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CHAPTER XII 

EVIDENCE AND THEORY FOR THE PREDICTION OF TECTONIC ACTIVITY 
IN THE BASIN AND RANGE PROVINCE OF NEVADA AND UTAH FOR THE NEXT 

ONE MILLION YEARS 

E. M. P. Lovejoy 

University of Texas 

PURPOSE AND SCOPE 

The primary purpose of this report is to define probabilities for earth
quake activity within the Basin and Range Province of Nevada and Utah for the 
next one million years. Considerable research effort has also been concerned 
with Cenozoic Basin and Range tectogenesis as a whole. A new model of Basin 
and Range tectogenesis that differs significantly from the numerous, previously 
proposed theories is presented. 

This report is divided into three portions. The first is a discussion of 
the "classic" interpretations and theories of Basin and Range tectonics as 
found in the published literature. 

The second portion of the report summarizes the author's evidence for a 

temporal history of the Basin and Range, differing in many details from inter
pretations currently in vogue. The rationale for predicting seismic activity 
is also presented. Finally, the new tectonic model is defined and expanded to 
the point of providing a unifying framework for the tectogenesis of the 
interior American Cordillera . 

The third portion of the report presents predictions and probabilities 
for earthquake activity in the Basin and Range of Nevada and Utah for the next 
one million years. 
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CONCLUSIONS 

Briefly, major conclusions of the report are: 

1. Important seismic activity in the next one million years will be restric
ted to the Intermountain Seismic Belt. 

2. Minor seismic activity in the same period will be restricted to the 

Nevada Seismic Belt, Sierra Nevada front, and Reno-Yellowstone lineament. 

3. There will be seismic inactivity in the same period in the rest of the 

Basin and Range Province except locally along high mountain frontal fault 
zones. In these zones, isostatic unloading will produce slow, secular, 
mild seismic activity for many millions of years to come. 

SUMMARY OF THE DEVELOPMENT OF THEORIES OF BASIN AND RANGE TECTOGENESIS 

By 1943, three main explanations had been advanced (in various combina

tions) to account for the present topographic relief in the Basin and Range: 

1. The ranges and valleys are limited by normal faults caused by tensional 

forces. 

2. The ranges and valleys are limited by reverse faults, or by superficial 

normal faults caused by regional compression. 

3. The valleys have been formed by erosion of a folded region (by analogy to 

the Valley and Ridge Province of the Appalachians). 

Current, widely accepted knowledge and interpretations of Basin and Range 

structural relations and tectogenesis can be summarized as follows: 

The Basin and Range physiographic province has long been recognized as a site 
of Cenozoic crustal extension and volcanism. More recently, geophysical inves
tigations have shown that much of this region can be sharply distinguished from 

adjoining provinces by its heat flow, tectonism, and crustal and upper mantle 
structure. These things mark this region as unusual among continental areas. 

That part of the province for which the latter characteristics can be demon
strated best is the Great Basin of Nevada, western Utah, and southern-most 
Idaho. 
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The Great Basin is a broad zone of almost evenly spaced semiparallel 
mountain ranges which trend north-northeast and are bounded on one or both 
sides by steeply dipping normal faults. Most of the ranges were formed by 
faulting since Miocene time but some faulting began as early as Eocene to Oli
gocene time. This faulting represents major late Cenozoic crustal extension. 
Estimates of the total extension range from 50 to 300 km. It has been noted 
that right-lateral, strike-slip motion is prevalent on faults along the 
western boundary of the region . 

In contrast to the nearly uniform Cenozoic deformation across the region, 
current and historic seismic activity is concentrated along certain bands. 
The seismicity form~ two belts: one follows the western boundary of the Basin 
and Range Province and the Sierra Nevada, the other follows the Colorado 
Plateau and Basin and Range boundary on the east. The historic and instrumen
tally recorded seismicity shows that these two belts have dominated the seis
micity of the entire region for the past hundred years. Recent studies have 
shown that both zones are relatively narrow, concentrated bands of seismicity, 
even at the micro-earthquake level. 

The late Cenozoic of the western United States was marked by an abrupt 
change in style of volcanism from the earlier calc-alkaline type to basaltic 
volcanism associated with Basin and Range type normal faulting. This transi

tion began in late Oligocene in the southeastern part of the western United 
States and moved northward through Miocene, Pliocene, and Quaternary time. 

A second space-time pattern of volcanism in the Great Basin has been 
observed. From an extensive collection of K-Ar age determinations for silicic 
igneous rocks, it has been shown that volcanism began about 40 m.y. ago in 
east-central Nevada. Since that time the zone of most intense silicic volcan
ism spread laterally outward from a central core region, forming successively 
larger rings of younger igneous rocks. The youngest ring is located at the 
present margins of the Great Basin. The rate of outward migration is 
asymmetric; it has been much more rapid to the west than to the east. 
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The two zones of intense activity on either margin of the Great Basin are 
in positions which coincide with the zones of most recent volcanic activity. 
The zones of most recent volcanism and the present seismic belts lie directly 

above the sharp zones of lateral transition in crust and upper ma,ntle struc
ture. This situation implies that the anomalous low velocity, high attenuation 
zone in the upper mantle beneath the Great Basin has spread outward 
progressively with time. 

The above observations can be explained by regarding the Great Basin as 

an ensialic interarc basin. From age determinations and sedimentation pat
terns, it has been deduced that the crust in interarc basins is basaltic and 

younger than that of adjacent regions. From this deduction and other evi
dence, it has been suggested that the interarc basins are sites of crustal 
extension produced by the intrusion of a rising diapir of partially molten 
material originating from the downthrust lithospheric slab beneath the basin. 

Four key features of the Basin and Range are still incompletely resolved: 

1. the superpos i t ion of strike-slip and normal faults 

2. the si gnifi cance and origin of the low-angle normal f au 1 ts 

3. the re 1 ati on of the fault system to the deep crust and upper mantle 

4. the genetic, spatial and temporal relation between the fault patterns and 
vo 1 can ism. 

TSR, THE NEW TEMPORAL HISTORY, AND THE NEW TECTOGENETIC MODEL 

The major problem of predicting tectonic activity in the Basin and Range 
for the next million years is primarily a matter of determining the rates of 
tectonic activity in the past and extrapolating those rates for the future. 

Key structural subjects used to determine tectonic rates (i.e., the time 
of inception, the time of major slip, and the amount of slip of basin range 
boundary faults) are subject to considerable disagreement. Although there are 
now thousands of precise rock dates and hundreds of detailed geologic maps of 

large parts of the Basin and Range Province, there are no published efforts 
which attempt to compile these data into a unified concept of time rate of 
basin range boundary faulting. Such a compilation is offered here. 
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The Time-Slip Relationship (TSR) 

The Time-Slip Relationship (TSR) is a means of quantifying secular rates 

of fault slip. The TSR relates two measurable variables, geologic time and 
fault slip. It shows the relationship between the absolute geologic age, in 
years, of a rock (abscissa) and the amount it has slipped along a fault (ordi
nate). An extrapolation of the curve determined by those data for the next 

I 

one million years would be expected to show the time rate of fault slip on 
that fault. This time rate could be used as an indication of the tectonic 
activity of the region along the fault. 

The slope of the curve which describes the TSR at the present time for a 
given fault or a given area and its slope for the next one million years show 
the present and projected time rate of slip. Although the data for the past 
few million years are insufficient to permit resolution of predicted rates for 
the next million years, data obtained over a period of time equivalent to that 
of the Cenozoic Era, 65 m.y., ought to be sufficient to permit extrapolation 
forward one million years. 

The TSR is based on published literature and maps. The information from 

these sources is not all of equal value and reliability. Judgment must be 
made concerning some data. Radiometric ages of volcanic rocks are assumed to 

be correct, although not all rocks can be precisely dated. In the case of an 
age range, a horizontal line called an isodate must be used. 

Most map data are acceptable, although locally not enough data are avail
able, particularly those dealing with fault slip values. 

Because not all slips can be accurately determined, a range must be used. 
In cases for which the slip range represents a rock of a given precise age, 
then an isodate is used. However, in cases for which the slip range and age 
range are broad, then an areal distribution consisting of a vertical box 
bounded by two horizontal isodates must be used. Obviously, where a precise 
date and a precise slip are known, the data are shown by a point. 

The TSR can be determined for a single fault, for a group of faults in a 

region, for a given fault along different parts of its length, or for the 
entire Basin and Range Province. 
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The TSR for a region may be represented by a band. The upper and lower 
limits of this TSR band may be considered the limits of the faulting rates. 
Extrapolation of the upper and lower limits of the TSR from the present to one 

million years in the future should be considered as an indication of the 
tectonic stability of the pertinent region. 

New Temporal History 

The new temporal history, as envisioned by the author, states that basin 

range faulting began in the Paleocene, waxed in the Paleogene, culminated in 
the Oligocene, and waned in the Neogene. 

The new temporal history is suggested by several separate and distinct 
lines of evidence. 

The first line of evidence consists of fault histories. The history of 
development of at least three major faults (the Hurricane, Grand Wash, and 
Eastern Boundary fault zone of the Franklin Mountains) suggests that basin 
range faulting developed early in Cenozoic time and was about three-fourths 
finished by the end of Oligocene. 

The second line of evidence is concerned with caldera localization in 

basin ranges. The localization of Paleogene-early Neogene calderas in already 
formed basin ranges suggests that basin ranges must have existed at the time 
of caldera development. 

The third line of evidence consists of the TSR data. TSR data for the 
basin range indicate that oldest rocks have been offset most and youngest 
rocks have been offset least, all exclusive of the eastern and western seismic 
belts. 

NEW TECTOGENETIC MODEL 

The new model is based on interpretations of lithosphere-asthenosphere 

relations beneath the Basin and Range. 

Observations indicate that basin range faults include vertical, high 

angle reverse, and high angle normal faults. These boundary faults have great 
throw and were high angle; it is concluded that the faults pass through the 

XII-6 

. , 

• 



• 

.. 

crust and lithosphere and penetrate into the mantle and asthenosphere. It is 
further concluded that flow of asthenospheric material below the base of the 
range block was allowed. 

Current concepts of plate tectonics assume that oceanic crust can pene
trate deeply into sub-continental mantle. There must, therefore, be a consid
erable relief at the base of the lithosphere. Obviously, if basin range faults 
have throws of tens of thousands of feet (up to ten kilometers), then those 
faults are extremely important structures in the crust. Although it has been 
widely believed that basin range faults curve at depth and do not penetrate to 
the base of the lithosphere, this interpretation should be re-evaluated. 

Lithosphere-Asthenosphere Interfacial Relief 

There must exist at the base of the range a IItopographic highll in the 
crust-mantle or lithosphere-asthenosphere interface. This topographic high 
wou 1 d be bounded by a step. The topograph i c hi gh can be termed a II cupo 1 a, II 
the step next to it a IIkeel." Topographic relief at the crust-mantle inter
face might be on the order of kilometers beneath the Franklin Mountains, 
because the range has been elevated about ten kilometers along the Eastern 
Boundary fault zone and the crust is about 25 km thick. Topographic relief at 
the lithosphere-asthenosphere interface might be less because of plastic 
flow. 

Because the lithosphere-asthenosphere interface is a function of tempera
ture, the elevation of this interface has changed with time. It was higher in 
the early Cenozoic when crustal magmatism was widespread and intense. Thus, 
early in the Cenozoic, the base of the lithosphere may have been close to the 
base of the present crust. 

Concepts of plate tectonics applied to subducting lithospheric plates 
suggest that magma is derived from subducted material. This material may rise 
as magmatic globules through the asthenosphere, into the mantle or the litho
sphere, and finally up into the crust. 
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With shear of the lithosphere over the asthenosphere, the IIcupola ll became 
an inverse sump for rising magma globules, scraped off by the keel as the 
lithosphere swept across the rising globules in the asthenosphere. Further
more, the depressed basins were corroded by the streaming asthenosphere. 

Mechanism of Basin Range Formation 

All of the above can now be summarized in a mechanism of basin range for
mation. 

First, Paleocene lithospheric compression (probably associated with plate 
tectonics) formed reverse faults in the lithosphere. 

Second, these lithospheric reverse faults bounded basin range blocks on 
one side. The fault was marked at the base of the lithosphere by a topo
graphic relief, the inverse of that at the surface. IICupolas ll began to form 
beneath ranges. The major faults outlined a IIkeel ll at the edge of the lowered 
basin block. 

Third, lithospheric slip across the asthenosphere and skimming off by the 

"keel" of magmatic globules rising through the asthenosphere caused an 
accumulation of these rising globules beneath the "cupolas ll of the ranges. 

Fourth, the long-continuing lithospheric compression (plate-tectonics 

induced) coupled with the vertical compression associated with vertical buoy
ancy of sub-range magma which had accumulated in the IIcupolas" produced a 
plastic reaction in the range block. The range rose like a watermelon seed 
squeezed between the fingers. Upthrusts developed on the smaller-throw 
boundary fault zone. 

Fifth, the range block was plastically squeezed upward in late Paleogene, 
caught in the jaws of a lithospheric vise, and the brittle surficial rock (the 
range) began to tilt as a result. Seventy-five percent of faulting was 

finished at the end of the Paleogene. The range now has a granitic root. 

Sixth, uplift continued in the early Neogene, and major tilting began and 

accelerated. In the present there is waning uplift but continued rotation. 

Ninety-five percent of the uplift was finished by the end of the Miocene. 
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Sea Floor Structure and Basin Range Structure 

Magnetic, bathymetric, and seismic maps of the sea floor in the eastern 
Pacific show a general north-south trend with alternating highs and lows. 
Although the widths of the magnetic highs and lows are a function of spreading 
rates and magnetic reversal times, seismic profiles and bathymetrics suggest 
that there is a north-south grain to the structure of the ocean floor. This 
structure has been interpreted to be the result of intrusive emplacement 
parallel with the spreading center ridge. 

Seismic profiles made across the ocean floor show crest-to-crest dis
tances on the order of three or four major ridges per degree longitude to five 
or six lesser ridges per degree. Bathymetric profile distributions show that 
major highs are, on an average, about 25 km apart. Numerous east-west trans
form faults also exist. 

Examination of geologic maps of basin ranges in Nevada and Utah shows 
that there are about three to four ranges per degree of longitude. The 
average distance between ranges is about 25 to 30 km. East-west alignments 

have been noted in Nevada, Utah, and Oregon. 

It is suggested that the upper part of the mantle beneath the Basin and 
Range Province has a north-south structure inherited from an early sea floor 
spreading regime. The vertical and north-south inhomogeneities, the east-west 
cross structures, and the spacings are all similar. The faults probably pene
trate through the crust and into the lower lithosphere or upper mantle. Thus, 

inheritance of structure from the mantle upward into the crust is probable. 

Summary of the New Tectogenic Model and Basin and Range Tectonic Activity 

Basin and Range tectogenesis and Colorado Plateau epeirogeny were primar
ily Paleogene, followed continuously by minor Neogene modification. The well
known Rocky Mountain uplifts and Basin Range-type mountains of southwestern 

Montana were formed in Paleogene and modified in Neogene. Thus, all important 
elements of the interior American Cordillera share in a common timing of major 

Paleogene development followed by continuous Neogene modification. Paleogene 
horizontal compression, which formed reverse, faults was followed by local 

(iso-static) Neogene vertical compression, which formed normal faults 
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(interpreted by other tectonicists as evidence of regionally horizontally 
distended crust). Late Paleogene silicic magma accumulated beneath early 
Paleogene-formed Rocky Mountain brachyanticlinal uplifts, Basin Ranges and the ~ 

entire Colorado Plateau. This silicic magma caused the minor but continuous 
Neogene isostatic vertical tectonic modifications (and associated basin range 
normal faults) of those Paleogene compressional uplifts. Basin ranges are 
simply slight modifications of the characteristic structure of Rocky Mountain 
uplifts, but they occur in a region of thinner crust. Currently accepted 
theories require primarily a discontinous mid- to late-Neogene horizontal 
crustal distension and Basin Range-Colorado Plateau uplift, separate and 
distinct from the Paleogene tectonism. These theories have been predicated on 
a different timing and interpretation of the significance of Neogene normal 
faults that bound uplifts. The present concept seems to unify the tecto
genesis of the interior American Cordillera. 

Modern seismicity in the Basin and Range is mainly isostatic in orlgln, 
and a relatively small amount of it is due to tectonism. Regional tectonism 
in the Basin and Range Province is essentially moribund, except along certain 
active zones. Elsewhere, isostatic adjustments and slowed tectonic elastic 
residual stresses are the current mechanisms which produce earthquakes. 

The Basin and Range Province of Nevada and Utah is now undergoing mainly 
decaying isostatic adjustments, as ranges are denuded and basins are loaded. 
Negligible Pleistocene earthquake activity might have been the result of 
relatively more rapid denudation rates accompanying freeze-thaw generation of 
talus, glacial debris, and alluvium. Thus, the higher the mountain, and the 
more readily produced the talus and alluvium, the greater the expected seismic 
activity. It has been assumed that there is greater seismic activity in higher 
mountains because they have been greatly uplifted recently. On the contrary, 
their very height, in conjunction with the Pleistocene climates, has been an ~ 

agent which has aided in the production of the recent scarps at their bases. 
Perhaps high seismicity along the Intermountain Seismic Belt is caused by high 
erosion rates. There is a close relationship between seismicity and erosion 

f 
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rates in the region between Cedar City and Hurricane, Utah, along the Hurri
cane Cliffs and fault and along the high Wasatch front along the Wasatch fault. 
Perhaps the lesser seismicity along the Sierra Nevada front is tied to lower 
erosion rates. The rates of erosion on the Sierran intrusive rock are lower 
than those in the Intermountain Seismic Belt. Hence, seismicity is less along 
the Sierran granitic fronts than in the Intermountain Seismic Belt. Recurrence 
of a pluvial climate with the formation of large intermountain lakes may also 
isostatically induce recurrence of mild earthquake activity along basin range 
faults. 

This relationship does not seem to apply to the Nevada (118th Meridian) 
Seismic Belt of the Reno-Yellowstone belt. The Nevada Belt seismicity may be 
tectonically related to shear along the San Andreas fault system. The 

Reno-Yellowstone lineament seismicity may be magmatically generated. 

The TSR evidence presented in this report indicates that current and 
future earthquake activity in the Basin and Range Province of Nevada and Utah 
is and will be limited pr1marily to the Intermountain Seismic Belt, the Nevada 
Seismic Belt, the Sierra Nevada front (in California), and the Reno
Yellowstone lineament. The Intermountain Seismic belt is the most active of 
these, and strong earthquakes will continue there for at least one million 
years. The Nevada Seismic Belt is less active, and mild earthquakes will con

tinue there for at least one million years. The eastern front of the Sierra 
Nevada is active; earthquakes will probably continue there for many millions 
of years. The Reno-Yellowstone lineament appears to be tectono-seismically 
inactive at the present time (except for its junction with the Nevada Seismic 
Belt). However, in the time frame considered for this report (one million 
years into the future), there may be magmatically-induced seismicity at its 
northeast end. There will probably be mild, secular, and infrequent 
earthquake activity along high mountain fronts if there is a recurrence of 
Pleistocene-type climate. 

The remainder of the Basin and Range Province is seismically quiescent. 
Tectonic activity has essentially ceased. 
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PROBABILITIES FOR EARTHQUAKE ACTIVITY IN THE BASIN AND RANGE 
PROVINCE OF NEVADA AND UTAH FOR THE NEXT ONE MILLION YEARS 

This analysis is based on three assumptions: 

1. There is a direct, linear relationship between earthquake magnitude and 
the height of fault scarp produced by the earthquake. 

2. TSR data for a fault can be extrapolated for the next one million years. 

3. TSR data and fault scarp height:magnitude data can now be combined. 

Extrapolated amount of throw for the next one million years will be 
developed as the result of earthquakes of at least M=6. 

1. Scarps 5 to 10 m high are common in the Basin and Range Province. The 
scarp on the east side of the Franklin Mountains is about 13 m high. 
Scarps have been seen about 15 m high. Therefore, based on meager anec
dotal evidence it is assumed that an earthquake M=6 will produce a fault 
scarp 1 m high, an earthquake M=7 will produce a scarp 7 m high, and an 
earthquake M=8 will produce a scarp 14 m high. 

2. TSR data suggest that rocks as old as 6-7 m.y. old in the Nevada Test 
Site - Nellis Air Force Range (NTS-NAFR) region have been displaced 10 m, 
for an average rate of 1.5 m/m.y. 

TSR data for the Sierra Nevada front at Sonora Pass can be tabulated as 
follows: 

800 m in 9 m.y. average rate 89 m/m.y. 
80 m in 0.7 m.y. average rate 113 m/m.y. 
30 m in 10.07 m.y. average rate 430 m/m.y. 
8 m in 0.02 m.y. average rate 800 m/m.y. 

At McGee Mountain and at Mt. Rose, the data presented suggest that there 
has been relatively little uplift in the past few million years. 

TSR data along the Hurricane fault indicate that there has been about 

400 m of throw in 1 m.y. This appears to be the maximum rate of movement in 
the Intermountain Seismic Belt. 
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TSR data for the Nevada Seismic Belt suggest about 30 to 60 m of throw in 
the past 6 m.y., for an average rate of 5 to 10 m/m.y. However, in the 
southern end of the belt near the Garlock fault and in the intersection with 
the Reno-Yellowstone lineament, there appears to be a higher seismicity and 
fault activity which is not documented herein. 

3. TSR data can be combined now with the fault scarp height: magnitude rela
tionship (which implies that faults M=6 will produce fault throws of 
about 1 m high, M=7 about 7 m high, and M=8 about 14 m high). 

In the NTS-NAFR region, the rate of movement of 1.5 m/m.y. suggests that 
there might be only one earthquake M=6 in any given fault segment in this 
region, primarily along basin range boundary fault zones and possibly along 
the only known fault scarp, the Yucca fault. 

In the Sierra Nevada frontal fault zone at Sonora Pass, where the present 
rate is 800 m/m.y., there might be some combination of the following: 800 M=6; 
115 M=7; or 60 M=8 earthquakes in any given segment of the zone in the next 
1 m.y. This rate might not apply along all the Sierra Nevada front, and 
earthquakes might be much less prevalent elsewhere. 

In the Intermountain Seismic Belt, especially along the Hurricane fault 
zone, where the rate of faulting seems to be at a maximum for that belt, a 
rate of 400 m/m.y. suggests that there might be about 400 M=6, 60 M=7 or 
30 M=8 earthquakes in any given segment of the fault zone in the next 1 m.y., 
most of which would probably occur near regions of high relief. 

Along the Nevada Seismic Belt (118th Meridian), where the average rate of 
throw is 5 to 10 m/m.y., there might be expected 5 to 10 M=6 or 1 M=7 earth
quakes along any given segment of the zone in the next 1 m.y. 

Comparison of the above values with the frequency of reported events 
(M=6) in the Intermountain Seismic Belt during the past century reveals that 
the historical frequency of earthquakes is 1 to 2 orders of magnitude greater 
than the frequency extrapolated from TSR evidence. 
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