults probably do not by themselves produce large earth-
quakes capable of strong seismic shaking, because the faulis may not extend
to depths where large earthquakes arc generated. On the other hand, the
folding is probably related 1o deeper, buried siructures that do produce seis-
mic shaking during earthquakes when the [olding occurs, Thus, because the
flexural-slip faults (hemselves may not be capable of producing carthquakes
does not mean they arc not associated with seismic shaking. Most likely, flex-
ural-slip faulting accompanies folding during earthquakes {(e.g., during the
M = 7.3 El Asnam event) and causcs ground rupture that presents an addi-
tional hazard.
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FOLDING AND STRIKE-SLIP FAULTING

Where different segmenis of sirike-slip faults overlap, shortening between the
segments occurs il the siep-over is in the opposite sense ol the slip on the faulr.
For example, lwo strands of the southern San Andreas fault in the Indio Hills,
not far [rom Palm Springs, Calilornia, overlap and [orm a left-step (Figure 7.19).
That is, il you go 10 the end of either one of the fault segments in the central
part ol the map, you would have to tumn left to get back to another strand of the
fault, Within this arca of Lhe ielt-step in the riglhit-lateral San Andreas system,
convergence occurs {see Figure 2.12). The cross scction in Figurce 7.19 shows
several [olds cxtending into and through the arca of overlap of the fault seg-
ments. The folded rocks are geologically young sediments with an age ol about
1 Ma [23]. The convergence or shortening that produces the lolds is dircctly
related to the Tault slip on the two segments.

Folds also can lorm as a result of strain partitioning, Oblique sirain in the
lower crust can be partitioned into nearly pure tangential and normal strain in the
upper seismogenic crust {the upper 10 km (o 15 ki or so} [24]. For example, it has
been observed 1hal oblique convergence in subduction zones often results in parti-
tioning into nearly pure thrusi-faulting and folding as well as nearly pure strike-slip
faulting. Similarly, along ranslorm-{ault plaie boundaries, oblique strain is parti-
tioned into (1} nearly pure strike-slip, and (2} shorening perpendicular to the
strike-slip that results in fold-and-thrust belis roughly parallel to the strike-slip faults
{Figure 7.20A). If the strain panitioning is a local phenomenon (Figure 7.20B) that
occurs at shallow depths above where large earthquakes nucleate, then the subpar-
allel faults and folds should be considered as a group when evaluating canthquake
hazard. However, il the sirain partitioning accurs regionally {Figurc 7.20B), then
individual thrust fauits can probably be treated as independcent seismic sources [24].
We state “can probably” because we really don't know lor sure. The 1957 Gobi-
Allay carthquake in China was associated with regional strain partitioning. A zone
of about 250 km experienced dominant strike-slip displacement of 3—-6 m while
another 100-km-long zone about 30 km south experenced reverse fault displace-
ments (vertical components 1-3 myj. If a similar event in Southern California were
o oceur, it could cause simultancous rupture of the San Andreas fault north of Los
Angeles with one of the reverse faults in the Los Angeles Basin [25]. Certainly we
know the reverse [aults in the Los Angeles area do rupture independently of the
San Andreas [aulr, presenting a serious carthquake hazard [26]. What we don’L
know for sure is what will happen when the San Andrea fault ruptures,

The above discussion argues {or growth ol folds during earthquakes. This is
called coseismic folding. There is amplc cvidence that coseismic [olding is the
dominant process by which folds grow in lold-and-thrust belts of the world. On
the other hand, where laulis creep, uplift and {olding may be a more continuous
process, known as aseismic folding (rhat is, without recorded carthquakes). For
example, resurveying of a levet line across and perpendicular to the San Andreas
faull a1 Durmid Hill, located adjacent to the northeast shore of the Salton Sea,
suggests that the hill domed upward by 9 mm between September 1985 and
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Skeich map and geologic section of the Pushawalla Canyon area. Folds arc present in the

area of the left-step of the San Andreas fault.
(From Keller et al,, 1982 [23])
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FIGURE 7.20

{A} Generalized map of the San Andreas and San Simeon-Hosgri {ault systems showing
selected historical earthquakes and Quaternary anticlines. Note that the hinge lincs are par-
allel 1o the strike-slip faulis, suggesting that there is shortening perpendicular to the faulrs.
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FIGURE 7.20 (continued)

{B) Idealized diagram of how oblique strain in the lithosphere may be partitioned at locat
or regional scales. The vertical fault is nearly pure strike-slip, whereas the dipping faulis
are ncarly pure thrust (shorlening perpendicular to the strike-slip). Earthquakes are gen-
erated in the britle zone above the ductile zone. In the ductile zone, ablique strain occurs
by procusses such as slow llowage without brinle fracture.

{Alter Lettis and Hanson, 1991 [24]}

December 1991 (about 1.5 mm/yr). The rate of aseismic strike-slip motion
{creep) is between 2 mm/yr and 6 mm/yr. These rates are consistcnt with longer-
term rates determined from siratigraphic studies, suggesting that coseismic defor-
mation is not necessary to produce Durmid Hill. Local sirain partitioning of
oblique creep is sufficient to produce the 8.5 m of relief (clevation difference base
to top) of the hill [27]. However, Lhis certainly doesn't preclude coseismic folding
at the site—only that at present creep rates, it is possible to produce the hill since
mid-Pleistocene time (last 740 k.y.) without deformation from large earthquakes.
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TECTONIC GEOMORPHOLOGY OF ACTIVE FOLDS

Active folding may occur well below the surface of the Earth, and if the uplift
related to that folding is less than the rate of deposition of sediment, then it will
not be observed al the surlace. On the other hand, active folding may also cause
direct deformation at the surface ol the Earth thar may be observed and mea-
sured. In order o cvaluate the potential earthquake hazard associated with
buried faulrs that produce folds, it is necessary to evaluate the evidence [or
active folding at ke surlace. If a fold stopped growing prior to the Pleistocene
(last 1.65 m.y.}, then the buried [ault producing the fold is probably no longer
active. Two case histories illustrate selected aspects of active [olding:

* Ventura Avenuce anlticline, which includes a series of folded Late Pleis-
tocene river lerraces

» Wheeler Ridge anticline, which [olds Late Pleistocene and Holocene allu-
-vial fan deposits ’

Both of these [olds are localed in Southern California fold belts (see Figure 7.9).
The Ventura Avenue anticline is on the south flank of the Western Transverse
Ranges; the Wheeler Ridge anticline is on the north {lank of the same mountain

range, in the southern San Joaquin Valley.

CASE STUDY

VENTURA AVENUE ANTICLINE

The Venitura Avenuc anlicline is a fold
located about 4 km north of Ventura, Cali-
fornia (Figure 7.21). Subsurface evidence
suggests 1that the fold is {orming above a
décollement in Miocene rocks at a depth of
approximately 5 km (Figure 7.22) [16].
The aniticline is the landwardmost lold of
an active fold-and-thrust belt along the
Pacific Coast. Rocks in the anticline are of
Pliocene and Pleistocene age. Figure 7.23
shows the stratigraphy within the anti-
cline, including the sequence of river ter-
races (hat cross the strucrure and are
deformed by it (Figure 7.24). This Pleis-
tocene stratigraplic section is one of the

best-daled in the world. Table 7.1 shows
rates of uplift associated with the Ventura
Avenue anticline. The rates are based upon
absolute ages [or the river terraces.

Study ol the Ventura Avenue anticline
[28] suggests thart rates of Lectonic activity
may vary in rime and space as a result of
the mechanics of [olding. Folding staried
as recently as about 200 ka to 400 ka, and
the rate of uplilt atop the anticline during
that time was approximatcly 7 to 14
mm/yr. The uplift rate today, however, is
closer to 4 mm/yr. The shortening that
causes this deformation is thought Lo be
constant, at a rate of about 10 mm/yr. The
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FIGURE 7.21
Photograph of Lhe Ventura Avenue anlicline.
{Courlesy of AG. Sylvesier)

FIGURE 7.22
Décollement below the Ven-
tura Avenue anlicline (VA). o -
{Aller Yeats, 1986 {16])
3
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decreasc in the uplift rate may Dbe
explained by the [act that as the rootless
[old buckles, the mechanics of the process
dictate that uplift decreases with time
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{Figure 7.25). Figure 7.25 reveals some
surprising information concerning the
mechanics of folding above a detach-
ment—notice that 4% of Lhe shortening
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FIGURE 7.23

Pleistocene stratigraphy and alluvial (river} terraces at the Yentura Avenue anticline,
{Plcislacene stratigraphy, in pare, from Lajoie e1 al., 1982, in Neorectonic in Southern Califoruia,

J.D. Cooper, compiler, Cordilleran Seclion, Geological Society of America Field Trip Guidebook; Rockwell
et al, 1988 [28])

produces approximately 36% of the uplift, The [act that a constant tectonic driving
and 8% of the shortening produces one- force can produce different uplilt rates over
half of the total uplift! The rate of shorten- time has important implications for interpre-
ing is constant, but the uplift produced for ration of rates ol active tectonics. It implies
each increment ol shortening decreases that when cvaluating folds, the rate of uplift
with time, so that the uplilt rate decreases. may be somewhat misleading, particularly if
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FIGURE 7.24

{A) Map ol Venlura River lerraces over Veniura Avenuc anticline and {B) terrace profiles
along the Ventura River,
{From Rackwell et al,, 1988 [28])
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TABLE 7.1
Uphift of river Lerraces over the Veniura Avenuc anticline. Locations of terraces are shown
on Figure 7.23,

I |
Present Height Best Estimated
River Above Ventura Uplift Rate
Terrace Age* River {(m)** (mmm/yr)y*++
B. 15,800 + 210 30.5+£ 10 4.25 £ 0.7
D. 20,040 £ 590 853+ 10 5.63 £ 0.65
E. 29,700 £ 1250 120+ 10 4.50 + 0.5
E 38,000 + 1900 175+10 4.95+0.5
H. 80,000 or 105,000 625 + 100 7.10x2.0

[ i
*Based on C and amino-add racemization chronology

**rrojected to the hinge ol Lhe anticline .

=+ plilt rate determined using the best estimated depths of incision ol the Ventura River

{Data from Rockwell el al.. 1938 [28])

Fald hinge
100 - uprfh at Dg g
_uplift at D.
uplift at D,
T
B 75 uplift at Dy
B
a ,
B 504 uplift al D, .
| -
g 36 uplilt at D,
o
0 === — — - o T
- Original unil lenglh Dy —— —
—-——— Length D, after 4% sheriening R e
- Lenglh D, alfter 8% shorlening —
-—-——-—J—-————- Length D after 16% shortening ————————+1
+——————— Length D, after 24% shortening ————————t~1
\¢—————— Lenglh Dy alter 32% shortenlng —————}
=————— Lenglh Dg after 40% shortening -
FIGURE 7.25

Simple model showing rthat, with lolding above a décollement, a large amount of the
uplift is produced early in the folding process. Maximum uplilt accurs at D, with 40%
shorlening, as the fold locks up and delormarion is trans{erred te another structure.
{Alter Rockwell e1 al., (985 [28]}

TRANNGE=)

Geological Academy of IRAN



https://iranageo.ir/

the limbs of the lold dip steeply, which
would produce relatively low uplilt rates. In
contrast, if the lold is just beginning to form,
uplift rates may be relatively high. You can
verify the mechanics of folding that resull in
a fast initial rate of uplift followed by lower
rates with a simple experiment. Use a thin,
flexible straight-edge ruler with a length of
about 30 cm and shorten the ruler {holding
one end fixed) I ¢m at a time while record-
ing the vertical deformation (uplift). Make a
graph with uplill (in centimeters) on the
vertical axis (x) and amount ol shortening
(in centimeters) on the horizontal axis (y).
In summary, the Pleistocene terraces of
the Venrura River are clearly uplifred,
lilted, and folded over the Ventura Avenue
anticline. Rates of uplill and tilt have
decreased since folding began, [rom ap-

proximately 7 to 14 mm/yr to about
4 mm/yr [28]. The limbs of the Ventura
Avenue anticline dip as steeply at abour 45°
on the south flank of the fold, and at this
dip additional shoriening produces little
uplift. As the Venlura Avenue anticline
begins to lock up, deformation may be
transferred to the Ventura lault, a [ew kilo-
meters to the south. At present, that fault is
a buried feature, with little apparent dis-
placement near Lhe surface, but it is likely
to become more active in the [uture, pre-
senting a potentially serious tireat to the
Ventura area. An important additional
point is that the variable rates of uplift on
the Venrtura Avenue anticline are for one
particular type of rootless [old; uplilt of a
fault-propagation fold that is not roollcss
would probably be a diffcrent story.

CASE STUDY

WHEELER RIDGE ANTICLINE

The east-wesi-trending Wheeler Ridge anii-
cline is located on the north flank ol the San
Emigdio Mountains in the southern San
Joaquin Valley ol California. Wheeler Ridge
{Figurc 7.26} is the northernmost topo-
graphic expression of the fold-and-thrust bel
located on the northern [lank ol the Western
Transverse Ranges [18]. The struciural geom-
ciry ol aclive folding in the Western Trans-
verse Ranges and the southem San Joaquin
Valley has been described in terms of both
fault-bend folding and fauit-propagation
folding [18, 24, 29]. Several valleys have
eroded through the fold. The prominent val-
ley in the central part of Figure 7.26A is an
abandoned sircam valley. The stream in the
valley was defeated Ly uplift ol the fold
appreximately 30 ka to 60 ka, as determined
by soil analysis and absolute and rclative dat-
ing [10]. By defcated, we mcan that the

strcam was able to cut its valley fast enough
10 keep up with the uplift of the fold for a
while, but eventually the stream could no
longer keep up with the uplift. or it was
diverted around the low end of the fold to
the east, and the valiey was abandoned. The
abandoned valley is a landform known as a
wind gap. Farther to the east is a water
gap, where the stream flowing [rom north of
the ridge into the San Joaquin Valley is srill
eroding through the structure {Figure 7.26).
In the central portion of the fold, the subsur-
face [aulting thal produced the structure is a
thought 1o be a complex faull wedge 129].
Near the eastern ¢nd of the structure, the
Wheeler Ridge thrust comes closer o the
surface and the fold may be described as a
fault-propagation {eature (Figure 7.27}.

Near the eastern cnd of Wheeler Ridge, a
thrust fault with the expected geometry ol
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FIGURE 7.26

Chapier 7

(A) Oblique aerial photograph of Whecter Ridge. The view is to the south, and the lold is

in the central pottion ol the photograph. Note that the [old is sirongly asymmetric—the
northern limb is more steeply inclined than the southern limb. (B} Sketch map of area

shown in aerial photograph.
{Photograph by f. Shelton)
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FIGURE 7.27

Cross section near the castern end of Wheeler Ridge. To the west ol this seclion the fault
geomelry is more complex and is described as a [ault wedge.

{Adlier Medwedell 1984, Unpublished report)

the buried Wheeler Ridge fault is exposed in a
gravel pit. A skerch of the exposure {Figure
7.28) illustrates that near the surface, a soil
horizon is oflset approximaiely 2.5 m. The
displacement increases dramatically with
depth, and at about 15 m, scdimentary units
are folded and dip as steeply as 45°. These
steep dips are consistent with deformation
associated with the Wheeler Ridge anricline,
This fault exposure illustrates an important
point—with active folding, the expression of
folding and faull displacement may increase
significantly with depth. Thus, information
obtained from shallow wrenches excavated to
expose faulis in anticlines may be very mis-
leading when compared to displacement and
dip only a fcw meters below.

Evaluation ol the deformed alluvial fan
deposits at Wheeler Ridge [29. 10] suggest
that the rate of uplift of the structure is
approximaicly 3.2 mm/yr and that the fold is
propagating 1o the east at a raic ol about 29.0
mm/yr. The rates of uplilt and propagation of
the anticline were determined through care-
[ul dating of several parts of the fold. Absolute
dating, soil chronology, and topographic dala
revealed that alluvial fan segmenis lolded
over the structure are lower and younger 1o
the east. Propagation of the [old to the cast is
also revealed on aerial photographs; notice on
Figure 7.26A that the drainage density
(ratio of rowal length of streams 10 area) is
lower in the east. Drainage density tends to
increase with time and reliel, so the decrease

TRANNGE=)

Geological Academy of IRAN



https://iranageo.ir/

240

—

. P TT =
Ty AN

—
CSpail_ =
Spo"'“ﬁ}ﬁ

- —

..... 24m ‘—-ﬁnf-"//

Chapler 7

Faulted soll

et
Faulled and
lilted Eate

Quaternary

gravels

14 _rmm e
o ==

e

o R e
Spail  .ae ., T "..'---: P
{quarry wasle} e e

FIGURE 7.28

Folded and
{aulled tate
Qualomary
gravals

Sketch map of exposure of presumed Wheeler Ridge thrust [aull in gravel pil at east end
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{From Zepeda ct al, 1991 [10])

in drainage density is additional evidence that
the eastern portions of Wheeler Ridge began
o fold more recently than the western por-
tions [30].

By combining the cvidence of Holocene
and latest Pleistocene folding and laulling
near the east end of Wheeler Ridge with sub-
surface information, the carthquake havard
of this fold system may be evaluated. In the
Wheeler Ridge area at present, active lecton-
ics is parritioned beltween the Pleito and
Wheeler Ridge faulis. The Pleito [ault, located
south of Wheeler Ridge, breaks the surface
and has an uplift rate of approximately 0.5
mm/yr {31]. The Pleito faulr coincides wirth
the break-in-slope at the foot of the moun-
rains surface south of Wheeler Ridge in Fig-
ure 7.26. The Wheeler Ridge fault is a buried
reverse fault with an uplilt rate of approxi-
mately 3.2 mm/yr and is well defined by sub-
surface data [29]. The 1952 M = 7.5 Kern
County earthquake was located beneath

Wheeler Ridge on a deeply buried member
of the Pleito thrust fauit system [29, 32]. In
the epicentral region, aL Wheeler Ridge, the
carthquake produced approximately 1 m ol
uplift. Assuming that M = 6 to M = 7 carth-
quakes in the Wheeler Ridge area are associ-
ated with approximately 1 m ol uplift, then
the uplilt rate of Wheeler Ridge suggests an
average recurrence ol approximalely 300
yecars [or such cvents (1000 mm divided by
an uplife rate of about 3.2 mm/yr = 300 yr).
Howecver, the carthquake history is probably
much more complex, and as a result an
average recurrence interval is probably not
very useful. There are several [aults present
[32], and it is unlikely that each earthquake
produced a uniform ! m of uplilt. More
likely, both uplift and recurrence intervals
arc variable. What we can say is that large,
damaging carthquakes can be cxpected to
occur in the [uture along this active [old-
and-thrust belt.
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SUMMARY

Folds are found in a variety of shapes and sizes, and there is a generally-
accepted terminology for describing them. Construction ol geologic cross sec-
tions aids in the interpretation of subsurface geological siructures such as
folds and faults. Interpreting cross sections is facilitated by developing models
that provide quantitative, geometrically balanced solutions. These modecls are
generally subdivided into fault-propagation folds and fault-bend folds. Fault-
propagation lolds form on the upper plate of a thrust [ault and result [rom
deformation in Iront of a propagating [ault surface. The lwo most common
occurrences of fault-bend folding are bends {ramps) in detachment [aults and
[laticning of normal laults with depth (listric normal faulis). It is important
to understand, however, that the use ol balanced cross scctions is controver-
sial, and there are serious questions about the assumptions involved in this
form of modeling.

Flexural-slip folding occurs when the strain resulting from shortening is
concentrated directly along the surfaces that are being [olded. This type of fold-
ing is analogous to bending a telephone book so that displacement occurs along
the pages. Folding is oflen associated with strike-slip faulting. Where segments
of strike-slip faults overlap or a scgment bends, shoricning results il the overtap
or bend is in the opposile sense ol the slip of the lault. Folds can also form as a
result of strain partitioning. Along transform-faull plate boundarics, oblique
strain is partitioned into nearly pure strike-slip parallel to the fauit and shorten-
ing perpendicular to the fault.

Seldom is only a single [old present; rather, a series of [olds olten defines a
fold-and-thrust belr. Some ol the thrust [aults and high-angle reverse faults may
break the surface, but many others may be hidden within Lthe cores of anticlincs
and are called buried reverse [aults. Only recently has it been recognized that
these buried aclive faults present a signilicant ecarthquake hazard. Buried reverse
faults, concealed within [olds, are difficult 10 evaluate. As a result, we study the
folding above these buried faulis. If the folding can be shown to be aclive, then
we can infer that the concealed lault also is active. If we can calculate the rate of
uplift of the folding, we can use that information to calculaie the slip rate of the
concealed [ault.
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PALEOSEISMOLOGY

Our ability to evaluate present and future earthquake hazards is based on under-
standing the past behavior of seismogenic (earthquake-producing) faulis. Basic
data for carthquake-hazard evaluation include the location, length, and amount
of [ault displacement; intensity of shaking; size or magniiude; and dates of previ-
ous earthquakes. This information is generally available for earthquakes in recent
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decades since local, regional, and global seismic networks of recording instru-
ments have been used. To study historic earthquakes that predate the use of
recording instruments, we rely on written accounts, coupled with geologic and
geomorphic evidence. The historic record ranges from a few hundred years in the
United States to a few thousand years in China. For prehistoric earthquakes, the
only source of information is the geologic and geomorphic record [1].
Paleoseismicity is defined as the study of the occurrence, size, timing,
and [requency ol prehistoric earthquakes [1, 2]. Paleoseismicity, which most
often utilizes the Pleistocene and Holocene (last 1.65 m.y. and last 10 k.y.,
respectively) geologic and geomorphic record, extends over a much longer time
period than the limited historic record of seismic activity. This is particularly
imporant because the recurrence intervals for large, damaging earthquakes on
many fault segments in the most tectonically active regions on Earth are often a
few hundred o a few thousand years. In regions with lesser tectonic activity,
recurrence intervals may be tens- to hundreds-of-thousands of years 1].

EVIDENCE FOR PALEOEARTHQUAKES

Large carthquakes in the past have ruptured the surface of the Earth and [olded
near-surface Earth materials in response to subsurface rupture. Surface rupture
and folding often can be discerncd hundreds, thousands, or even tens-of-thou-
sands of years later. Evidence for paleoseismic evaluation may be gathered from:

= Fault exposures

= Seismic-reflection profiles

= Fauited landforms such as stream terraces, offsel sireams, and marine
terraces

« Fault scarps, including scarps produced by sihgle earthquakes and com-
posite scarps produced by several earthquakes

« Stratigraphic featurcs such as colluvial wedges, liquefaction features,
sand blows, fissure [illing, and abrupt burial ol deposits

« Folded alluvial deposits, rocks, and geomorphic surlaces

Fault Exposures

The best available scicntific information from which to establish paleoseismicity
is direct observation ol faults. If we are able to study fault exposures directly, we
may be able to measure displacements and/or collect material suitable for dating
prehistoric carthquakes.

Some ways Lo examine [aults include:

 Natural exposures. These include landforms such as seacliffs cut by
wave erosion and a varicly of steep slopes cut by stream and river
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processes. Narural exposures can be enhanced by clearing recent debris
to beiter expose faulted deposits. A disadvantage of natural exposures is
rthat they may not be in the most favorable orientation to a fault [or
paleoseismic evaluation.

Road cuts and railroad cuts. Read cuts and railroad cuts are other good
locations in which to search for fault exposures. Discovery of [lexural-slip
faulis near Qak View, California (see Figures 2.25 and 7.19 and discussion
in Chapter 7) began with one lortuirous observation in a highway cut.
Mines and gravel pits. Gravel pits, in particular, provide imporlant expo-
sures because they typically are excavated in geologically young material
{alluvium} and they may be relatively deep (tens of meters), exposing geo-
logic features Lthat are unlikely to be exposed naturally {sce Figurc 7.28).
Backhoe trenches. Where neither naturally occurring nor preexisting
exposures of a fault can be found, paleoseismologisis may dig Lheir own
exposures using a backhoe or bulldozer (Figure 8.1). Sites [or trenching
arc carclully chosen following preliminary geologic observation and

FIGURE 8.1
Excavation of a [arge fault trench, Poini Conception, California.
{Phatograph by E.A. Keller)
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mapping. In order to evaluate both the horizontal and vertical compo-
nents of displacement on strike-slip or oblique-slip faults (Figure 1.6}, it
is often useful to excavate two or more trenches. In addition to trenches
across and perpendicular to the fault that allow the vertical component
of displacement to be measured, one or more trenches are excavated
parallel to the strike of the fault plane to evaluate the horizontal compo-
nent of displacement. The objective is to identify a piercing point,
which is a [eature such as a buried channel, a buried pipe, or some other
distinctive feature that is offset along the fault, so that it can be identified
again where it exits the fault on the opposite side. Fault trenches cxca-
vated by bulldozers may be cut large enough to evaluate both horizontal
and vertical components of displacement in a single trench. When data-
ble material can be recovered from features with measured oflset, then
slip rates can be calculated as the ratio of displacement to the time dur-
ing which the displacement has occurred. Of course, if an oflset buried
pipe is identified after a known earthquake, the only information
obtained is the amount of displacerment [or that event. The besl piercing
points from which to calculate a slip rate are [eatures several thousand to
several tens of thousands of years old; that is, features that are old
enough to have cumulative offset [rom numerous earthquakes, provid-
ing a longer term average slip rate.

» Boreholes. In addition to trenches, boreholes may be drilled by a variety
of techniques to gain information about a fault. Boreholes vary [rom
small-diameter holes from which a conrinuous core {cylindrical section
ol earth material a few centimeters in diameter) is obtained to large-
diameter boreholes that a person can go down into, protected by a spe-
cial cage, for direct observation. Boreholes are effective ways to identify
and locate faults, but because of limited exposure, they may not provide
suflficient information for detailed paleoseismology investigations. They
can, however, provide imporiant information concerning the vertical
component of fault displacement and help identify sites suitable for
trenching.

Seismic Reflection

Seismic-reflection profiling is another method for gaining information about
fault offsets without physically excavating or drilling. In this technique, the
ground is shaken by a small explosive or a mechanical vibrator at one source {a
shotpoint), the vibration travels beneath the surface as waves and is detected at
a series of receivers (geophones) (Figure 8.2). The path and travel lime of the
vibrations are sensitive to density contrasts of the underlying rocks. Through a
computerized process of decoding the seismic vibration, an image of the rocks
beneath the surface is created, including any disruptions of the sequence caused
by fault offsets. Figure 8.3 illustrates a shallow seismic-reflection profile across
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FIGURE 8.2

Idealized diagram showing how shallow seismic-reflection profiling can be used to iden-
Lily a fault.

{From Cook ¢t al., 1980, The Sonthern Appalachians and the Growtir of Continents. Scienlilic American,
Inc. All righis reserved.)
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FIGURE 8.3

Interpretative cross section made from shallow seismic dala across the Santa Cruz Island
fault. This diagram suggests that there are approximately 15 m of vertical displacement of
the Tertiary volcanic rock section (Twv). QTris Quaternary marine terrace deposits.

{From Pinter and Sorlien, 1991. Geelogy. 19: 909-912)
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the Santa Cruz Island fault, California. The profile was created by a ship towing
a vibration source and an array of geophones. Following data processing, the
data suggest a 15 m vertical separation between volcanic rocks and recent
marine sediments, probably caused by the last two or three ruptures on that
fault. A related method is ground-penetrating radar. Electromagnetic reflec-
tions [rom a radar source are decoded in a manner similar ro that for seismic
reflection.

Faulted Landforms

A landform created prior to the last surface-rupturing carthquake al a site may
preserve a record of the ruprure, such as:

+ Stream terraces. Terraces consist of broad surfaces, sometimes datable,
that can be particularly useful in studying paleoearthquakes (see Chap-
ters 2 and 5, and Figures 2.25, 2.26, and 5.19}. Figure 8.4 is an idcalized
block diagram that shows two possible scenarios of how active faulting
might displace river Lerraces. These two scenarios illustrate that trying Lo
determine the pattern ol displacement of river terraces may be a dilficult
problem. Sometimes it may be dillicult wo tell if the scarps present are
fault scarps or crosional scarps produced [rom river processes.

= Offset streams. Strike-slip faults with little or no vertical component of
motion will not cause large vertical deformation of terraces or subhori-

FIGURE 8.4

Idealized block diagrams illustrating porential complexitics of inlerpreting river terraces
that have been [aulied, Sequence {A) shows Lhe development ol two river terraces (1, 2)
thar are subsequenily [aulted (A3). Sequence (B) is more complex, Terrace 1 is faulted
{B2). Following [aulting, terrace 2 forms (B3}, and [inally the sequence is fanlted again
{B4). Because faulting occurred ar two specific times, the faul scarp [or terrace 1 is higher
than that for wrrace 2. This illustration (B4) shows 2 muliiple-evenl scarp on terrace 1.
{From McCalpin. 1987 [11]}
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zontal surfaces of other landforms. However, strcams that cross a sirike-
slip fault may be laterally olfset (see Chapters 2 and 5, and Figure 2.4).
Figure 8.5 shows several ofisel or deflected sireams along the Santa Cruz
Island fault in Southern California. This fault is lefi-lateral and so the
streams are displaced 10 the leli—if you were 10 [ollow the stream, either
upstream or downstream, you would have to (urn to the left to follow
the thannel across the fault.

» Marine terraces. Like siream terraces, the broad, subhorizontal surfaces
of marine terraces are useful for measuring vertical fault motions and
estimating the age of paleoearthquakes (see Chapter 6). Where a series
of marine terraces of different ages are all displaced by a single fault and
the older terraces are displaced more than younger ones, we may infer
several ruptures on the fault [3] (Figure 8.6).

Uplift during an earthquake in a coastal area may produce a single marine
terrace. Dating the terrace then establishes when that earthquake occurred. Some-
limes, along a tectonically-active coastline, a series of uplilted rerraces, each pro-
duced by a separate earthquake, may be present. This phenomenon has been
observed in Calilornia, Alaska, New Zealand, Japan, and elsewhere. Figure 8.7A

FIGURE 8.5

Acrial pholograph of the Sama Cruz Island [ault zone (roughly E to W, right ccrural o
lelt central berween arrows) showing several ofisel and deflected sireams (central and
right ceniral). The streams are ofiset by leli-lateral sirike-slip motion on the fault. Dis-
tance across the photograph is about 3 km.

{Photograph courtesy of Pacific Western Acrial Survey. Santa Barbara, CA)
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FIGURE 8.6

{A) Reverse [aulis associated with the Cascadia subduction zone displace a series of wer-
races. Note that where the Lerraces cross the McKinleyville [ault zone (B), the 120 ka Fox
Farm terrace is displaced approximately 50 m vertically, whereas the Westhaven terrace
(estimated age of 103 ka) is olfset approximatcly 30 m; the 96 ka McKinleyville terrace is
offset approximately 20 m; and the 83 ka Savage Creek lerrace is offset <20 m. These dala
suggest thal the rate ol uplift along the fault system is approximately 0.2-0.4 mm/yr,
However, because these terraces cross several fault zones, including the Little River fault
zone (o the north and the Mad River [ault zone to the south, the total rate ol uplift is
closer to 1 mm/yr [3]. This example from the Cascadia Subduction Zone illustrales how
laulted marine terraces provide information concerning rates of uplift, as well as how
uplift is partitioned among several faull zones.

{From Carver and Burke, 1992 |3])
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FIGURE 8.7

(A) Drawing from an acrial photograph (1947) of the southeastern end of Middicton
Island, Alaska. The island emerged approximately 4.9 ka, and the terraces were each

| I [
1 2 3

Age {yrs x 10%)

formed by 5 m to 7 m of coseismic uplifi. The 1964 earthquake caused additional uplift of
approximately 3.4 m, [orming a sixth terrace. (B) Graph showing the upiift of all six ter-

races. Average rate of uplift is 9.0 mm/yr with uplift per event varying from approxi-
mately 3.5 m to 10 m. Approximate recurrence intervals between carthquakes varied

from about 400 yr to 1300 yr.

{From Plalker, 1987 [4])
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shows a series of [ive such terraces on Middleton Island, Alaska {4]. All [ive terraces
on a 1947 photograph predate the 1964 {M = 8.25) earthquake which uplified the
coast 3.5 m at that site and produced a sixth terrace. Figure 8.7B shows the uplift
history [or the six terraces and earthquakes that produced them. Chronology of the
terraces is based on carbon-14 dates. Note that the average uplill rate is about
9 mm/yt, but uplilt per event varies from about 4 m to 10 m; and recurrence inter-
vals from about 400 yr to 1300 yr [4]. All five prehistoric events (I 1o V, Figure
8.7A) are thought to have been great earthquakes (M > 8) because they produced
more uplift than did the 1964 event. Thus, to summarize the paleoseismic aclivity
at Middleton Island, there have been six great earthquakes in this region in the last
5 k.y., with average recurrence intervals (with onc cxception) of about 1 k.y.

Fault Scarps

Fault scarps are the direct manifestation of surface-rupturing earthquakes.
They are produced almost instantancously as an earthquake rupture propa-
gates to the surlace. People who have observed earthquakes [irsthand com-
monly statc that the scarps and other fractures form very quickly, racing across
the landscape like a giant zipper being undone [5]. Figurc 8.8 shows a fault
scarp over 2 m high that formed during the 1992 (M = 7.5} earthquake near
Landers, California. In normal or reverse fauliing, the oricntation of the scarps
indicates the direction of slip, but in strike-slip faulting, scarps face in different
directions (see Chapter 2).

Faull scarps are slopes and, as such, have a basic morphology common to
many natural slopes (Figure 8.9). Not all of the slope clements shown on Figure
8.9 may be present on a given {ault scarp; in [act, the dominance of one element
over another will change with rime. It is important to recognize that the differ-
ent elements ol a faulr scarp are produced by different processes. For example,
the [ree face, produced dircctly by faulting, may be nearly vertical when it
forms. On the other hand, the debris slope and wash slope are related to accu-
mulation of material at the base of the [ree face, and thus are associated with
erosional and sediment-transporl processes. Fault-scarp degradation proceeds
at variable rates, depending upon climatic conditions and the types of materials
in which the scarp [ormed [6]. Changes in slope clements through lime can be
recorded as a percent ol the scarp length; for example, a scarp might be com-
posed of a [ree lace over roughly 50% of the profile, and a debris slope over the
remaining 50%. Examination of Figure 8.9 suggesis some interesting aspects of
[ault-scarp degradation:

« The [rec face is a steep to vertical slope formed directly by rupture of the
surlace by an active fault. In loose, unconsolidated marerial, the free face
would instantancously collapse, but soil moisture and cohesion of the
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FIGURE 8.8
Fault scarp produced by the 1992 Landers carthquake (M = 7.5). The scarp is approxi-

mately 2 m high.
{PFhatograpl by E.A. Kellen

FIGURE 8.9 Upper original surlace
Basic slope clements thal may Crest.._
be presenlt on a lault scarp. Free lace —5m
(From Wallace, 1977 [6])
4
3
—2
— 1
Toe or
base -0
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Diagram showing change in slope elements (fault-scarp morphology) through iime for
fault-scarp degradation in the Basin and Range.

{From Wallace, 1977 [6]}

material hold the slope together lor a period that can range [rom a few
decades to several thousand years.

* The debris slope results from material deposited at the base of the free
face by gravity. It starts out as a very small portion of the slope, but
increases to dominate the scarp within a [ew thousand years. Later, the
dominance of the debris slope wanes in favor of the wash slope.

* The wash slope is produced by deposition of material near the toe of the
slope, usually by running water. This slope element is less steep than the
debris siope, although there olten is no abrupt boundary between the
two elements. The wash slope begins to form slowly, but eventually
dominates the morphology of the scarp after a period of tens 1o hundreds
of thousands of years. Therelore very old scarps will have a gentle slope
and consist primarily of wash slope.

Fault scarps have been studied intensively in the Basin and Range
province of Nevada (Figure 8.10). Table 8.1 summarizes fault-scarp morphol-
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TABLE 8.1

Fault scarp-slope morphology.

257

Slope Process {Formation Comments and
Element Morphology and/or Maodification General Chronology
CrestL Top of lault scarp (break Produced by faulting; Becomes rounded after
in slope) initially sharp, modificd by weathering, free face disappears; usu-
becomes rounded with mass wasling ally rounded after about
time 10,000 yr
Free Face Straight segment: initially Produced by faulting; Dominant element [or 100

Debris Slope

Wash Slope

45 1o overhanging

Straight segmeni; angle of
repose of material usually
30% to 38"

Straight to gently concave
segment; overlaps the
debris slope; slope angle
generally 37 1o 157

Base of fault scarp (break
in slope); may be initially
sharp, but with time may
become indeterminate as
grades into original slope

modified by weathcring,
gullying, mass wasting;
eventually buried from
below by accumulation of
debris

Accumulation of material
that has [allen down from
the free lace

Erosion and deposition by
water; deposition of
wedge or [an of alluvium
near toc of the slope;
some gullying

Erosion and deposition by
water; owing lo change in
process/form [rom up-
slope clement {free lace,
debris slope, or wash
slope) Lo original surface
below the fault scarp
slope

years or so; disappears
alter abour 1000-2000 yr

Is dominant element alter
abour 100 yr, remains
dominant uniil about
100,000 yr, disappears at
about 1,000,000 yr

Is developed by 100 yr,
signilicant by 1000 yr.
and dominant by
100,000 yr

More prominent in young
fault scarps or where
wash slope is not present;
on scarps older than
abour 12,000 yr, the basal
slope break is sharper
than the crestal slope
break

{Alter Wallace, 1977 [6])

ogy and change with time for fault scarps in the Basin and Range [6]. The
chronology of fault-scarp degradation in the Basin and Range was developed

(dendrochronology) [6].
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SPECIAL SECTION

FAULT-SCARP DEGRADATION

The processes that govern the morphology
and evolution of slopes formed on alluvial
materials include crosion, deposition, and
sediment transport. It has been recognized
thal these processes can be modeled quanti-
tatively. Fault scarps are a type of slope that
is particularly well suited 10 numerical mod-
els, because scarps form instantaneously
during an carthquake and then begin (o
degrade. The most common application of
scarp-degradalion models is to estimate the
age of faull scarps. In parricular, models
based on the diffusion equation are used
to answer this question [7, 8].

The diflusion equation is expressed as fol-
lows: )

:‘ \
oz _ Pk (8.1)

&t dx?

wlhiere z is elevation ol a point on the slope,
X is horizontal distance, ¢ is ime, and kX is a

R

constant known as diffusivity (Figure
8.11), which depends on climale and mater-
ial. Equation 8.1 simply states that the rate
ol erosion or aggradation at a given point is
proportional to the curvature of the profile
al that point; that is, the sharpest corners on
the profile will tend to change, to be
smoothed our fastest.

The diffusion equation comes rom phiysics,
where it is used to describe the low of heat
across a thermal boundary. The analogy of
hear flow makes dilfusion degradation ol [auh
scarps a bit dearer (Figure 8.12). Elevation on
the scarp prolile, z is cquivalent Lo lempera-
lure in the physics problem. The conditions at
t = 0 are of an abrupl juxtaposition ol high
temperatiare against low Lemperature at the
thermal boundary. Just as heat [lows [rom the
region of high temperaluere (o low, sediment
is transported [rom the region of high eleva-
tion 1o low vlevation on a degrading slope.
The overall rate of flow is determined by the

0 maximum sluﬁe ol modem scamp
"o average far-field slope = (T +02) F2 IR
. d surface oflset ) . R A

FIGURE 8.11

Idealized fault scarp, illusicating parameters that can be direclly measured in the field.
Numerical values ol these paramelers are utilized in a solution of the dilfusion equaition
o estimale the age ol the scarp, and thus when the carthquake occurred.
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Heat transfer from a warm mass to a cold one illustrates the principle of diffusion, which
also governs [auli-scarp degradation. Just as heat flows from the hot material (high ther-
mal potential) to the cold material (low thermal potential} in thermal diffusion, sediment
erodes from the top of a slope {high gravilational potential) and is deposited ar the base

(low gravitational potential).
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conductive properties of the media in the case
ol heat Oow, and by properties of erosivity
{climate) and crodability (texwre) in the case
ol sediment transport. The result in both cases
is that the profile becomes increasingly sub-
dued with time.

Applying a diffusion model or a solution of
the diffusion cquation to a fault scarp requires
several prerequisites and assumplions:

Faull scarp #1

Afl=172 yrs)

« ruptured 172 years ago

Chapter 3

« the slope must be transpori-limited

+ the scarp must have formed instanta-
neously in a single carthquake

o the sediment must be assumed to be
nearly cohesionless

Transport-limited reflers to a situation
where there is an abundant supply of loose
sediment, and degradation of the slope is

Using equation 8.2:

2
k (172yn = 70m
k= 0,16 m3yr
Faull scam #2

4 age unknown

In  [{tan(9.2°) — tan(1.2%)]

« same climale and material as #1

@=35°
a=14"

d=73m

Using the value of k from scarp #1:

2
(7.3 m)

1

(0.16 m2ryry1=
an

((tan{3.5°) - tan(1.4%)]

= 722 yr

FIGURE 8.13

Idealized diagram showing two faull scarps. For fault scarp 1, the date of the earthquake
is known and diffusivity, &, is calculated. This value of dillusiviry ¢k) is uscd for faudl
scarp 2 to cstimate that the earthquake occurred approximately 722 yr ago.
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controlled only by the dynamics ol the
processes of sediment transport. Slopes that
arc controlled by the rate of weathering
(“weathering-limiled”; {or example, bedrock
scarps) are [undamentally different. The sec-
ond requirement is that the scarp formed in
one carthquake, and was not buill by scveral
small ollscts on the same fault, Third, diffu-
sion models generally assume that the free
face of the scarp crumbled almost instanta-
neously alier the earthquake event and
reached the angle of repose.

Given these assumptions, fairly simple solu-
tions to the dilfusion equation arc possible.
For example [7]:

a2 1 (8.2}

kit = — ——e———
4n  (lan 8-1an &)

where d is vertical displacement, 8 is maxi-
murn scarp angle, and o is far-field slope (Fig-
ure 8.11). Nole that solutions like Equation
8.2 always include both dilfustvity and Lime;

261

neither ol those paramelers can be solved
independently of the other. On a scarp of
known age, a profile measured across it allows
us 10 determine the value of diffusivity. Where
lwo lault scarps occur in approximately the
same climate and material, one scarp of
known age and the other of unknown age,
we can calculate the value of diffusivity on the
dated scarp and use it Lo estimate the age of
the undated scarp (Figure 8.13).

Since mass dilfusion was introduced as a
model for [auli-scarp degradalion, several
complications and reflinements have been pro-
posed. For ¢xample, in addition to lithology
and regional climate, the value of diffusivity
can be allecied by slope orientation, creating
variability belween north- and south-facing
scarps even in the same vicinity [9]. It has also
been found that the gradient of the surface
away [rom the effects ol the laul, or “far-field
slope,” can have first-order eflfects on age
determinations by the dillusion equation [10].

Stratigraphic Evidence for Earthquakes

Strarigraphic evidence for palcoseismicity is one 1ype of event stratigraphy.
This name is used because we are discussing [eatures found in stratigraphic
sequences that indicate past and rare events; in this case our concern is past
carthquake events. These [catures include displaced strata, colluvial wedges,
sand boils, fissure [illing, and abrupt burial.

Displaced Strata. The clcarest evidence of past earthquakes found in fault
exposures is displaced strata. Often when a wrench is exposed or a natural
exposure is cxamined, therc may be several [ault strands present. Some of these
will displace older material and be buried by younger maierial, whereas other
nearby fault strands cut the entire sequence. Careful cvaluation of the
displacement history can help establish the number of faulting cvents that have
occurred. For example, Figure 8.14 shows an idcalized diagram of sand and
gravel deposits that have been [aulied by three splays or strands of a fault
system. Fault 1 culs unit C and has lelt a buried lault scarp betwcen B and C
fault 2 cuts units B and C and has lell a buried fault scarp between A and B; and
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A E (Colluvial wedga forms)

F (Event 3)

FIGURE 8.15

Development of a three-event lault scarp. Each fanlting event is followed by the genera-
tion of a laull-scarp colluvial wedge (C,. C,, and G}

{ATler McCalpin, 1987 [11))

Reverse [aults also produce colluvial wedges. As a reverse [ault ruptures
the surface, it has an overstecpened [ront that quickty collapses, forming a collu-
vial wedge (Figure 8.16). The hanging wall may be warped, lorming drag folds,
so called because they are dragged (folded) by displacement along the Jault
plane, For locating fault trenches, experience has shown thal reverse faults are
likely 1o be found about hallway up the scarp. Material quickly collapses from
ihe leading cdge of a reverse [aull, depositing colluvium below the fault as
quickly as the arca above is uplifted.

Sand Boils. Sand-boil deposits, sometimes also called “sand cralers,” have been
associated with many carthquakes. At the surface, they are characterized by low
mounds of sand that have been extruded [rom fraciures. Layered scdimentary
deposits beneath the surface may, during an carthquake, experience high fluid
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Evenls
. 2m
e E-1 Youngest fault-scarp colluvium
® E-2 Older fault-scarp colluvium 1
0

0 1 2m

FIGURE B.16

Idealized and simplified fault-trench log for the McKinleyville fault, Humboldt County,
Calilornia, showing two events ol faulting and formation of fault-scarp colluvium.

{From Carver, 1987. In AJ. Crone and E.M. Omdahl {eds.}. Directions in Palcoseismaology. IS, Geo-
fogical Survey Open-File Report B7-673)

pressure and liquefaction. Fluidized sand is squeezed to the surface, {orming a
thin, circular deposit of sand (Figure 8.17A). Evidence of sand boils in a
stratigraphic sequence (Figure 8.17B) represents liquefied sand exiruded onto
the surface and later buried by other marerials. When such deposits are
identified in fault exposures, they arc evidence of a past earthquake event, but
they are not conclusive evidence because sand boils also can form without
carthquakes (for example, by discharge of sediment-laden runolf routed from
preexisting fissures) [12].

Fissure Filling. Large earthquakes may {orm numerous fissures and cracks
{Figure 8.18). These are unlikely to remain open for very long because the sides
of the fissures and cracks are very steep. Material irom the surface and [rom the
sides of the fissures soon [ills them. Eventually new material may be deposited
over the [illed fracture. When these {calures are recognized in fault exposures,
they also are evidence of past earthquakes. As with sand boils, fissures can form
without earthquakes {for example, due Lo landsliding or groundwater
withdrawal).
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B Sand-boll deposit in
stratigraphic paosilion {busied)
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FIGURE 8.17

{A) Sand boil produced by the 1989 Loma Prieta (M = 7.1) earthquake. Note street curb
for scale. {B} Idealized diagram showing how a sand boil may appear in Lhe stratigraphic
record following burial. It is important to keep in mind, however, that sand boils are also
praduced by processes otiter than carthquakes.

{Photograph courtesy of D, Laduzinsky}
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Chapler 8
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FIGURE 8.18

Recent, open fissurcs and older, filled and buried fissures. As with sand boils, [issures are
not absolute proof of earthquakes because they may be produced by several other
processes as well as carthquakes.

Abrupt Burial. TFigure 8.19 shows a “ghost [orest,” the trees of which were
killed suddenly by a subsidence event approximately 300 yr ago. It has been
suggested recently that abrupt burial of [orest or of salt-marsh deposits may be
characteristic of large subduction-zone earthquakes along the Cascadia
Subduction Zone (also see discussion in Chapter 6) {13]. The hypothesis is that
during preat subduction-zone earthquakes, paris of the ceast may subside by a
meter or so. Until recently it was thought that no great earthquakes occurred
along the Washington and Oregon coasts: however, the discovery of the abrupt
burial of salt-marsh and forest environments suggests that this may not be the
casc. In several locations [rom Northern California to Washinglon there is
cvidence of two or more episodes of abrupt buriat in the past few thousand
years. These locations are being studied intensely (o delermine if, in [act, the
burial was rapid and coseismic.

FAULT-ZONE SEGMENTATION

The concept ol [ault-zone segmentation has been recognized for over 20 years
[14]. The basic idea is that [or long faults, an earthquake seldom ruplures along
the entire length of the l[ault. More commonly, only one, or perhaps two, seg-
ments rupture during a large event. For example, on a regional scale, the San
Andreas {ault of California is subdivided into four segments (Figure 8.20) [6].
Segment boundaries are based on the historical behavior of the [ault. The south-
central segment ruptured in 1857, producing a great carthquake. The northern
segment ruptured in 1906. The southern segment has not produced a major
earthquake (M > 7) in historic time.

The simple regional segmentation of the San Andreas fault (Figure 8.20)
might lead you to believe that the concept of fault segmentation is simple.
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FIGURE 8.19

Photograph of the “Ghost Farest™ on Lite coast of western Washington. It is hypothesized
that these wrees were killed approximately 300 yr ago by a giant earthquake that caused
subsidence, submerging the teees below sea level.

i{Plivtograph couresy of United Stales Geological Survey and B. Abwater)

Unfortunately, this is not the case. There is general agreement that faults may be
segmented at a varicly of scales {from a [ew meters to several tens of kilometers
in length) [15]. In addition, segmentation based on historic aclivity is only one
approach. Structural segmentation can be recognized by changes in fault-zone
geomorphology or fault-trace orientation such as bends, step-overs and separa-
tions or gaps [16]. Structural segmentation also occurs where segments inter-
sect with other [aults or folds. The end of a segment is a structural discontinuity.
Finally, structural segmentation can also result from changes in geologic materi-
als along a lault zone or local heterogencilies along a fault plane [15, 16].

The most basic approach o fault-zone segmenration is to dcline earth-
quake segments based on rupture behavior during earthquakes. Earthquake
segmentation may be determined from historic carthquakes or by paleoseismic
evalualion. An earthquake segment is defined as those parts of a [aull zone that
ruplure as a unit during an earthquake [17]. Earthquake segmentation is the
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FIGURE 8.20

Simplificd segmentation model for the San Andreas lault zone, California. The northern
segmentt cuptured in the 1906 San Francisco eanhquake; the central segment is charace-
lerized by relatively [requent modern carthguakes and creep: the south-central segment
most recently ruplured in a great carthquake in 1857: and the sourhern segment has not
ruptured in historic times.

{From Schwartz and Coppersmith, 1986 [19])

mosl important concept {or ¢valualing seismic hazard, but a better understand-
ing of all types of [ault segmentation is necessary to better understand earth-
quake mechanics, including why and where ruptures start and terminate [15].
Of particular importance for large carthquakes (M > 7} is the nced o know how
rupture of muliiple fault segments occurs during earthquakes [16].

The concepl of fault segmentation is important because ir has implications [or:

» Long-term carthquake forecasting involving probabilistic assessment of
seismic hazard {sce Chapter 1). Conditional-probability analysis requires
information on slip rate, slip per event, and recurrence inrerval of carth-
quakes for specific [ault segments.

« Estimating the maximum carthquake likely to occur on a particular {ault
[15] (see Figure 1.27).
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= Estimating ground motion produced by an carthquake. It is believed that
rupture propagation is related to fault-zone structure, and thus segmen-
tation [15].

» Identifying arcas along a faulr zone where earthquakes nucleate {ruprure
starts), as well as arcas thal may act as barriers to earthquake ruprure
{where rupture ends) [16].

Better understanding the [undamental mechanisms associated with

earthquake generation and faulting.

s Better understanding the complexities of large. damaging earthquakes
that produce ruptures along several geometric and structural segments ol
a fault zone. This is particularly important because it is a common prac-
tice to map a particular fault zone by linking two or more segments
together. As total length of a [ault zone increases, the magnitude of the
largest probable earthquake increases.

CASE STUDY

SEGMENTATION AND PALEOSEISMICITY
OF THE WASATCH FAULT ZONE, UTAH

The Wasatch Fault Zone {WFZ) is onc of the
mostl-studied normal fault zones in the
western Uniled States. Extending nearly
350 km from southern Idaho southward
past Great Salt Lake and Salt Lake City, it is
also one ol the longest. Paleoseismic evatua-
tion of the WFZ resulted in the develop-
ment of the concept ol characteristic carth-
quakes {(sce Chapter 1) as well as an
improved understanding ol [ault-zone scg-
menlation {17, 18, 19].

Although there have not been historic
earthquakes on the Wasatch Fault Zone
(Figurc 8.21}). there is paleoseismic evi-
dence that it has ruptured several rimes in
the Holocene {last 10 k.y.}; the most recent
event was aboul 400 yr ago [17, 18, 19].
The WFZ is generally coincident with the
boundary between the Wasatch Mounltains
and the adjacent basin in which Great Salt
Lake and Utah Lake are located (see Figure
8.21). Proposcd fault segments for the WEZ

(Figure 8.21) have boundaries that gener-
ally coincide wilth geometric or structural
changes such as changes in surface trend of
the fault zone; major salicnts {a salient is
defined struciurally as a block ol bedrock
thar extends into the basin, or geomorphi-
cally as a landform that extends outward
from surrounding topography); and other
geologic and structural discontinuities, such
as older thrust [aults or cross [aults [19].
There has been discussion of how many
segments are present in the WFZ [17, 18],
but there is general agreement that seg-
mentation is very important in characieriz-
ing the past earthquake activity and evalu-
ating the scismic hazard.

During the past 25 yr. over 40 trenches
have been excavated to gather paleoseis-
mic data at 18 sites along the segments of
the WFZ. Table 8.2 summarizes some ol
the information obtained [rom rrench stud-
ies and studies of natural fault exposures.

a
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FIGURE 8.21

Map of the Wasarch Faull Zone, Utah, showing six [ault segnients, The fault system has
normal displaccment. with the upthrown side being the Wasatch Moumains. Dark bands
define boundaries 10 [ault sepments and generally correspond 10 geometric and structural

discontinuitics along the faull zone.
tAller Scluvariz and Coppersmith, 1986 [19])

These data [17, 18, 19] [or the WFZ sug-

gest:

s The northern {Collinston) segment has
no! been active in the Holocene.

« Assuming that cach prehistoric evenl
ruptured most of a particular segment
(30 km to 70 k), past carthquakes
range from large to major (M = 6.5 10
M = 7.7). These magnitudes are consis-
tent with historic earthquakes in (he
Basin and Range.

s Segments 2-5 have experienced mul-

riple large to major (M = 6.5 10

M = 7.7) earthquakes during the
Holocene, some in the past few hun-
dred years.

= There is no evidence [or a major
(M = 7.7} earthquake on the WFZ in
the past 400 yr.

» During the past 5.5 ky., there has been
a large to major earthquake (M = 6.5 to
M =7.7) aboul every 400 yr. some-
where on segments 2-6.
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Paleoseismic evaluation for the six segmenis of the Wasatch faulr zone shown in Figure 8.21.

Approximate Approximate Approximate
Length  displacement slip rate recurrence
Segment {km) per cvent (m) {mm/yr) interval (yr) Comment
1 10 - - >10,000 No known surface
displacement past 13,500 yr
2 70 1.6 1.3 {+0.5. 1000 10 4 Holocene events. Maost cecent
-0.2} 1500 about 500 yr ago, oldest 4000 yr
3 35 2.0 0.76 {+0.6, 150010 2 Holocene events. Mosl recent
-0.2}) 3500 about 1500 yr ago, oldest
5000 yr
4 55 1.6 0.8510 1500 1 3 Holocene events. Most recent
w2l 1.0 3000 abou 500 yr ago, oldest 5000
yT ago
5 35 2.3 1.27 1500 10 3 Holocene events, dost recent
10 1.36 2000 about 400 yr ago
6 40 23 less than 7000 1 Holocene event about
0.35 1000 yr ago
L ]
{Daia [rom Schwanz and Coppersimitly, 1984 [18]; Schwarlz and Copperstuith, 1986 [19]; and Macherte ot al.. 1989 [17])

» The central portion ol the fault zone
{segments 2-5) is more active {more
events, higher slip rates, and lower
recurrence interval) than the northern
or soulhern ends (segments 1 and 6).

* Approximate Holocene recurrence
intervals on cach of the more active
center segmenis {segments 2-5) vary
[rom about 1 k.y. o4 k.y.

Evaluation using derailed age control of
fautting on the WFZ [17] indicates informa-
tion concerning temporal clustering ol
earthquakes:

¢ During the past | k.y. there has been
one major earthquake about every 200
yr somewhere on segments 2-6.

¢ There is no evidence [or strong cluster-
ing of earthquakes bewween about 1 ka
and 5.5 ka.

In summary, paleoseismic evaluation of
WFZ suggests that large, damaging carth-

quakes have occurred on scveral faulr seg-
ments in the past few thousand years. The
most recent events occurred 400 1o 500 yr
ago. In the past 1 k.y, there has been a tem-
poral clustering of events on the central scg-
ments (2-5), with large to major earthquakes
(M=6.5 toM=7.7) about every 200 yr. This
paleoseismic information is critical for devel-
oping strategies to minimize [urure earth-
quake damage to urban areas such as Salt
Lake City and Provo, Utah.

Study ol the Wasarch Faulr Zone supports
the characteristic earthquake concept
(see Chapter 1). This concept implies that a
given fault segment has particular geo-
mechanical properties that lead to repeated
earthquakes on that segment through time
with approximately equal magnitudes and
amounts of displacement [18]. Some investi-
gators have used the characteristic-earth-
quake model to infer that the recurrence
time or recurrence interval is approximately
the same as well; this would follow if (1) the
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FIGURE 8.22

Relationships between recurrence interval. slip rate, and carthquake magnitude.
{Afler Slemmons and Depola, 1986. In Active Tectortics. Nationtal Academy U'ress: Washinglon, D.C.}

stip rate ol the [ault, (2) the magnitude of
the earthquake, and (3) the displacement
per event were all constant. Under these cir-
cumstances, the average recurrence time is
equal to the ratio of displacement per event
1o the slip raie [20]. Figure 8.22 relates the
three parameters above, based on the
assumption that a M = 7 carthquake will
produce a 1 m characteristic displacement, a
M = 8 will produce 5 m, and a M = 9 will
produce 20 m. Figure 8.22 docs appear o
‘provide “ballpark” figures for recurrcnce
intervals of eanhquakes. However, when we
examine the history of a particular fault and
have sufiicicnt daia to be able 1o estimate

slip rates and recurrence intervals, it is not
uncommon to f{ind that slip rate and Lime
between cvents vary considerably lor differ-
ent [ault segments, as illustrated by the WFZ
example. The more we learn about earth-
quakes, the more il becomes apparent that
there is a general lack of untformity in earth-
quake frequency lor a parlicular fault zone
composed of several segments. Nevertheless,
although average slip rates and recurrence
intervals have limitations in predicting the
magnitude and time of the next rupture,
they do provide useful guidelines [or land-
use planning, building codes, and engineer-
ing design {21].
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CASE STUDY

TWELVE CENTURIES OF EARTHQUAKES
ON THE SAN ANDREAS FAULT, SOUTHERN CALIFORNIA

Undoubtedly one of the most remarkable
sites for paleoseismic studies in the world is
Pallett Creek, located approximately 55 km
northeast of Los Angeles. The site contains
evidence ol ten large earthquakes, two of

1700 — T

T

Dalg AD,

1200 — —

1o 4. @

1000 = .

{102 — 166 y7) clustor 3

{164 — 320 yr) bebween cuslar

{22 — 184 yr) dusier 2 Los Angolos

which occurred in historical time {1812 and
1857). High-precision radiocarbon analyses
provide accurate dating of most of the cight
prehistoric events, extending back to approxi-
mately A.p. 671. (Figure 8.23) [22]. When the

a4 yr cluster 4 [historic)

{317 — 347 yr) betwain cdustor

Panat Cr.

900 [~ {162 - 238 yr) batveran clustor * I Range of dato

X

FIGURE 8.23

[ ] Earhequako &vont

I [j Cluster (max tima)

Graph showing chronology ol two historical and eight prehistoric canthquakes on the San

Andreas fault at Pallett Creek.
{Data from Sieh et al., 1989 [22])
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FIGURE 8.24

Part of a trench wall crossing the San Andreas fault zone at Palleu Creek showing a 30 cm
oflset. Notice that Lhe strata above the 22 ¢m scale {central part of photograph) are not oll-
sel. The offset sedimemary white beds layers and dark organic layers were produced by an
earthquake that occurred approximately 900 yr ago duriug cluster 2 (see Figure 8,23).

{Pholograph courtesy ol K. Siel)

dates with their accompanying error bars are
plotted, it is apparent that the earthquakes
are not evenly distributed through tlime, but
tend to be clustered (Figure 8.23). Most of Lhe
earthquakes within clusters are separated by
a few decades, but the rime between clusters
varies [rom approximarely 160 yr 10 350 yr.
The earthquakes were identilied through
careful evaluation of natural exposurcs and
fault trenches at Pallett Creek [22]. Figure
8.24 shows part of the wrench wall and the
offset of organic-rich sedimentary layers that
correspond to an earthquake thar occurred
approximately a.p. 1100.

Of course the question is: When will the
next big earthquake occur on the San
Andreas faull northeast of Los Angeles? Stud-
ies using condilional probabilily suggest a
30% likelihood for the 30-yr period lrom
1988 to the year 2018 (see Figure 1.17)}. This

seems reasonable in light of the history of
clustering of events on the fault. Assuming
that the two historic events are indeed a clus-
ter, and thal clusters can be separaled by
approximalely 160 to 350 yr then the next
large carthquake could be expected between
the years 2017 and 2207. Thus, a 30% proba-
bility for an cvent by approximaitely the year
2017 seems rcasonable. On the other hand,
the data sct al Palleit Creek, although the
most compleie record for any faule in the
world, is still a study in small numbers. For
example, during cluster 3, the time period
berween events could have been as long as
166 yr. Thus we might arguc that another
carthquake in cluster 4 could happen as late
as the year 2023 without violating the history
at Palleu Creck. However, this scems unlikely
given the fact that almast all the time intervals
during clusters are closer to 40 to 50 yr.

—
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CONDITIONAL PROBABILITIES FOR FUTURE EARTHQUAKES

Geologists in California have estimated conditional probabilities for major earth-
quakes along segments ol the San Andreas fault for the 30-yr period [rom 1988
to 2018 (Figure 1.17). These probabilities are based on a synthesis of historical
records and geologic evaluation of prehistoric carthquakes [23]. Results suggest
that the Parkfield sepment is almost certain to rupture by the year 2018. This
estimate is based in part on the observation that moderate to large earthquakes
have occurred on the Parkfield segment in the years 1857, 1881, 1902, 1922,
1934, and 1966, or on average every 21 to 22 yr. The southern segment of the
fault in the Coachella Valley has been assigned a probability of approximately
40% rto produce a major earthquake by the year 2018, This study, compiled in
early 1989, assigncd a probability of about 30% for a major event on the San
Andreas fault in the Santa Cruz Mountains where the M = 7.1 Loma Prieta
earthquake occurred on October 17, 1989. The earthquake supports the validity
of the conditional probability approach. On the other hand, the 1992 M = 7.5
Landers earthquake occurred east of the San Bemardino Mountains. That event
caused ground rupture over nearly 100 km, with maximum righi-lateral dis-
placement of about 6 m. Because the displacement is almost entirely pure strike-
slip, the fault that ruptured is probably part of the right-lateral plate boundary
system between the Pacific and North American plates. Although in retrospect
there is evidence for moderate 10 large earthquakes in the past on the Taull that
ruptured in 1992, it was not generally recognized that the next right-lateral
carthquake in southern California would be so [ar to the east of the San Andreas
fault. There is speculation now that the San Andreas fault, and thus the bound-
ary between the North American and Pacific plates, is either wider than we
thought or is in the process of migrating castward. Of course this does not mean
thar large earthquakes will nol continue 10 occur on the main San Andreas fault.
The conditional probabilities shown on Figure 1.17 siill remain our best eslimate
of the probabilities of large earthquakes occurring in the next few decades on
the San Andreas fault.

EARTHQUAKE PREDICTION

Short-term prediction, or [orecast, of carthquakes is an arca of serious research.
The term forecast is preferred by some scientists because, like [orecasting the
weather, an earthquake forecast specilies a uime period for the event to occur
and a probability of occurrence. The Japancse made the [irst aliempts at earth-
quake prediction, with some success, using the frequency ol microearthquakes,
repelitive geodetic surveys, water-tube tiltmelters, and geomagnetic observations.
They f(ound that earthquakes in the areas they studied were nearly always
accompanied by swarms of microearthquakes that occurred several months
before the major shocks. Furthermore, ground tilt correlated strongly with
earthquake aclivity. Anomalous magnetic fluctuations were also reported [24].
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Chinese scientists made the [irst success/ul prediction of a major earth-
quake in 1975. The M = 7.3 Haicheng earthquake ol Eebruary 4, 1975,
destroyed or damaged about 90% of structures in a city ol 9000 pecple. The
short-term prediction of that event was based primarily on a series of fore-
shocks that began lour days prior 1o the main event. On February I and 2,
there were several shocks with a M < 1. On February 3, less than 24 hr before
the main shock, a [oreshock of M = 2.4 occurred, and in the next {7 hr, eight
shocks with M > 3 occurred. Then, as suddenly as it began, the foreshock activ-
ity became relatively quict [or 6 hr until the main earthquake struck [25, 26].
The lives of thousands of people were saved by massive evacuation from poten-
tially unsafe housing just before the earthquake.

Unfortunately, foreshocks do not always precede large earthquakes. In
1976, a catastrophic earthquake—one of the deadliest in recorded history—
struck near the mining toewn ol Tanshan, China, killing several hundred thou-
sand people. There were no loreshocks!

Oprimistic scientists around the world woday believe that eventually we will
be able to make consistent, long-range {orccasts (lens o a few thousand years),
medium-range predictions (a few yecars to a lew months), and short-range pre-
dictions {a few days or hours) for the general localions and magnitudes of large,
damaging earthquakes. Unfortunately, carthquake prediction is still a complex
problem and il will probably be many years belore dependable short-range pre-
diction is possible. Such predictions most likely will be based upon precursory
phenomena such as:

» Deformation of the ground surlace

= Seismic gaps along [aults

= Patterns and [requency of carlhquakes

» Changes in electrical resistivity of the Earth

« Changes in the amount ol dissolved radioaclive gases
(radon) in groundwater

* And, perhaps, anomalous behavior of animals

Preseismic Uplift and Subsidence. Rartes of uplift and subsidence, especially
when rapid or anomalous, may be significant in predicling carthquakes. For
example, for more than ten -years before the 1964 earthquake near Niigata,
Japan (M = 7.5), there was broad uplilt of the Earth’s crust of several centimeters
(Figure 8.25) [27]. Similarly, Lroad, slow uplilt of several centimeters occurred
over a live-year period prior to the 1983 (M = 7.7) Sea of Japan earthquake
(Figure 8.25 inscL map). The mechanism responsible for the wplift is thought 10
be deep, stable [ault slip prior 1o the earthquakes [28]. Less well undersiood, but
possibly imporiant obscrvations include pre-instrument measuremetus of 1 10 2 m
of uplill preceding large Japanese earthquakes in 1793, 1802, 1872, and 1927. The
uplift was recognized by sudden oceanward shilts of the coastine of as much as
several hundred meters. For cxample, on the morning of the 1802 earthquake
(about 10 A.M.), the sea suddenly withdrew about 300 m from a harbor in
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FIGURE 8.25

Ancmalous uplilt thar occurred during the years before the M = 7.5 carthquake that
struck Niigata, Japan, in 1964. Upli{t was measured by plotting changes in the bench
marks {points of known clevation} with time. The black dots are the locations of bench
marks, and the graphs show the uplilt at those locations. The data suggest that there was
both uplilt and subsidence [or several decades until the mid-1950s, when an episode of
rapid uplift occurred at all stations. This activity stabilized by about 1960 and was [ol-
lowed by several years ol subsidence prior ta Lhe 1964 earthquake.

{From Prcss, 1975. Earthguake Prediction. © May, 1975 by Sdentilic American, Inc. All rights reserved.)

TRANNGE=)

Geological Academy of IRAN



https://iranageo.ir/

278

Chapter 8

response to a scismic (preseismic) uplift of about 1 m. Four hours later, at
2 PM., the earthquake struck, destroying many houses and uplifting the land
another meter, causing the sea to withdraw farther [28].

Seismic Gaps. Scismic gaps are defined as areas along active [ault zones that are
capable of producing large carthquakes but have not produced one recently.
These areas are thought to store tectonic strain and thus are candidates for
future large earthquakes [29].

Seismic gaps have been useful in medium-range earthquake prediction. At
lcast ten large, plale-boundary earthquakes have been successlully forecast since
1965, including one in Alaska, three in Mexico, one in South America, and
three in Japan. In the United States, seismic gaps are currently recognized along
the San Andreas [ault near Fort Tejon, California, where the fault last ruptured
in 1857, and in the Coachella Valley, a segment of the fault that has not pro-
duced a great carthquake for several hundred years. Both sections are likely can-
didates to producc a great earthquake in the next few decades [29, 30].

As earth scientists examine pauterns of seismicity, two ideas are emerging.
First, sometimes there are reductions in small to moderate earthquakes prior to a
larger event. For example, prior to the 1978 (M = 7.8) Oaxaca, Mexico, earth-
quake there was a 10-yr period (1963 to 1973) ol relatively high seismicity of
carthquakes (mostly M = 3 10 M = 6.5), followed by a quict period of 5 yr.
Renewed activily began ten months before the M = 7.8 event, which was the
basis of a successful prediction [28]. Second, small earthquakes may tend to ring
an area where a larger cvent will eventually occur. Such a ring (or “donul”) was
noticed in the 16 months prior to the 1983, M = 6.2 earthquake in Coatinga,
California. Unfortunately, hindsight is clearcr than foresight, and this ring was
not noticed or identificd until after the event.

Electrical Resistivity. Electrical resistivily is a measurc of a material’s ability to
conduct an electrical current. Conductors, such as copper and aluminum. have a
very low resislance, whercas as other materials such as quariz (an insulator) have a
very high resistance 10 clectrical current. In general, the Earth is a good conducior
of electricity, but its resistivily varics with the amount of groundwater present and
many other factors. If a current is [ed into the Earth between two points scparated
by several kilometers, changes in the voltages will be noticed if any change in
electrical resistivity takes place in the rocks. Changes belore earllrquakes have been
reported in the United States, Eastern Europe, and China (Figure 8.26) [27]. The
mechanisms responsible for the decrease in resistivity are related to physical
changes that accompany the earthquake cycle (see Figure 1.23). As rocks dilate,
there is an influx of water prior 10 an earthquake and the electrical resistance
decreases. Following the carthquake, fluids drain and resistivily increascs.

Amount of Radon. The radicactive gas radon occurs naturally dissolved in water
of deep wells. In some cases, the concentration of the gas increases significantly
in the hours 10 days before an earthquake (Figure 8.27). The technique of
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monitoring radon gas has been studied in Eastern Europe, China, and the United
States and appears promising. The increase in radon probably results from
precursory cracking and dilation of rocks before an carthguake, allowing meore
radon to dissolve into the groundwarter.
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FIGURE 8.26

Changes in electrical resistivity of the Larth's crust before carthquakes were measured in
the former USSR, China, and the United Siates. The data for this graph represent carth-
quakes monitored in the [ormer USSR between 1967 and 1970. The measurements are
made by feeding an electric current into the ground and recording voltage changes a few
kitometers away. In general, it has been observed that earthquakes are preceded by a
decrease in resistiviry.

{From I'ress, 1975 [27])
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The amount ol radon dissolved in the water of deep wells may increase significantly
belore an carthquake. The two examples shown here were recorded belore earthquakes
in the former USSR. The 1966 event {lelt) had a M = 5.3; the 1967 altershock (right) had
a M = 4. The technique is used in both the former USSR and China, and is being tried in
the United States.

{From Press, 1975 [27])
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Anomalous Animal Behavior. Anomalous animal behavior olten has been
reported prior to large earthquakes; everything from unusual barking of dogs to
chickens that refuse to lay eggs, horses or cattle that run in circles, rats that
come out of the ground and perch on power lines, and snakes that crawl out ol
the ground in the winter and freeze. Anomalous behavior reportedly was
common before the Haicheng earthquake [25]. Unusual animal behavior also
was observed prior to the 1971 San Fernando carthquake. Unfortunately, the
significance and reliability of animal behavior is difficult Lo evaluate.
Nevertheless, there has been considerable interest in the topic, and research is
ongoing.

Progress Toward Earthquake Prediction

We are still a long way [rom a working, practical methodology to predict earth-
quakes reliably. On the other hand. a good deal of data currently is being gath-
ered concerning possible precursor phenomena associated with earthquakes.

Although progress on short-range earthquake prediction has nol marched
expectations, medium- to long-range forecasting, including hazard evaluation
and probabilistic analysis of areas along active laults, has progressed laster than
expected [21]. The Borah Peak earthquake of October 28, 1983, in central 1daho
has been lauded as a success story for medium-range earthquake-hazard evalua-
tion. Previous evaluation of the Lost River lault suggested that the fault was
active [31]. The earthquake, which was about M = 7, killed two people and did
about $15 million damage. producing fault scarps several meters high and
numerous ground fractures along the 36 km rupture zone of the fault. The
importamt fact was that the scarp and faults produced during the carthquake
were superimposcd on previously existing lault scarps, validating the usclulness
of careful mapping of scarps produced by prehistoric earthquakes. The principle
is that where the ground has broken belore, il may break again!

EARTHQUAKE-HAZARD REDUCTION

The United States is developing a National Earthquake Hazard Reduction Pro-
gram in cooperation with the United States Geological Survey and other scien-
tists. The major goals of Lhe program [32] are to:

« Develop an understanding ol earthquake sources. This involves an
understanding of the physical properties and mechanical behavior of
faults as well as development of quantitative models ol the physics of the
carthquake process (see Figure 1.23).

« Delermine earthquake potential. This involves characterizing seismically
active regions, including determinarion of the rates of crustal deformation,
identification of active faults, determining characteristics of paleoseismicity,
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calculating long-term prababilistic lorecasts, and, finally, developing meth-
ods [or intermediate- and short-term prediction of earthquakes.

» Predict effects of earthquakes. This includes gathering data necessary for
predicting ground rupturc and shaking (see Chapter 1), and the response
of buildings and other structures in areas likely 1o be aflected by carth-
quakes. This goal also involves evaluating the losses associaled with
earthquake havards.

« Apply research results. At this level, the program is interested in the
transfer of knowledge about carthquake hazards to people, communiries,
stales, and the nation. This knowledge concerns what can be done to bet-
ter plan for earthquakes and reduce potential losses of life and property.

Earthquakes and Critical Facilities

Critical facilities are those that, if damaged or destroyed, might cause significant
10 calastrophic loss of life, property damage, or disruption ol society. In the
urban environment, examples include schools, medical facilitics, police stations,
and fire starions. Other examples include dams, power plants, and other neces-
sary lacilities. Three aspects of the decision-making process concerning critical
facilitics and earthquake hazard [33] are:

» Evaluation of the hazard

» EBvaluvation of whether the facility may be designed or modilied 10
accommodate the hazard

= Subjective evaluation ol an “acceprable risk”

The [irst two Jactors have a strong scientilic component, while risk assessment is
a public-safety issuc, since no facility can be rendered absolutely safe.

In most cases regarding siting ol critical Tacililics, the main scientilic chal-
lenge is in estimalting the aclivity of a particular fault system. For example, the
scismic evaluation for the site of Auburn Dam near Sacramcento, California, was
very controversial. Millions of dollars were spent and hundreds of meters of
faule trenches were excavated during geological studies, and there was slill no
agreement about the hazard associated with the system of faults in the vicinity
of the proposed site. The general area was considered to have a relatively low
seismic risk until a M = 5.7 earthquake occurred in 1975 near Oroville, about
80 km from the Auburn site. This earthquake rekindled concern and initiated a
new round of seismic-risk evaluation, and ultimately led to the virtual abandon-
ment of the site. It was determined {rom the cvaluation that the faults on and
near the site would produce only a very small displacement, but this was
enough to cause major concern because the concrete dam being planned could
not accommodate even such small displacements.

The main problem remains: It is often very difficult ro absolutely date prehis-
toric earthquakes. Howcever, we are making progress in understanding earthquakes,
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identifying active faults, and estimating the maximum credible earthquake for a
particular area.

DEVELOPMENT OF EARTHQUAKE WARNING SYSTEMS

1t is technically feasible to develop a wamning system that might provide up 10 a one
minute warning to an urban area like Los Angeles prior to the arrival of damaging
earthquake waves. This is based on the prindple that radio waves travel much faster
than seismic waves. The Japanese have had a warning system in place for nearly 20
years (hat provides warming for their high-speed trains and keeps them from derail-
ing in the event ol an earthquake. A proposal {or California would be a more
sophisticated system of seismometers and transmitters along the San Andreas fault
that would [irst sense motion associated with a large carthquake and then send a
warning 1o the city, which would relay it to critical facilitics, schools, and the gencral
population (Figure 8.28). Depending upon where the rupture initiated, the warming
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FIGURE 8.28

Idealized diagram showing an earthquake warning systeni.
{From Holden et al., 1989 {34|}
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time would vary from 15 seconds to as long as about 1 minute. The warning could
provide time for people to shut down machinery and computers and take cover.

A potential problem with this system is the chance ol falsc alarms. Using
the Japanese system for comparison, the number of false alarms would be less
than 5%. Furthermore. because the length of waming limme is so short, some
people doubt whether much evasive action could be taken. There also is concern
aboul legal liability resuliing [rom false alarms, warning-sysiem [ailures, and
damage and suffering resulting [rom actions taken as the result of carly warning.

We must emphasize that an carthquake warning system is not a prediclion
tool, as it only provides a warning that an carthquake has already occurred. One
study of a potential carly-warning system in Calilornia concluded that such a sys-
tem is technically feasible, but the benelits-to-cost ratio makes it cconomically
unfeasible. That is, the study concluded that the potential economic benelits are not
sufficient Lo justify the construction and operating costs. Total cost [or the construc-
tion was estimated 1o be about $3 million to $6 million, with annual aperating costs
of $1.5 million 10 $2.5 million [34]. For comparison, damages from the 1994
Northridge earthquake with a M = 6.7 excecded $20 billion. Larger, more damaging
events can be expected. However, it is dilficult to place an economic value on all
issues related wo public salety, especially as they relate to potential injuries or loss of
life. Rejection of technology that could provide warning ol approaching, potentially
dangerous seismic waves based mainly on economics may be unwise.

ADJUSTMENTS TO EARTHQUAKE ACTIVITY

The mechanisms that trigger carthquakes are stll poorly understeod, and there-
[ore carthquake prevention and warning systems are not yel viable alternatives.
There are, however, reliable prolective measures we can Lake.

« Structural protection, including the construction of large buildings able 10
accommodale at least moderate shaking. This has been relatively success[ul
in the United States. The 1988 Armenia carthquake (M = 6.8) was slightly
larger than the 1994 Northridge, California, event (M = 6.7), but the loss of
life and destruction in Armenia was staggering—at least 45,000 killed (com-
pared wilh 61 in California) and ncar-tolal destruction in some towns near
ithe epicenter. Most buildings in Armenia were constructed of unreinlorced
concrete and instantly crumbled, crushing or trapping their accupants.

» Land-use planning, or earthquake zonation {also called microzonation),
includes the siting of important structures such as schools, hospitals, and
police stations in areas away [rom active laults or sensilive earth materi-
als likely to accentuate seismic shaking.

+ Increased insurance and reliel measures o help recovery following
earthquakes. Following the 1994 Northridge earthquake, total insurance
claims were very large, and some insurance cormnpanies stopped issuing
earthquake insurance. Barthquake zonation could help insurance com-
panics identily high hazard areas and assign premiums accordingly.
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FIGURE 8.29
Propesed information flow for issuing earthquake predictions and warnings.
{From McKelvey, 1976. United Stares Geological Survery Cirertlar 729}

A fourth possible measure is (o take litle or no action in advance and to pay the
consequences when an carthquake occurs. This philosophy is not what we
espouse, but it is in fact what we often do.

At the same time that we are adjusting 1o existing hazards, we are increas-
ing the need for adjustment by creating new hazards where none existed before.
When any new building or structure is buill on sensitive carth materials or on
active faults, we are creating a new problem where none existed before. We
know from studying earthquake damage that building on unconsolidated
deposits that become unstable (subject to liquefaction) or amplify shaking during
an earthquake (see Chapter 1) is more hazardous than building on bedrock. We
also know that building astride active faults is unwise.

We hope, eventually, to be able 10 predict earthquakes. The federal plan for
issuing prediction and warning is shown on Figure 8.29. The general llow of
information is from scientists to a prediction council [or verilication. A prediction
that a damaging carthquake of a specific magnitude will occur at a particular
location over a specilied time span then may be issued to staie and local officials,
who will be responsible for issuing a warning 10 the public to take defensive
action {that has, one hopes, been planned in advance). Potential responses to a
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TABLE 8.3
Patential response to an earthquake prediclion with given lead time.
l —1
Special
Lead Time Buildings Contents Lifelines Structures
3 Lyavs Evacuale previously  Remove selected Deploy emergency Shut down reactors,
identified hazards contents materials petroleum products
pipclines
30 Days Inspect and identify Sclectively harden Shilt hospital paticnis;  Draw dowwn reservoirs,
patential hazards {brace and strengihen) alter use of lacilities remove loxic
conlenis materials
300 Days Sclectively reinloree Develop response Replace hazardous
capability storage
3000 Days Revise building codes Remove hazardous

and land-use cepulations:

dans from service

enforce condemmation
and reinforcement

(From Thiel, 1976. {}.8. Geological Suervey Circular 729)

prediction depend upon lead time (Table 8.3), but even a shorl time (as litle as a
few days) would be sulficient 1o mobilize emergency services, shut down impor-
tant machinery, and cvacuate particularly hazardous areas,

SUMMARY

Paleoseismicily is defined as the study of the occurrence, size, timing, and fre-
quency of prehistoric carthquakes. Paleoscismic data may be gathered from faull
cxposures, faulied landlorms, fault scarps, stratigraphic features, and lolded
deposits, rocks, and geomorphic surfaces.

The concept of [auli-zone segmentation is important in evaluation ol earth-
quake hazards. Earthquake segments may be identilied in terms of rupture
length, determined from historic carthquakes or paleoseismic evaluation. Faults
may also be structurally segmented, based upon changes in the surface expres-
sion of subsurface lault-zone siructure or direct structural evidence. The concept
of fault segmeniation is particularly important as it relates to long-term earth-
quake forecasting involving probabilistic assessment of seismic hazard. The con-
cept also is uselul in constraining estimates of the maximum carthquake likely
to occur along a particular fault and in constraining estimales of scismic ground
maolion,

Short-term prediction of earthquakes is an arca of serious rescarch. Opti-
mistic scientists believe that evenually we will be able to make consisient long-
range [orecasts, medium-range predictions, and shorl-range predictions {or the
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general locations and magnitudes of damaging earthquakes. Such prediclions
will be based upon factors such as deformation of the ground surface, seismic
gaps along faults, pattern and [requency of earthquakes, changes in electrical
resistivity of the Earth; changes in the amount of dissolved radon gas and
groundwaler, and, perhaps, anomalous behavior of animals.

The United States, in cooperation with the U.S. Geological Survey and
other scicntists, is developing programs [or carthquake-hazard reduction. Major
goals arc 10 develop an understanding of earthquake source, Lo determine earth-
quake potential, to predict effects of earthquakes, and to apply research results
to minimize the earthquake hazard to people.
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INTRODUCTION

Landscape Scale

Il the Earth were as smooth as a cue ball, it would not be a very scenic place,
and there would be no such science as geomorplivlogy. The Earth's surface is
varied and interesling because it has relief—from individual hills and valleys to
great mountain chains. The dilference between a hill and a mountain is a difler-
ence in scale, both in terms of the heights of the landforms and their lateral
dimensions. In any science, scale is everything! We imagine that aloms look like
solar systems, but that is a metaphor, not physical similarity. Hills are dilferent
from mountain chains because they form by dilferent processes, have different
structures, and persist over different 1ime scales.

289
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TABLE 9.1

Chapter 9

The importance of landscape scale has been recognized for a long time, but
geomorphologists have not yet agreed upon a single classification system. Joseph
Le Conte was an eminent geologist during the fatter half of the nineteenth century
and the early twentieth century. Le Conte classilied reliel as either greafer or lesser
[1]. According to this classification, greater relicf includes the continents, ocean
basins, and greal mounuain chains and is created by processes occurring in the
Farth’s interior. Lesser reliel would include all smaller landforms shaped princi-
pally by erosion. Le Conte lived well before the revelation of plate-tectonic theory
and did not recognize that the intemnal processes of the Earth are responsible for
many small landforms. Furthermore, as this chapter will discuss, we are increas-
ingly aware that erosional processes play a part in the development ol regional
topography in addition to its role in sculpting local landforms. Classilications of
geomorphic scale since the discovery ol tectonics {for example, Tabie 9.1} tend to
focus more on quantification and description than the older schemes [2].

This chapter examines the development of mountain ranges, which is
l[andscape at the scale of Orders 2 and 3 on Table 9.1. The previous eight chap-
ters of this book [ocused on local features caused directly or indirectly by tec-
tonic activity. Mounltain ranges are [ormed by individual uplift events and grad-
ual uplift processes intcgrated over the cons of geological time. Since geologists
began studying mountains, several refinements in the terminology have been
proposed, genecrally based on scale. Le Conte used the following terms, [rom
most local scale 10 most regional: mountain peak, mountain ridge, mountain range,
mountain system, and cordillera (continental-scale mountainous topography). We

A classification of land{orms by scale.

Lateral Le Conte
Order dimensions (lkm} Examples classification
1 >10,000 km conlinenls, ocean basins )
2 1000-10,600 km physiographic provinces, mountain belis
3 100-1000 k tectonic i basi tai t  Greater
- m units sC IlTI.CI'IlaT}' hasins, mountain ranges Relief
4 10-100 km volcanovs, fault-block mounlains, IroughsJ
5 1-10 km erosional- dehas, piedmonts, major valleys 1
6 100 m -1 km depositional [loodplains, alluvial lans. moraines
7 10-100 m units terraces, sand dunes, gullies
y Lesser
8 1-10 m geomorphic hillslopes, sections of stream channels Relief
9 10 em~I m process river bars, pools and rillles, beach cusps
1o 1-10 cm units [luvial or eolian ripples, glacial striations J

{Afer Bakcr,.lgsﬁ [2]; Le Conle, 190% [1])
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prefer a more modern, less burdensome vocabulary that includes only three dif-
ferent scales: mountain peak (an individual peak, such as a single volcanic cone),
mountain range {a linear trend ol mountain peaks), and mountain chain or belt (a
series of mountain ranges related by a common origin and{or structure) [1].

Models of Landscape Development

There may be as many diflerent theories of landscape development as there
have been geologists who have studied the subject. But three of those Ltheorists
have shaped the modern understanding of landscape more than most others:
William Morris Davis, Walther Penck. and John T. Hack. Davis’ “Geographical
Cycle” was introduced in Chapter 2 and illustrated in Figure 2.1. In briel, Davis
proposed that landscapes arc subject Lo briel periods ol wectonism and mountain
building, [ollowed by long periods of crosion. In this cycle, a landscape goes
[tom a stage of “youth,” characterized by decp incision, 10 a “mature” stage, with
a fully developed drainage network and moderate relicf, 1o “old age” [3]. Land-
scapes in old age are characterized by peneplains, which are regional surlaces
of low rcliel, produced by long-continued crosion in the Davis model.

A problemn with Davis’ model is Lthat his view of cpisodic tectonism runs
contrary to the geological principle of uniformitarianisin—the principle that modern
processes have operated throughout the geological past. Penck, a contemporary
of Davis, sidestepped that criticism by proposing a model in which 1opography is a
lunction ol continuous uplift, atL rates thal accelerate and decelerate over time
[4}. Modern theories ol landscape development have moved even [urther toward
processes that operate continuously. Hack proposed the existence ol “steady-
state” landscapes, in which constructive and destructive processes may be bal-
anced in a state ol “dynamic equilibrium” [5].

HYPSOMETRY: THE SHAPE OF THE EARTH

The concept of hypsometry—the distribution of different elevations across a
landscape—was introduced in Chapter 4. Graphs of elevation-frequency distri-
bution {Figurc 9.1} can illustrate the dilferences berween landscapes, such as the
three types discussed above (youthful, mature, and old-age landscapes). Hyp-
sometry can be evaluated over small areas, such as a single drainage basin (see
Chapter 4), or over large areas, including the entire planct (Figure 9.2). The total
clevation-frequency distribution ol the Earth reveals much about the structure
of the planer and the processes operating in the interior and on the surface.

The mean elevation of the Earth is 2.3 km below sea level [6], but the distri-
bution is strongly bimodal (Figure 9.2). One mode is berween about 3.0 km and
5.0 km below sea level, and the other is a sharp spike belwcen about
0.2 km below and 0.5 ki above sca level. This bimodal distribution represents the
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FIGURE9.1 -

The elevation-{requency dis-
tribution for three dillerent
stages of landscape develop-
ment. An uplilied landscape
is mounlainous lerrain, with
high relief and high absolute
elevation, A rejuvenated
landscape has a broad upland
surface, deeply incised by
canyons. An eroded land-
scape is of low relief and low
absolute elevation.
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profound differences between oceanic crust and continental crust (see Chapter 1}.
Oceanic crust is thip (<10 km), dense (3000-3100 kg/m"), and composed of
basaltic rock [7]. In contrast, continenal crust is thick (35-40 km, on average}, pre-
dominantly granitic, and relatively buoyant (2700-2800 kg/m), and it therefore
stands higher than the ocean basins. The abrupt transirion from continental crust to
oceanic crust, at the edge of the continental shelves at depths of 100-200 m below
sca level, contributes to the distinct separation of elevations in Figure 9.2.

The Earth's surface also has been profoundly shaped by the presence of its
hydrosphere {occans, lakes, rivers, glaciers, groundwater, ctc.). The oceans
weigh down upon occanic crust and accentuate the contrasts in Figure 9.2. Fur-
thermore, the concentration of the Earth’s surface elevation near sca level is a

FIGURE 9.2

The elevalion-Irequency dis-
tribution of the Eanth. The
curve indicates the percent ol
area [or cach 200-m interval.
Dala arc avcrages from 1° by
L® areas; therefore the range
indicated is less than the ol
range of elevation on Earth.
{Aller Head et al., 128! (8])
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FIGURE 9.3 12
The elevarion-frequency dis- ﬂ
tribution of Yenus. Data is
radar altimetry from the Pig-
reer! Venus spacecrall, with a
resolution between 100 and
200 km.

{Alter Head et al., 1981 [8])
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result of the rireless force of running water—areas above sca level erode to the
coastal base level, and the resulting detritus [ills shallow marine basins.

Lest anyone become complacent about the peculiar Lopography ol the
Earth, compare Figure 9.2 with Figure 9.3, which illusirates the hypsometry of
the planet Venus [8]. Venus has only one type of crust—basaltic—and hence a
unimodal height distribution. With an average surface temperature of about
200°C and atmospheric pressure up to 90 times that of Earth [9], Venus is
shaped by processes completely alien to us. At these surface conditions., Venus
has only a thin, brittle crust over the ductile mantle below, that forms a litho-
sphere without distinct plates like Earth’s, but which rather deforms by countiess
small-scale rips and lears across zones up to scveral hundred kilometers wide
[10]. However, in spitc of profound differences, the tectonic processes on both
planets have led 1o the formation of mountain ranges (the exiremely high eleva-
tions seen as small *tails” on both Figure 9.2 and Figure 9.3). For example, on
Venus, a broad zone of crustal convergence has uplifted a 1all mountain chain
{Freyja Montes) and a high-sianding plateau (Lakshmi Planum) (Figure 9.4}
thar are directly comparable to the Himalaya and Tibetan Plateau [11, 12].

DRIVING MECHANISMS FOR OROGENY

The principal driving mechanism for orogeny {large-scale regional mountain
building) is plate tectonics. Recall that the interiors ol the lithospheric plates
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FIGURE 9.4

Radar #mage of ¢entral Freyja
Montes region of Venus from
Magellan spacecrafi. The
region shown is interpreted 10
be a collision zone, very simi-
lar 1o the Himalaya ol Earth.

Laboralories}

are relatively stable; the edges are where the action is. Plate boundaries are
cither divergent, convergent, or transform, Each Lypc of boundary is charac-
terized by high-standing ropography. Divergent plate boundaries {mid-ocean
ridgzes and continental rifis) stand higher than stable plate interiors because of
heating of the crust. Transform plate boundaries also may be the site of signil-
icant uplift, but only where strike-slip motion includes a component of con-
vergence. However, true orogeny, uplift of the largest areas 1o the greatest
elevations, occurs aL convergent plate boundaries, at subduction zones and
continenial collisions. ’

Convergence between occanic lithosphere and continental or oceanic
lithosphere {subduction) causes compression and thickening of the overrid-
ing plate. Parrial melling of the downgoing plate also generales magma,
which is added to the area above. The classic example of a mountain chain
formed by these processes is the Andes of South America. The modern Andes
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FIGURE 9.5

Diagrammalic cross section through the Peruvian Andcs.
{After Cobbing and Pitcher, 1972, Nature Physical Scicnee, 240: 51-53)

began forming in the early Jurassic {(around 200 Ma), when subduction
began along the western margin of Pangea (the supcrcontinent of which
South America was a part at the time)} [13]. In the southern Andes, as much
as 240 km of horizonial shortening has accompanied subduction {14]. The
modern Andes reflect this compressiont, as well as the history ol volcanism
and erosion (Figure 9.5). The Western Cordillera rises 5000 m from the
Pacific and the narrow coastal zone. The Eastern Cordillera rises even [urther.
to 6000 m, and is separated [rom the western ranges by the Altiplano (“high
plain”) in the Peruvian and Bolivian Andes. East of the Eastern Cordillera is
the Subandean zone, foothills ol the Andes up to 2000 m high thar constitute
a Pliocene-age belt of folding and thrusting [15]. Variations in the morphol-
ogy of the Andes today are related to variations in the geometry of the sub-
ducting plate. Where the plate subducts at a low angle {~10° northern and
central Peru}, there is no history of recent volcanism, but there is widespread
seismicily; where the plate subducts at a steeper angle (~30°, southern Peru},
there has been volcanism, and scismicity has been concentrated along the
downgeing plate [16].

Uplilt, volcanism, and faulting in subduction-zene mountain ranges can
occur over long periods of geological time; indeed, they will occur as long as the
plates converge and oceanic lithosphere is subducted. However, a dillerent kind
of mountain building occurs when plate convergence can no longer be accom-
modated by subduction. For example, 80 Ma ago, the Indian continent and Asia
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were separated by 4000 1o 5000 km of ocean (the Tethys Sea) (Figure 9.6).
QOceanic crust of the Indian plate was subducted beneath the southern margin ol
the Eurasian plate, which formed a volcanic mountain chain along the Asian
coast similar to the modern Andes. A belt of granite 2500 km long is the eroded
remnani of that mountain chain today. Ar this time, India was moving north-
ward, narrowing the Tethys Sea at a rate of 15-20 amn/yr {17]. By 40-50 Ma, the
ocean was closed and continental crust of the Indian plate had begun subduct-
ing. As discussed in Chapter 1, continental crust is thick and buoyant and will
not descend into the underlying mantle. Por this reason, when a continent con-
verges upon another continent, tremendous forces are unleashed. In the 40 m.y.
since India ran into Asia, the collision has reshaped the face of Asia, uplifted the
Himalaya and the Tibetan Plateauy, and altered the climate of the region and per-
haps the entire world.

50°5 40° 30° 20" 10° 0° 100 20° 3g° 40°  S50°N
T T T T T T T T T T T

India
> e~
_— \ \ \
- -Dé;:t;a‘nTrapps h A

60D
.40
_20
I.Presem

FIGURE 9.6

The closure of the Tethys Sea and collision of India and Asia. Bangong Nujiang
suture (BNS); Indus-Zangbo suture {IZ8); Kokoxili suture (KS); Main Boundary
thrust {MBT); Main Central thrust {MCT).

{From Alldgre el al., 1984, Naftire, 307: 17-22)
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A number of continental collisions have occurred in geological history.
Such a collision was the culminating event that uplifted the Appalachian Moun-
tains in the Late Paleozoic, around 300 Ma, when North America collided with
Alrica [18]. In fact, it has been suggested that plate wectonics are [undamentally
cyclic, and collision events and rifiing will follow oenc another so long as tecton-
ics operate [19]. In the rocks of ancient collision zones, we have the skeletal
records of the processes thal occur, but in the Himalaya and Tibet, we have the
privilege of watching continental collision in action.

After the Indian continent ran into Asia, the rate of convergence slowed 1o
about 5 am/fyr [17], but that rate has been maintained to the present—a total of
over 2000 km of violent compression. In the process, India has been partially
thrust beneath Asta [20]. Continued convergence bewween the two continents
appears to have been accommodated by three mechanisms:

1. movement on regional thrust faults
2. continental extrusion
3. uplilt

Several hundred kilometers of motion is conlirmed on scveral crustal-scale
thrust faults (the Himalayan Frontal thrust, the Main Boundary thrusi, and the
Main Central thrust). A large portion ol the convergence was accommodated by
lateral extrusion of portions of Asia along regional sirike-slip faulr systems (Fig-
ure 9.7} |21]. The collision caused at least two major pulses of uplift, one
between 21 and 17 Ma and the other between 11 and 7 Ma [22].

Uplift of the Himalaya and the Tibetan Plateau has had several dramatic
ellects: topography that cross-cuts the modern rivers, voluminous discharge
of sediment, and initiation of the monsoonal weather system. The major
rivers of the region are antecedent, meaning thart they predate the collision,
and the Himalaya and Tibel have been lifted up bencaih the rivers. These
rivers now [low through deep gorges—I[or example, the Indus River flows
less than 21 km in distance [rom Nanga Parbat peak. but over 7000 m lower
in elevation [22]! Another ef{ect of uplift has been the erosion and discharge
of iremendous volumes of sediment, much ol which has accumulated in the
vast submarine [ans at the outlets of the Indus and Ganges Rivers. Uplift of
s0 large an area has caused region-wide climate changes that have intensi-
ficd erosion of the mountain range. About 8 Ma, uplift initiated, or at least
dramatically sirengthened, the seasonal storm system known as the Asian
monsoon that now shapes life in southern and Southeast Asia [21]. In fact,
it has been suggested that uplift of the Himalaya and Tibeu altered the global
climate and intensified erosion worldwide [23], although there are alterna-
tive explanations that will be discussed later in this chapler (see The Problem
with Rates).
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FIGURE 9.7

Extrusion of easterm and southeastern Asia caused by the India-Asia collision. India is
interpreted to have penetrated into Asia, causing widespread strike-slip faulling and
rcgional reshaping of the Asian continent,

{From Tapponicr el al., 1982, Geology. 10: 61 1-616)
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SPECIAL SECTION

ALLUVIAL FANS AND TECTONIC ACTIVITY
AT MOUNTAIN FRONTS

The geological lorces that lilt mountains up
may act over large regions, but delormation
ol the surface ofien is manifested at discrete
boundaries or zones of activity. As earth-
quakes are concentrated on discrete fault
zones, mounfain building can be concen-
trated on distinct mountain fronts {(a steep
escarpment that may reflect long-rerm uplift
of one side ol the [rom relalive to the other

side; Figure 9.8). The geomorphology of
mounlain {ronts reveals a great deal about
Lthe tectonic aclivily occurring there (sce
Mountain Fronl Sinuosity Index in Chapter
4). For example, mountain [ronts in arid and
semiarid regions arc characierized by alluvial
fans (sce Figurc 9.8). An alluvial Jan may be
thought of as the end point of an crosional-
depositional system in which sediment

FIGURE 9.8

Fromnt of the Whire Mountains, California. A single escarpmenit, about 2500 m high, sepa-
rates Llhe moumain range [rom the adjacern valley, The prominent alluvial fan forms
wlere a sircam cxits the confines of a canyen within the range. Alluvial fans arc a com-
mon [cature at mountain fronts in arid and sciniarid sewings,
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eroded from a mountain source arca is trans-
ported 10 the mountain (ront. At the front, it
is deposited as a fan-shaped body (segment of
a cone) ol fluvial and/or debrs-llow deposits
{24]. The connecting link between the ero-
sional and depositional paris of the system is
the stream. The morphology of an alluvial fan
is a function of variables including size of
drainage basin contributing sediment to the
fan, geology of the source arca, relief of the
source area, climate and vegetation of the
source area, and lectonic activity. Radial pro-
files of alluvial fans are generally concave but
often conrain significant breaks thar mark
boundaries between [an segments. In fact,
most alluvial [ans are segmented. and
younger fan segmenits may be identified from
older segments based on relalive soil-profile
development, weathering of surficial clasts,
crosion of the surface, and development of
desert vamnish [24, 25].

The morphology of a segmented alluvial
fan may be used as an indicator of active Lec-
Lonics, because the fan forms may reflect
varying rates of tectonic processes such as
fauling, uplilt, wlting, and folding along and
adjacent 10 the mountain front. In the sim-
plest case, il the rate of uplift along a moun-
tain front is high relative to the rate of down-
curtting of the stream channel in the
mauntain and to deposition on the fan, then
deposition tends o occur in the fanhead arca.
The youngest fan segment is found near the
apex of the fan. Such mountain froms would
also tend to have low values of mountain-
front indices Swif and Vf (see Chapter 4), indi-
cating relatively high rates of rectonic activity.
On the other hand, if the rate of uplift of the
mountain [ront is less than or equal to the
rate of down-cutting of the stream in the
mountain source area, then fanhead incision
occurs, and deposition is shifted down-fan. As
a result, younger lan segments are located
well away Irom the mountain front (Figurc
9.9 illustrales these two conditions). Such

Chapter 9

mountain [ronis would have relatively high
valuc of S, and V,, suggesting relaiively low
rates of mountain-front activity. The moun-
tain block is wearing down with time; the
[ront is more eraded and sinuous, and moun-
tain-front valleys are wider. The situation gets
more complex if tilting of the alluvial fan
occurs. For example, if an alluvial fan is tilted
beyond a threshold slope, then entrenchment
may occur and deposition will form a new
fan scgment away from the mountain front.
For example, Hook, working on alluvial fans
it Death Valley [26]. found that tilting pro-
duced segmented [ans. Alluvial [ans on the
cast side of the valley are tilied down o the
cast and this shificd the locus of fan deposi-
tion down-fan. That is, [anhead incision has
occurred, and younger fan segments are
located well away {rom the mountain front
and [an apex. On the easi side of Death Val-
lcy, the basin is being downdropped relative
10 the mountain along normal faults, and seg-
ments of alluvial fans are often (but not
always) located near the apex area at the
mountain front. At any rate, the important
aspect of studying alluvial [ans is that they are
sensitive to active tectonics and may provide
important information concerning recency
and style of tectonic movements.

The overall shape of an alluvial fan also
can reveal the pattern ol teclonic aclivity al
and near a mountain [ront. Because alluvial
fans are comnical in shape, topographic con-
Lours across simple fans arce approximately
circular (the intersection of a cone with a hor-
izontal plane is a circle). Where alluvial fans
arc not simple, however, and have undergone
teclonic tilt, contour lines across the [ans form
segments of ellipses, not circles (the intersec-
tion of a tilted cone and a horizontal plane is
an ellipse; Figure 9.10) [27, 28|. Where condi-
tions are appropriate, the amount of rlt can
be calculated by [fitting ideal cllipses to the
contours across an alluvial fan and measuring
the length of the long axes (a) and the shoert
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Altluvial-fan morphology: (A) Fan segments are adjacent to mopuntain front and are asso-
ciated with active uplift. (B} Youngest fan segments are away [rom the mountain [ront
and are associated with crosion ol the mountain block rather than uplife.

(Altee Bull, 1977 [24])

axes (b) of the ellipses [29]. It turns our that
the amount of tilt (8) equals:

B =arccos{{(bla)? sinz o + cost o)®%) (9.1)

where a is the slope of the fan along the short
axcs of the ellipses {see Figure 9.10) [29].

Topographic contours across alluvial fans
also may indicate shilts in tectonic activity
[rom one¢ mountain {ront ro another. For
example, the northern margin of the San
Emigdio Mountains in California is character-
ized not by one single mountain {ront, but by
several parallel escarpments [30]. Conlour
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FIGURE 9.10

Geometric model of a tilted cone, viewed from above (top diagram) and in cross section {mid-
dle and lower diagrams). Fine lincs represent lopographic conours {lines of equal clevation
across the surface of the cone). Note that the contour lines form ellipses in map view. A tilted
alluvial [an consisis of some fraction of the 1o1al conc shape, typically up 10 1807 of the total.

lines across alluvial fans there are circular, but
the centers of the circles are located along an
old mountain front within the range, not at
the active mountain [ront. The conclusion

here is that mountain building and ailuvial-
fan formation occurred at the old front before
activity shified away [romn the range to us pres-
eni position.
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STRUCTURAL SUPPORT OF MOUNTAIN RANGES

Tremendous forces are required not only to build a mountain range, but also 10
maintain one. Like a waiter trying to carry a great load of dishes on his tray, at
some point the question of how to add another plate to the stack becomes less
important than how to keep the entire pile from collapsing to the {loor. Indeed,
the Tibetan Plateau is now cur by north-south—-trending normal [aults, indicat-
ing that the landmass may have begun to slide to the east and west under its
own weight [20].

The primary mechanism of mountain-range support is isostasy.
Remember that both oceanic crust {density of abour 3000 kg/m?*) and conti-
nental crust (density of about 2700 kg/m?) are less dense than the mantle
{density of about 3300 kg/m? at the base of the crust). For most purposes, the
buoyant crust can be thought of as floating upon the mantle below. Accord-
ing to the principle of isostasy, the weight of the crust is borne by the {luid-
like properties ol the mantle. Two different hypotheses [or isostatic support
of mountains were proposed in 1855, one by George Biddell Airy,
Astronomer Roval of England, and the other by John Henry Pratt, Archdea-
con of Calcutta.

According 1o Airy, any high-standing land mass at the surface is sup-
ported by a deep root at the base of the crust (Figure 9.11A}). To understand
this, visualize two icebergs [loaring in the ocean, one standing twice as far
above the water as the other; we know that the larger iceberg also has corre-
spondingly more ice beneath the surface. The density of ice is about nine-
tenths that of water, and thus an iceberg must displace nine kilograms ol water
to support one kilogram of ice above thie walerline. In contrast, according Lo
the Pratt hypothesis, the crust is generally of unilorm thickness, but is charac-
terized by regional variations in density, According to this hypothesis, high
mountainous topography can be supported by low-densily malerial beneath
the mountains {Figure 9.11B). To give an analogy, a block of styroloamn floals
much higher than a block of dense wood. We now know that (as is usually the
case) there are elements of truth in both hypotheses. The crust bencath moun-
lains is indeed much thicker than in low-lying arcas, bul it is also wrue that
density dilferences, such as those caused by heating of the crust, do cause
regional uplilt in some areas {31].

A third, nonisostatic mechanism cxists to support leads upon the sur-
[ace—flexural support. When a skyscraper is buill, it does not stowly sink
beneath the surface until nine-tenths of it is below ground level, as pure
isostasy might suggest. Skyscrapers can be built because the Earth's litho-
sphere has strength. Any local load is supported not only by the buoyancy of
the crust directly under ir, but also by the rigidity of the lithesphere in a
large area around i1. Another way fo say this is that isostalic supporl is
tegional—a skyscraper built in Dallas will depress the lithosphere all over
Texas, but not by a measurable amount. A geological example ol flexural
support is the Himalaya, which are neirther thick enough {only 55 km thick;
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FIGURE 9.11

Two models of isostatic support of mountainous topography. (A) Airy isostasy is based on
the premise of deep crustal roots beneath mountains. (B) Praut isostasy is based on a raot
made of less-dense material. Variables are explained in the Special Section thal [ollows.

they would need to be >80 km for Airy support} nor buoyant encugh to
support the great mass of the range [32]. Instead, the Himalaya partially
rest upon the edge of the Indian plate, flexing India downward and forming
the Ganga basin, a deep, sediment-filled trough at the boundary of the two
plates [17].
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FIGURE 9.12

Support ol loads upen the
surface {such as mountain
ranges) by {lexure of the
lithosphere. Flexure depends
on the sirength (rigidity) of
the lithosphere. (A) T zero
rigidiry is assumed, support is
purely isoslatic. (B) If there is
some finite rigidity, the
regional flexure ocours. {C) I[
infinite rgidity is assumed, no
isostasy occurs, and the load
is carried exclusively by the
strength of the lithosphere.

Aslhenosphere

" s Lithosphére .|
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Flexura! support of loads on the lithosphere depends on the wavelength

{the lateral dimensions) of the load. A single skyscraper has a wavelength of no
more than 100 m, whereas the Himalaya has a wavelength ol hundreds to thou-
sands of kilometers. Flexural support also depends on the strength of the crust. In
general terms, thick crust is strong crust; rigidity is measured by the elastic
thickness (T,) of the crust, which is the depth 1o which it will act as a rigid solid.
- In North America, the elastic thickness of the crust ranges [rom about 4 km in the
Basin and Range province to about 128 km in the cratonic core of the continent
[33]. The shorter the wavelengih of the load and the greater the rigidity of the
crust, the more that flexure will support a load rather than isostasy (Figure 9.12).
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SPECIAL SECTION

CALCULATING ISOSTATIC SUPPORT OF MOUNTAINS

Isostasy is based upon Archimedes princi-
ple—that the weight of a floating solid is
supported by the weight ol the fluid thar it
displaces. Archimedes was the ancient
Greek scientist who is said to have made his
insights about fluid displaccments getting
into the bathrub. The reason that an iceberp
with a mass of 100,000 kg does not sink to
the bottom of the ocean is that it displaces
exactly 100,000 kg of warer. The reason that
nine-tenths ol the iceberg is below the
waterline is that ice is only nine-lenths as
dense as waler—100,000 kg ol water are
displaced by 90,000 kg of ice, and the
remaining 10,000 kg of the iceberg stand
above Lhe surface.

The calculation of isostatic support is based
upon the principle thar at any given depth
within a fluid, called the depth of compen-
sation, the pressures generated by overlying
material are everywhere cqual (see Figure
9.11}. This roeans that the weights of any two
colutans of matedal, measured down to the
depth of compensation, are equal. Given an
area of uniform crustal density (pe ) and thick-
ness (T}, a mountain block with elevation H
above the surface, and an arbitrary distance
down to the depth of compensation (Da ), we
can calculate the mountain-root depth (R)
beneath the base of the crust for Airy isostasy
(Figure 9.11A). Weight (W) equals mass (vol-
ume X densily} times gravity (g). For column
1, through the mountain block

W! = (Hpc + ‘I-pr + Rp: ¥ D pnr) 3 (9'2)
The weight of column 2 equals

W, = (Tp, + Rp, + Dp,} g (9.3)

The weights of the two columns equal each
other, therelore :

W, =W, (2.4)

{Hp.+Tp, + Rp.+ Dp,) g
={Tp,+Rp,+Dp,) g (9.5)

Hp, + Tp. + Rp.+ Dp,,

=Tp.+Rp, +Dp, (9.6)
Hp +Tp + Rp.=Tp, + Rp,, {9.7)
Hp.+ Rp,=Rp, (9.8)
Rp, — Rp, = Hp, (9.9)

R=Hp ! (P~ p.) (9.10)
This expression is easily solved ro give the
depth of the crustal root beneath the
Tibctan Plateau, whiclh has an average ele-
vation of 5000 m. We¢ know that the density
of continental crust is about 2700 kg/m? and
the density of the mauntle is about 2300
kg/m?, therefore

R=35000m » 2700 kg/m* /

(3300 kg/m® — 2700 kg/my}  (9.11)
R=5000 m » 2700 kg/m? /

(600 kg/m) (9.12)
R=22,500m (9.13)
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In Pratt isostasy (Figure 9.11B), the base of
the crust is uniform, and the height of the
mountain (H) is supporied by a lesser density
(p.,) than the density in the surrounding
region (p., ). In this problem, we will solve for
the value of p,. Once again, we ser the
weights of the two columns equal to each
other:

307

Tp, = Hpa + Tp, (9.16)
Tp,=paH+ D (9.17)
p,=Tp, ! (H+T). (9.18)

(Tpd + me} ‘g =

If the Tibetan Plateau were of normal
thickness (T = 40 km), equation 9.18
above states that it would require a crustal

Hp,+ Tp,+ 914
(Hpy + Tpa + Dpy) g (9.14) root with an average density of 2400
kgfm? to support the additional 5000 m of
Tp,+Dp, =Hp,+Tp.+ Dp, {9.15)} elevation.

DENUDATION

When discussing mountainous landscapes, uplilt processes are, at most, only hall
ol the story. Earthquakes, deformation, and orogeny are impressive, but it is the
persistent, sculpting hand of erosion that should be given most of the credit for
the rugged 1opography of the Alps, the Rocky Mountains, and the other ranges
of the world. Althougl uplilt temporarily may gain the advantage over periods
of tens of millions of years, the geological history of the Earth shows that crosion
always has oullasted it and erased the great mountainous landscapes of the past.

It is worth reviewing some of the vocabulary of erosion before discussing
the process in greater detail. Weathering is the sum of physical and chemical
processes that act to break down bedrock at and near the Earth's surface. Weath-
ering is the process that disaggregates and decomposes rock, providing soil, sedi-
ment, and solutes to transport processes. Erosion is the most general of the
terms used; it includes both processes of weathering and of transport. Erosion
typically is used ro describe both small-scale processes, such as soil creep on a
single hillside, to large-scale behavior such as the removal of malerial from an
entire continent over geological time periods. The latter is an example of
denudation, which specilically refers wo regional downwearing, including both
weathering and transport processes. This chapter, which focuses primarily on
erosion over large areas and over long periods of time, is primarily concerned
wilh denudation.

Rates ol denudation are not uniform within a single mountain range, nor
from one range to another (Table 9.2). Rates depend on the ype of rock being
croded and the geometry of the rock (geological struciures). The Yellow River of
China and the Colorado River ol the United Staltes both drain about equal areas,
but the Yellow River drains deposits of loose glacial loess and produces over ten
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TABLE 9.2
Penudation rares for various climate and relief conditions.
{ |
Typical Range for Rate
Climate Reliefl of Denudation {cm/1000 yr)
Glacial Norinal (= ice sheets) 5-20
Sieep {= vallcy glaciers) 100-300
Polar/montane Mostly steep- 1-100
Temperate maritime Moslly nonnal 0.5-10
Temperate continental Normal 1-10
Steep - 10-20+
Mediterranean —_ 1-?
Semiarid Normal 10-~-100
Arid — 1-7
Subtropical — . 1?-100?
Savanna - 10-50
Rainforest Normal 1-10
Steep 10-100
Any climale Badlands 100-100,000

[ ]
[Saunders and Young, |983. Hartl Surface Processcs and Landforms, 8: 473-501].

times as much sediment as the Colorade River [34]. In addition, crosion rates
tend to be higher at higher elevations [33, 36]. AL higher elevations, local reliel
1cnds to be greater, and slopes are steepetr, accelerating sediment transport. Pre-
cipitation also increases with increasing elevation. Local erosion rates also
depend on the particular geomorphic processes at work, which themselves vary
wilh elevation. For example, glacial aclion is far more erosive than is rainfall. A
rmountain range thar is uplilted to a critical elevation for glacier lormation would
experience an abrupt increase in erosion.

Another type of critical threshold in mountain uplilt and erosion processes
occurred during the India-Asia collision. As mentioned carlict, uplilt of the
Himalaya and Tibetan Plateau is believed to have triggered, or at least dramatically
strengthencd, the Asian monsoon about 8 Ma. It is also thought by some thar the
Tibetan Plateau achieved most or all of its current altitude by the same rime [21],
although geodetic measurements in the Himalaya suggest continuing uplift [37].
The most plausible explanation is that uplift of Tibet has continued since 8 Ma, but
the initiation of the monsoon increased erosion rates to near the rate of uplifi. Asa
result, the net elevation of the plateau has not increased much since 8 Ma.

It is important to note that the elfects of climare on erosion that are
described here are not static in cither space or time. Espedially in the [ast 2 m.y.,
rapid, large-magnitude shilts in climate repeatedly have aliered the processes and
rates of gecomorphic activity across the planet.
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explorer of the Arctic, is adrilt on the iceberg and is intent on shoveling away
the 10,000 kg of ice above the waterline (Fig 9.13B). After removing that
quantity of ice, is the Admiral standing at the water’s edge (Figure 9.13C)?
No—he stands on 9000 kg ol ice (Figure 9.13D), because isostasy always read-
justs the position of the iceberg so that nine-tenths of its mass is above the
waterline. By digging downward (denuding the iceberg), Admiral Frost has
caused the entire iceberg to move upward.

Recognition of isostatic uplilt requires that we refine the vocabulary of
uplift somewhat [38]. Uplift that truly increases the average elevation of the
surface through time, without significant denudation at the same time, is
called surface uplift. In contrast, uplift of rocks refers to any kind of
upward vertical motion, including isostatic uplift, whether or not the eleva-
tion of the surface increases as a result. It has been suggested that most or all
geomorphic and geodetic uplilt measurements are actually measurements of
uplift of rocks, incorporating both tectonic and isostatic driving forces. A geo-
logical test commonly used to infer amounts and rates ol uplilr is to collect
rocks from the surface and determine the temperature and pressure and age
at which those rocks (ormed. The temperature and pressure of formation
vield an estimate of the depth of formation which, strictly speaking, is a mea-
surement of exhumation, not uplift. Exhumation, like uplilt of rocks, is dis-
tinct from surface uplift because it does not necessarily imply any increase in
elevation of the surface [38]. The lesson for geologists, geodesists, and geo-
morphologists is to recognize the contributions of denudation and isostatic
uplift, and direct their research to settings where the diflerent processes can
be isolated.

It is important to note that the average elevation of an area can only
decrease as a result of isostatic uplift acting alone—the process masks the
elfects of downwearing, but it cannot reverse those effects. However, consider
the case where erosion is not unilorm across a mountain range, but rather is
concentrated in the valley bottoms, increasing total relief. In this case, in the
absence of tectonic uplilt, average elcvation decrcases through time, but the
maximum elevation ol the region will increase (Figure 9.14). The high
peaks of the range aré isolated {rom most of the erosion below, bur experience
all of the isostatic uplift of the mountain block. Only when total relief in the
range begins to decline will the maximum elevation also decline.

In mountain ranges, there are certain limitations on isostatic uplilt [40].
Remember that the Earth’s crust has sirength, and isostatic compensation is
always regional. For this reason, uplift ol small geomorphic [eatures, espe-
cially small warps such as described in Chapter 7, cannot be explained by
isostasy. Furthermore, a number of authors have tried to invoke isostasy as a
mechanism to explain episodic uplift and rejuvenation, but Gilchrist and
Summerfield [41] have pointed out that isostasy operates continuously, with-
out significant thresholds, and should not trigger episodic activity. However,
Stiiwe [42] outlines a credible exception to the rule whereby large-scale
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FIGURE 9.14

A briel pulse of tectonic uplilt of a mountain range is combined with the long-term effects
of crosion. The maximum clevation of the range continues to increase for a time alver
tectonic uplill ceases because, as long as refigf is increasing, it wriggers isostatic uplift.

retreat of escarpments on the African coast drives a repeating pattern of
crustal [lexure and renewed scarp retreat.

Equilibrium Landscapes

Onc of the most intriguing implications of denudation and isostasy is the possi-
bility of an equilibrium landscape in a dynamic balance between uplift (tectonic
and/or isostatic) and erosion. The best cases [or real-world equilibrium moun-
tain ranges are those with very high rates of upliit and precipitation. The South-
ern Alps form the sharp spine of South Island, New Zealand. Convergence across
the Alpine fault that began around 2.5 Ma results in uplift rates as high as 22
mm/yr, and robust erosion is driven by rainfall of up to 11 m/yr at the range
crest [43). Erosion is inferred to equal uplilt over the long term. The mountain
range acts as an “erosional subduction zone,” consuming crustal material that is
fed into it by convergence on the Alpine fault.

In the Southemn Alps, it appears thal variations in rock type and struclure,
Quaternary climate change, vegetation, and human influence are all of secondary
imporlance, swamped by the overwhelming influence of upheaval and erosion
[43] (although this conclusion has been disputed {44]). It may tum out that other
mountain ranges with lower rates of activity also may tend toward static, equilib-
rium forms, bur the greater relalive importance of the second-order elfects listed
above creates widespread variability and instability over shorter periods of time.

Another candidate for long-term landscape equilibrium is the topography of
Japan, Uplilt rates from numerous releveling surveys correlate strongly with
denudarion rates [36]. Using this quantitative relationship, Yoshikawa developed a
model of mountain-range construction (Figure 9.15). One of the most interesting
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FIGURE 9.15 Uplift rate
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aspects of this model is that it predicts thar, for a given climate and uplift rate,
there is a maximum, dynamic elevation which a mountain range can reach. A
range with a low uplilt rate will reach its dynamic balance ar a lower elevation
than a range with more rapid uplilt. According to this model, no amount of
additional uplilt will increase the elevation above the dynamic maximum. How-
cver, any increase in the rate of uplift will lead to a new, higher equilibrium cle-
vation. Similarly, mountain ranges decay either when uplift ceases or when the
ratc decreases.

Are there characteristics common 1o all mountain ranges in a state of long-
term dynamic equilibrium? The study of equilibrium landscapes is yet in its
infancy, and the systems are so complex that no universal signature of equilib-
rium has been worked oul. However, we are able to suggesl some diagnostic
traits. We expect these landscapes to be maturely dissected {see Figure 2.1); that
is, with neither flat-topped plateaus nor deeply incised gorges. With all slopes
graded to a mature drainage network, many peaks should be accordant, mean-
ing thar they are of about equal elevation or project 1o a uniform surface. Accor-
dant summits have been recognized in the European Alps {45], in Japan [46],
and clsewhere. Previously, patterns of accordant summits were interpreted to be
the remnants of peneplains (low-reliel erosional surfaces). But rather than
being formed by an erosional base level, the peaks are now inferred to be the
result ol ongoing uplift.
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. Finally, we expect that an equilibrium landscape should demonstrate a per-
vasive relationship between topography and rock strength. In its simplest form,
this means that the landscape will be higher and steeper over a durable bedrock
than over weak rock. The Appalachian Mountains are the remnant of a mouniain
range that has been eroding for more than 100 m.y. They are a candidate for at
least quasi-equilibrium (“quasi® because the only uplift is isostatic, and therclore
elevations can only be reduced). The folded strata of the Valley and Ridge Province
of the Appalachians (Figure 9.16) show a marked corrclation berween rock struc-
ture and topographic elevation. Interbedded strong and weak strata are folded into
anticlines and synclines (Figure 9.17). The highest topography is on the limbs of
the folds because, in this seuting, crosion is controlled by the most resistant rock
layers. The vertical thickness, and therefore the resistance, of a layer is greatest
where the layer dips the most (Figure 9.17, inscr), so thosc areas stand the highest.

THE PROBLEM WITH RATES

A central pari of research in tectonic geomorphology, including mountain build-
ing, is determining rates of uplift. It should be possible Lo take rates of neotectonic

FIGURE 9.16
Satellite image of Valley and Ridge province of the Appalachians.
{Flwto by Earth Satellite Corp./SPL/Photo Researchers, Inc.)
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FIGURE 9.17

(A) Schematic illustrarion of relationship between structure and topography in the Valley
and Ridge province of the Appalachians. (B) Note that, for any warped stratum, the verti-
cal thickness is greatest where the layer dips the most steeply (insct). For a strong layer
interbedded with weaker ones, the resistance to erosion is greatest where its thickness is
greatest. {C) This fact explains why elevations are highest on the limbs of the folds.

activity and project them into the past and to compare them with rates [rom the
longer geological record. However, at widely separated mountain ranges across
the Earth, rates of Cenozoic activity {within the last 67 m.y.} appear to be several
times faster than rates from the more distant geological past. Some researchers
see this difference as a pulse of accelerated global tectonics [47], while others
conclude that Cenozoic climate became much more intense and increased isosta-
tic uplift worldwide [23].

This bias in uplift rates is not a new discovery. In 1949, James Gilluly, then
the retiring president of the Geological Socicty of America, extolled the member-
ship of the Society to reject a growing theory that most of geologic time has been

TRANNGE=)

Geological Academy of IRAN



https://iranageo.ir/

Mouniain Building 315

9_
‘é“ -
E 74
a_ ]
g5+
a3
=
8 3-
=
E -
=
T 1
h
[
-l
-1 4 .
T T T ] 1 I I T ' ]
-1 1 3 5 7 9
Log fime interval, At {yr)
FIGURE 9.18

Log-log plot of uplift versus time interval {or a large number of measured uplift rates. Dil-
{erent symbols indicate specific types of process: 1 - vertical crustal uplift, 2 - glacial
crustal rebotind and fault movement, 3 - salt or magma dorming.

{From Gardner ¢l al., 1987 [49])

anorogenic {withdul major tectonic aclivity), punctuated by briel pulses of tec-
tonism, and that tlhie present is one such atypical pulse [46]. He argued that the
older geologic record is less complete, and the less complete the record, the more
it will incorporate quiet times along with active periods. This bias in rates, some-
limes called “the pull of the present” or “measurement interval bias,” is not just
limited to rates ol uplift. Sedimentation [48], erosion [49], and evolution [S0] all
appear to have accelerated through the Cenozoic. Examining a large number of
rates calculated [rom different intervals of time, the bias turns out to be quite
systematic {Figure 9.18)—the longer the interval over which a rate is measured,
the slower the apparent rate.

A statistical correction for this bias has been devised {49] in which a rate R,
measured over a time interval At is corrected to a standardized yearly distance
R,

R, = R, (At 03%3) (9.19)

This correction allows comparison of uplift rates measured over intervals of
rime that differ by orders of magnitude. For example, a rate ol mountain
exhumation of 1.0 mm/yr calculated [rom a 10 Ma rock is equivalent to an
uplift rate of 5.8 mm/yr calculated {rom a 10 ka stream terrace. The pull of the
present is a demonstrable fact, but as long as the cause of the bias remains
intangible, and as long as geologists can calculate an uncorrected rate on the
back of a napkin, the myths of accelerated rates probably will conrinue.
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TOWARD A COMPREHENSIVE CLASSIFICATION SCHEME

Knowing what we do about mountain ranges, it should be possible to character-
ize some of the differences and similarities between them. John Rodgers, in-
troducing the subject of mountain-range anatomy, listed a number of specific
characteristics: the nature of deformation, the particular assemblage of rock
types, type of regional metamorphism, and other traits [51]. Rodgers also
pointed oul that all mountain ranges could be basically alike, but merely eroded
to different Ievels. Imagine aliens trying o describe whal a cow is like from dif-
ferent cuts of beef—they probably would describe a doven dilferent kinds of
cow: a sirloin cow, a T-bone cow, a rib-eye cow, etc.

Various allempts have been made to create comprehensive classilication
models. In this chapter, we have emphasized the importance of the sirength of
uplift and of denudation. One model classifics different ranges in these terms [52]

1. ranges where uplift > crosion
2. ranges where uplift = erosion
3. ranges where uplift < crosion

To this scheme, we would add the age of the mountain range, in order to distin-
guish berween, for cxample, the 2.5 Ma Southern Alps, the 40-50 Ma Himalaya,
and the 100 Ma Appalachians. Given information on these three parameters
{uplift rate, erosion rate, and age). we should be able to make fundamental
statements aboul a range: its clevation, rclief, degree of exhumation, etc. The
final step would be 1o integrate the quantitative relationships of uplilt and ero-
sion into unilied models of landscape genesis. The [irst tentative steps have been
taken in this direction, but it remains one of the great challenges of tectonic geo-
morphology today.

SUMMARY

Mountain ranges are the product of tectonic [orces that cause uplilt and ero-
sional forces which sculpt the landscape. The effects of these processes can be
seen al a variety of scales, [rom a single mountain peak to the entire planet.
Once a mountain range has been constructed, it must also be supported. Possible
support mechanisms include the buoyancy of the crust (isostasy) and the rigidity
of the lithosphere (flexure). Erosion also plays an important role during and
after construction of mountain ranges. In general, erosion rates increasc with
increasing elevation and relief, but rates have been quite variable through the
climatic shifts of the last [ew millions of years. It is sometimes difficult to com-
parc erosion rares with uplilt rates because they are olten measured over very
different intervals of time, and “the pull of the present” has a significant effect
on rates. However, in some locations, rates of uplilt and erosion may be approxi-
mately equal, crealing mountain ranges in dynamic equilibrium between cre-
ation and destruciion.
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Appendix A:
Selected Dating Methods

Method

Appllicabllicy

Age Range and
QOptimum Resalutlon

1w |to* 10t 10" ot
ot 1o |

Basls of Method and Remarks

Historlcal records

Nendrochronology

Varve chrenology

Carbon-14

Uranium scries

PuLassinm-argon

X XXX

XX

X o XXX

XX

o

or— ==

i

L g

Bequites preservallon of perlinein recerds; applica-
bllity depends on quality and deitail of records. Lim-
ilcd to several hundred years in wesieen hemisphere.

Requlres eliher direct counting of anmzal rings hack
[ecm presens or consituction of a chronology based
on variatians in annual fing growih. Resinced 1o
areas where Lrees ol thic required age and {or) envis
roninenta) sensitivily ace preserved.

Requzires cither direcl counting of varves back from
present or construcilon of a chicunology based on
oveclapping successions of contlnuous varved lake
sediments. Subject ta ervors In inatchiig scparare
sequences and e misidenificaiien of annual

Taywers,

Lrepends on avallabllity of carbon. Based on decay
of ¢, produced by cosmic eadiation, 10 YN, Subjea
ta errors due to contamination, particularly in elder
deposits and in carbonate material {such as mollusk
shells, marl. seil catbonale).

Used 1o dale coral. mallusks, bone, cave cachbonale,
and cadranate coars on sinncs, Patcnlially uselul

In dating wavertine and soll carbonale. A vaclely

ol isoapes al the Uedecay seriss are nsed during
07H 34 {most comman and method described to
Telip, THUAYO (with a range Back (o 600,000 yr).
Bp B (10,000 ~12,000 y1), U-Ile {0-2 m.y.), and
HERa{INTh {< 10,000 yr), Errers duc ta the lack of a
clased chenilcal sysiem are a common problem, espe:
dally in nellusks and hune,

Dirccily applicable only te igneous rocks and glau-
conite. Requires K-bearing phases such as [eldspar,
mica, and glass. Based on decay of **K 1o *PAr. Sub-
ject 10 errors due 1o exeess argei, loss of argon, and
conlamination,
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Appendix A

Numerical Dates {conL.)

Relative Dales

Radlometrle (cant.}

Method

Appllcabllity

Age Range and
Optlmum Resolulion

lm* |l0’ 10t [107 |m‘

Hasls of Mcthod and Remarks

Fistian wack

Uraniom trend

Thermmolumineiccuce
{TL) and clectron-spin
resonance |E5R)

Cosmegenlc solopes
ather than cacbon-14

Amino add
racemizallon

Obsidian hydratian

Tephra hydration

LIchenomelry

X

XX

X 1o XX

T ==

(DG ——— =

R T e ey

BERREEREE

e e = el

Directly appllcable only ta igneaus recks {inchuding
voleanic ash): requires uranlum-bearing maierial
(zitcon, splicne, apadle, glassy. Based on the conlinu-
ous accumulation of tacks {stmincd zoncs) caused
by recolling U fission products. Subject ta errors due
1w eeack elsidentilication and 1o 1rack annealing.

Based on openssystem flux of uranlum through sedi-
ment and soil; 10U, MY, BT, and 2 TL must be
measured en about five dilfcrent amples [rom a
given-aged deposit and an Isochron consiructad to
detenmine age.

Hased on displacement ol elecirons [tom parent
aloms by alpha, bera, and ganuna radlatton. Ap-
pllcable 10 {clilspar and quarte ton sedimems and
catbonale In solls. TL. based on amoum of light
released as sample Is healed compared with that
released afier kiown radialon dose. TL precislon
beuer than hulicated fur ceramics in 400-10,000-
¥ear ranfe.

Daling methods analogous to Crdating are based
vt the cosmogenle Isotopes (hall-Ie in years in
parcuthoses), M50 (3009, 1Ca (1.3 x 107} *5G]
(3.08 > 10™, 2*Al {7.3 x 10%}, "®Be (1.5 x 10%),

132 1.6 =% 1P}, and YMn (3.7 % [0%).

Requires shell or skelewal mawerial. Based on release
of amino acids frem protein and subsequent inver-
sion of thelr siereoisomers. Shells 1end w be more
reliable 1han bone, wood. or organlc-rich sediment,

Is strangly dependent on other vaclables. espedally
Lemperaluce and leaching history. Commonly used as
a relative daling or correfation wechnigue, buy yields
numerical ages when callbrated hy other wchiniques,

Hased on (hickness of the Tyydrated layer along ohsid-
lan crack or surface fornued during given event. Age
proportional to 1he thickness squared. Calibration
depends wn experimenial determination of bydraion
rate ar mamerical datng. Sublect 16 ermors dor 1o 1em-
perature history amd vanation kn cherical compasilion,

Eequires volcanic ash, Based on the progressive fill-
g of bubble cavliles in glass shands with waier. Sub-
jeet va the same Ledts as obsldlan hydration, plus
others, Including e geontetry ol ash shards and
bubble cavitles.

Requires exposed, stable rock subsieaics suitable for
liclicon grusell. Most common Ln alplne and aroiie re-
plons. where llchen thallus diameter is proportional to
age. Subject 1o error due 1o dimatic diffcrences, lichen
kill, and misidenufication. The Umlt of the uselul
range varles considerably with dimate and rock 1ype,
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Relatlve Dartes (cont.}

Carrelatlon

Method

Appllcabllity

Age Range and
Opilmum Resolutlon

10* ot |04 o’ Jio*

Basls of Mcthod and Remarks

Soll development

Rock and mincral
weathering

Progressive landiorm
modificatlon

Rare al deposition

Geomarphic positlon
and Incition raie

Rale of deformailon

Siratlgraphy

Tephrachronology

Palcoinagnetisin

XKXXX

XXX

XX

XXX

XXX

XXXX

OOOOONOT=A #4400

R N N R -

[ e L L LT -

A

RESOLUTION DEPENDS ON

RECOGNITION
OF FEATURE AND
ACCURALCY OF DATING
THAT FEATURE

Encomj < a number ol soil prapenies that
develop with time, all of which are dependent en
other variablcs in addittan to tiine {parent materal,
cllmale, vegelatlen, lopography). Is most cllectlve
when Lhicse other varables are held constant or can
be evaluated. Precislan varles with the soll propeny
measured; for cxample. accumulatlon of seil carbon-
ale locally ylelds age estimates within £20 percent.

Includes a number of rock- and mineral-weathening
[ealures thar develap with time, such as thickness of
weatherng tinds, solutlon of limesione, etching of
pyroxene, grussification of granite, and bulldup ol
desent varnish, Has 1he same basle limliatlons as soll
development. Precision vanics with the weathering
feature measured.

in addition ro (ime. depends on fanes such as
climate and lthology. Depends on recinsimction of
original landlorm and undersiangding of process 1e-
sulling in ¢change of landfon, Including creep and
eroslon.

Requires relatively cunstant cate of sedimentation
over time Iniervals considered. Nurierical ages based
on sediment thickness benveen hnrizens dated by
other incthods. Gulte varlable in alluvial depositiun.

Geamwrplie incision rates depend an sircam size,
scddiment [oad, bedrock resistance to erosion, and
uplift rates or nther base:level changes. [[ nne 1errace
level is dated. niher rermace tevels may be daled
assuming constan rate ol incisiun.

[raling assumes delormation raw coustanl over Inler-
val of cuncern and requires numerical dating for cali-
bratinm, AL spreading centers and plate baundaries,
neazly constani rates may be valld for intervals of
mlllions of years.

Based on physlcal propertics aud sequence of unifs.
which indudes superposliion and inscl relattons.
Depends on 1he osablishment of time equivalicnee of
units; deposition of Quaternary units normally
occurs In respense Lo cyclic dimatic changes.

Requires volcanle ash {1ephra) and unigue chemlcal
ur petrographle ldentificadon and {or} dating of the
ash, ¥ery usetul in correlatlon because an ash crup-
tlon represents a virtually inslaniansous geologic
cyvoon.

Depends on correlation of remnam magnetic veclor.
which Includes pelanity, or a sequence of veaars
wilh a knawn chronology of magncile variatlon.
Subjecr 1o eerers due 1o chemlaal magneiic everprint-
Ing and physlcal disturbance.
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Age Range and
Optlmum Resalullon
Method Applicablity 10 [10® Im‘ |m’ |m‘ Basls of Method and Remarks
Fosshs and arafaces XX i | I | I Depends on the avallability of fossils, Including
pollen, andd artilacis, Resolulion depends on Lhe rate
"y ol evoluilon or change ol erganisms or culwres and
5 RESOLUTION DEPENDS ON on calibrallon by other technlgques. Subjeet 10 errors
= RECOGNITION due 10 misidendfiarion and fmierpreiaton.
5 OF FEATURE AND )
- Srable Isotopes X ACCURACY OF DATING Depends on correlation of the sequence of soieplc
—E' THAT FEATURE changes with an age:coatrallcd master chrenology.
B Oxypen isoiople changes with an age:controled mas-
< ter chrannlegy, Oxygen lsotoplc record s uselul in
deep-sea and lee-cap cores and pethaps in cave
L deposits.
{ 1
APPLICABILITY OFTIMUM RESOLUTION
KXXX. nearly always appllcable XX, often applicable ==—==, <2 perccnt  ==eaws J5-75 percent
XXX, very olten applicable X. scldom applicable ++++++, 2-8 percenl- ooooon, 75-200 percent
—————, B=25 pcroent

{Madilied slightly [rom Pierce, K.L.. 1986. Daling mcthods. In Active Tectanics)
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accelograph: instrument that measures
ground acceleration during seismic shaking.

accordant summits: a landscape in which
all the peaks have approximately the
same clevations.

active fault: a faull that has moved within
a given period of lime, typically the last
10,000 years.

aftershock: an earthquake that follows and
is less powerlul than the main shock.

aggradation: in a fluvial system, the accu-
mulation of sediments in response to a
rise in base level or other causes.

alipnment (leveling) array: line of control
points used to measure displacernent
across a fault.

alluvial fan: a conical, depositional land-
form [ound along many mountain fronts
ol arid and semiarid regions.

alluvium: loose sedimentary material
deposited by rivers or streams.

antecedent stream: a siream that existed
before geologic processes altered the land-
scape; such streams commonly cut through
geologic structures or across high-sranding
topography ol the modern landscape.

antithetic shear: a secondary fault with
the oppusite sense of displacement as the
main fault.

Archimedes’ principle: principle that the
weight ol a floating solid equals the
weight of fluid that it displaces.

aseismic: describes an event or process that
occurs without accompanying earthquake
aclivity.

asthenosphere: plastic layer of the upper
mantle that lies beneath the lithosphere.

asymmetry factor (AF): a geomorphic
index used to detect aclive Lilling.

balanced cross section: a gcologic cross
section in which strata arc parallel, and
individual layers maintain uniform or
uniformly-varying thickness.

base level: the lowest elevation that a spe-
cific [luvial system drains to; the concept
includes both foeal base fevel and ultimate
base level (usually sea level).

beheaded stream: a stream that ends
upstream at a fault and has been laulted
away [rom its headwaters.

body waves: seismic waves that travel
through the interior of the Earth.

brittle behavior: when a material responds
to an applied stress by {racturing.

buried reverse fault: a compressional fault
that does not or did not break the ground
surface when it was last active.

capable fault: according to the U.S.
Nuclear Regulatory Commission delini-
tion, a fault that has moved at least once
in the past 50 k.y. or more than once in
the past SO0 k.y.

catastrophe: a disaster from which recov-
ery is a long and involved process.
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characteristic earthquake: an carthquake
that strikes a given [ault zone with
approximaltely the same magnitude and
with similar characteristics a1 approxi-
malely cqual intervals,

colluvial wedge: a deposit of colluvium at
Lthe base of a slope, thickest near the slope
and progressively thinner [arther away.

colluvium: [oose sedimentary material
deposited by gravity-driven processes,
usually at the base ol a slope.

complex response: a model that states
that features within a system {(such as
individual landforms in a landscape sys-
tem) may be caused by changes in imtrin-
sic varialles, and nou the dirccl result of
external stimuli.

conditional probability: probability of
seismic risk based on available knowledge.

continental drift: movement of continents
in response Lo sea-lloor spreading. The
most recent episode of continentral drift
supposedly began about 200 million years
ago with the breakup of the superconti-
nent Pangaea.

control points: surveyed points in a geo-
detic net or array.

convergent plate boundary: boundary
between two lithospheric plates in which
one plale descends below the other (sul-
duction).

coseismic: describes an event or process
thai coincides with an earthquake.

creep: see fectomic creep.

critical facilities: [acilities that, if damaged
or destroyed, might cause catastrophic
loss of life, property damage, or disrup-
tion of society.

Cycle of Erosion: model of landscape
development developed by W.M. Davis.
In this modcl, landscapes go through
three characteristic stages: youth, malu-
Tity, and old age.

décollement: a low-angle structure (Lypi-
cally a thrust fauit) separating more

Glossary

delformed rocks above from less deformed
rocks below.

deflected drainage: a stream that {ollows
a strike-slip fault along some or all ol its
length.

degradation: in a fTuvial system, the
removal ol scdiments or erosion of the
channclin response o a {all in base feve!
or other causces.

dendritic drainage pattern: “{inger-like”
pattern of streams associated with homo-
geneous bedrock and gentle slopes.

dendrochronology: the study of tree rings.

denudation: regional erosion of the
surface.

depth of compensation: in isostasy, it is
the depth in a [luid at which pressure is
everywhere equal.

detachment {ault: a low-angle normal
faull across which there is significant dis-
placement.

diffusion equation: a mathematical
expression that is used to quantitatively
model fault-scarp degradation.

dilatancy: the development of cracks and
pores in a matcrial that is subjected to
siress.

dilatancy-diffusion model: the theory
that dilatancy in rocks near a lault zone
leads 1o an influx ol water that triggers an
earthquake.

dip: the maximum slope angle on a sloping
surface.

divergent plate boundary: boundary
between lithospheric plales characterized
by production of new lithosphere; found
along oceanic ridges.

drainage basin: rhe area in which all rain
that falls exirs through the same strcam.

drainage density: the number and length
of channels per unit area.

drape fold: a [old that forms over, and as a
result of, a buried normal faulr.

dry-tilt net: three controf points used Lo
measure tilt of the ground surface.
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dynamic equilibrium: a condition of sta-
bility that is created by sell-adjusiment of
all processes operating within the system
(see intrinsic variables and threshold).

earthquake: a sudden moltion or trembling
in the Earth caused by the abrupt release
ol strain on a fault.

Barthquake Cycle: model in which earth-
quakes are the resull of the accumulation
ol elastic strain.

earthquake precursors: events or phe-
nomena that precede an earthquake.

elastic behavior: dcformarion thal is
recovered fully and instantancously when
the driving force is removed.

elastic thickness: in isostasy, it is the
depth to which the crust acts as a tigid or
brittle solid.

emergence: motion of the land up relative
to sca level, such that the coastline
advances oceanward through rime.

ephemeris: a mathematical model ol the
precise orbital path of a satellite.

epicenter: the point on the surface of
the Earth directly above the focus of an
earthquake.

erosion: general lerm describing the
processes of weathering and transport of
sediment.

exhumation: the unburial of rocks by
erosion,

extrinsic variables: processes that origi-
nate or operate outside ol a system.

fault: a fracture or [racture system that has
cxperienced movement along opposite
sides of the fraclure.

faukt-bend fold: a [old formed by a change
in dip on an underlying fault.

fault gouge: a clay zone formed by pulver-
ized rock during an carthquake, which
may create a groundwalter barrier.

fault-propagation fold: a [old that [orms
around the tip of a fault that does not
rupture the ground surface (see buried
reverse fault).
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fault scarp: a steep slope [ormed by a fault
rupturing the surface.

fault scarp degradation: crosion of a fault
scarp. Sce morphological dating.

fault-valve mechanism: hypothgsis that
earthquakes may be closely linked with
fluid pressures in the crust, and that dis-
charges of crustal fluids may accompany
earthquakes.

fault zone: a related group of {aulis in a
subparallel belt or zone.

fill terrace: a type of stream terrace that con-
sists of a thick accumulation of affuvium
{in conirgst to a strath terrace).

flexural-slip fault: a fault on a strati-
graphic bedding planc or other plane of
weakness caused solely by flexure associ-
ated with active folding.

flexural support: a process by which the
weight of mountains or other loads atop
the Earth's crust are carried by the
strength of the crusr. -

flexure: bending of a material or a surface
(see warping).

floodplain: lat land or valiey [loor that bor-
ders a stream or river, formed by migration
of meanders and/or periodic flooding.

fluvial geomorphology: the study of river
processes and landforms caused by river
PIoCesses.

fluvial system: a river or stream.

focus: the location within the Earth at
which an earthquake originates.

fold-and-thrust belt: a zone characterized
by subparallel faults and [olds that reflect
aclive compression.

footwall: the side of a fault that lies
beneath the inclined fault plane.

foreshock: an earthquake that precedes
and is less powerlul than the main shock.

geodesy: study and measurement of the
shape ol the Earth's surface.

geoid: a surface of equal-gravity potential
around the Earth. In most applications,
mean sea level is used.
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geomorphic record: the sum of landforms
and Quaternary deposits at a site or in an
area.

geomorphology: the study of landforms
and surface processes.

Global Positioning System (GPS): geo-
detic positioning technique that utilizes
the array of satellites maintained by the
U.5. Department of Delense.,

graben: a structural block that is down-
dropped by faults on both sides of it.

graded river: a river in which driving
forces {e.g.. gravity, slope, discharge) and
resisting forces (e.g., volume of sediment
transported, channel roughness, sinuos-
ity) are equal along its entire length.

ground acceleration: a quantitative mea-
surement of the intensity of seismic shak-
ing (usually given as a percent of the
acceleration of graviry).

ground-penetrating radar; a method of
sending radar waves into the subsurface
and measuring their reflections with the
goal of determining geometry beneath the
surlace.

half graben: a structural block that is
downdropped by a fault on only one side
of it. Subsidence of a hall graben must be
accompanied by tifting or warping.

hanging wall: the side of a fault that lies
above the inclined fault plane.

Holocene Epoch: the last 10,000 years.

horst: a structural block that is lifted up rel-
ative to the blocks on either side of it.

hypocenter: the point in the earth where
an earthquake originates; also known as
the focus.

hypsometric curve: a graphical represen-
tation of the elevation distribution of a
given landscape.

hypsometric integral; area under the Ayp-
sometric curve.

hypsometry: measurement and analysis of
the distribution of land area at different
elevations. ’

Glossary

incision: local or regional erosion by streams,
typically causing an increase in reffef.

induced seismicity: earthquakes caused
by human activity such as building dams,
injecting fluids into the subsurlace, or
underground testing of nuclear weapons.

intensity (of an earthquake): a relative
measurement of the strength of shaking
at any given location. Intensity generally
decreases with increasing distance from
the epicenter.

interseismic: describes an event or process
that occurs between major earthquakes.

iniraplate earthquakes: earthquakes that
occur in the interior of a lithospheric
plate, away from any plate boundary.

intrinsic variables: processes that originate
or operate within a system.

isostasy: the principle by which rhicker,
more buoyant crust stands topographi-
cally higher than thinner, denser crust.

landform: a discrete element of the land-
scape, such as a hill, a terrace, or an allu-
vial [an.

landslide: any downslope motion under
the force of gravity—sometimes a sec-
ondary effect of earthquake shaking.

liquefaction: transformation of water-satu-
rated sediments from a solid to a liquid
state in response 10 shaking.

listric fault: a normal fault that is curved.

lithosphere: the upper portion of the
Earth, consisting of the crust and upper
portion of the mantle, that is character-
ized by brittle behavior.

locked fault: a [ault which does not
exhibit tectonic creep; a [ault on which
stress accumulates.

longshore transport: movement of sedi-
ment parallel to the shoreline as a result
of waves that sirike the shore at an
oblique angle.

Love wave: a type of surface wave that
causes a sideways shaking (in contrast to
Rayieigh wave).
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magnitude (of an earthquake): an
absolute measurement of the energy of a
given earthquake.

marine terrace: (sometimes called an
uplifted marine ferrace) a set ol coastal land-
forms, typically cither a wave-cut platform
or a coral reef complex, that has been
uplifted above the modern shoreline.

material amplification: a local increase in
the intensity of seismic shaking caused by
near-surface material {usually loose
sediments or artificial {ill).

maximum credible earthquake: the
largest earthquake likely Lo be generated
by faults in a given arca. .

meander: one of a series of curves in a sin-
uous slream oOr Tiver.

measurement intervat bias: observation
that the rates ol many processes seem (o be
slower in the distant geologic past than they
are in the present or in the recent past.

mid-ocean ridge: divergent spreading
center at the center of an ocean, called
a ridge because the newly formed
ocean crust is refatively buoyant and
causes the topography to stand high.

Modified Mercalli Scale: a system for esti-
mating carthquake intensity.

moment magnitude: a system for mea-
suring earthquake magnitude based on the
total energy released by the earthquake
(also see seisntic moment).

monsoon: pattern of seasonal storms that
strike India, Southcast Asia, western
Alrica, and northern Australia,

morphological dating: estimating the
age of a landform based on its shape,
usually estimating the amount of ero-
sion that has occurred since the land-
form was formed.

morphometry: quantitative measurement
and analysis of topography.

mountain front: steep escarpment that
marks the boundary between mountainous
topography and relatively flat topography.
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mountain-front sinuosity (S_): a geo-
morphic index used to detect rectonic
activity along mountain fronts.

normal fault: a fault across which there is
extension.

numerical age control: estimates of the
age of a material or [eature in an absolute
number of years (as opposed to relative age
control).

offset stream: a stream the channel of
which is displaced across a strike-slip
[ault.

orogeny: regional increase in topography
caused by teclonic processes (mountain-
building). .

orthometric height: elevation above or
below the geoeid.

P-wave: compressional (“push-pull™) seismic
waves.

paleoseismology: the study of earthquakes
that occurred in the geologic past.

peneplain: a low-relief plain that is the
theoretical end-product of erosion with-
out teclonic activity {see Cycle of Erosion).

piercing points: two points on oppositc
sides of a [ault that were originally con-
necled, but were olfsel by one or more
ruplures along the fault.

plastic behavior: a permanent change in
the shape of a material after a {orce is
applied o it.

plate tectonics: a model of global tectonics
that suggests that the outer layer of the
earth known as the lithosphere is com-
posed of several large plates that move rel-
ative (o one another; continents and ocean
basins are passive riders on these plates.

Pleistocene Epoch: the period ol geologic
time [rom about 2 million to 10,000 years
ago. Much of the Pleistocene was charac-
terized by the growth and decline of glaci-
€IS In many arcas.

post-glacial rebound: uplilt caused by
isostasy that follows the melting of a large
continental ice sheet.
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postseismic: describes an event or process
that occurs shortly after an carthquake.

preseismic: describes an event or process
that occurs shortly before an earthquake.

pressure ridge: a hill along a strike-slip
fault zone formed by upwarping at
restraining bends or between two different
strands of the fault.

process-response model: a model of the
development of landforms and the land-
scape bascd on an understanding ol the
processes at work and how they shape
the surface.

pull of the present: see measurement inter-
val bias,

Quaternary: the latest period of geologic
time up to and including the present. The
Quaternary includes the Pleistocene and the
Holocene, and ranges from approximately
1.65 million years ago to the present.

radiocarbon dating: a method that esti-
mates the absolute age of 2 sample bascd
on the ratio of radiogenic carbon {11C) 1o
stable carbon (12C and "C}.

Rayleigh wave: a type ol surface wave that

_ causes an elliptical motion like the rolling of
an ocean wave {in contrast to Love wave),

recurrence interval: the average period ol
time berween major earthquakes on a
given faull (sec characteristic earthquake).

rejuvenation: renewed uplift and
crosion of a mature landscape (scc Cyele
of Erosion).

relative age control: estimates of the age
ol a material or feature compared with
other features (as opposed to numerical age
control).

relative spacing: a method for determining
the ages ol a sequence ol marine terraces
based on their present-day elevations
and knowledge of Quaternary sea-level
history.

relative tectonic activity class designa-
tion: classification of a given area into

Glossary

one of several categories of ongoing
tectonic activity.

releasing bend: a bend in a strike-slip fault
that causes extension across the area of
the bend.

relief: generally, the “rugpgedness” of the
topography; specilically, the highest ele-
vation minus the lowest elevation in a
given area.

response spectra: in earthquake engineer-
ing, it is the relationship between seismic-
wave period and ground shaking.

restraining bend: a bend in a strike-slip
faulr that causes compression across the
area of the bend.

retrodeformation: interpretation of a geo-
logic cross section with the goal of under-
standing its geomeiry before deformation
occurred.

reverse fault: a fault across which there
has been convergence.

Richter magnitude: (also called local
magnitiide) a system for measuring
carthquake magnitude based on the
maximum amplitude and period of
seismic waves recorded by a seismograph
at a set distance {rom the earthquake
epicenter.

rupture: breakage ol a material under stress.

S-wave: seisinic waves in which particle dis-
placement is perpendicular o the direc-
tiont of propogation of the wave.

sag pond: a pond along a strike-slip fault
zone formed by downwarping between
two different strands of the fault.

sand boil: sand extruded from the surface
during seismic shaking, caused by high
{luid pressure and liguefaction. Also called
a “sand blow” or “sand volcano.”

Satellite Laser Ranging (SLR): geodetic
positioning technique based on the travel
time of a laser pulse {rom a measuring
station to a ranging satellite back to the
measuring slation.
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satellite radar interferometry: geodetic
positioning technique that uses pairs of
radar images with the goal of measuring
small changes in position over broad
arcas.

scarp: (short for escarpment) a slope
steeper than the surrounding topography;
rclated to a change in material, process,
or geomorphic history.

seacliff: on a marine terrace or a modern
coastline, it is the steep slope cut by wave
action at its base.

segmentation: subdivision of a fault zone
into smaller units with discrete rupture
histories.

seismic: refers to vibrations in the earth
produced by earthquakes.

Seismic Deformation Cycle: a repeating
pattern ol preseismic, coseismic, postseismic,
and inferseismic delormation at of near a
fault.

seismic gap: a portion of a fault zone,
between 1wo areas that have rupured
in historical or recent time, that has not
ruptured.

seismic moment: a measurement of the
total amount of energy relcased during an
earthquake.

seismic reflection profiling: a method of
inducing vibrations and measuring their
reflections with the goal of determining
geometry beneath the surlace.

seismic risk: an estimate of the likelihood
and the potential damage ol an carth-
quake in a given area.

seismic waves: energy released from a
fault rupture, subdivided into bedy waves
(P-waves and S-waves) and surface waves
(Rayleigh waves and Love waves).

seismic zoning; lepal definition of land as
appropriate or inappropriate for different
uses based on proximity Lo active faults,
presence of material that may amplify
shaking, etc.
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seismograph: instrument for measuring
sefsmic waves; the record of seismic waves
itsell is called a seismogram.

seismometer: instrument used to measure
seismic waves.,

shoreline angle: on an erosional coastline,
the line at which the wave-cut platform
meets the seaclifl.

shutter ridge: a ridge offset by a strike-slip
fault such that the ridge below the faull is
juxtaposcd against the gully above the
fault.

slip rate: long-term rate of motion on a
fault or fault zone.

soil chronosequence: a series of svil pro-
files systematically arranged {rom
youngest to oldest.

strain: delormation resulting [rom stress.

strain partitioning: observation that in
arcas with oblique strain, horizonral and
vertical deformaltion ofien occur on dis-
linct and separate strucLures.

strath terrace: a type of streant terrace that
consists of a cut bedrock surface with lit-
tle or no affeviin: overlying it (in contrast
ta a fill terrace).

stream length-gradient index (SL): a
geomorphic index used o identily possi-
ble areas ol tectonic activity.

stream power: the rate at which a stream
can do work.

stress: force per unit area; may be compies-
sive, tensile, or shear.

strike: the orientation of a horizontal line
on a sloping surface.

strilke-slip fault: a fault across which dis-
placement is predominantly horizontal.

subduction: process in which one litho-
spheric plate descends beneath another.

subduction zone: a convergent plaic
boundary at which dense crust of onc of
the plates sinks down into the mantle.

subenvelope map: a lopographic map
based on stream elevations, with the
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higher elevations between streams
stripped away.

submergence: motion of the land down
relative to sea level, such that the coast-
line advances landward through time.

subsidence: downwarping of an area of the
Earth’s surface.

surface uplift: a specilic type of upfift in
which the elevation ol the surface
increases through time,

surface waves: seismic waves that travel
along the surface of the Earth or discrete
boundaries within the Earth.

synthetic shear: a secondary fault with the
same scnse of displacement as the main
faulr.

tectonic creep: movement along a fault
zone that does not occur at the same time
as an carthquake.

tectonic cycle: the global process of the
creation, ¢volution, and destruction of the
crust of the Earth.

tectonic geomorphology: (1) the study
of landforms shaped by teclonic process;
(2) application of geamorphic principles
Lo reveal the presence, patlern, or rates of
tectornic processes,

tectonics: processes of deformation
{motion) ol the Earth’s crust, and the
structures and landforms that result from
ihose processes.

terrace: an inactive bench, typically near
an active stream or coastline. The term is
applied to both the flal surface of the ter-
race (the tread) and 1he slope below {the
riser).

threshold: a critical transition point, such
as the maximum amount of change that a
system can absorb before its dynamtic equi-
librium becomes unbalanced.,

thrust fault: a wype of reverse faul!t which is
less steep than 45°.

tide gauge: an instrument used to measure
sea level over time,

Glossary

tilting: process by which a horizonzial sur-
{ace acquires a slope (usually without
warping).

time history: properties of ground shaking
over the duration of an carthquake ata
particular site.

transform fault: type of fault associated
wilh oceanic ridges; may form a plate
boundary, such as the San Andreas Fault
in California.

transport-limited slope: a hillslope on
which crosion is limited only by the rate
of sediment transporl (also see weathering-
lintited slope).

transverse topographic symmetry
factor (T): 4 geomorphic index used to
detect active tilting.

trilateration net: network of controf points
used o measure vertical or horizontal
deformation.

triple junction: the point at which three
plate boundaries meet.

tsunami: a potentially damaging ocean
wave (riggered by a submarine earth-
quake or other large-scale shift on the
ocean floor.

uniform-slip model: a model in which a
faull or faulis are characterized by con-
stant displacement per rupture cvenlt, a
constant long-term slip rate, and a char-
acteristic earthquake magnitudc,

unpaired strearn terrace: a terrace seg-
ment on only one side of the modern
strcam; less likely to reflect a regional tec-
1onic or climatic event than paired terraces.

uplift of rocks: any upward vertical
motion, whether or nol the elevation of
the surface increases as a resull.

uplift path: on a graph of sea-level history
{elevation versus age), it is the line that.
traces how an individual marive terrace was
formed and uplifted 1o its present elevation.

variable-slip model: a model in which a
fault or laulis are characterized by irregu-
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lar amounts of slip per rupture event,
long-term slip rates, and/or earthquake
magnitudes.

vertical extent of mortality (VEM): ver-
tical width of a zone in which non-mobile
marine organisms are killed by coseismic
uplift.

Very Long Baseline Interferometry
{VLBI): peodelic positioning technique
that uses radio telescopes to measure sig-
nals from quasars.

volcanic tumescence: uplilt caused by ris-
ing magma bencath the surface.

sITPITOT EACAcE
L

surface cut by waves as well as by sec-
ondary biological and chemical processes.

wavelength: in fsostasy and flexural support,
the lateral dimensions of a load on the
Earti’s crust.

weathering: the sum of all physical and
chemical processes that break down rock
at and near the Earth’s surface.

weathering-limited slope: a hillslope on
which erosion is limited only by the rate
of bedrock (or substrate) weathering {also
sec fransport-fimited slope).

winter berm: {(also called the sterm berm)

pn a sandv shoreline. i isr__tl
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abrupt burial, 246, 266

acceleration, 40, 42, 315

accelograph, 40

accommodation zone, 71

accordant summits, 312

aftershock, 37

alterslip, 111

aggradation, 151, 159, 167,
258

Alaska (“Good Friday”)
earthquake (1964), 30,
32,34, 190

alignment arrays, 98

alluvial fans, 52, 55, 64, 65,
141, 144, 239, 299-302

Alpine Faulr, New Zealand,
199, 311

amplifiction, 21-22, 288

amplitude, 13

Andes Mountains, 294-295

Anti-Spoofing, 108

Apennine Mis., ltaly, 79

Appalachian Mis., 129, 297,
314, 316

Appalachian Valley,
128-129

aseismic deformation. See
creep

asthenosphere, 5, 305

asymmetry factor, 126-128,
127

attenuation, 21

average peak horizontal
acceleration, 18

avulsion, 151

base level, 123, 158-159,
171, 293

Basin and Range province,
71, 74,75, 115, 256,
270, 303

beaches, 186, 187-197

benches, 62

bend

releasing, 65, 67
restraining, 65, 67

bioerosion platform, 183184

Blue Ridge, 129

Borah Pcak, Idaho earth-
quake (1983), 2, 280

boreholes, 248

bracketed duration. See
duration of shaking

braided channel, 57

buried reverse faults, 9, 11,
173, 212, 240

buried thrust fault. See
buried reverse faults

Cape Mendodino earthquake
(1992), 179, 181-190

Cascadia subduction zone,
179, 192, 212-213, 252
catastrophes, 2, 3, 26, 31,
192, 203, 276, 28]
characteristic earthquake,
37, 269, 271
Charleston, South Carolina
earthquake (1886}, 153
China, 228
chronology, 82, 83-87, 239,
257, 264
"G method, 83-85, 160, 257
Coalinga, California earth-
quake (1983), 212
coastlines, 181-205
carbonate, 182, 188
classilication of, 182-183
clastic, 182, 185
crosional, 182-185
marine terraces (see ter-
races, marinc)
colluvial wedges, 184, 246,
262-263
Colorado River, 307
complex response, 53,
55-57, 170-171
conditional probability, 27,
28, 29, 268, 274-275
continental collision, 5,
- 296, 298
coral reefs, 179, 185-186,
189, 194, 196, 202
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coseismic deformation, 111;
151-152, 182, 189-193,
197, 228

coseismic subsidence,
192-193

coseismic uplilt, 151, 181,
183, 190-191, 200, 203,
253

Costa Rica, 127, 202

creep (tectonic), 35, 97-98,
110-111, 160, 228, 231

crust, continental vs.
oceanic, 292, 303

Cycle of Erosion, 53, 54,
123, 291

dating. See thronology

Davis, W.M. See Cycle of
Erosion

deflected drainages, 60

degradation, 151

denudatibn. See weathering

depth of cothpensation. See
isostasy

detachment faults, 71, 211,
216-217, 221-225,
232-233, 236

diffusion-equation modeling.
See faulr scarps, degrada-
tion

digital elevalion models
{DEMs), 123-124

dilarancy-diffusion model,
39,41

displaced strata, 240, 261,
262

disposal wells. See induced
seismicity

Dixie Valley, Nevada, 71

drag folds, 263

drainage basin asymmetry,
122, 124128

drainage systems. See fluvial
systems

drape folds, 261

dry-tilt nets, 98

duration of shaking, 40

dynamic equilibrium, 53-54,
152, 291, 311-313

earthquake precursors,
276-280
animal behavior, 276, 280
clectrical resistivity, 276,
278,279
foreshocks, 276
radon gas emissions, 276,
278,279
subsidence, preseismic,
276-278
earthquakes
clustering, 271, 273-274
Earthquake Cycle (see
Seismic Deformation
Cyde)
forecasting, 108, 268,
272, 275-281, 284-285
hazard, 43, 46, 212-215,
221, 224, 228, 245, 268,
281
hazard adjustment,
283-285
magnitude, 245
pattern, 276
prediction {see ecarth-
quakes, forecasting)
primary eflects, 30
risks (see earthquakes, haz-
ard}
secondary effects, 30-35
segments (see faults, seg-
mcentation)
warning systems,
282-283
East Alfrican Rilt, 68, 72, 73
El Asnam, Algeria earth-
quake (1980), 79, 81,
212-2153, 214, 226
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elastic rebound, 37, 38, 212
elastic thickness. See isostasy
electronic distance measure-
ment {EDM}, 98-99
elevation, 292-293, 303,
310, 312
ephemeris, 101-103
epicenters, 13, 14
erosion. See weathering
escarpments. See scarps
event siratigraphy, 261
exhumaltion, 310
extension. See normal fault-
ing

faulting, 2, 9, 59, 2153,
266-269, 281
faults
active (defined), 22-26,
36, 539, 84, 140, 163,
212, 255, 278, 280
cxposures, 246—248
fault zones, 11, 35, 37,
266-269, 278, 280
listric, 218, 221
normal {see normal fault-
ing)
obliquc slip, 248
propagation, 224
segmentation, 11, 37,
266-272, 275
strike-slip (see strike-slip
[autlts)
thrust (see thrust faults)
wedge, 237
faulted stratigraphy. See dis-
placed strata
fault scarps, 2. 57, 59, 71,
145, 172-173, 246, 250,
254-263
degradation, 173, 203,
258-261
displacement, 245, 248
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morphological dating of
(see [ault-scarps, degra-
dation)
morphology, 256-257
fault-valve mechanism, 40
fire, 31
fissure fillings, 264, 266
Hexural slip faults, 225-227
flexure, 212, 303-305, 311
fluvial systemns
drainage basins, 122-132,
152, 300
drainage density, 239-240
drainage networks, 159
drainage pattern, 123,
153, 159, 160
floodplain, 56, 170-172
fluvial terraces (see ter-
races, fluvial)
incision, 170, 176
longitudinal profiles, 153
river pattern, 153-154
sinuosity, 154-155
focus {of an earthquake),
13, 14, 17
fold-and-thrust belts, 78,
211-215, 218, 221-225,
228
folding, 228-231
[olds
aclive, 78, 215, 232
fauli-bend lolds, 215,
217-221, 220, 237
{ault-propagation [olds,
215-217, 219, 237
flexural-slip folds (see
flexural-slip faults)
rollover folds, 218
[oreshocks. See earthquake
precursors
frame of reference (geo-
detic), 94-95
frequency (of seismic
waves), 21

Garlock [ault, Califoinia,
139-140
geodesy
far-field, 96-97, 110, 114
geodetic change, 96
geodetic leveling net-
waorks, 98
geodertic measurement,
96
ground-based, 97-99
ncar-lield, 96-97, 98, 110
space-based, 99-108, 111
Geographical Cycle. See
Cycle of Erosion
geoid, 94, 95, 103

geomorphic record {defined),

52
Gilluly, J.. 314
Global Posilioning Systems
(GPS), 97, 105-108,
106, 111
absolute positioning, 106
kincmaric positioning,
106
necar-field positioning,
108
positioning, 105
relative positioning, 106
global seismicity, 9, 10
Gobi-Aliay, China, carth-
quake (1957), 228
GPS. See Global Positioning
Systems
graben, 62, 64, 79. 161
graded river, 152, 153
ground motion, 40, 30, 43,
43, 269

Hack, J.T., 291

Haicheng, China {1975),
276

hall-graben, 70, 162, 163

Hebgen Lake, Montana
earthquake {1959}, 162
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Himalaya, 5, 224, 296-297,
303, 308, 316

Holocene, 80-87, 82, 168,
191, 192, 269-271

horst, 64, 161

hypsometric interval,
122-124, 125

hypsometry, 122-124, 291

incision. See {luvial systems
India, 224, 296-297
induced seismicity, 35
intensity (of an carth-
quake). See Modilicd
Mercalli scale
intraplate carthquakes, 11
intrinsic variables, 54
isostasy, 303-304, 306,
309-311

Japan, 109, 224, 251, 311

Kern County, California
carthquake {1952), 240

kill zone. See vertical extent
of mortality

Kobe, Japan earthquake
(1995), 3

Lake Tanganyika, 70
Lake Victoria, 70
Landers, California carth-
quake (1992), 15, 111,
245-255
landscape, 57, 307, 310,
312,316
classilications of, 290
development, 52-55, 130,
291
equilibrium, 311-313
rejuvenation, 292, 310
scale, 289-291
stage of development, 53,
123, 291
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landslides, 30, 52, 79

leveling arrays, 98

linear valleys, 60

liquefaction, 30, 246

lithosphere, 4-5, 7, 9,
303-305

local magnitude. See Richter
magnitude

Loma Prieta, California
carthquake {1989), 3,
25, 28, 30, 275

Long Valley caldera,
163-166

Los Angeles basin, 228

Love waves. See seismic,
waves .

Lunar Laser Ranging (LLR),
104105

marine terraces. See ier-
races, marine
material amplification. See
amplification
measurement interval bias,
315-316
Mendocino Triple Junction,
133-137, 255-257
Mexico City earthquake
(1985), 3, 23, 190
Middle America Trench,
202 :
mid-ocean ridges. See plaic
boundaries, divergent
Mississippli River, 13, 93-94,
155, 199
Modilied Mercalli scale, 18,
19, 30, 32, 245
momcenl magnitude, 15, 43,
45, 246, 269, 270
monsoon, 297, 308
morphological dating. See
[aulr scarps, morpho-
logical dating of
mountain fronts, 299-303

Mountain-Front Sinuosity
Index, 122, 138-140,
299

mountain fronis, relic,
140-141, 145, 301-302

mountains, classification of,
29]

National Earthquake Haz-
ards Reduction Pro-
gram, 280-282

New Madrid, Missouri eartls-
quakes (1811-12), 11

New Zealand Alps, 311

Niigata, Japan earthquake
(1964), 276

normal faulting, 9, 11, 12,
67-75, 76, 78, 221, 269,
301, 303

Northridge, California
earthquake (1994), 3,
111, 173, 212, 215-216,
221, 283

nuclear testing, 200

offser streams, 60, 159-161,
246, 250

orogeny, 293-315

Owvens Valley, California,
77,151

Pakistan, 224
Pallett Creek. See San
Andreas fault
Pangaea, 5, 8, 295 )
Parkficld. See San Andreas
fault, Parkfield segment
Penck, W., 291
peneplain. See Cycle of Ero-
sion
period (of an earthquake),
- 21
plate boundaries, 5-7, 294
convergent, 3, 212, 294
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divergent, 5, 294
transform, 3
plate tectonic motion, mea-
surement of, 96
plates, 6, 75
Plcasant Valley, Nevada, 71
Pleistocene, 80-87, 82, 168,
194, 196, 197, 201, 203,
230, 232-233, 237, 240,
257
postglacial rebound, 199
polassium-argon dating, 84
Potomac River, 130
preseismic motion. See
earthquake precursors

- pressure ridges. See strike-

slip faults
process response model, 52
progradation, 182, 186
puli of the present. See mea-
surement interval bias

Qualernary. Sez Holacene
and Pleistocene

radiocarbon dating, 84, 192,
202, 273
rates
of denudation, 307-308
of faulr slip, 26, 37, 268,
272
of plate-tectonic motion
{see plate rectonic
maolion)
of sedimentation, 315
ol uplift, 232-240, 254,
301, 308-3i6
Ratio of valley-Iloor width
to valley height, 122,
140
Rayleigh waves. See seismic,
waves
recurrence interval, 3, 26,
84, 240, 271-272
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relative rectonic activity
class designation, 142

relief, 289, 292-293

response spectra, 43

resurvey rime, 96

rerurn time. See recurrence
interval

reverse faults. See thrust
faults

Richter magnitude, 13, 16

rivers. See [luvial systems

Rodgers, J., 316

sag pond, 61, 62
San Andreas fault, 3, 7, 28,
37, 66, 107, 114-116,
139, 160-161, 228-230,
273-274
Pallett Creek site, 273-274
Parkficld scgment, 275
Wallace Creck site, 162
sand boils, 246, 263-265
sand blows. See sand boils
San Cayetano [aulr, 145
San Fernando Valley earth-
quake (1971), 133, 217
San Gabriel Mountains,
Calilornia, 132-133
San Joaquin Valley, Califor-
nia, 237
Satcllite Laser Ranging
{SLR), 101-105, 103, 110
Satcllite Radar Interferome-
try, 111, 112
scarps, 37, 61, 73, 77
sea-floor spreading, 5, 7
sea level, 189-191,
193-197, 195
Sea of Japan earthquake
(1983), 276
segmentation. See [aulis,
segmentation
seismic
gaps, 226, 278

hazard (see carthquakes,
hazard)
moment, 15
reflection proliles, 246,
248-250, 249
risk, 26--29, 45, 281
sources, 9, 42, 44, 228, 280
waves, 16,17, 18-22
zoning, 26
seismographs, 13
Scismic Deformation Cycle,
37, 110-112, 113, 278
Seleclive Availability, 108
shear
antitheric, 62
modilus, 16
simple, 64
strength, 40
synthetic, 62
shoreline angle, 185
shorelines. See coastlines
shutter ridges, 61
Sierra Nevada, 71, 115, 22)
suil chronosequences, 60
spirit levels. See dry rilt nets
strain, 9, 37
strain parlitioning, 228
Stream-Length Gradient
Index, 122, 123-138,
129, 153
strcam order, 136
strcam power, 129, 152
streams. See [luvial systems
stress, 9
strike-slip faults, 9, 11, 42,
60-67, 130, 159,
211-212, 228-231, 248
pressure ridges, 62
steps (bends) in, 212,
228-229
sub-envelope maps,
131-132
subduction, 9, 75, 189-190,
212, 225, 294-296
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submergence ol coasts, 34,
182, 267

subsidence, 32, 34, 52, 98,
187, 276

surface faulting. See fault
scarps

surface uplift. See uplift

surveying. See geodesy

Taiwan, 224

Tanshan, China earthquake
(1976}, 276

teclonic aclivity classes, 111

teclonic cycle, 4

teclonic gecomorphology
(delined}, 52

iephrachronology. 84

Lerraces

fluvial, 56, 58, 170-174,
232-236, 246, 250-251
marine, 78, 79,184—-185,

198-202, 246, 251-254

thresholds, 54-55, 308, 310

thrust faults, 9, 11, 12, 42,
75-80, 192, 212-215,
228, 269, 297

Tibetan Plateau, 296-297,
303, 306-308

lide gauges, 95, 187-190

tilting, 2, 126, 153, 162,
163-165, 172-174, 275,
301

time history, 41

transform fauls. See strike-
slip laults

Transversce Ranges, Califor-
nia, 133, 142, 215, 226

Transverse Topographic
Symmetry Faclor, 127

trench exposures. See faulis,
exposures

irilateration nets. See gco-
desy, near-field
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triple junctions, 7
tsunarni, 31, 32, 33, 192

unconsolidated sediments.
See amplification
uniform-slip model, 37
uplift
isostaltic, 187, 197, 200,
309-311
preseismic, 189, 276-278
surface uplift, 310
volcanic tumescence, 199,
295
uplilt of rocks, 310
uranium-series dating, 84,
202

Valley and Ridge Province,
129, 314

variable-slip model, 39

Ventura Avenue anticline,
142, 143, 232237

Ventura basin, 141, 225-226

Venus, topography of,
293-294

vertical extent of mortality
(VEM), 190-191

Very Long Baseline Interfer-
ometry (VLBI), 99-101,
102, 109, 115

volcanic eruptions, precur-
sors, 108, 109

Volcanic Tableland, Califor-
nia, 71, 73, 77

Wallace Creek. See San
Andreas fault
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Index

warping, 2, 154, 159, 167,
173-174, 314

Wasatch fault zone,
269-272

waler gaps, 237-238

wave-cut platform, 183-186

wealhering, 307-311

Wheeler Ridge anticline,
237-240

Whittier Narrows, Califor-
nia earthquake {1987),
212

wind paps, 237-238

Yellow River, China, 307

Zagros Mountains, Iran, 78,
80


https://iranageo.ir/

IRANNGE®

gical Academy of IRAN



https://iranageo.ir/

IRANNGE®

gical Academy of IRAN



https://iranageo.ir/

