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mechanisms of major earthquakes can be fitted. It provides a framework into 
which a wide variety of observations of geology and geophysics can be assimi
lated. In short, it is a unifying concept long sought by earth scientists. 

In this report, plate boundary regimes are examined and the variable fac
tors influencing plate interaction and earthquake generation are evaluated. 
These findings are applied to various boundary regimes found along the west 
coast of the United States. 

The geologic history of the United States, interpreted in terms of plate 
tectonics, is outlined to emphasize that crustal structures currently active in 
producing earthquakes had their origin long ago in episodes of continental rift
ing and collision. The processes of orogeny and epeirogeny are examined in 
terms of earthquake generation. 

Orogeny, in terms of plate tectonics, is produced by plate convergence, 
the formation of volcanic arcs, and finally plate collision, whereas epeirog
eny appears to be the result of mantle configuration or the product of mantle 
motion. 

Both processes have been active throughout geologic time and are currently 
active as producers of seismicity. Earlier orogenic episodes have formed the 
crust of the western United States and have left it different from that of the 
eastern United States. 

The seismicity of the United States is reviewed and related to plate 
tectonic phenomena currently active and to contemporary stress fields. Evi
dence indicates that seismicity of the western United States is the product 
of the interaction between the Pacific and North America plates (as a result 
of transform and convergent boundary regimes along the west coast) and the 
interaction of subplates within the western interior, the latter interaction 
having been mobilized by mantle plumes overridden by the North America plate. 

Although the present understanding of plate tectonics has provided a 
framework into which a wide variety of geological and geophysical observa
tions can be fitted, plate tectonic theory is still being formulated and it 
is not completely understood. There are many gaps not only in the present 
state of knowledge of the driving mechanism but also in the knowledge of the 
stress conditions prevailing in the crust of the United States and how this 
stress is released in the form of earthquakes by plate motion. 

Unclassified 
SECURITY CLASSIFICATION OF. THIS P AGE(When D•I• Entered) 



PREFACE 

This report was prepared by Prof. Jack L. Walper of Texas Chris

tian University in Fort Worth, Texas, as part of ongoing work at the 

U. S. ·Army Engineer Waterways Experiment Station (WES) in Civil Works 

Investigation Studies, "Methodologies for Selecting Design Earthquakes," 

sponsored by the Office, Chief of Engineers, U. S. Army. This is the 

fifth of a series of state-of-the-art reports on methodologies for 

determining the severity of bedrock motion during earthquakes. 

Preparation of the report.was under the direction of 

Dr. Ellis L. Krinitzsky, Chief, Engineering Geology Research Facility. 

General direction was by Mr. James P. Sale, Chief, Soils and Pavements 

Laboratory, and Mr. Don C. Banks, Chief, Engineering Geology and Rock 

Mechanics Division. 

COL G. H. Hilt,. CE, and Mr. F. R. Brown were Director and Techni

cal Director, respectively, of WES during the period of this study. 
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CONVERSION FACTORS, U. S. CUSTOMARY TO METRIC (SI) 
UNITS OF MEASUREMENTS 

U. S. customary units of measurement used in this report can be con

verted to metric (SI) units as follows: 

inches 

feet 

Multiply 

miles (U. S. statute) 

square miles 

tons (2000 lb, mass) 

degrees (angle) 

By 

2.54 

0.3048 

1. 609344 

2.589988 

907.1847 

0.1745329 
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To Obtain 

centimetres 

metres 

kilometres 

square kilometres 

kilograms 

radians 



STATE OF THE ART FOR ASSESSING EARTHQUAKE HAZARDS 

IN THE UNITED STATES 

PLATE TECTONICS AND EARTHQUAKE ASSESSMENT 

PART I: INTRODUCTION 

1. Earthquakes occur when and where rocks break in response to 

tectonic stresses within the earth's crust and upper mantle and slide 

rapidly past each other along the break or fault. The assessment of 
earthquake hazards requires knowledge of these tectonic stresses and 

the forces that generate them. 

2. The emerging theory of plate tectonics, which deals with the 
movement of crustal plates, provides the earth scientist with such 
knowledge, as he achieves a dynamic picture of a mobile earth. The 
theory affords a reasonably coherent and workable explanation of the 
occurrence and distribution of earthquakes and also aids the under
standing of the tectonic processes that produce them. In fact, studies 
of earthquakes and their distribution have strongly undergirded the 
development of plate tectonic theory (Figure 1). 

3. Earthquake belts demark plate boundaries, the zones along 
which lithospheric plates collide, diverge, and slide past one another. 
These belts of tectonic activity and accompanying high seismicity show 
the earth's crust to be a mosaic of plates, a few large and numerous 
smaller ones. Along the boundaries of these plates most geologic 

activity, such as earthquakes, mountain building, and volcanism, is 
-concentrated -(Figure Z). 

4. The United States, as part of the North America plate, is 
the area of interest in this report. Its western margin comprises part 
of the western margin of the North America plate and forms a boundary 

with the Pacific plate. The collision and interaction of these two 
plates are responsible for the high seismicity, volcanism, and tectonic 
activity characteristic of that region. Plate tectonics has success
fully explained much of this geologic activity and has provided a 
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SHALLOW EARTf-iQUAKES 
o INTERMEDIATE EARTHQUAKES 
•. DEEP FOCUS EARTHQUAKES 

ACTIVELY SPR~ADING RIDGE CRESTS 
SCHEMATIC DIRECTIONS OF MOVEMENT 

& 
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Figure 2. Sununary of the seismicity of the earth and the consequent extent of lithospheric plates 
bounded by active ridge crests, transform faults, trench systems, and zones of compression. The 
six major plates are named; the following minor plates are numbered: (1) Arabian; (2) Philippine; 
(3) Cocos; (4) Nasca; (5) Caribbean; (6) Scotia. Spreading rates at ridge crests are indicated 
schematically and vary from 1 cm per year per ridge flank in the vicinity of Iceland to 9 cm per 

year in the equatorial Pacific Ocean (From Gass, Smith, and Wilson2) 



unifying model to which such activity can be related. 

5. But the central and eastern portions of the United States, as 

shown by a plot of earthquake epicenters (Figure 3), have had and con

tinue to have seismic activity. Although there have been few of these 

midplate earthquakes, some have been quite destructive, indicating that 

stresses can exceed the strength of rock within lithospheric plates. 

The origin of stresses that produce midplate seismicity also must be 

explained in terms of plate tectonic theory. 

6. This report, while assessing the seismicity generated at plate 

boundaries (the United States portion of the North America-Pacific plate 

boundary in particular), will attempt to explain midplate tectonism 

and resultant seismicity in terms of plate tectonic theory. It is 

proposed that when a plot of all earthquake epicenters is superimposed 

on a map showing tectonic features, some correlation can be made; 

moreover, that the seismicity will mark geologic features that had 

their origin in past episodes of continental breakup and collision. 

Some features will be of more recent origin, but all will be triggered 

by crustal adjustments to the continued kneading and epeirogenic 

warping initiated by a variety of mechanisms. 
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Figure 3. Earthquakes in the United States 
through 1957 (From Woollard3) 
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PART II: PLATE TECTONIC THEORY 

Synopsis 

7. The rise of plate tectonic theory as an outgrowth and logical . 
extension of continental drift is a fascinating story told in greater 

detail elsewhere by Hallam, 4 York, 5 Glen, 6 and others. Here, simply 

stated, are. the high points of this revolution in the earth sciences. 

Although speculated upon more than a century ago, continental drift 

became recognized as a definite theory in the early part of this century 
7 through the work of .a German scientist, Alfred Wegener. He proposed 

that all the continents, in the comparatively recent history of the 

planet, had been joined together into a supercontinent he called Pangea. 

This supercontinent then broke up about 200 million years ago and the 

fragments have since drifted apart into their present positions. 

8. Although Wegener marshalled a mass of data in support of his 

theory, it was never accepted by the geologic establishment of the day, 

even though championed and supported by such brilliant earth scientists 
8 9 10 as Holmes, Van Waterschoot van der Gracht, and DuToit. Not until 

after World War II, in the 19SO's, did supporting evidence from the 

fledgling field of paleomagnetism revive interest in the theory. Fol

lowing this revival, in rapid succession, came a series of scientific 

discoveries that has revolutionized our knowledge of the earth. 

9. In the early 1950 1 s, British scientists measuring the ancient 

magnetism of rocks concluded that the earth's magnetic poles had 

wandered, and for a short time the idea of polar wandering was consid

ered. Since the polar curves are different for each continent, many 

scientists soon concluded that the continents had moved relative to 

fixed poles, and continental drift thus became a respectable topic. At 

about the same time, magnetic polar reversals were rediscovered; these 

later became a powerful tool in solving the riddle of seafloor spreading 

and helping date and time the rate of movement of crustal plates. 

10. In the United States, a massive research effort was launched 

to study the ocean basins using newly perfected deep-ocean sounding 
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devices and magnetometers of high precision. By 1960 oceanographers had 

discovered that the earth's crust beneath the sea is completely dif

ferent from continental crust. It is basaltic in composition, thinner 

by a factor of 4 or 5, and contains an enormous globe-girdling mountain 

chain of which the mid-Atlantic Ridge is but a part. 

11. Also discovered were deep troughs around the rim of the 

Pacific Ocean where the ocean floor seems to bend down and plunge to 

great depths. The establishment of a worldwide network of supersensi

tive seismographs gave seismologists an understanding of the earth 

never before possible. Bit by bit, information was gathered from all 

these sources and by 1960, H. Hess of Princeton was able to propose 

that continental drift had occurred via an ocean floor spreading 

mechanism. In his paper, Hess was largely restating Holmes' model of 

19298 but in light of a greater knowledge of the earth and its ocean 

floors. 

12. Measurement of variations in the magnetic intensities of 

rocks forming the ocean floor began to show an unusual pattern of 

stripes representing periods of normal and reversed polarity of the 

earth's magnetic field. This pattern was unexplained until 1963 when 
11 Vine and Mathews suggested that as new ocean floor is created at 

ocean ridges the iron minerals in it would be magnetized in the 

direction of the geomagnetic field prevailing at that time. The newly 

created and magnetically imprinted rock would then be carried away from 

the ridge in both directions. Newly erupted lava meanwhile would 

become magnetized, solidify, and similarly move away from the ridge. 

In this way, newly created oceanic crust would be imprinted with a 

-record-of -pol-ar reversals as 1.-t-was -being accreted to the diverging 

plate margins. This new crust would have alternating bands of magnetic 

intensity. This explanation suported the seafloor spreading theory of 

Hess, which Dietz had later expanded. 

13~ By the mid-1960's, seismologists had plotted the position of 

every earthquake recorded to that time; the buildup of these dots on a 

map showed that about 90 percent of all quakes occur along the ocean 

ridges and trenches or on faults connecting them. The oceanographers 
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also showed that midocean ridges are not smoothly continuous features 

but rather are composed of relatively short segments offset by many 

faults. In 1965 J. T. Wilson, 12 a Canadian, identified these as 

"transform" faults. They appeared to resemble strike-slip faults but 

had relative movement in the opposite direction. This phenomenon could 

explain the abrupt ending of seismicity at ridge crests. Wilson's view 

was quickly confirmed by newly developed first motion studies on earth

quake records by L. R. Sykes of the Lamont Geological Observatory. 

14. In his paper on transform faults, Wilson12 expressed the 

germinal idea behind the theory of plate tectonics and introduced the 

word "plate." But the full theoretical .formulation and development 
13 14 15 

were the work of Morgan, McKenzie and Parker, and LePichon. In 
16 

1968, Isacks, Oliver, and Sykes, all of the Lamont Geological 

Observatory, published a definitive paper outlining the rudiments of 

plate tectonics and summing up th~ new global tectonics as a unifying 

concept in accounting for earthquake phenomena and explaining geology. 

15. From these papers, as well as the previous work on which they 

were based, grew the concept that the earth's crust is a mosaic of 

plates that continually move about as the crust is generated at ocean 

ridges and consumed at trenches. The motions of these plates explain 

the existence, as well as the distribution, of earthquakes and vol

canoes, which are generally concentrated at plate boundaries. 

16. Besides delineating crustal plate boundaries, earthquakes 

have provided seismologists with a model of the earth's interior. 

Using the velocities of earthquake shear waves as their tool, seis

mologists have probed the structure of the outermost 700 km of the 

earth. They have come up with a modern view of the earth that is 

reinforced and supported by evidence from such diverse fields as 

mineralogy, field geology, geochemistry, and physics, as well as 

geophysics. 

The Structure of Plates 

17. The new model of earth structure that has emerged 
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(Figure 4) envisions an outer rigid lithosphere extending to a depth of 

approximately 100 km (usually somewhat more beneath the continents and 

less beneath the oceans) and composed largely of basalt in which the 

sialic continents are imbedded and drift as passive passengers. This 

portion of the earth has significant strength in the sense that it has 

enduring resistance to earthquake waves. 

18. Beneath the crust is the upper mantle, the uppermost part of 

which, with the crust, forms the lithosphere. The asthenosphere forms 

the upper portion of the mantle and extends to a depth of 400 km. Its 

upper portion is partially molten and so decreases the velocity of 

seismic waves that it is referred to as the low velocity zone (LVZ). 

The lithospheric plates drift on this plastic layer by mechanisms not 

yet fully understood. 

19. Below the LVZ is the rigid asthenosphere, which is separated 

from the underlying mesophere by the olivine-spine! phase transition. 

This is a denser material and thus causes a sharp increase in seismic 

wave velocity (Figure 5). 

20. The mesosphere forms the remainder of the upper mantle and 

extends to a depth of 700 km. Here another phase transition, believed 

to be the result of the breakdown of olivine and pyroxene into dense, 

simple oxides of iron, silicon, and magnesium, causes another increase 

in shear wave (S-wave) velocity. 

21. Beneath the mesosphere is the lower mantle extending to the 

core, the outermost layer of which is liquid whereas the inner core is 

solid. Both are probably composed of nickel-iron alloy. 

Plate~ounoary~eglmes and Associated Seismicity 

22. According to the theory of plate tectonics, the lithospheric 

slabs called plates are continuously in motion with respect to each 

other. Virtually all seismic, volcanic, and tectonic activity is 

located around plate margins and is associated with differential motion 

between adjacent plates. Boundaries between plates are therefore 

regions of particular interest, as are the marginal parts of adjacent 

12 
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Figure 5. Plot of depth versus S-wave velocity 
illustrating the structure of the outermost 

700 km of the earth 
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plates that meet at a common boundary. 

23. Three kinds of plate boundaries can be distinguished by three 

principal modes of interaction between adjacent plates, and distinctive 

types of plate margins are identified with each: (a) divergent or 

spreading boundaries with constructive or accreting plate margins; 

(b) convergent or collision boundaries with destructive or consuming 

margins; and (c) transform or transcursion boundaries that form margins 

known as conservative because there is no gain or loss of crust 

(Figure 6). 

Divergent boundaries 

24. Zones of divergence are boundaries along which new crust is 

being formed as the plates separate and move apart. These are 

typically ocean ridges where newly created crust and uppermost mantle 

are effectively accreted as lithosphere to the trailing margin of each 

plate. This generation and welding on of new lithosphere makes these 

constructive or accreting plate margins. In the process of crustal 

rifting and separation, partially molten mantle material upwells along 

the central rift of ocean ridges; new lithosphere is created to form an 

increment of crust along the trailing edges of the diverging plates. 

This outpouring of mantle material or magma along ocean ridges and the 

building of the oceanic crust are volumetrically the most significant 

form of volcanism. 

25. As magma is erupted at ocean ridges it creates a suite of 

rocks known as an ophiolite suite, characteristic of oceanic crust. It 

consists of deep-sea sediments deposited on a basaltic layer of pillow 

lavas, which is in turn underlain by mafic igneous intrusions consisting 

of gabbro, peridotite, and other ultramafic rocks, often showing hydrous 

metamorphism. 

Crustal rifting 

26. Considerable controversy exists over the mechanics of the 

crustal rifting that initiates a divergent boundary regime. Until 

recently we have used a generalized model of uplift, rifting, and sub

sidence based on lithosphere formed at a typical midocean ridge. The 

cause postul-itc<l for this crustal rupture was the upwelling of 

14 
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elongate convective cells in the upper mantle. This theory is similar 

to that originally proposed by Holmes8 ' 17 as the mechanism for con

tinental drift. As Kinsman18 pointed out in 1973 (on the basis of the 

linear form of such upwarped structures, and on the assumption of their 

subsidence related to a time dependent cooling history from a similar 

initial temperature, and a laterally homogenous asthenosphere) we 

should expect to see linear uplifts preceding continental breakup and 

comparable erosional thinning along the entire uplifted welt. The end 

result after subsidence as these uplifts cooled and moved off the 

thermal high should be a belt of sediment along the entire margin 

showing little variation in width or thickness. Instead, domal uplifts 

along the axes of continental rupture and considerable variation in 

both width and thickness of sedimentary deposits on the subsided con

tinental margins are found. 

27. LeBas19 noted in 1971 the existence of domes and associated 

per-alkaline igneous rocks along the South Atlantic predrift coasts of 

Africa and South America and similar Tertiary associations in East 

Africa. He showed that the domes were typically 500 to 1,000 km in 

diameter, elevated one km or more, and that the igneous rocks followed 

the major updoming period. He believed that this magmatic and tectonic 

association was in no way comparable to or related to ocean floor 

rifting. 

Thermal plumes 

28. Wilson12 and Morgan20 theorized th~t fixed or stationary 

"hot spots" or thermal plumes arise from deep'. within the mantle and 

remain active for 100 million years or more. Directly above thes~ 

stationary "hot spots" volcanic eruptions develop on the ocean floor. 

As the lithospheric plates move over the hot spot, lava is erupted from 

time to time as the rising thermal plume "burns" holes in the crust and 

forms a line of volcanoes which are older with increasing distance from 

the hot spot or plume. The linear arrays of volcanic islands indicate 

the direction of crustal movement over the thermal plume. 

29. Such a line of volcanic islands is referred to as a plume 

track or nematath. Most thermal plumes are located near oceanic ridge 
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crests or rises and there is evidence that these plumes were active 

before the continents split and drifted apart. The Walvis hot spot in 

the southern Atlantic is a good example. It has remained active since 

the opening of the South Atlantic and as new oceanic crust was formed 

it left two nemataths, the Walvis and Rio Grande ridges, extending from 

its position on the Mid-Atlantic Ridge. The Hawaiian Island chain is 

another example, but of a thermal plume in the middle of an oceanic 

plate. The dating of volcanic rocks on the different Hawaiian islands 

and the bearing of the island chain provide the direction and rate of 

plate motion over the hot spot. 

30. In order to explain why these hot spots remain fixed with 

reference to the crust, it was theorized that they lie deep in the 

mantle; they have been placed by some at the mantle-core interface. 

More recently, Wright, 21 while not challenging the generation of plumes 

in the mantle, proposed that broad thermal highs or megaplumes, with 

horizontal dimensions measurable in hundreds of km, originate and lie 

beneath the crust and remain active over long periods--up to 100 to 200 

million years. He proposed that these megaplumes move with the 

lithosphere, changing shape and position to a limited extent, but in 

ways not obviously related to plate movement, much like air bubbles 

trapped below the gentle undulations of an ice flow. He suggested that 

local hotter spots develop within the broad, shallow, and relatively 

cool "salic" megaplume and generate columns of magma up to about 10 km 

across, much resembling the "asthenoliths" of Beloussov. 22 

31. Kinsman, 18 in reinterpreting the data of LeBas, 19 suggested 

that the discrete continental domes are the surface manifestations of 

mantle plumes or hot spots. He believedthat the continental per

alkaline and alkali igneous rocks associated with the updoming are 

analogous to the alkali basalts of oceanic plume sites. Morgan in 197223 

interpreted the basaltic rocks of Mesozoic age along the South American 

and African margins of the South Atlantic as related to plume activity 

initiated before the mid-ocean ridge was formed. 

Aulacogens 

32. 
- 24 

Burke and Dewey proposed in 1973 that divergent plate 
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motion commonly began at plume-generated RRR triple junctions. They 

believe the thermal doming of continental lithosphere produced by plume

generated uplifts ruptured in three rifts at angles of about 120 deg 

to each other. A normal course of events, as proposed by them, is that 

two of the rifts meeting at a junction would open by plate accretion 

while the third would become inactive as a failed arm. In 1974 Hoffman 

et al~5 applied the term aulacogen (adapted from the work of Soviet 

geologists, specifically Shatski, 26 who recognized the Wichita-Arbuckle 

trend as the most obvious North American example) to the failed arm of 

these triple junctions. 

33. The Afar region, linking the Red Sea, Gulf of Aden, and the 

Ethiopian rift system,is a modern example of such a triple junction. 

The Red Sea and the Gulf of Aden are the active rift arms, whereas the 

Ethiopian rift is the failed arm, or aulacogen, of the triple junction. 

34. The history of these features, following their inception at 

plume-generated uplifts, can be quite variable and unique. The Benue 

Trough, which extends into Africa from the head of the Gulf of .Guinea, 

was postulated by Burke et al. in 1971, 27 as one arm of an RRR triple 

junction in the Cretaceous during the separation of Africa and South 

America. When the other two arms opened to form the South Atlantic, 

the Benue arm was aborted in an incipient stage of development. Its 

subsequent sedimentary and tectonic history is the result of thermal 

subsidence following the failure of the Benue arm or aulacogen to con

tinue into a fully oceanic configuration. 

35. Notwithstanding this strong historical perspective and the 

added evidence from the Mid-Atlantic Ridge, which seems to link a 

number of plumes (Iceland, Azores, Ascension Island, Tristan de Cunha, 

and St. Helena), the matter of mantle plumes is by no means resolved 

at this time. In 1973 Tozer28 cast a critical eye over the concept of 

thermal plumes and called for the testing of alternative explanations 

of the data. Runcorn, in 1974, 29 examined plume tectonics from the 

physical standpoint, and as an alternative to thermal convection (as a 

mechanism of plate motion), concluded that the theory postulating 

plumes of fast-rising material from the lower mantle to the surface 
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is untenable on mechanical grounds. 

36. Despite this strong criticism, plumes do offer a convenient 

and effective mechanism and a suitable model for continental rifting and 

divergent plate motion. In applying "plume tectonics" to crustal 

rupture and spreading, Kinsman18 proposed three types of rifted con

tinental margins: (a) divergent margins updomed initially over a 

mantle plume, (b) divergent margins of interplume positions, and 

(c) transcurrent or transform margins that allow offset of the spreading 

centers as compensation is made for differential spreading rates. He 
23 30 

extended Morgan's ' concept that the plumes are generated by hot 

spots where upwardly convecting, cylindrical plumes of deep mantle mate

rial updome the crust as they impinge on the lower surface of the litho

sphere and produce sufficient drag outward from the plumes to provide a 

driving force for plate motion. These mantle plumes are believed to 

have diameters of 100 to 200 km and form upwarped surface domes nearly 

1000 km in diameter. They stand higher than the interplume segments 

of the ridge or continental welt. 

Seismicity at divergent boundaries 

37. In 1966, seismologist 
31 L. R. Sykes of Lamont Geological 

Observatory, using greatly improved seismic techniques, was able to 

determine focal mechanisms on fault planes producing earthquakes. 

Analysis of first ground motions at seismic stations throughout the 

world made it possible to determine, for the first time, the sense of 

movement of one crustal block against its neighbor. From first-motion 

studies on faults offsetting the oceanic ridges, it was possible to 

confirm them as transform faults, thus supporting Wilson's12 earlier 

theoretical interpretation of these fracture zones. 

38. Continued studies of focal mechanisms have shown that earth

quakes on ridge crests are found to have steeply inclined slip direc

tions consistent with normal faulting and extension at right angles to 

the ridge. All seismicity assoc~ated with these constructive bound

aries is shallow, characteristic of the lithosphere, and results from 

failure within it or slip along the margin of adjacent plates. Earth

quake swarms have been recognized as a common occurrence along midocean 
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ridges. Where the lithosphere is shallow, as at the thermally updomed 

ridges, only shallow seismicity occurs. This is in contrast to areas 

where it appears to descend into the deeper mantle, as at convergent 

boundaries, where intermediate and deep seismicity is found. The mo

tions associated with earthquakes at divergent boundaries are as 

predicted by plate tectonic theory. 

Convergent boundaries 

39. Convergent or collision boundaries occur where two plates 

converge or approach each other and one slips down or subducts beneath 

the margin of the other at an angle of about 45°. Usually, an oceanic 

trench is formed where this subduction takes place, and as the 

descending crustal slab undergoes melting or partial melting, the rising 

molten material or chemical differentiates form a volcanic arc behind, 

but in association with, the trench (Figure 7). These arc-trench 

systems mark convergent plate boundaries or destructive margins where 

crust is consumed. 

40. The subducted plate margin may descend to considerable depth 

as a discrete slab; seismicity indicates a limit of 700 km, and its 

angle of descent may be variable, based in part on its rate of motion 

and possibly other factors not yet fully understood. The surface trace 

of the intersection of a plane with the surf ace of a sphere is an arc 

and these downgoing slabs of crust commonly form such curvilinear 

features, hence the term, volcanic arc. The zone of subduction was 

first recognized from seismicity by Benioff in 195432 as a fault plane 

which he assumed to dip beneath continental margins at an angle of 

_from 30 -to -60 -degree&. _After -the -ad¥ent -of plate t:Ect:onics., .Renioff 's 

"fault" became a lithospheric plate thrusting into the mantle. These 

subduction zones are often referred to as Benioff zones. 

41. This rather simplistic picture of converging plates, with 

one plate margin underthrusting the other, and the generation of magma 

to form a magmatic arc with plutons and volcanoes, no longer holds. In 
33 1974 Lomnitz recognized two types of convergent plate boundaries; one 

he termed subduction, where two plates of approximately equal thickness 

converge and produce island arc-trench systems. One such system is 
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the Tonga-Kermadec region, where the subducting plate, which is very 

straight and flat, starts its downward plunge at the axis of the Tonga 

Trench, dipping beneath the island arc at an angle of 45°. The other 

boundary he termed accretion, which is the slow collision between an 

oceanic plate and a continent, the latter growing at the expense of the 

former. This does not necessarily involve an increase in the surface 

area of either plate, since the growth can occur as a vertical thick

ening rather than horizontal extension of the lithosphere. Lomnitz 

gave as an example of this type of margin the west coast of South 

America. 

42 1 . 972 73 1 d B k 34 •35 d' i h • Ear ier in 1 - , Wi son an ur e 1st nguis ed, to 

some extent, two types of subduction-zone formation; they considered the 

motion of two converging plates relative to the deeper mantle. As an 

example, a continental plate may actively advance and override an 

oceanic plate that is stationary relative to the mantle (Figure Ba). 

In this case, the result would be similar to the effect Lomnitz termed 

accretion. Also given as an example was the west coast of South 

America; here the Nasca plate is subducting beneath the margin of South 

America in the Peru-Chile Trench. 

43. The other type of subduction distinguished by Wilson and 

Burke involves an oceanic plate actively advancing and slipping under 

a stationary continental plate. In this case island arcs and trenches 

form offshore, as in East Asia, with only minor disturba~ce of the 

stationary continent (Figure Sb). This is not exactly the same 

mechanism that Lomnitz calls subduction. However, the formation of 

island arcs some distance out from a continental margin (such as in 

East Asia) would be, essentially, the collision of two oceanic plates 

of approximately equal thickness, and therefore may be considered 

subduction, as defined by Lomnitz. 33 
36 44. In 1975 Roeder suggested that the dip of Benioff zones 

reflects the plate convergence rates. A speedup in convergence 

flattens the downgoing slab and the overlying mantle prism. This leads 

to lengthening of the surface plate and to back arc spreading or arc

associated wrench faulting in the subduction zones with oblique 
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convergence. A slowdown, on the other hand, steepens the slab and 

foreshortens the mantle prism and surface plate, causing compressive 

orogeny in the back arc area with arc-associated wrench faulting in 

subduction zones having oblique convergence. The steepening of the 

downgoing slab, according to Roeder, causes the evolution of thrust 

belts in the upper plate antithetic to subduction (Figure 9). By this 

mechanism he accounted for compression within the upper plate as it 

has been defined by the Elsasser model of 1971, 37 in which subduction 

by itself does not produce such compression. 

45. Lomnitz, 33 on the other hand, offered a somewhat different 

explanation for his accretion model. He suggested that if the adjoining 

convective currents are strongly asynunetrical, the zone of convergence 

will tend to shift towards a more stable configuration. This he saw 

as the movement of the "hotter" upper plate into the void formed while 

the colder subducting plate subsides as vertical blocks into the under

lying mantle. As these segments of crust subside (see Figure 10), the 

leading edge of the upper plate is drawn into the sink, and tensional 

stresses are produced in the upper plate, as suggested by the Elsasser 
37 model and by the observed seismicity in some areas. 

46. Oliver et al. in 1973 38 discussed the dynamics of sub

ducting lithosphere and concluded that many refinements of the model 

will be forthcoming. These refinements will enhance knowledge of deep 

structure and, in turn, understanding of the interaction between the 

descending plate and the mantle. 

47. From the foregoing it appears that there are still some 

conflicting details and unresolved problems regarding the behavior of 

_plate margins at convergent boundaries. Some of the variables noted 

are (a) rates of convergence, (b) steepness of subducting slab, (c) the 

asynunetry of motion of converging plates relative to the deeper mantle, 

and (d) the interaction of the downgoing plate and the mantle. These 

may represent only a few of many variables that can and do affect the 

system in a number of ways. Heat flow, thermal plumes, and migrating 

triple junctions, to name only a few, may play roles that as yet have 

not been evaluated. All these variables may simply indicate that each 

24 



SYNTHETIC THRUST llLT 

a~'"~ ·~. 
ROTATION ZONE A~~~::li:~~li 

.--...,THRUSI llLT 

~'\fi.~;:f !~.:'.'.";-
,,,,f~ OF SUIDUCTION 
lllROCHARRIAGE 

.. ,~::..~ ...... r-

ROOTLESS ROTATION ZONE 

.-:-&p--

1c·~:1 
..,,, 

Figure 9. Schematic cross sections of elements 
of orogenic belts and their lithospheric under
pinnings. Black area, crust; shaded area, ultra
mafic part of lithosphere; dashed lines, vergenz; 
arrows, external rotation. Preflip stages are to 
the left, post-flip stages to the right. (From 

Roeder36) 

Figure 10. Origin of tensional stresses near an 
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system may differ depending on the dominant variable in operation at a 

particular time. This uniqueness is suggested by the variable seis

micity and focal mechanisms found in these plate boundaries. 

Seismicity at convergent boundaries 

48. Since the stress fields associated with convergent boundaries 

have not been resolved, no definitive model of plate interaction can be 

established. It was originally assumed that two converging plates 

would generate a compressive stress field and that most earthquakes in 

a subduction zone were caused by slippage between the downgoing 

lithospheric slab and the mantle. It turned out, however, that the 

earthquakes were not due to lithosphere-mantle interaction, but rather 

to release of stresses within the lithospheric slab. Oliver and 
39 !sacks proposed in 1967 that the earthquakes were due to tensile or 

compressive stresses aligned uniformly parallel to the direction of dip 

of the Benioff zone. They suggested that the descending slab of 

lithosphere is under compression parallel to its length and that the 

earthquakes take place within it (Figure 11). Where the plate bends 

to begin its descent, it is curved and under tension. Studies in the 

Tonga-Kermadec region have shown that the dipping earthquake zone is 

less than 25 km thick and located near the center of the subducting 

plate which is approximately 80 km thick. Fault-plane solutions have 

shown that the dominant mechanism of shallow earthquakes behind the 

trench is thrust faulting toward and under the island arc. 

49. At greater depth the shocks indicate a mechanism of 

compression along the dip of the slab. This pattern appears to be 

characteristic of subduction. However, in most zones of accretion 

alo~g the continental margins (as defined by Lomnitz 33)~ down-dip 

tension along with fragmentation of the slab has been interpreted. 

Here, much of the intermediate and all of the deep-focus seismicity are 

concentrated in so-called "nests." This is unlike the seismicity in 

island arc subduction where the earthquakes occur at all depths down to 

700 km with no conspicuous gaps. 

SO. Near the surface there is a certain amount of scatter in 

the epicenters, as might be expected. Earthquakes occur within the 
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slab, along the slab boundaries, and in the adjoining lithospheric 

plates. The volcanic islands behind the arc have no earthquakes, except 

for the local shallow events associated with the eruptions themselves. 

The zone of highest seismic wave attenuation is,in the mantle directly 

below the volcanic zone. This is also the region of highest heat flow 

and high gravity. 

Transform boundaries 

51. A third type of plate boundary, in which two plates slip 

past one another, neither creating nor destroying crust, is a conserva

tive boundary. The faults along which these adjacent plates slide 

laterally past one another are called transform faults and their 

identification by Wilson 12 in 1965 was one of the significant dis

coveries of plate tectonics. These faults occur in conjunction with 

spreading ridges, which are not continuous features but interrupted and 

offset by these faults. Occasionally marked by high submarine scarps, 

transform faults were originally thought to be strike-slip faults that 

had displaced the ridge axis from a once continuous zone, since they 

extend beyond the offset ends of the ridge axis. 
12 52. Wilson argued that these faults could not be classified as 

strike-slip, because the sense of motion was opposite to what it should 

be for such a fault. He recognized them as a different type of fault 

and named them transform faults (Figure 12). They form an integral 

part of a single boundary and merely transform relative motion between 

the two ridge segments or between ridges and trenches. Confirmation 

of these faults came from first-motion studies made by Sykes in 196741 

on earthquakes generated by these faults along the crest of the Mid

~Atlantic riage. 

53. Besides the transform faults that offset spreading ridges 

(the ridge axis to ridge axis transforms) two other kinds can exist as 

segments of a single plate boundary. The first is ridge axis to a 

trench formed at a subduction zone; an example is the Rivera fracture 

zone transforming motion from the East Pacific rise to the Middle 

America Trench. The second is a trench-to-trench transform; an example 

would be the North Caribbean fault zone which transforms motion from 
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Figure 12. Earthquakes (X's) along a 
transform fault A-D offset by centers 
of sea-floor spreading along double 
lines B-F and C-E. Double arrows de
note sense of shear motion along trans
form fault. Hatched regions denote area 
of sea floor added during a process of 
sea-floor spreading. (From Sykes41) 
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the Middle America Trench to the Puerto Rico Trench. 

54. Each plate is bounded by some combination of the three types 

of boundaries, divergent or ridge or rise (R), convergent or trench (T), 

and transform fault (F). Where three plates meet on the earth's surface 

there is formed a triple junction made up of some combination of these 

three boundaries. In 1969, McKenzie and Morgan42 showed that there were 

sixteen such possible junctions, fourteen of which could be stable under 

certain conditons. 

55. York 5 , 43 subsequently showed that a stable RRF junction 

could be constructed so that only one of the sixteen possible triple 

junctions (FFF) is never stable. An (RRR) triple junction is stable 

only when the three ridge elements occupy an angular spread of more 

than 180°. 

56. The geometry of triple junctions, the way in which they 

evolve, and whether or not they maintain their location have been 

analyzed in the preceding references; they were dealt with in 1972 by 

Dewey44 in a lucid discussion of global surface displacement of crustal 

plates, each of which exhibits one or more of the three types of 

boundary. 

57. It is not within the scope of this paper to review the 

evolution of triple junctions and the interested reader is referred to 

the above references. However, some understanding of these features is 

desirable because some are present along the west coast of North America 

and have undoubtedly played a role in its geological evolution. One 

lies south of Baja California where the Pacific, North America, and 

Cocos plates meet. Another, the Mendocino triple junction, which is 

discussed -1ater, -is i-ocated -uff -tl.-e -coast -of northern California where 

the Pacific, North America, and Gorda plates meet. The Gorda plate is 

sometimes referred to as the Juan de Fuca plate. 45 

58. Other triple junctions occur along this plate boundary; a 

small plate, the Rivera plate, formerly a part of the Cocos plate, 

forms a triple junction with the Pacific and North America plates. The 

San Andreas fault system transforms the spreading motion on the East 

Pacific rise to the Gorda Ridge by a series of short spreading segments 
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and transforms in the Gulf of California. Then motion is transformed 

by the San Andreas fault zone to the convergence zone between the Gorda 

plate and the North America plate off the coast of Washington and 

Oregon. From there motion is transformed oy the Mendocino fracture 

zone to the .Gorda Ridge (Figure 13). This RFT triple junction is known 

as the Mendocino triple junction, and it has adjusted to the conver

gence of North America with the Pacific plate, and possibly to earlier 

plates that have been subducted beneath the western margin of the North 

America plate. 

The San Andreas fault 

59. The well-known San Andreas fault runs through California and 

it, together with adjoining networks of lesser faults, is the source of 

the ground movement that causes earthquakes in California. This system 

of faults is referred to as the San Andreas fault zone or system. It 

is a transform fault, the boundary between the Pacific and North 

America plates. The Pacific plate carries a small slice of North 

America with it as it moves northward at about two and a half inches* 

a year. 
. 45 47-49 . 

60. Although several excellent papers ' describe the San 
50 Andreas as a transform fault, in 1974 Hill presented objections, and 

alternatives, and doubted that it is such a feature. His arguments are 

intended to question the simplicity and universality of plate tectonic 

theory, particularly its role in explaining geologic history and the 

origin of rocks and structures in continental crust. 

61. Hill asks: "Why are some strong earthquakes not at plate 

edges?" The main thrust of this paper is to answer that question. It 

also will deal with seismicity associatedw.ith. the SanAndreas.fault

as well as that of the mid-continent or mid-plate. These topics will 

be dealt with in a subsequent section. For now it is sufficient to 

note that transform faults are characterized by shallow-focus earth

quakes with horizontal slips. 

* A table of factors for converting U. S. customary units of measure
ment to metric (SI) units is presented on page 3. 
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PART III: PLATE TECTONICS IN GEOLOGIC HISTORY 

Reconstruction of Pangea 

62. To many, continental drift or sea-floor spreading began with 

the break-up and dispersal of Pangea. Wegener proposed that this super

continent began to fragment in Jurassic times with subsequent drifting 

of the continental pieces continuing to the present. Although it is 

now generally agreed that initial rifting began in the Triassic, it 

is another matter to reassemble the continents as they were when fitted 
51 52 together to form Pangea. Both Taylor, in 1910, and Baker, in 1911, 

visualized a supercontinent but failed, as did Wegener, to take into 

account the continental shelves in their reconstructions. As a result, 

the early work on the geometric fit of the continents forming Pangea 

was sloppy and inacqurate, containing substantial distortion. 

63. Carey, 53 , 54 in 1955 and 1958, was the first to make a careful 

geometric fit but his maps were published only on a small scale. Today, 

the most widely publicized and commonly cited reconstruction is the 
55 computer-assisted "fit" presented by Bullard et al. on 1965 

(Figure 14). Their reassembly of the condnents prior to the rifting 

and spreading that resulted in the Atlantic Ocean, established a North 

America-Africa "join," which is a major factor in determining the fit 

of other areas. The reason for this is that South America and Africa 

were joined from Precambrian time until late in the Mesozoic, when 

the separation of these two continents began. Consequently, once the 

Africa-North America join is established, the position of South America 

is also geometrically fixed. 

64. The positioning of Europe with respect to North America and 

Africa required the counterclockwise rotation of Spain, which opened 

up the Bay of Biscay, as suggested by Carey, 53 , 54 Iceland was assumed 

to be no older than Tertiary and therefore did not exist as part of 

Pangea. Rockall Bank was assumed to be continental crust and was in

corporated in the assemblage. Subsequent investigations appear to 

confirm the accuracy of this fit. It is also well in accord with the 
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Figur_e --14. l:omputer-assj steel _fitting _of £nntinents 
produced by Bullard, Everett, and Smith.55 The con
tinental boundaries were taken off-shore at the 500-
fathom level. A similar fit in the pre-computer era . . 53 had been found by S. W. Carey. 
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distribution of Caledonian and Hercynian orogenic belts that formed as 

a result of the collision of these continents. 

65. On the other hand, an important shortcoming of the fit by 

Bullard et a1~5 is the truncation of Mexico at about 24° North Latitude 

and the omission of all of the southern part of Mexico and pre-Mesozoic 

regions of Central America from the assembly. This omission has re

sulted in criticism of their reconstruction and proposal of several 
56 57 modifications by Dietz and Holden and Dietz et al. in 1970 which 

58 in turn also have shortcomings discussed by Walper in 1971. 

66. An alternative fit for the continents was suggested by Drake 

et al. 59 in 1968. Th . t d . d. . f h e quie zone was propose as an in ication o t e 

approximate position of the join of the continents rather than the 
55 somewhat closer fit postulated by Bullard et al. The reconstruction 

60 by Drake et al.was followed by Hallam in 1971 with his pre-drift 

assembly of continents around the northern Atlantic Ocean. It has merit 

because it provided more room to accommodate southern Mexico and Central 

America, but it failed to cite convincing geologic evidence to support 
61 the interpretation. In 1971 Schenk, in a reconstruction of the 

Africa-North America join, suggested a "close" fit similar to that of 

Bullard et al~5 but he did not consider the southern Mexico-Central 

America problem. It appears that the fit proposed by Bullard et al.is 

generally the most satisfactory, with the exception of the North and 

South America join. 

67. The continental margins bordering on the Caribbean Sea and 

the Gulf of Mexico have all suffered post-drift modification. The 

rifted and attenuated continental margin of the northern Gulf is now 

buried beneath a thick wedge of Cretaceous and- Tertiary sediment that 
62 63 has prograded gulfward. ' 

68. The southern margin of the Gulf is likewise buried beneath 

a vast platform of carbonate banks that covered the Yucatan and now 

extends gulfward to form the Yucatan Banks. The northwest margin of 

South America has been modified since rifting by repeated collisions 

with arc-trench systems and accretion of the Andean orogenic belt of 
. 64-66 Tertiary age. The Caribbean margin of South America also has 
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been extensively modified since its separation from Africa. 67 This 

includes the portion that would have lain adjacent to North America 

in the region now occupied by the Gulf of Mexico. 
68 69. Walper and Rowett, taking into account the regional 

geologic and tectonic framework of the entire region (encompassing 

southern and southwestern United States, Mexico, Central America, and 

northern and northwestern South America), in 1972 proposed an alterna

tive assemblage of the continents. 

70. Rather than truncating North America in northern Mexico 
55 (as Bullard et al. have done) or fragmenting southern Mexico and 

Central America and filling in the Gulf of Mexico with the pieces 

(as proposed by Dietz and Holden56 or Freeland and Dietz69 ) or follow

ing any of the other reconstructions, Walper and Rowett presented 

another solution. They suggested that what was present of Mexico and 

Central America at that time, lay adjacent to the palinspastically 

restored Paleozoic ranges of the eastern Andes. It included what is 

now western Venezuela, eastern Colombia, eastern Ecuador, and the 

subandean region of Peru (Figure 15). 

71. This reconstruction reestablishes the continuity of geologic 

structures and brings into juxtaposition similar marine fauna! provinces 

of North and South America. This modification of the Bullard et al~5 
fit allows the North America plate, already firmly sutured to Europe, 

and the northwestern part of Africa effectively to close a Paleozoic 

Atlantic from north to south. With the final suturing.of the southern 

portion of North America to northwestern South America by the end of 

the Paleozoic, the supercontinent of Pangea came into being. 

_72. _Qf _majnr _consideration in _any continental reconstruction 

such as that proposed for Pangea is the rigidity of lithospheric 

plates and the modification, displacement, or disruption of continental 

margins during rifting and, subsequently, on collision at subduction 

zones. The basic assumption that plates are rigid may be misleading. 

Newly created oceanic crust appears to form temporarily rigid plates 

that behave as units as they move from sites of accretion at spreading 

ridges to zones of consumption in subduction sinks. .This may not be 
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Figure 15. Predrift arrangement of North 
America, South America, and Africa, showing 
proposed "fit" of South America and Gulf 
region of North America. Mountain belts 
formed more than Z6IT mfIIron years ago are 
shown in patterns that distinguish younger 
and older belt. These mountain belts mark 
zones of collision between crustal plates 
prior to opening of Atlantic. (From Walper 

and Rowett68) 
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true of continental crust, which is never subducted. It is rifted, 

stretched, and crushed with each episode of plate motion so that it 

carries the scars of events long past in the form of faults, folds, and 

lines of weakness. These scars may control later rifting or tectonic 

adjustment. 

73. 70 The basic tenet of plate rigidity was challenged by Roper, 

in 1974, and it seems that as continental reconstructions are made 

farther back in time, restoration of marginal distortion and tectonic 

displacements will have to be made. Oceanic crust will not be involved 

because none is older than Jurassic. Careful reconstruction of 

paleogeography involving the restored continental shapes will be 

required. 

74. Even though HillSO called in 1974 for the reconciliation of 

oceanic and continental tectonics, there may prove to be fundamental 

differences in the responses to stress mechanisms by these different 

types of crust. One difference, as previously mentioned, is that 

oceanic crust subducts; continental crust does not. As can be seen 

from the section on boundaries, the very act of rifting or collision 

modifies continental margins. Thermal plumes, aulacogens, crustal 

attenuation, and other processes modify a rifted margin. If such a 

margin becomes involved in plate collision or subduction it will re

ceive further modification depending on many factors, some not yet 

fully understood. With this discussion as background, the following 

section postulates plate tectonic events that preceded Pangea. 

Pre-Pangean Events in North America 

75. Plate tectonic theory has provided a synthesis to account for 

the geological evolution of the earth's crust during the past five 

percent of its history, since the beginning of the Mesozoic. It would 

be very surprising if a style of crustal behavior which seems to have 

been universal for the past 200 million years were not in force during 

earlier periods. As a result, most workers in the field, such as 

W·1 71 d B "d 72 i 1 . 1 1 son an ri en, now recogn ze p ate tectonics as a genera 
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theory for geology. It is being used in the interpretation of the 

geologic evolution of the earth's crust over the past three billion 

years. 

76. As pointed out in the previous section and again in the 

section on post-Pangean events, much of the history of plate motion 

during the last 200 million years can be deciphered from linear magnetic 

anomalies of given ages imprinted in oceanic crust. This is not true 

of pre-Mesozoic events because no oceanic crust of this age remains. 

As a result, interpretation tends to hinge more on the geometrical fit 

of opposed continental margins, distribution of fossil fauna and flora, 

continuity of crustal structures, and paleomagnetism. Many problems 

are inherent in the use of these guides to. continental reconstructions, 

but use of the plate tectonic model is proving beneficial. 

77. Not only are these models helping to elucidate geologic 

history, they are essential to the evaluation of tectonic processes, 

since old structural lineaments often are reactivated during younger 

tectonic events. This "basement control" was first suggested by 

Hobbs, 73 who in 1911 introduced the term "lineament." Sonder, 74 in 

1947, gave us the term "regmatic shear pattern" believed to control 

later tectonic features. But it remained for Cloos 75 to apply in 1948 

the terms "geofracture" and "geosuture" to long-lived structural 

lineaments. He believed these originated at an early stage in the 

evolution of the earth's crust and remained as major sites of crustal 

dislocation. 
76 • 

78. McConnell believes that, although some have considered 

these fundamental patterns as a contradiction to the mobility of con

tinents' evidence points- ta plate t-ec-ton±cs- taking- au'vantage- or thes~
ancient lineaments. They apparently continue to reassert themselves 

along their original strikes as dislocation zones. For this reason, it 

is advisable to learn something of early tectonic events and structures 

produced during preceding episodes of continental evolution. Not only 

will an outline of pre-Pangean events in North America aid in 

familiarization with these previously formed structures, but it will 

help evaluate the role they_continue to play in the generation of 
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earthquakes within the plate interiors. 

79. There seems little doubt that plate tectonic processes were 

active during the Precambrian, but as yet our knowledge of these as to 

rate of spreading, types of subduction, and so forth is very meager. 
77 Anhaeusser, in 1975, presented an excellent review of Precambrian 

tectonic environments. He suggested that some form of sea-floor 

spreading as far back as the Archean does not appear unreasonable. 
78 Engel proposed in 1963 that the tectonic structure of North America 

suggested continental growth about an older core by marginal accretion. 
' 

Orogenic belts, resulting from successive sheaths of granite and 

granitized sediment being welded to the cratonic margin in successive 

episodes of plate collision, are recognized in the Proterozoic. Moun

tain belts having a Paleozoic deformational history flank the continent 

on all sides. Precambrian deformation is recorded in the Grenville 
61 79-81 orogeny by Schenk, and in the Avalonian orogeny by Rodgers. 

80. Following the late Precambrian (Grenville) convergence and 

collision, Europe and Africa were joined to northeastern North America 
. 61 82 to form a large continental craton. ' Rifting began to fragment this 

macrocontinent in the late Precambrian and continued into the early 

Cambrian. A spreading ridge was established, thus beginning the forma

tion of a Paleozoic Atlantic Ocean. As this seaway widened, Middle to 

Late Cambrian and early Ordovician seas flooded the subsiding plate 

margin depositing "miogeosynclinal" strata. These strata are repre

sented by the Cambra-Ordovician sequence that extends from New England 

to West Texas and beyond, and are known by a variety of names. Mean

while, island arc-trench systems developed off the continental margin 

to supply volcaniclas-ri-c depusits -tfrnt -constitute the "€ugeosynclinal" 

facies of the Appalachian trough and the Ouachita facies of the 

Ouachita trough. 

81. Late Precambrian rifting along the southern margin of North 

America (Ouachita trough) was accompanied by the development of the 
83 Delaware aulacogen in West Texas and the Wichita aulacogen in 

24-26 83 84 southern Oklahoma. ' ' The possibility exists that other late 

Precambrian or early Paleozoic aulacogens formed as North America 
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rifted and fragmented during these early episodes of drift. One of 

these may have been in the vicinity of the present Mississippi embayment 

and another in the Carolinas. The first is marked by a pronounced 

thickening of early Paleozoic strata to the south from the Illinois 

Basin; this is now buried beneath the thick late Paleozoic sediments 

of the Black Warrior Basin. The more recent strata of the Mississippi 

embayment, which is thought to be a Mesozoic aulacogen, mask the entire 
24,85 area. 

82. The second aulacogen is suggested by the abrupt thickening 

of a Cambra-Ordovician carbonate and elastic sequence in North Caro

lina. 86 Although mapped only in North Carolina, a southeast projection 

of the trough is lost in the structural complexity of the Blue Ridge 

and beneath the Piedmont of South Carolina. The abrupt thickening to 

more than 10,800 ft in a southeast trending trough, from a regional 

thickness of 6,000 ft, has considerable similarity to thickening of 

strata of this same age in the Wichita and Delaware aulacogens. It is 

interesting to note that a southeast extension of this feature aligns 

with a belt of seismicity and encompasses the epicenter of the Charles

ton earthquake of 1886. 

83. The closing of the Paleozoic Atlantic along the entire 

southern and eastern margins of North America appears to have begun in 

the Ordovician with the formation of volcanic arc-trench systems sup

plying elastic detritus for the "eugeosynclinal" facies of the early 

Paleozoic. The taconic orogeny is interpreted as an arc-continent 

collision61 , 68 , 82 involving volcanic arcs present along the eastern 

margin of North America during the late Ordovician. 
h 87-84. According to Hate er, westward suoductron of oceanic crust-

beneath the North American continent, in both the north and south, 

produced major continent-directed thrusts, some thermal activity in the 

northern Appalachians, and was the major early folding-metamorphic

intrusive event in the Blue Ridge and Piedmont of the central and 

southern Appalachians. The Devonian-Acadian orogeny was a short event 

produced by the collision of Europe with North America. 68 It produced 

intrusives, metamorphism, and large folds in New England and is 
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believed by Roper and Dunn88 to have caused significant movement on the 

Brevard fault zone. 

85. The Carboniferous to Permian orogeny of eastern North America 

has its continuation in the Hercynian of Europe. It is known in North 

America as the Appalachian orogeny; here it produced the continent

directed folds and thrusts of the Valley and Ridge Province extending 

from Pennsylvania to Alabama, where it is commonly called the Allegheny 
89 orogeny. Folding, metamorphism, and magmatism have been identified in 

New England and the maritime Appalachians associated with this orogeny. 

86. The southern margin of North America, like the eastern, was 

involved in the closing of the Paleozoic Atlantic, which began in the 

Ordovician with a volcanic arc-subduction zone that shed elastic detri

tus to a back arc ocean in which the Ouachita facies of the early 

Paleozoic was being deposited. It is suggested84 that as the Afro

South America plate collided with the magmatic arc of an arc-trench 

system, an orogenic welt formed and, during the late Mississippian, was 

to supply the early synorogenic flysch deposits of the Stanley-Jackfork 

sequence and its correlatives. As plate collision continued, the 

orogen grew and was eventually thrust cratonward, particularly where 

it encountered the weaker Wichita and Delaware aulacogens. 

87. Broad dilation arcs of folds and thrust faults comprising 

the Ouachita and Marathon salients formed in these areas. Compressive 

stresses were transmitted far into the adjacent foreland. The thick 

early and middle Paleozoic sedimentary rocks in both the Wichita and 

Delaware aulacogens were deformed into the Amarillo-Wichita-Arbuckle 

Mountains and the Central Basin Range, respectively. Great quantities 

of elastic sediment shed from uplifts along these structural trends 

filled adjacent subsiding areas to produce the Anadarko and Ardmore 

basins of Oklahoma and the Midland and Delaware basins of West Texas. 

These systems of en echelon transcurrent faults are accompanied by a 

third system, the Mississippi megashear63 which extends from Florida 

to the east end of the Ouachita salient. Here Appalachian thrusts 
I 

override Ouachita slates truncating the Ouachita metamorphic front 

in central Mississippi. 90 
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88. The collision of the Afro-South America plate with North 

America closed the Paleozoic Atlantic and built the Appalachian, Ouachita, 

and Marathon mountain chain extending all along the eastern and southern 

margins of the plate. This initiated a gradual withdrawal of the Permian 

sea to the southwest. The formation of a Permian volcanic island arc 

in northern Mexico91 suggests a northwest dipping Benioff zone beneath 

the North America plate as South America advanced. But the distance 

this lies southeast of the Marathon salient suggests a complex suture 

zone that may have formed successor basins as arc-trench systems 

continued to form southward in Mexico. 

89. The shape and configuration of the colliding margins forming 

the North and South America join are not known. In 1975 Graham et a1. 92 

compared the colliding and deposition of the Ouachita flysch in this 

area to the modern Bengal-Himalayan model. But, as Dewey and Burke93 

pointed out in 1974, this has considerable bearing on the stress fields 

developed and the structures formed. In the case of the collision of 

North and South America, compressive stresses produced broad salients 

of folds and thrusts at the back flank of the arc structures along the 

edge of foreland basins. Where ancient lineaments, such as the Wichita 

and Delaware aulacogens, were encountered, the deforming stresses were 

transmitted far into the craton. The Wichita megashear, the reactivated 

Precambrian aulacogen, now became a zone of transcurrent faulting 

extending deep into the craton94 if not completely through it, as it 

existed then. Lateral displacement according to wrench fault mechanics 

on the megashear initiated movement on the complementary faults, such as 

the en echelon fault system and the Nemaha fault of eastern and central 
94-9u 

Oklahoma,respectively. . We can·only speculate on tne rare tnis 

collision and the accompanying faulting of the craton had in the 

formation of basins and arches throughout New Mexico and Colorado. 

90. The Paleozoic history of western United States stands in 

marked contrast to that of the east and south. Here, beginning in 

Ordovician time, an island arc-trench system formed to the west of the 

cratonic margin located in central Nevada. 97-lOO Near the end of 

Devonian or early Mississippian time the Antler orogeny thrust oceanic 

43 



and slope sedimentary rocks eastward across the continental margin and 

onto the shelf as the Roberts Mountain thrust. 97 Monger et al~Ol 
recognized, in 1972, a similar event in the Canadian Cordillera. The 

North American continent grew westward by accretion of one or more 

island arcs in Permo-Triassic (Sonoma) time. Crustal thickening oc

curred during and probably following the Sonoma orogeny. 98 With the 

Sonoma orogeny the North America of Pangea was complete. Mesozoic and 

Tertiary events that were to follow in the Cordillera can be equated 

with the break-up and dispersal of Pangea and will be covered in that 

section. 

The Break-up and Dispersal of Pangea 

91. 7 The proposal of Wegener of the break-up and dispersal of 

Pangea was the beginning of any serious consideration of continental 

drift. Since the emergence of sea-floor spreading and plate tectonics, 

numerous authors have written on certain aspects of the subject. One 

of the most extensive and all-encompassing works is by Dietz and 
56 Holden, but others have dealt with the opening of the Atlantic Ocean 

and Gulf of Mexico, particularly as they deal with North American 
1 60,63,64,68,69,102 geo ogy. 

92. The problem of dating the break-up of Pangea and the separa

tion of its components must be solved by evidence from different fields 

of continental geology and paleomagnetism. This evidence can place 

narrow time limits on these events. 

93. The rifting of lithospheric plates is associated with the 

eruption of basalts and other volcanic rock near continental margins. 

The appearance of marine deposits in coastal regions that have been 

emergent for long periods is another indication of rifting. Graben 

structures and salt deposits may signify rifting and plate attenuation 

with marine invasion. Kinsman18 discussed these characteristics at 

greater length and presented models of continental rifting and 

associated sedimentation at retreating plate margins. 

94. Evidence from various fields suggests that there may be long 
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intervals of time between the first signs of rifting and subsequent 

drift. In the case of Pangea, rifting appears to have begun in the 

Triassic and was initiated by transform motion of Mexico and Central 

America from South America, 66- 68 similar to that taking place in the 

Gulf of California today. The zone of spreading moved progressively 

to the north, opening up the Gulf of Mexico and opening the Atlantic 

between North America and Africa. With the opening of the Atlantic 

northward to Spain (by the end of the Triassic, 180 million years ago) 

and its juncture with the western end of the Tethys (which separated a 

North America-Eurasian plate from the Africa plate), by early Jurassic 

time Pangea was split into a northern part called Laurasia and southern 

part named Gondwana. 

95. Spreading continued north, separating Europe and North 

America while Africa and South America began to separate as the South 

Atlantic Ocean opened during the Cretaceous. Following the early 

separation of North America from Africa, spreading broke to the north, 

initiating separation of North America from Europe and Greenland. 

Initial separation began in the late Cretaceous between about 80 and 

65 million years ago in.the Labrador Sea, which separated North America 

from Greenland. This newly created sea, for a time, formed the northern 

extension of the Atlantic Ocean. After about 65 million years, almost 

at the beginning of the Tertiary, spreading broke east of Greenland 

and into the Arctic. At about the same time, the Rockall Banks split 

off from Greenland, while spreading continued in both the Labrador Sea 

and in the North Atlantic between Europe and North America. Between 

50 and 40 million years ago, about middle Eocene time, spreading ceased 

in the Labrador Sea but has continuecr ro the- present in- the- North

Atlantic. 

96. Coney103 (1972) believed that the tectonics of western North 

America can be related to the spreading episodes in the Atlantic men

tioned above. For example, he argued that from 180 to about 80 million 

years ago, when North America was separating from Europe in a north~ 

westerly rotational movement, the leading edge of the plate failed over 

an overridden and entrained Benioff zone. This produced the Nevadan 
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and Sevier-Columbian orogenies. The Sierra Nevada batholith appears 

to have been emplaced in a number of pulses during this time, pulses 

being spaced at about 30-million-year intervals. A change in direction 

of motion by the North America plate was caused by collision with the 

trailing edge of the Eurasian plate about 80 million years ago. North 

America then began separating from Europe northward from the Azores in 

a westerly to southwesterly motion. This caused widespread failure of 

the Cordilleran foreland over another overridden, entrained, and 

possibly double Benioff zone to produce the Laramide orogeny. 

97. Since 40 million years ago North America has moved southwest 

by west toward the East Pacific rise which it encountered in middle 

Tertiary time. The tectonism of the western United States has been 

the product of the interaction between the North America and Pacific 

plates. Atwater45 has described western North America as a very wide, 

soft boundary between these two rigid plates. Northwesterly displace

ment of the Pacific plate in contact with the much slower westward 

moving North America plate has produced right-lateral strike-slip and 

associated compression now evident in the San Andreas system. 

98. Any account of the rifting of Pangea to form the Gulf of 

Mexico and Caribbean depends upon the model used in the reassemblage of 

Pangea. There is little agreement in this area, and there is also very 

little agreement on the sequence of events that opened the Gulf and 

formed the Caribbean. Since this paper deals primarily with seismicity 

in the United States, no attempt will be made to summarize the various 

models of Caribbean ·evolution. Only the Gulf of Mexico will be dealt 

with here, and only in the broadest of terms. 

99. The fact that the subject of Gulf and Caribbean evolution 

remains controversial implies that a satisfactory model has not as yet 

been found. The reader is referred to various papers on the subject 

and 1 ft t f h . 1 ti 56,63,64,68,69,102,104 e o orm is own eva ua on. 

100. Whatever the model for the evolution of the Gulf of Mexico 

and the Caribbean turns out to be, it must take into account the 

kinematics of continental rupture, the role of mantle plumes, and the 
24 

subsequent development of aulacogens. Burke and Dewey postulate a 
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plume-generated RRR triple junction in the vicinity of Jackson, Missis

sippi. They argue that the Mississippi embayment is the failed arm or 

aulacogen of this junction, the other two arms opening to form the 

Gulf. Walper and Wood are currently expanding on this theory and 

attempting to show that this feature may be controlled in part by an 

earlier Paleozoic aulacogen that may have extended into the Illinois 

Basin. 80 

101. The Rio Grande embayment may represent another aulacogen 

formed during the break-up of Pangea. It may have some relation to the 

earlier Delaware aulacogen but this is unconfirmed. What can be noted 

with regard to rifting in the Gulf is that the line of severance was 

on the North America side of the collision suture and only back-arc 

and pericratonic basins remain on the North America plate. The magmatic 

arc and collision suture have remained on the South America plate and are 

to be found in the Paleozoic Andes of that continent. This is in 

contrast to rifting along the Atlantic seaboard. When Africa separated 

from North America, the rift formed on the African side ·of the collision 

suture and, as a result, a portion of Africa was added to North 

America. 105 

102. The zone of abrupt basement dislocation downthrown towards 

the Gulf of Mexico, as shown on a basement map of the United States, is 

thought to mark the rifted margin of the continent. Early Mesozoic 

salt deposits associated with this rifted and attenuated margin are 

overlain by prograding Cretaceous and Tertiary deposits that spill out 

onto the oceanic crust of the Gulf of Mexico. 63 
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PART IV: TECTONIC ACTIVITY AT PLATE BOUNDARIES: OROGENY 

103. In terms of plate tectonic theory, convergent plate bound

aries are the domain of orogeny. The paired island arc-trench systems, 

with their intensive seismicity and volcanicity, mark these zones of 

plate convergence on the earth's surface, and are .quite probably 

orogenic belts in the process of formation. Here, the margin of one 

plate is consumed in a subduction zone dipping beneath the margin of the 

other plate. The overriding plate margin is characterized by a magmatic 

belt supporting both arc volcanism and plutonic intrusion at crustal 

levels. 

104. These orogenic belts often exhibit a pair of different 

metamorphic belts parallel to each other and running the length of the . 

orogen. The belt on the trench side is characterized by a high 

pressure-low temperature metamorphic facies. The belt back of the arc 

and associated with plutonic development is indicative of relatively 

high temperature and low pressure. These paired metamorphic belts have 

been found in various areas and are interpreted as the product of 

oceanic crust subduction and subsequent magmatism in the mobile core of 

the arc. Sediment is scraped from the down-going plate and intensely 

deformed as it is plastered to the inner trench wall, forming a melange 

of oceanic crust and highly crushed sediment metamorphosed to the blue

schis t facies. The inner metamorphic belt is the product of higher 

heat flow and forms as a result of melting and plutonic activity in the 

region beneath the volcanic arc. The Franciscan melange and associated 

glaucophane schists of the California Coast Range comprise an example 

of such a subduction melange and blue-schist facies whereas the Sierra 

Nevada batholith and associated metamorphism represent the inner 

metamorphic belt. 

105. Dewey and Bird, 106 in 1970, distinguished two types of 

mountain belts as a result of relative plate movement (Figure 16). The 

first, a Cordilleran type, develops when a trench forms near or at the 

continental margin to consume oceanic lithosphere, forming calc-alkaline 

and basaltic magmas. These belts are characterized by paired 
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a. Schematic sequence of sections illustrating 
a model for the evolution of a Cordilleran-type 
mountain belt developed by the underthrusting of 

a continent by an oceanic plate 

B 

b. 

thrust 'MidQ<?s al 
OC2aric crust 

Schematic sequence of sections illustrating the 
collision of two continents 

Figure 16. Schematic sequence of sections (From Dewey and Bird106) 



metamorphic belts and divergent thrusting. The second, collision type, 

develops by dominantly mechanical processes with the impact of continent 

upon continent or continent upon island arc. These mountain belts do 

not have paired metamorphic belts and are characterized by thrusting 

dominantly towards and onto the consumed plate. For orogeny at 
. 1 ' D' k'- l07 d . 1971 1 . continenta margins ic inson propose , in , two p ate tectonic 

models that involve deformation of continental slope and rise deposits. 

The first, where the continental margin is activated as the consuming 

or overriding plate margin of a newly initiated arc-trench system, he 

termed an activation model. Deformation, as in the Dewey and Bird 

Cordilleran type, is caused by (a) subduction and slicing in a trench 

regime, (b) intrusion and metamorphism in the roots of a magmatic arc, 

and (c) folding and thrusting at the back flank of the arc structure 

along the edge of a foreland basin. The second, where a continental 

margin collides with an arc or another continent, he called a collision 

model. Like the collision type of Dewey and Bird, the marginal sedi

ments are partially subducted until the buoyancy of the thick conti

nental crust chokes the subduction and forces readjustment of plate 

boundaries. 
35 106. Wilson recognized, in 1973, two types of mountain belts 

proposed by Dewey and Bird, which he termed the Andean and Appalachian 

types. He argued that it is a question of which plate is more nearly 

stationary over the mantle that determines the type of orogenic belt. 

If, for example, a continental plate advances over an oceanic one, 

which is stable relative to the mantle, a migrating marginal trough 

-and-mountains -of -Andean -type -with -huge -batholi-ths will form on the 

leading edge of the continent (Figure Sa). 

107. On the other hand, if a continental plate is fixed and one 

or more oceanic plates are advancing and underthrusting it, island arcs 

(and, when a collision with another continent occurs, mountains of 

Appalachian type) will form along each coast towards which a plate is 

advancing (Figure Sb). Wilson suggested that the Taconic-Acadian

Appalachian-Caledonian, the Ouachita-Marathon, the Antler-Sonoma-Sevier, 

and the Innution orogenies, which all formed during the Paleozoic Era 

50 



on different sides of North America, are examples of this type of 

orogeny. 

108. There seems to be general agreement on the major aspects 

of orogeny, but when the details are examined a considerable number of 

differences come to light. It may be that these differences reflect a 

variable process in which each case has its own individual characteris-

ti F 1 Ka i 108 R d 36 and L . 33 1 cs. or examp e, r g, oe er, omnitz, to name on y a 

few, have distinctive models to account for tensional stresses in the 

back-arc area. 

109. Karig explained the occurrence of crustal extension within 

arc systems as the product of diapirism. He also suggested that oblique 

subduction plays a role because it causes dilation in the back-arc area. 

110. Lomnitz recognized similar tensile stresses in the back-arc 

area of the Peru-Chile trench but attributed this phenomenon to 

tensional stresses formed as the overriding plate spread into the 

subsiding trench. He termed this particular type of convergence 
34 . 35 "accretion." Wilson and Burke and Wilson apparently visualized a 

similar situation when the rate of plate movement is asymmetrical. 

111. Roeder proposed transcurrent faulting in the back-arc area, 

when oblique subduction takes place, as a mechanism for crustal 

extension. 

112. These different models may not be entirely incompatible; 

they may simply reflect the ongoing seismicity being studied at the 

particular plate margins and thus indicate that each zone of conver

gence has its own peculiarities. More likely, each orogenic belt 

evolves in a particular manner as- the result of a- variety-- of processe-s

and the final product may reflect the most dominant process as well as 

th . 1 i . f h llid. 1 . 9 3, l09 e irregu ar ties o t e co ing p ate margins. 

113. Maxwell llO in 1974 traced the evolution of an orogen in 

northern California, where underthrusting oceanic crust has created a 

series of subduction melange slices in the Great Valley. In addition 

to characteristics shown in their evolution, collision orogens may 

exhibit great variations in structural style. Igneous and metamorphic 

associations may result from the impingement of projecting plate edges, 
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and zones of less intense deformation caused by embayments existing in 

the colliding margins. The resulting suture inherits not only marginal 

irregularities and continental fragments produced in rifting but the 

additional structures resulting from collision. 
35 . 

114. As pointed out by Wilson, in 1973, North America exhibits 

several orogenic belts. The Appalachian Mountains form one of these 

orogens, which, as noted earlier, is the result of the continental 

collisions that formed Pangea. The evolution of this orogenic belt has 

been interpreted in terms of plate tectonic theory by a number of 

geologists. 61 , 82 , 87 ,l09 ,lll,-ll2 With the exception of identifying the 

direction of the dipping Benioff zone and, therefore, the identification 

of the overriding plate, most of these writers are in general agreement. 

The entire orogen, including the suture zone, is present in North 

America as far south as Alabama, where it is terminated by the subse-
63 quent rifting and fragmentation of Pangea. 

115. The Cordilleran orogenic belt is much more complex. It has 

a long history of arc-continent collisions that have extended the 

continent to the west. These began in the Paleozoic and have continued 

to the present and are described by several authors. 97 ,99-lOl,l03,ll0,113 
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PART V: MIDPLATE TECTONICS: EPEIROGENY 

Introductory Remarks 

116. If plate tectonic theory is valid it must be able to explain 
deformation within plate interiors as well as at plate margins. When 
one looks at a map of earthquake distribution, it is readily apparent 
that the vast majority of earthquakes occur at plate boundaries. In 
fact this distribution of earthquake epicent~rs was one of the prime 
factors in the recognition of crustal plates. But not all earthquake 
activity is confined to plate margins, as a glance at the map will show. 
Many have occurred deep within plate interiors. This is more charac
teristic of the continental portions of the plates than the oceanic 
parts. The very presence of these earthquakes suggests some form of 
crustal movement, either vertical or horizontal or both. The broad 
vertical motion of crustal segments has been termed "epeirogeny" to 
distinguish it from "orogeny" which has been applied to the long, 
narrow, linear belts of crustal deformation associated with mountain 
building. 

117. Broad epeirogenic uplift and basin subsidence have long been 
of interest to geologists. But the study and development of theories 
as to causes have been in the context of a mainly static earth with 
fixed ocean basins and continents. The new interest derives from the 
fact that the vertical motions of plates must be ex·plained in the con
text of a dynamic earth, the crustal plates of which are now seen to 
involve great distances of horiz1'.lnta-l drifting-. 

118. The recent appearance of a number of papers dealing with 
1 i d . . 1,114-116 . di h i p ate tecton cs an epe1rogenes1s in cates t e grow ng 

interest in this area. Menard116 has .reviewed the subject of vertical 
crustal motions and their causes in connection with a GEOP research 
conference. As he indicates, interest in this subject goes back to the 
beginnings of modern geology. During the century since Lye11117 

speculated in 1835 on the causes, evidence of the existence of broad 
crustal warping has accumulated from many sources. The term 
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"epeirogeny" was coined by Gilbert118 in 1890 to describe the broad 

gentle warpings which are a common event in the geologic history of the 

earth. Broad plateaus have been uplifted and eroded and depositional 

basins have been depressed and filled with sediment, while involving 

little or no crustal deformation. Epeirogenic uplift with block 

faulting was incorporated as a phase of the geosynclinal or orogenic 

cycle. But the causes, when given, were speculative and usually 

appealed to the concept of isostacy. 

119. The more recent studies, however, tend to seek causes in 

the mantle and a greater knowledge of the mantle is therefore crucial to 

an understanding of the structure and dynamic behavior of the earth. 

Wyllie119 in 1975 reviewed current knowledge of the mantle and despite 

the mantle's inaccessibility, presented a considerable amount of infor

mation that has been assembled by indir.ect means. 

120. Menard116 in 1973 divided the causes of epeirogeny into 

four classes and the results into two. The causes he listed are 

(a) external loading or unloading, (b) bending of crustal plates 

plunging into subduction zones, (c) internal density changes, and 

(d) dynamic effects of mantle motion. 

121. The results depend on whether the cause is in the litho

sphere or below and whether the lithosphere is in motion relative to 

the asthenosphere. If the cause is within the lithosphere or if 

drifting is not taking place, the results are vertical or radial from 

the center of uplift. If the cause is in the asthenosphere or deeper 

and the lithosphere is drifting, the cause may remain fixed or move at 

_a --<liffe_rent: velatlt.y_. _Th_e expression of e_peiro_genesis would thus 

migrate across the surface of a plate. 

122. The following review includes some of the better known and 

documented causes of vertical uplift but focuses on those believed to 

derive from forces within the mantle. These are now being investigated 

and will have important implications for further research. 
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External Loading and Unloading 

123. Ordinary geologic processes, such as the localized accumula

tion of sediment, volcanic rock,. water, or glacial ice, will cause 

crustal subsidence. Conversely, unloading by erosion, evaporation, or 

melting will allow elevation of localized areas. It was such geologic 

phenomena as these that Lyell117 and others recognized, and it was 

Gilbert's118 recognition of the elevation of the crust after the 

evaporation of Lake Bonneville that led him to coin the term 

"epeirogeny." 

124. Crustal rebound, following the Pleistocene ice ages, is 
114 

documented in many places. It is still continuing and further 

elevation is predicted before isostacy is restored. 

125. Impoundment of water in large reservoirs and artificial 

lakes has produced crustal downwarp. Lake Mead is a good example 

.(Figure 17) and this phenomenon is widely known. There can be little 

doubt that it is real but the process is not as yet well understood. 

It appears that in some cases the load is the cause of downwarp; in 

other cases the cause may be water that permeates the crust. 

126. Crustal depression caused by volcanic activity is seen in 

the downwarped sea floor around the Hawaiian Islands. Each growing 

volcano of the Hawaiian chain has depressed the crust on which it rests 

and d f d h d . fl · t a moat and arch. 116 •120 e orme t e surroun 1ng sea oor in o 

127. The role of crustal warping as a result of the deposition 

of salt is difficult to evaluate. The occurrence of salt basins around 

the margins of the Atlantic and in the Gulf of Mexico suggests that 

evaporation and flooding may be frequent causes of epeirogenic warping 

but, on the other hand, these evaporite deposits may be the result 

rather than the cause of epeirogenesis. 

Bending at Subduction Zones 

128. Lithospheric plates bend upward in broad arches as they 
122 

curve over to plunge into subduction zones. This deformation, 
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Figure 17. Twenty-six billion tons of water plus an unknown a
mount of sediment accumulated in Lake Mead after completion of 
the Hoover Dam in March, 1935 to July, 1958.. This increased mass 
depressed the earth's crust by amounts shown by the contours or 
lines of equal subsidence. The subsidence was greatest in a re-

gion centered on Lake Mead. (From Donn 121) 
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consisting of an up-arched area 200 to 300 km wide, produces tensional 

breaks at the surface, fault scarps, tectonic benches, and small 

b 116,123,124 hi 1 . i 1 d i h gra ens. T s crusta upwarping s rare y preserve n t e 

geologic record since it occurs in oceanic crust that soon is subducted, 

thus leaving no record. What effect this crustal warping has on conti

nental crust as it approaches a subduction zone has not been determined. 

Density Changes 

129. The most obvious result of density change within the mantle 

is due to thermal doming at spreading centers. Spreading ridges are 

areas of high heat flow. The lithosphere created here is at a high 

temperature and therefore a low density. This probably is an important 

factor in the formation of high topographic relief at spreading ridges. 

As this newly created lithosphere moves away from the spreading ridge, 

it cools and densifies as it moves down the ridge flank. Subsidence is 

partially due to cooling and density change but is also due to movement 

down the ridge flank. The average rate of sinking is quite uniform for 
116 6 crust of a given age. According to Menard it averages 90m/10 years 

6 for the first 10 million years, 33m/10 years for the period from 
6 10-40 million years, and 20m/10 years from 40-70 million years. 

Although there are some regional variations, generally, in any given 

region, the depth is relatively uniform for crust of a given age. 
18 Kinsman has used these regional depth-age curves to predict subsidence 

and sedimentation along rifted margins but he has also incorporated 

thickness of crust as another variable, since he is dealing with conti

nental crust that has been eroded to varying thicknesses. 

130. Anomalies having a relief of +700 to -200 m and wave

lengths of 500 to 2000 km occur in the eastern Pacific. They are 

independent of crustal age and obscure the depth-age curve where the 

crust is more than 70 million years old. The observed heat flow and 

sinking of the oceanic lithosphere for 70 million years can be accounted 

for by lithospheric cooling after solidification at the spreading 

center. The depth anomalies are interpreted as the result of the 
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overriding of asthenospheric bumps, irregularities, or other epeirogenic 

phenomena. 

131. The most important among the other phenomena causing 

densification are phase changes that occur because the crust and mantle 

consist of silicate minerals. The structure of these minerals is 

dominated by the packing of oxygen atoms. As temperatures and pressures 

increase, the oxygen atoms are squeezed closer together and the 

minerals take on different atomic configurations and become more dense. 

132. At one time phase transitions at or near the Moho were 

proposed as a mechanism for the uplift of continents to high plateaus 
125 and the downsinking of sediment-filled troughs. In contrast, the 

more recent literature focuses on epeirogeny itself as an effect of 

phase changes at various depths. These phase transitions, as noted 

earlier, account for variation in seismic wave velocities.recorded in 

the upper mantle. The major phase transitions of interest were 

summarized by Wyllie119 in 1975, Knopoff126 in 1969, Ahrens127 in 1972, 

and Press and Siever128 in 1974, and are shown in Figure 18. 

Mantle Motion 

133. Although we cannot evaluate lithospheric uplift and sub

sidence due to phase changes in the mantle, we can look at types of 

mantle motion and try to evaluate the effects of these on the crust. 

134. Free-air gravity anomalies with amplitudes of tens of 

milligals and wave lengths of thousands of kilometres have been dis-

d b 1 i f b . . ll"t bi 116,129 Th covere y ana ys s o pertur ation in sate 1 e or ts. e 

rigid lithosphere is too weak to sustain such broad anomalies and the 

asthenosphere is even weaker; therefore, it follows according to 

Menard 116 that the anomalies are the consequences of convection in the 

mantle. This convection causes a relief to form on the upper surface 

of the asthenosphere; the upward convection produces positive gravity 

anomalies and anomalously shallow depths. One of these large positive 

anomalies is centered over the western United States and extends 

southward, more weakly, through Mexico and Central America. From 
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Figure 18. The layered structure of the upper mantle owing to succes
sive phase transitions from spinel irertdut±re in- the- uppermost- regiun

to a rock composed of minerals with elements in a sixfold coordination, 
that is, having closely packed groups of oxygen atoms enclosing atoms 
of magnesium, iron, and silicon, at a depth of about 600 kilometres. 
The numbers in the cross-section diagram represent the percentages 
of minerals in the rocks. The profile of P-wave velocity shows that 
the depths of actual changes in the mantle indicated by earthquake 

waves coincide closely with the depths of phase transitions. 

59 



there it extends along the Cordillera of South America, where it again 

forms a pronounced anomaly of +30 milligals. 

135. There is yet, however, no general agreement on mantle con
vection. One scheme proposes large convection cells extending through 

the entire thickness of the mantle. Another confines convection to the 
upper mantle, above the olivine-spine! phase transition. A third model 
restricts convection to the asthenosphere, that is, above 300 km. 

136. Another model of convective motion in the mantle involves 
thermal plumes. According to this model, all upward movement of mantle 
material is accomplished by numerous plumes rising from deep in the 
mantle, possibly at the core-mantle interface. The return flow is 

carried out by a slow downward movement of the rest of the mantle. 119 

137. The concept of an eastward-flowing mainstream within the 
upper mantle, from which convective upwellings are generated to form 

130 spreading centers, as proposed by Nelson and Temple in 1972, does 
not conform to any of the other convective models. If such a mantle 

mainstream does exist, its relation to the free-air gravity anomalies 

postulated from satellite orbit perturbation is unknown. 

Epeirogeny and Drift 

138. Differential rates of motion between the lithosphere and 
the asthenosphere can cause migrating epeirogenic warping of the 

lithosphere as it moves over an asthenospheric bump. The effect of such 
warping of a plate containing a continent has not been evaluated. 

116 Menard suggested that the results of such relative motion, with the 
-lithosphere -being essent-iaily mot1on-iess, can -be observed in the Russian 

platform. There lithof acies maps show the shoreline drifting across the 
platform during Paleozoic and Mesozoic time. This permitted the deposi
tion of thick sedimentary sequences of varying lithologies in intra
cratonic basins. Similar epeirogenic warping may have affected North 
America during the early Paleozoic, when it may have been relatively 
stable with respect to the underlying mantle. Wilson35 also suggested 

that when a plate becomes fixed relative to the mantle, as Africa is 
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at present, it develops special characteristics. Much volcanism, 

epeirogenic uplift, rifting, and the development of basins and swells are 

diagnostic of a fixed plate. 

139. The great domal uplifts, such as those in East Africa, repre

sent a more active stage of epeirogeny. These are believed to be the 

forerunners to continental rifting and were discussed earlier. Great 

graben systems form as the doming continues and rifts extend outward and 

eventually intersect. At this stage the lithosphere is broken into 

plates. Possibly, such a process is going on in the western United 

States. The West may be in the early stages of fragmentation into sub

plates. The western seismicity has been interpreted as indicating this 

by a number of investigators, notably Suppe et al. 131 in 1975, Smith and 

Sbar132 in 1974, Chapin133 in 1971, and Scholz et al. 134 in 1971. 

140. Such geologic processes, whether or not the result of 

epeirogenic warping, generate considerable seismicity and are therefore 

important to earthquake assessment. Some effects are short-lived; some 

persist for tens of millions of years or more. Epeirogeny has various 

causes; one important cause may be uplift and doming over mantle plumes 

or the limbs of mantle convection cells. Continental break-up may be 

the ultimate consequence if doming and rifting are extensive enough for 

the tensional rifts radiating out from triple junctions to become 

spreading centers. Often spreading in one of the rift arms is aborted 

and it becomes an aulacogen. These long-lived features often become 

the site of much crustal deformation and resultant seismicity. 

141. A great deal more is known about the epeirogenic behavior 

of oceanic crust than about that of continental crust. The locus of 

some hot spots, plume tracks, truncation- of guyots-, and- elevation- of

atolls can all be related to fast overriding. No effects of fast over

riding have been identified in continents. In contrast, most epeiro

genic phenomena in continents seem to. be the result of the continental 

crust becoming stationary relative to the lower mantle. These phenomena 

may reflect some fundamental difference in the behavior of continental 

crust to mantle plumes. Such unresolved questions reveal the state of 

knowledge in this area of research. 
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PART VI: TECTONIC ACTIVITY AND EARTHQUAKE 
OCCURRENCE IN THE UNITED STATES 

Seismicity of the Western United States 

142. The geologic evolution of the western United States has 

shown it to be an accretionary plate margin formed as successive arc

trench systems were developed, overridden, and sutured to the North 

America plate. This type of activity has been going on since early 

Paleozoic time and, as a result, the western margin of the continent 

has been extended westward by the addition of orogenic increments. 

Rogers et a1. 98 believe that this accretion would explain only a portion 

of the westward growth of the continent. They do not believe that this 

process alone could add a fully developed sialic mass to the continent 

but rather a crust with properties intermediate between those of conti

nents and those of oceans. From their studies they argue that sialic 

material must have developed and accrued to the western United States 

during and following the Sonoma and later orogenies that have affected 

the area. 

143. Westward growth of the continent and crustal thickening may 

be separate and nonsynchronous events. They suggest that accretional 

growth during orogeny may have been followed by slower crustal 

thickening that may be independent of orogenic processes. 

144. It is evident from the map (Figure 3) showing epicenters 

for earthquakes in the United States that the entire western portion of 
45 the country is anomalously seismic. Atwater suggests that this broad 

diffuse seismicity pattern is the result of a wide, soft, transform 
131 boundary between two rigid plates. Suppe et al. believe it is due to 

interaction between the North America plate and a somewhat rigid 

western United States plate. They argue that belts of seismicity, 

together with related topography, recent surface faulting, focal mech

anism, and Quaternary volcanism, define a rise segment, with geometry 

similar to the eastern boundaries of the Pacific plate within the 

western United States plate (Figure 19). Two mantle hot spots and 
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PACIFIC 

PLATE 

400 KM 

Figure 19. Rigid plate approximation to the present-day 
tectonics of the western United States. Shaded regions 
lie at elevations in excess of 1.5 km. Black specks and 
splotches are regions of Quaternary and Recent volcanism. 
On-land rise crests correspond to seismic zones associ
ated with normal faulting and related topography as well 
as basalt-rhyolite volcanism. These on-land plate bound
aries are zones of concentrated deformation and should 
not be considered individual faults (or in some regions 
even exactly parallel to individual faults) but rather as 
a simplified approximation to the kinematics. Most of ' 
the triple junctions are unstable as drawn and point to 
greater complexities on a smaller scale (for example, more 
subplates and distributed deformation) as well as contin
ual evolution of the plate geometry. The northern bound
ary of the Western United States 2late is obscure and 
demands considerable distributed deformation, some of 
which is taking place in the form of folding and thrust
ing in the Columbia River Plateau (shown as fold axes). 
The two northeast-trending aseismic volcanic chains to
gether with their associated 150- to 300-km domal uplifts 
are hot-spot traces and bound almost all anomalously high 
elevation in the western United States. The vectors 
shown at Yellowstone and Raton are predictions for motions 
of the hot spots with respect to the North American plate 
based on the four models considered by Jordan and Minster 
(1974). Model 1-is their preferred model. (From Suppel31) 
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spreading ridges connected by transform faults along this rise segment 

tend to define several subplates. 

145. When viewed closely, the seismicity of the western United 

States, instead of being diffuse, as it appears at first glance, can 

be seen to consist of several discrete belts. The dominant belt of 

seismicity, approximately 100 km wide, extends from the Gulf of Cali

fornia, along the San Andreas fault system, to Cape Mendocino and then 

along the rise and transform system off shore from Oregon and Washington 

(Figure 20). 
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Figure 20. Earthquake epicenters in western North 
America for the period 1961-1970. Small dots represent 
earthquakes of magnitude about 3 to 5, large dots great-

er than 5. (From Thompson and Burkel35) 
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146. Another area of marked seismic activity in the coastal area 

is in the vicinity of Puget Sound, Washington. A third zone extends 

north-south through western Montana, eastern Idaho, central Utah and 

into Arizona. It is known as the Intermountain Seismic Belt (ISB) and 

is linked to the Yellowstone hot spot or plume (Figure 21). A fourth 

conspicuous alignment of seismic activity branches from the main San 

Andreas trend in the vicinity of the Transverse Ranges and Garlock fault 

and trends north into western Nevada, marking the eastern flank of the 

Sierra Nevada. 

PACIFIC PLATE 

Figure 21. Generalized late Mesozoic
Cenozoic tectonic map of western United 
States plotted on projection where pole of 
rotation of North American plate (lat 53°1i~, 
long 53°W.) corresponds to pole of map pro
jection. Relative motions of subplates 
indicated by large arrows. Subplates: (1) 
Northern Rocky Mountain, (2) Great Basin, 
and (3) Colorado Plateau. Dark lines = 
faults. Stippled areas = Cretaceous gran
itic rocks; black areas = Quaternary basalt 
flows. SN = Sierra Nevada batholith, IB = 
Idaho batholith; SRP = Snake River Plain, 
CV = Cascade volcanics, WL = Wallowa linea-

ment. (From Smith and Sbarl32) 
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147. Scattered and less obvious seismic trends are more diffi

cult to relate to tectonic features. A diffuse scattering of epicenters 

that trend northwest across northern California to the southern end of 

the Cascade Range may be related to block faulting associated with the 

buried northward extension of the Sierra Nevada batholith. Of more 

profound tectonic implication, this area marks the landward extension 

of the Mendocino fault. Wilson35 proposed that this fracture zone 

extends from a mantle plume that marks an earlier position of the East 

Pacific rise, now overridden by the North America plate (Figure 22). 

This fault also forms the transition from the dominantly strike-slip 

boundary regime on the San Andreas transform to the subduction and arc 

tectonism regime in the Cascades produced by underthrusting of the 

western margin of the North America plate by the Gorda plate. 

-i----- GEOMETRIC 
PROJECTION 

_,.,_.:..--+---+"--Y- OF CREST 

Figure 22. Sketch map of west coast of North 
America showing location of sections of active 
mid-ocean ridges and connecting faults as well 
as geometric projection of crest of ridge. 

(From Wilson35) 
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148. Some non-rigid plate behavior is evident from the seismicity 

within the southern part of the Gorda plate near Cape Mendocino where a 

triple junction occurs. Because of internal deformation within the 

Gorda plate and extensive underthrusting of the Gorda plate along the 

Mendocino fault, Silver136 argued that continued northward motion of the 

Pacific plate with respect to North America would diminish the north

ward component of motion of the Gorda plate relative to this continent. 

In other words, the Gorda plate became a resistant block to the con

tinued northward motion of the Pacific plate and was internally deformed 

along northeast trending faults and overthrust by the Pacific plate 

along the Mendocino fault. This situation has an earlier analog in the 

Mojave block in Southern California and will be discussed later. 

149. The Blanco fracture zone, trending southeast from the 

southern end of the Juan de Fuca ridge, impinges on the continental 

margin near the point where the Mendocino fault intersects it. If 

extended to the southeast it would align with the seismic trend in 

northern California. Its role, if any, in this land-based seismicity 

is undetermined. 

150. The occurrence of a high seismic area in the region of 

Puget Sound must be related to a triple junction at the north end of 

the Juan de Fuca ridge. There spreading motion is transformed to the 

Explorer ridge which joins with another segment of transform boundary 

regime represented by the Queen Charlotte Islands-Fairweather fault 

zone. Added to the structural complexity of this area is the fact that 

it has an anomalously thick crust, compared to the rest of the western 
137 United States. This region of thick crust maybe an-extension-of 

Vancouver Island, which also has an anomalously thick crust, compared 

to the rest of the Canadian Cordillera. 138 The possibility that this 

block of thick crust may represent a continental fragment caught up 

in a boundary regime and moving independently, thus causing a high 

level of seismicity, must be considered. 

151. The Cascade Range lies between the two triple junctions, 

those at the north and south ends of the Gorda plate, and is apparently 

the product of subduction of the Gorda plate beneath North America. 

67 



139 Although a few earthquakes of intermediate depth do occur, the low 

seismicity associated with this subduction probably results from the 

slow rate of compression within or between the two plates, as such 

b d . d f h . 1 i . . 45 A h ib . oun aries are note or t eir ow se sm1c1ty. not er contr ut1ng 

factor is the high-stress concentration along the Mendocino fault and 

the consequently low stresses associated with underthrusting of the 
. 1 . 136 continenta margin. 

152. The southern portion of the San Andreas system is more 

complex and as mentioned earlier, its existence as a transform fault 

has been questioned.so Unlike the north, where the three boundary 

regimes obtain, only two are operative in the south, spreading and 

transform. The triple junction between the Cocos plate, the East 

Pacific rise, and the San Andreas fault lies south of Baja California. 

At an earlier time it undoubtedly was farther north and has migrated 

southward with subduction of the Cocos plate. The geologic record left 

during the late Cenozoic because of the interaction of the Pacific and 

North America plates in this southern portion of the San Andreas fault 

is what can be expected for the Cape Mendocino area at the northern end 

of this fault. 

153. 
140 Garfunkel, in a recent and penetrating analysis of the 

late Cenozoic tectonic history of the Mojave Desert and its relation to 

adjacent regions, explained the deflection of the San Andreas fault at 

its juncture with the Garlock fault and the Transverse Ranges. In terms 

of plate tectonic theory, right-slip motion between the Pacific and 

North America plates on the San Andreas fault has produced a region of 

crust-al-extension in the Gulf of California and -nor-thwar-d into Salton 

trough. When the Pacific plate encountered the Mojave block, it caused 

rotation and internal deformation of the block and bending of the San 

Andreas system. This resistance and bending was accommodated by dis

tortion of the block and by left-slip on the Garlock and other west

trending faults as well as thrusting in the Transverse Ranges. The 

focal mechanisms are those of reverse or thrust faulting, with fault 

planes striking roughly east-west parallel to the range. 

154. The stress field (resulting from right-slip movement between 
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the two plates, Pacific and North America, and the encountering of an 

irregular block) is resolved into two components. The larger component 

is parallel to the plate margins and concentrated in the San Andreas 

system, which defines the plate boundary. The smaller component, normal 

to the plate margin, is accommod?ted by quite irregular deformation over 

a wide zone. It usually occurs as crustal extension. In the south,., the 

crustal extension is mainly in a northwest-southeast direction parallel 

to the San Andreas fault and near the continental margin. North of the 

Mojave block, the extension occurs in an east-west direction, far 

inland, in the Basin and Range province. 
140 155. According to Garfunkel, such complex plate behavior 

cannot be predicted from the movement of plates. He thinks a local 

cause, probably related to the mechanism driving the plates, is indi

cated. Yet he suggests that irregularities such as those described 

above in plate motion reflect local complexities and may be aided by 

plate margins deviating from their rigid behavior. Deviation probably 

results from activity in the underlying mantle. This may be especially 

true in the Basin and Range province where local crustal spreading is 

normal to the dominant slip between the plates. 

156. As previously mentioned, a situation similar to the San 

Andreas-Mojave block area is developing along the San Andreas fault at 

the Mendocino triple junction. The Gorda plate is blocking northward 

movement of the Pacific plate at the expense of being internally 
. 136 

deformed on a series of faults similar to those within the Mojave 
140 

block described by Garfunkel. Furthermore, high-stress concentration 

on the Mendocino fault will ultimately yield, and the blocking action 

of the Gorda plate will be by-passed with complex transverse faulting 

and thrusting, as was the Mojave block. It cannot now be determined 

whether or not the resultant extension in adjacent regions will occur. 

157. A detailed analysi~ of seismicity on a fault system as 

complex as the San Andreas would be a formidable task and would require 

the evaluation of a number of factors known to influence seismicity in 

all three boundary regimes,_ and an integration of the geology of the 

region. What is attempted instead is a brief review of the seismicity 
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generated at transform and convergent boundaries and a comparison, 

whenever possible, with seismicity on the San Andreas system. Each 

factor will be evaluated and contrasted with similar parameters known 

to be present along the North America plate margin. The factors known 

to influence seismicity in both boundary regimes are (a) interface 

geometry of plates, (b) crustal thickness and structure, (c) heat flow, 

(d) transverse structural boundaries and changes in structural style, 

and (e) interstitial fluids. 

158. The geometry of the interface zone, particularly the width 

of the interface between underthrust and overthrust slabs of litho

sphere, plays a major role in determining seismic activity along plate 

boundaries. The width of plate interface is the downdip dimension of 

the contact zone between the two abutting lithosphere plates 

(Figure 23). Kelleher et al. 141 report that ruptures of extraordinary 

length (>400 km) occur near gently dipping slabs of lithosphere that 

abut over a broad contact zone against the overthrust slab. Moderately 

large earthquakes (maximum rupture length, <150 km) occur along slabs 

that dip more abruptly and therefore have a narrow zone of contact with 

the overthrust crust. This implies a correlation between width of 

interface and maximum dimension of rupture which may provide a guide in 

estimating the source dimensions of large earthquakes that are likely 

to occur in many localities. 

b. 
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Figure 23. · Interface area between overthrust and underthrust 
slabs of lithosphere at a subduction zone.. (a) Perspective view. 
(b) Side view showing relationships among width of interface, 
zone of shallow earthquakes, and angle of dip. (From Kelleherl41) 
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159. The extent and location of ruptures along large strike-slip 

faults may also be influenced by the width of the interface (vertical 
141 extent of hypocenters for strike-slip faults). Kelleher et al. note 

that along the two great transform fault systems near western North 

America (the San Andreas and the Queen Charlotte Islands-Fairweather 

faults) both the width of interface and the typical dimensions of large 

earthquakes tend to increase in size, and the earthquakes in intensity 

with increasing distance from the spreading center. 

160. They also show that the nature of seismicity along the length 

of a fault system is distinctly nonuniform and varies systematically 

with distance from the spreading center. Such a systematic variation 

in seismicity can be observed along the San Andreas system northward 

from spreading centers in the Gulf of California. Near and north of 

the Gulf are regions where minor and moderate earthquakes and occasional 

swarms are common. Farther north the seismic zone produces occasional 

earthquakes of magnitude near 7. Finally, north of San Bernardino, the 

seismic regime may be of infrequent great earthquakes. 

161. On a global scale, Kelleher et al. 141 have noted that the 

rupture zones of large earthquakes tend to fill in plate boundaries 

without significant overlap. They argue that gaps left after earth

quakes are probable sites for future large earthquakes. In addition, 

they note a characteristic quiescence of seismicity in the rupture zone 

in comparison with activity in adjacent regions, before large earth

quakes. It is not clear, however, whether a prospective zone of rupture 

becomes quiescent as part of a process premonitory to a large earthquake 

or whether after the aftershocks of a large earthquake diminish, the 

zone remains quiescent until the time of the next large earthquake. 

162. Crustal thickness and structure influence the seismicity 

of an area in a number of ways. Since crustal thickness is a factor of 

interface geometry, particularly on vertical strike-slip or transform 

faults, it is an important indicator of seismic activity. Crustal 

thickness increases to the northwest in the region of the San Andreas 
137 fault in southern California. This may be a factor in the observed 

increase in seismic intensity north along the fault. 
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163. There are other factors present that add to the complexity 

of fault systems and tend to increase the seismic intensity along the 

fault. Major tectonic structures transverse to the strike of the fault 

mark concentrations of seismic activity. These structures appear to 

delineate the extent or margin of a rupture zone. The block containing 

the zone of rupture may be partially decoupled from adjoining sections 

of the fault by the transverse structures, which serve as likely loca

tions for high stress concentrations. Consequently, moderate and 

minor seismicity tends to concentrate near these features as strain 

accumulates. As has been pointed out, a number of transverse features 

are to be found along the San Andreas fault and no doubt their blocking 

action has considerable influence on the location of stress build-ups 

and subsequent release in the form of earthquakes. The role of these 

features and changes in structural style has not been adequately 

studied and it is not possible at this time to evaluate their importance 

in the generation of earthquakes. 

164. Areas of high heat flow, such as those near spreading cen

ters, are characterized by minor to moderate earthquakes and earthquake 

swarms. The mechanism of strain release is possibly a combination of 

such seismicity and fault creep, i.e. slow slippage_ without accompanying 

large earthquakes, at relatively shallow depths. Although this also 

may be a factor influencing the intensity and type of seismicity oc

curring within plate interiors, e.g. the Great Basin, it appears to 

dominate the seismic activity along the southern portion of the San 

Andreas fault near and north of the Gulf of California. 142 

165. Interstitial fluid is being recognized as an important 

mechanism for release of tectonic strain and the triggering of earth

quakes at intraplate sites143 as well as at plate margins. Apparently, 

the injection of fluid reduces friction along a pre-existing fault or 

faults, with resultant release of accumulated strain to form earth

quakes. Recently, models of rock dilatancy and consequent fluid flow 

have been proposed as a process that commonly precedes rupture. The 

indications of increased seismic activity near the edges of rupture 

zones and especially near the vicinity of the main shock are attributed 
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by Kelleher and Savino to the penetration of water into the dilatant 

zone and the consequent diminution of rock strength. 

166. In general, it appears that all the aforementioned factors 

influence seismicity along the San Andreas fault system. Kelleher and 

S . 142 d h 1 b h th . t f f lt t f avino argue t at a ong ot e maJor rans orm au sys ems o 

western North America and possibly others, the systematic change in 

seismicity can readily be interpreted as a function of (a) the interface 

geometry of the crustal plates, (b) increasing thickness, and (c) 

diminishing heat flow with distance from the spreading centers. Super

imposed on this rather general pattern of systematic variation are the 

other apparently random variables of transverse structures, changing 

structural style, and interstitial fluids. The role of these factors 

in relation to the other systematic variables has not been adequately 

studied, so it is not possible to evaluate their contribution to the 

generation of earthquakes in western North America. 

167. The occurrence of an active seismic area in the region of 

Puget Sound has been mentioned. Whether the cause of this seismicity 

is a block of thicker crust or the transition from a consuming plate 

margin regime to another segment of a transform boundary regime 

represented by the Queen Charlotte Islands-Fairweather fault zone has 

not been determined. There is, however, an alignment of epicenters 

extending southeast from Puget Sound across Idaho to northern Utah that 

conforms in position and strike with structural axes crossing the 
3 

Columbia River plateau. This trend is coincident to the Olympic-
144 

Wallowa lineament, which is believed by Skehan, as reported by Zietz 
145 et al. , to mark the boundary beneath the Columbia- River plateau-

between continental crust on the north and oceanic crust on the south. 

According to Zietz et al. the lineament is not well defined on the basis 

of areomagnetic data but they suggest that the patterns obtained could 

be caused by strike-slip displacement along the lineament, as Skehan 

suggested. It also could simply reflect the primary pattern of the 

continental margin during Paleozoic and early Mesozoic time. 

168. A more easterly ~rend of epicenters could be chosen from 

the diffuse array in the area. This trend would pass through southeast 
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Washington, Idaho, and to the northwest corner of Wyoming, in the Yellow

stone region. This northwest-trending belt of seismicity aligns with a 

similar trending anomaly in the northern part of the Idaho batholith. 

Interestingly, the belt is coincident with the trans-Idaho discontinuity 

that Yates146 in 1968, on the basis of gross subcontinental geologic 

relations, speculated was a zone of major. left-lateral dislocation. 145 

The Intermountain Seismic Belt 

169. The Intermountain Seismic Belt (ISB) is a zone of pronounced 

earthquake activity 1300 km long and 100 km wide extending southward 

from the southern end of the Rocky Mountain Trench, along the eastern 

Rocky Mountain front in western Montana, through Yellowstone and eastern 

Idaho, and then south-southwest through Utah, into Arizona (Figure 24). 

It is coincident with the Cenozoic fault zones of the Northern Rocky 

Mountains, intersects the eastern end of the Snake River plain, and 

encompasses the Yellowstone area of northwestern Wyoming. In the south 

it coincides with the boundary between the Middle Rocky Mountains

Colorado Plateau and the Basin and Range province. 

Figure 24. Intermountain seismic belt on seismicity map of 
North America. (From Smith and Sbarl32) 
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170. Smith and Sbar132 discussed the seismicity and tectonics of 

the western United States with emphasis on the ISB, and their paper has 

served as a major source for this review. They interpreted this zone 

of seismicity as a boundary between subplates of the North America 

plate, since it closely follows the boundary between major physiographic 

and structural provinces of the western United States. 

171. A minor, west-trending seismic zone diverges from the main 

trend of the ISB in Idaho where it separates the Northern Rocky Moun

tains from the Great Basin and the Snake River plain. A secondary zone 

of rather abundant seismicity diverges from the ISB at Cedar City, 

Utah, and trends southwest, passing north of Las Vegas, Nevada. There 

it joins with the seismic belt that flanks the eastern margin of the 

Sierra Nevada. Together, these belts of seismicity outline the Great 

Basin and Northern Rocky Mountain subplates. 

172. Fault plane solutions indicate that both the Northern Rocky 

Mountains and Great Basin subplates are moving west with respect to the 

· stable portion of the North America plate, and that they also are moving 
131 

apart. Suppe et al. have postulated a continental spreading ridge 

along the ISB; they have tied this to the Yellowstone plume, a postula

tion for which there appears to be ample evidence. Smith and Sbar 

stated that the kinematics of the subplates in the vicinity of Yellow

stone Park are what might be expected from a radial stress distribution 

overlying a mantle plume (Figure 25). Quaternary volcanism, collapse 

calderas, and high geothermal activity are all indicative of such a 

plume, and the east-trending Snake River plain appears to represent 
147 the plume track. Armstrong et al. showed in 1974 from K-Ar dating of 

volcanic centers that they are time transgressive, with the initiation 

of volcanism becoming successively younger towards the northeast at a 

rate of about 2.5 cm per year. 

173. Other significant evidence supports the presence of a mantle 
35 129 131 148 

plume beneath Yellowstone Park; ' ' ' and it seems to be fixed 

relative to a mantle plume beneath Hawaii. Thus, it would appear that 

the Snake River plume track and its rate of progressive movement east 

represent motion of the North America plate over the mantle hot spot. 
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Figure 25. Idealized east-west cross
sectional model for Yellowstone plume. 

(From Smith and Sbarl32) 

174. Suppe et a1. 131 hypothesized that another plume exists 

beneath Raton, New Mexico, and that it also left a plume track as North 

America moved over it. Apparently, it was a much weaker plume because 

volcanism was not as great, a central depression is missing, and it now 

appears to be inactive. 

The Basin and Range Province 

175. The northern portion of this province is often referred to 

as the Great Basin. It is a highly faulted region corresponding 

closely to a well-defined zone of high heat flow, thin crust, and 
134,135 

anomalously high-attenuation low-velocity upper mantle. Seismic 

activity is confined mainly to its margins which lie above lateral 

transitions in the upper mantle and correspond with most recent vol

canism. This delineation by seismic belts (a) the southern portion 

of the ISB on the east, (b) the east-trending zone of seismicity in 

southwest Utah and southern Nevada on the south_, (c) the north-trending 

zone that marks the eastern flank of the Sierra Nevada on the west, and 

(d) the Idaho seismic zone and Snake River plain on the north makes 

it appear to be a subplate. 

176. Basin and Range structure has variously been explained as 

the product of a westward-moving convection cell, 149 or as part of a 

wide, soft boundary reflecting transform motion between the Pacific and 
45 North America plates. It also has been considered the result of a 
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large mantle diapir in an inter-arc basin associated with subduction of 

h 1 1 i h . 134 h f 1 t e Fara! on p ate n t at region, or as t e consequence o crusta 

extension over a wide area normal to the San Andreas transform when it 

was forced to bend upon encountering the resistant Mojave block. 140 

This latter explanation is in accord with the origin proposed by 

Stewart, 150 in which he envisioned the fragmentation of a crustal slab 

above a plastically extending substratum. 

177. Smith and Sbar132 also concluded that the Great Basin is a 

region undergoing extension but they attributed this extensional 

process to the upwelling and lateral subcrustal flow of the Yellowstone 

mantle plume (Figure 21). Suppe et al., 131 while not dealing specifi

cally with the origin of the Basin and Range structure, proposed a 

spreading plate boundary regime beneath the western United States. 

Their spreading rise crest follows the ISB to southwestern Utah where 

it transforms to a northeast-trending depression, once occupied by 

pluvial Lake Lahonton, in northwestern Nevada. This rise segment 

terminates in a complex zone of extension and transforms that reaches 

to the Garlock fault of the San Andreas system and is associated with 

a belt of seismicity defining the western boundary of the Great Basin 

(see Figure 19). 

178. It is obvious from the foregoing that there is no simple 

explanation for Basin and Range structure and its low seismicity, 

notwithstanding its highly faulted and attenuated nature. Further work 

must be done and other models proposed or some of those in existence 

refined, so that all the unique characteristics of this province can be 

encompassed and explained. In terms of plate tectonics it is at present 

behaving as a subplate, bounded by belts of high seismicity, such as 

delineate other aseismic blocks, e.g. the Colorado Plateau. 

The Colorado Plateau 

179. The Colorado Plateau is a broad area of sparse seismicity. 

Focal mechanisms used by Smith and Sbar to aualyze its stress condition 

came from artificially triggered earthquakes. From their studies they 

concluded that it is a region under compression as a result of spreading 

on the Rio Grande rift, which forms its eastern boundary. 133 •151 
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180. Chapin133 described the Rio Grande rift and suggested that 

northward drift and clockwise rotation of the Colorado Plateau tend to 

keep the north end of the rift closed, free of volcanism, and cause up

thrusting of the Sangre de Cristo horst along the east side of the San 
148 Luis valley. Matthews and Anderson postulated rifting the entire 

western United States from North America by spreading on the Rio Grande 

rift and its continuation northward, as they see it, in the southern and 

middle Rocky Mountains to the Yellowstone plume. The northern boundary 

of this plate, as proposed by them, would be the Snake River downwarp, 

and they suggested the Texas Lineament as the possible southern bound

ary. This suggestion ignores the regional tectonics and seismicity 

of the entire western United States. 

181. The tectonic evolution of the western United States in terms 

of plate tectonic theory is not as yet completely known. There are a 

number of points that should be made, however, before leaving this 
103 subject. If, as Coney suggested, the evolution of western North 

America is tied to motions of the plate initiated during the opening of 

the Atlantic Ocean, then the changing directions of the North America 

plate would play a significant role in the tectonic evolution of the 

western United States. If the proposed mantle plumes (Yellowstone and 

Raton) were fixed in relation to the mantle, as the Yellowstone plume 

appears to be because of its apparent constant position relative to the 
132 Hawaiian plume, they may mark the position of an early spreading 

ridge now overrun by the North America plate. This may be the original 

site of the East Pacific rise, with respect to the mantle, as proposed 

in 1964 by Menard 152 to explain Basin and Range structure. In a more 

recent interpretation, the East Pacific rise extends into the Gulf of 

California and transforms to J:he Juan de Fuca ridge via -the San Andreas 

fault system. This leaves an unanswered question; what takes place at 

mantle levels when a continental plate overruns a rise system? 

182. Wilson35 questioned Atwater's45 proposal that if a continent 

overrides a spreading ridge, the ridge should die away. As he pointed 

out, this may be true for inter-plume areas of the ridge but not for 

plumes which have risen from deep in the mantle. It seems likely that 
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these features would remain active, regardless of the type of overlying 

crust, and make their presence obvious. On the other hand, what happens 

to the plate boundary? Does it adjust to the margin of the overriding 

plate as a complex transform system such as the San Andreas? And does 

this overriding of a spreading ridge with its mantle plumes cause the 

consuming plate to suffer extension and fragmentation into subplates? 

183. Certainly in the case of the western United States the 

seismic pattern suggests fragmentation and the development of subplates 

in response to the continuing action of mantle plumes. Since crustal 

plates move very slowly, the various plate regimes now present in the 

western United States are going to prevail for a long time into the 

future. Seismicity on the established belts will continue and may even 

be accelerated and augmented in places by crustal kneading of epeiro-
132 

genie origin. As pointed out by Smith and Sbar, areas of unusually 

low seismicity, such as those near Salt Lake City, Utah, and Helena, 

Montana, may represent gaps in seismic activity at this time. However, 

they are areas of potentially higher seismic risk than the rest of the 

!SB, as they are likely zones of future rupture. 

Seismicity of Central and Eastern United States 

General remarks 

184. The central and eastern United States generally have a 

broad dispersal of earthquake epicenters with only a few areas of any 

concentration. One of the areas shown bn the seismic risk map of the 

United States as having a potential for major damage is along the 

Mississippi valley at the confluence of the Ohio and Missouri R.iYer.s_ in~ 

southeast Missouri, northwest Arkansas, southern Illinois, and western 

Kentucky and Tennessee. Another is in South Carolina, centered on 

Charleston. A third area includes the St. Lawrence River valley. 

185. Areas having a potential for moderate damage include part 

of a broad area of rather randomly distributed earthquake epicenters 

covering Wyoming, Colorado, South Dakota, Nebraska, Kansas, and part of 

Oklahoma. An apparent east-southeast alignment of seismicity runs from 
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the Texas Panhandle into Arkansas along the trend of the Wichita

Arbuckle-Ouachita Mountains. 

186. A localized zone of seismic activity follows the frontal 

part of the middle Rocky Mountains through Wyoming to join with the 

front of the southern Rocky Mountains. 

187. The Appalachian Mountains overthrust and fold zone extending 

from Alabama to southern New England is another area having a potential 

for moderate damage. A belt of fairly abundant earthquake epicenters 

strikes south from southern Maine, across central New England, and 

extends along the coast from Cape Cod and to the head of Chesapeake Bay. 

Local alignments occur in both Virginia and South Carolina, generally 

along axes transverse to the structural trends of the observable rocks. 

188. Nuttli, 153 in a brief seismic history of the central United 

States, demonstrated that the attenuation of seismic waves is appre

ciably lower east of the Rocky Mountains than it is to the west. This 

implies some fundamental difference in crustal character between the 

two areas. 

189. Some of the factors discussed as influencing plate margin 

seismicity in the western United States may also pertain to intraplate 

seismicity. Crustal thickness and structure, compressional versus 

extensional stress fields, seismic wave attenuation, and heat flow are 

all factors that must be considered in assessing earthquake activity. 

190. Woollard3 concluded that there is no unique relation 

between variations in crustal thickness and degree of seismic activity. 

More recent investigators, however, argued that increasing crustal 

thickness is a factor that influences an area's seismicity. Keller 

et a1. 154 concluded in 1975 that crustal structure and thickness along 

the Great Basin-Colorado Plateau transition zone determines the funda

mental differences in tectonic and seismicity between the two physio

graphic provinces. The Great Basin is characterized by high heat flow, 

thin crust, extensive late Cenozoic volcanism, and normal faulting. The 

Colorado Plateau is characterized by lower heat flow, a thicker crust, 

and Cenozoic epeirogenic uplift. A similar comparison can be made 

between the part of the United States west of the Rocky Mountains 
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and that lying east of this mountain range. 

191. The lower attenuation of seismic waves east of the Rocky 

Mountains can, in part, be the result of a thicker crust. Warren and 

Healy137 showed a somewhat thicker crust east of the Rocky Mountains 
155 than west of them. Sykes and Sbar argued in 1973 that compressive 

stress appears to be typical of the interior of many plates and Sbar 

and Sykes156 also reported in 1973 that a large region of high hori

zontal compressive stress is present in eastern North America. This is 

in contrast to what is postulated for the western United States, where, 

with the exception of the Colorado Plateau, most of the region, 

particularly the Basin and Range province, is undergoing extension. It 

would seem that, in general, when compared to the western United States, 

the central and eastern portions of the country are characterized by a 

thicker crust, in which compressive stress is typical, and which 

exhibits a lower attenuation of seismic waves (Figure 26). 

192. The crust of the central and eastern portions of the United 

States appears to be fundamentally different from that of the west. It 

is within this crust that basement structures and crustal blocks adjust 

to epeirogenic forces. Continued plate movement along old fracture 

lines developed at different times in the geologic past produces the 

seismicity present in the region. 

Mississippi valley 

193. The earthquakes of the Mississippi valley are associated 

with continuing tectonic activity at the upper end of the Mississippi 

embayment, which is, as previously mentioned, believed to be an 

aulacogen or failed rift arm formed during the break-up of Pangea. 

Aulacogens are long-lived, and being_ zones of crustaL rup_ture_,_ the_ 

crust having once been rifted, will continue to adjust to both hori

zontal and vertical plate motion produced as a result of drift or 

epeirogenic kneading. 

194. Compared to the Wichita aulacogen, which still has some 

seismicity along its trend, even though it has been involved in conti

nental collision and transcurrent faulting, the Mississippi aulacogen 

is a young feature. It may occupy the site of a former Paleozoic 
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Figure 26. Map of part of North America with selected tectonic 
features showing fault plane solutions of earthquakes (solid 
triangles), strain relief in situ stress measurements (solid 
circles), hydrofracture in situ stress measurements (open tri
angles), and a pop-up near Chippewa Bay, New York (open circle). 
Strike of horizontal component of maximum or minimum compres
sive stress is shown at each locality. Arrows denoted by dashed 
lines are less reliable (that is, ratio of 01 to 03 1.5 or less). 

(From Sbar and Sykesl57) 

aulacogen, but it is now rifted, marked by faults and alkaline intru

sions, including carbonatites, and is still undergoing subsidence and 

sedimentation. In addition, much of the region inunediately north is 

disturbed by faulting, volcanic vents, and dikes. 

195. Stearns and Wilson, 158 in 1972, reported by Krinitzsky, 159 

in 1974, showed how faulting on this aulacogen has migrated westward 

through geologic time. The westward migration of this fault activity 

is probably in response to deeper crustal adjustments on Paleozoic 

faults associated with the earlier aulacogen. The systematic migration 

may reflect crustal response to drift over an asthenospheric bump~ to 

reactivation of spreading, or to crustal drag by mantle flow beneath 

the lithosphere. 

196. Krinitzsky159 argued that the aseismic character of the 
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lower Mississippi valley and the Gulf Coast is due to the sediments not 

being competent to transmit severe earthquake shaking even if it were 

generated in competent rocks at greater depths. He sought the transi

tion from the aseismic Gulf Coast and lower valley to the seismically 

active upper valley, where the rocks and sediment are firm enough to 

generate and transmit large earthquake shocks. No doubt the thick wedge 

of young and poorly consolidated sediments severely attenuates and damp

ens seismic waves, but if earthquakes are generated by crustal movements 

at depth, it would seem that large earthquakes could be recorded through

out the lower valley and Gulf Coast. None are; therefore another factor 

must be involved, and this is most likely heat flow. As was seen near 

the Gulf of California and in the Great Basin, both areas of high heat 

flow, the intensity of seismicity is very low and is often characterized 

by earthquake swarms. The mechanism of strain release may be fault 

creep with no recognizable seismicity. Since the Gulf Coast is an area 

of high heat flow it is probable that the lack of seismicity in this 

area and the Mississippi embayment reflects the heat factor rather than 

the incompetency of rock and sediment. An additional factor may also 

prevail, crustal thickness. The prograded Cretaceous and Tertiary 

sediments of the Gulf Coast may overlie thin oceanic crust. If the 

Mississippi embayment is an aulacogen, it also would be an area of 

thinner crust, having once been a rift arm. This would be particularly 

true of its lower reaches. 

St. Lawrence valley 

197. The general alignment of earthquakes extending from southern 

Illinois to the St. Lawrence valley in Ontario and Quebec was noted by 

Woollard. 3 lie could offer nn expl,anation- for it other than that- the

alignment may be related to unloading of the Pleistocene ice cap. An 

isoseismal pattern developed for the Quebec earthquake of 1925 shows 

this belt to be an axis of high seismic transmissibility, therefore low 

attenuation. 3 This coincides with a maximum stress trend noted by 
157 Sbar and Sykes. . It also contrasts with a pronounced zone of poor 

seismic transmission paralleling and adjacent to the Appalachian thrust 

and fold belt. 
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198. Sbar and Sykes157 did not accept the continuity of the 

southern Illinois-St. Lawrence trend. They noted that large gaps occur 

in the trend and suggested that the concentrated seismicity around Mon

treal and Ottawa is part of a trend running from Boston to Ottawa and 

may be located along an extension of the Kelvin seamount chain. 

199. Sykes1 noted that surface faulting has not been observed in 

any of the earthquakes in the St. Lawrence valley and that very little 

study of these earthquakes has been made. Accordingly, it is not 

possible to determine whether the earthquakes are located along faults 

or to specify a tectonic mechanism. He urged careful study of the area, 

not only because of a lack of knowledge, but because of the proximity 

of the seismic zone to many large cities. 

New England and Appalachian region 

200. The earthquakes of New England are in association with 
. 103 20 granitic intrusives. Coney and Morgan suggested that the New 

England granite bodies are the result of North America being over the 

Azores hot spot or plume before rifting took place to open the Atlantic 

Ocean. The present seismicity is in response to the continuing adjust

ment of this sialic crust to the horizontal drift of North America and 

to epeirogenic warping. 

201. The earthquakes of the Appalachian region are associated 

with both the Piedmont and the Appalachian Mountains, particularly the 

belt of thrusts and folds. This seismicity seems to occur in areas of 

high stress along pre-existing fault zones formed during continental 

collision. It is possibly, by extensional tectonics, associated with 

the rifting and break-up of Pangea. 105 

202. Mention has been made of the possible existence of a late 

Precambrian or early Paleozoic aulacogen in the Carolina area of the 

Appalachians. The suggestion was made that the Charleston earthquake 

of 1886 may have been caused by movement on this feature. The northwest 

trend of epicenters in this area is transverse to Piedmont structure and 

coincides with the projected trend of the thick sedimentary package 

present in the area. Rankin105 suggested that differences in lithology 

and deformational history indicate that the Blue Ridge and the Piedmont 
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belong to two different plates (the North America plate and the Africa 

plate) and are now sutured at the surface along the Brevard zone. His 

interpretation of the Piedmont as a large mass of Africa thrust on .to 

the margin of the North America plate would require that the margin of 

North America containing the aulacogen be now buried beneath the Pied

mont allochthon. This would not only account for the presence of the 

seismicity in this area and its transverse-to-structure trend, but it 

would explain the deeper-than-normal focal depth of the Charleston 

earthquake. 

Mid-Continent 

203. The alignment of epicenters along the trend of the Wichita

Arbuckle-Ouachita mountain belt undoubtedly reflects the continuing 

response of the ancient Wichita aulacogen to crustal flexing and 

epeirogenic uplift. The higher seismic activity on this aulacogen is 

in contrast to that reported for the Delaware aulacogen in West Texas. 

This dispartty may be time dependent, i.e. the frequency of earthquakes 

in this area is so low that historical records do not accurately compare 

the seismicity of the two regions; it may reflect the more dominant role 

of local factors, such as heat flow or fault creep. 

204. Although Nuttli153 in 1973 delineated the seismic regions 

of the central United States and assigned geological names to some, he 

noted that a causal relation between the gedlogic structures and 
3 

present-day earthquakes has not been established. Woollard, on the 

other hand, associates earthquake activity throughout the Great Plains 

with such positive tectonic elements as the Black Hills, Sioux Uplift, 

and numerous arches such as the Chadron, Abilene, and Nemaha. He also 

noted that the seismicity of the middle and southern Rocky Mountains 

occurs in connection witn tne ooundaries of positive elements such as 

the Big Horn uplift, Owl Creek uplift, Wind River uplift, Sweetwater 

arch, Laramie uplift, Rock Springs uplift, White River uplift, and the 

Uncompahgree uplift. The only negative feature showing extensive 

seismicity in this region is the Rio Grande uplift. 
97 

205. According to Burchfiel and Davis, most of these basement 

uplifts are attributed to compressive shortening of the thermally 
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weakened craton in response to intraplate stresses generated by plate 

convergence. These fault-bounded basement uplifts occur in association 

with a zone where the subducting plate was more shallow-dipping in con

trast to the steeper-dipping segments in adjacent areas to the north 

and south. The present seismicity is the result of continued adjustment 

of these crustal blocks, along old fracture lines, to changing stress 

conditions. 

206. One purpose of this study is an attempt to show causal 

relationship between seismicity and geologic structures. This did not 

prove difficult in the western United States, but many of the sparse 

and scattered earthquake epicenters of the central United States are 

difficult to relate to specific geologic features. 

207. It is not difficult to identify some basement structure near 

each epicenter but it becomes speculation when one makes any causal con

nection between the two on the basis of data on hand. There seems to 

be little doubt that the earthquakes of central and eastern United 

States are related to the presence of high stress in regions where 

fault-bounded basement structures of Paleozoic and younger age exist. 

A knowledge of the stress distribution and the location of these struc

tures may enable us to map regions of high earthquake risk more pre

cisely. As Nuttli153 pointed out, only one reliable fault plane 

solution exists for a central United States earthquake. More data of 

this type and a better understanding of the driving mechanism of crustal 

plates are needed. These can be coupled with more complete knowledge 

of stress distribution obtained through many more stress measurements, 

to allow a competent assessment of earthquake hazards throughout this 

region. 
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PART VII: SUMMARY AND EARTHQUAKE ASSESSMENT 

208. What has been attempted in this report is to show that areas 

of high seismicity, in particular those which occur within the interior 

of crustal plates, can be explained in terms of plate tectonic theory. 

Although this relationship appears somewhat obvious, its predictive 

value is lessened because little is known today concerning the dynamics 

of plate motion or the mechanisms operating within plates or along their 

margins. Seismicity is generated by tectonic activity on geologic 

structures that may have had their origin in events of the distant 

geologic past during episodes of continental construction. A brief 

synopsis of plate tectonics and the geologic history of North America 

interpreted in terms of plate tectonics was given, not only to introduce 

the subject, but to alert the reader to the need to know more of the 

details of geologic history in these terms. 

209. in insight must be gained into the origin of structural 

lineaments and basement anomalies, and into tectonic features formed in 

earlier episodes of continental riftirig and collision. More must also 

be learned about the driving mechanism of plates, the mantle, and its 

motion and structure. A need to know if there is a fundamental dif

ference in the tectonic behavior of lithospheric plates composed domi

nantly of continental crust and that of those wholly oceanic crust is 

imperative if geologic history is to be accurately interpreted. 

210. These are but a few of the challenges to a better under

standing of geology and its application to earthquake assessment. As 

data gathering devices become more sophisticated and widespread, 

tectonic theory must likewise advance in order to provide a framework 

into·which can be fitted geologic and geophysical observations. 

211. A number of factors that influence intraplate and plate 

margin seismicity, particularly that occurring in continental crust, 

have been evaluated. The role of crustal thickness and structure-, 

compressional versus extensional stress field in continental crust, 

seismic wave attenuation and heat flow in influencing seismicity was 

discussed. The North American crust west of the Rocky Mountains was 
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contrasted with that to the east in terms of these parameters. 

212. The seismicity of the western United States, exclusive of 

that associated with the San Andreas fault system, is dominated by the 

Intermountain Seismic Belt. This belt is interpreted as an extensional 

zone developed along an intraplate boundary. Associated and branching 

seismic zones outline lithospheric subplates. Differential movement of 

these plates, with respect to each other and to the stable part of the 

North America plate, in response to mantle plumes, is postulated as a 

source of stress and seismic activity. On the basis of these interpre

tations, the western United States differs from the central and eastern 

portions of the country in the dominance of extensional stress. This 

basic difference must be considered in earthquake assessment and in 

comparing the seismic activity of the two regions. 

213. Seismicity of the Pacific coastal area of the United States, 

California, Oregon, and Washington, in particular, is the product of 

tectonic activity in various plate boundary regimes. The San Andreas 

fault is interpreted as a transform boundary and it is the dominant 

cause of seismicity in the region. ' From the Mendocino triple junction 

north, plate convergence dominates, and although seismicity is low, the 

area is a convergent plate boundary and subject to all the variations 

characteristic of such regimes. 

214. The higher seismicity of the Puget Sound area may reflect 

a change in plate margin geometry and the restoration of transform 

movement on the Queen Charlotte Islands-Fairweather fault. This 

transition is not clear and, as an added complexity, the Puget Sound 

area is a region of anomalously thick crust compared to the rest of 

the western United States. 

215. It now appears that large earthquakes along transform faults 

are very regular in their distribution with respect to space, time and 

size. Gaps in seismic activity along active plate margins are likely 

sites for future large earthquakes. Large earthquakes rarely, if ever, 

recur along the same portion of a fault in a time less than a few tens 

of years; that is, within a time necessary for significant strain 

accumulation. Thus seismic risk should be very low after a major 
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earthquake in a given region and should increase continuously with time 

as strain again builds up in the region. 

216. Since seismic risk is proportional to the length of time 

since the last major earthquake--and this of ten may be several hundred 

years--sites of high seismic risk may appear as quiescent regions on 

seismic risk maps. Therefore, seismic risk maps compiled from a short 

period of historic activity may be misleading. As Nuttli153 pointed 

out, if the seismic history of the Mississippi valley were available 

for only the last 150 years, it would not be indicated to be a maximum 

seismic risk zone. This span of time would not include the major 

destructive earthquakes, such as those of 1811 and 1812, and similar 

ones would not be predicted to occur. On.the other hand, a knowledge of 

the geology and the geologic evolution of an area will give some indica

tion of its potential as an area of high seismic activity. 

217. From the foregoing review, it is apparent that the recogni

tion of continental drift, embodying sea-floor spreading, transform 

faults, subduction of lithospheric plates and all the other basic con

cepts included in plate tectonic theory, has enabled a better under

standing and assessment of earthquake activity. 

218. With the advent of plate tectonics, a new level has been 

achieved in understanding tectonic processes, and the generation of 

seismic activity. For the first time there is a unifying model that 

relates seismic activity to many other types of geological and geo

physical observations. It provides a framework into which these obser

vations can be fitted and appears to be the unifying concept of earth 

tectonics that earth scientists have long sought. 

219. Plate tectonic& is a- un-ifying- theory- that has t·ended· to· 

bring together many diverse disciplines. This multidisciplinary 

approach has made great advances but many unsolved problems and con

flicting concepts remain. These range from a better understanding of 

the signal complexity arising from source mechanisms and from travel 

path inhomogeneities of shallow-focus earthquakes (of interest to both 

seismologists and design engineers), to the mechanics of mantle convec

tion and collision of crustal plates (the concern of seismologists, 
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tectonophysicists, and structural geologists). Not only is more knowl

edge about the interaction of crustal plates, of plate boundary regimes, 

where most seismicity occurs, of intraplate tectonics, the earthquake

producing processes within the interior of plates, necessary. More must 

be learned about analyzing transient ground vibrations and residual 

ground deformation recorded on a propagating fault. This will involve 

learning more about the mantle, the driving mechanism of crustal plates, 

on the one hand, and the blending of theoretical modeling of the 

mechanics of faulting with that observed in the field, on the other. 

220. Many fields within this broad spectrum have immediate 

implications for further research. A general synthesis of data from 

all these applied to tectonic phenomena will provide earth scientists 

and engineers with a clearer view of crustal structure and its response 

to seismic vibrations. 

221. It is hoped that before too many years have passed the 

accumulation of additional evidence and the refinement of hypotheses 

will have provided greater insight into the dynamics of the earth. 

Plate tectonic theory provides a rationale or model into which these 

new insights can be fitted and thus enhance earthquake assessment. 
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PART VIII: CONCLUSIONS 

222. The results of this study demonstrate: 

a. Plate tectonic theory provides earth scientists with a 

coherent and workable explanation of the occurrence and 

distribution of earthquakes, and thus leads to a better 

assessment of earthquake hazards. 

b. The great majority of earthquakes occur at plate bound

aries, which may be one or any combination of three 

types--namely, convergent, divergent, or transform. 

c. Factors such as the interface geometry of plates, 

crustal thickness and structure, heat flow, transverse 

structures, interstitial fluids, etc., are known to 

influence both intraplate and plate margin seismicity. 

d. The western margin of the United States is a combination 

transform (the San Andreas fault) and convergent (the 

Gordo plate) plate boundary. 

e. Midplate seismicity, although not as abundant as that of 

plate margins, is important from the standpoint of 

earthquake risk and is explainable in terms of plate 

tectonics. 

f. The seismicity of the western interior of the United 

States is due to the North America plate overriding 

mantle plumes, which have caused the formation of sub

plates in response to subcrustal flow. 

_g_. The less abundant, more randomly distributed seismicity 

of the central and ea.stern United_ States results- f-rom. 

the reactivation of faults on ancient crustal structures 

formed during earlier episodes of continental rifting 

and collision. 

h. Reactivation of basement structures along earlier formed 

geosutures derives from crustal response to epeirogenic 

warping caused by mantle motion or plate movement over 

mantle irregularities. 
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i. The seismicity of the eastern and western United States 

is different, and this difference appears to be the 

result of crustal properties, structure, and stress 

conditions. 

i· The maximum principal compressive stress distribution of 

the central and eastern United States contrasts with 

that of the west in one major particular. The region 

extending from west of the Appalachian Mountains 

throughout the central United States is characterized 

by compressive stress that trends east to northeast 

whereas, with the exception of the Colorado Plateau, 

the western United States is characterized by extension, 

with the least compressive stress trending east to 

southeast. 

k. This stress difference may be a contributing factor to 

the greater attenuation of body and surface waves west 

of the Rocky Mountains than east, a circumstance re

sulting in less diminution of ground motion with dis

tance from an earthquake epicenter in the central United 

States than in California. 

1. The seismicity of plate margins, particularly along 

large transform faults such as the San Andreas, is more 

easily assessed because large earthquakes that occur on 

such faults are very regular in their distribution with 

respect to space, time, and size. 

m. Conversely, midplate seismicity--the earthquakes of the 

stable continental interior--is more random and results 

from high stress in regions of unhealed fault zones 

formed during earlier episodes of continental rifting 

and collision that may have overlapped or show no 

coherent pattern. 

n. The periodicity of large earthquakes, particularly those 

within the interior of crustal plates, may be such that 

seismic risk maps compiled from a short period of 
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historical activity may be misleading. 

o. For effective earthquake assessment, there is a great 

need for a multidisciplinary attack using information 

not only from seismology, but also from geodesy, 

geomagnetism, field geology, tectonics, and laboratory 

studies • 

.E.· Although plate tectonics has contributed greatly to our 

understanding of earthquake occurrence, much more 

remains to be learned about the theory and the drivi~g 

mechanism. This, coupled with a greater knowledge of 

the stress distribution and the location of ancient 

fault zones, may enable us to assess regions of high 

earthquake risk more precisely. 
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APPENDIX A: GLOSSARY 

Allochthon--A mass of rocks which has been moved from its original site 
of origin by tectonic forces. 

Asthenosphere--The layer or shell of the Earth below the lithosphere. 
It is equivalent to the upper mantle. 

Aulacogen--A fault-bounded trough or graben in a continental mass. 

Batholith--A large, discordant, plutonic mass that has more than 
40 sq. mi. in surface exposure and is composed predominantly of 
medium- to coarse-grained rocks. No visible floor of such a mass has 
yet been reported. 

Clastic--Pertaining to or being a rock or sediment composed principally 
of broken fragments that are derived from preexisting rocks or 
minerals and that have been transported individually for some dis
tance from their place of origin. 

Craton--A part of the Earth's crust which has attained stability, and 
which has been little deformed for a prolonged period. The term is 
restricted to continental areas. 

Diapirism--The process of piercing or rupturing of domed or uplifted 
overlying rocks by core material heated to the plastic state. 

Dilatancy--An increase in the bulk volume during deformation, caused 
by a change from close-packed structure to open-packed structure, 
accompanied by a change in the pore volume. 

Entrainment--The process of picking up and carrying along. 

Epeirogeny--A form of Earth crustal movement which has produced the 
larger features of the continents and oceans, such as plateaus and 
basins. 

Eugeosyncline--A geosyncline in which volcanism is associated with 
elastic sedimentation. 

Facies--A group of stratified beds differing in lithologic character 
or fossil contents from other beds of the same age. 

Guyot--A type of seamount that has a platform top. 

Hypocenter--That point within_ tha Earth- which is- the- cent-e-r- of- an
earthquake and the origin of its elastic waves. Focus. 

Isostacy--The condition of equilibrium, comparable to floating, of the. 
units of the brittle crust above the plastic mantle. 

Lithosphere--The crust of the Earth. 

Megashear--A strike-slip fault of such extent that it underlies the 
entire orogen. 

Melange--A heterogeneous medley or mixture of rock materials. 
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Mesosphere--The lower mantle; it is not involved in the Earth's tectonic 
processes. 

Miogeosyncline--A geosyncline in which volcanism is not associated with 
sedimentation. 

Orogeny--The process of mountain formation. 

Paleomagnetism--The study of natural remnant magnetization in order to 
determine the intensity and direction of the Earth's magnetic field 
in the geologic past. 

Palinspastic--Of or relating to the inferred original positions of land 
masses prior to extensive diastrophic movements. 

Pericratonic--Surrounding the craton. 

Pluton--An igneous intrusion. 

Prograde--To build outward to the sea by deposition of sediment. 

Sense of Movement--Refers to the direction and relative movement of 
fault blocks. 

Synorogenic--Said of a geologic process or event occurring during a 
period of orogenic activity; or said of a rock or feature so formed. 

Tectonics--A branch of geology dealing with the broad architecture of 
the upper part of the Earth's crust, that is, the regional assembling 
of structural or deformational features, a study of their mutual 
relations, their origin, and their historical evolution. 
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