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ABSTRACT

Strain retes msessed from brictle fr ciated with hquakes, and total

brittie-ductile deformati d from ge data have been compared to paleostrain
from Quaternary geology for the intraplate Great Basin of the western United States. These
data provide mn sssessment of the kinematics and mode of lithospheric extension that the
western U, S. Cordillera has experienced in the last 5-10 million years. Strain and deforma-
tion rates were determined by the seismic moment tensor method wsing historic seismicity
md fmk plane solutions. By subdividing the Orext Basin into aress of homogeneous strain

it was ible 10 ine regional variati in the strain field. Contemporary deformation

of the Great Basin occurs principally along the active seismic rones: the southern Inter-
mountain Seismic Bekt - 4.7 mm/a maximum deformation rate, along most of the western
boundary, the Sierra Nevada froet - 28.0 mm/a maximum deformation rate, mnd slong the
west central Nevada seismic bek - 7.5 mm/» maximum deformation rate. The earthquake
related strain shows that the Great Basin is cb ized by regional E-W 84

mm/a in the north that diminishes to NW-SE don of 3.5 mm/a in the south. These

results show “8-10 mm/a deformation mssocisted with earthquakes that compares to "9
mm/a determined from satellite geodesy mnd tectonic plate models, implying that modern
strain is generally reliant on earthquakes. Zones of i pond to belts

of shallow crust, high beat fow, and Qu y basakic volcani suggesting that these
parameters are related through am effect such as a stress relaxation sllowing bouys.. uplift
md mcension of magmas.

Ci y strain and def jon rates have also been determined from geo-

ylelding i defo jon of 11.2 mm/a in the Hebgen Lake por-




thaa of the ISB, 3.6 mm/a in the Excelsior area of Nevada, and 2.5 mm/a in the Owens Val-

loy area of the Sierra Nevada front. Paleostrain and def ion 2008 Wit &

yielding deformation rate high of 7.4 mm/a slong the southern ISB. Geodetically deter-
mined strain and deformation rates compare well with rates deiermined from seismic mo-
ments in mmy aress while paleostrain and deformation rates are “10 times smaller than
contemporary rates except in parts of ceatral md southern California, Wyoming, parts of
Utsh, ad along the Idabo-Wyoming border.
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ORIGINAL PAGE IS
OF POOR QUALITY

INTRODUCTION

The Great Basin subprovince of the Basin - Renge province, western U. S., is an
area of active E-W lithospheri- extension (Figure 1). The regime has been well document-
od [Smith and Sdar, 1974; Easton et al. 1978; Zoback et al. 1981); however, quantitative

Centrol ldake

of y deformation and itudes of rates have been i p
difficak 10 obusin. Various suthors have made estimates of local md regional extension us- | f Oregon- Nevads’ @
ing studies of fmit plane geometries, & » ic models, and geodetic measurements

16 Northern
[Proffett, 1977; Minster and Jordan, 1984; Savage, 1983). . | & ( - Wu..lgn_i,“.

Sede Springs

) Honsel Volley g ]
Brittle strain release in the lithosph is prim arily d by earthquakes that ( I Cache Valley

v { South
can be used to assess regional strain (see for example Doser and Smith, 1982; Hyndman and : o\ Sek Lok
TiCalifornia

Weichert, 1983; snd Wesnousky et al. 1982a). Earthquake magnitudes with stress orients- '
tions derived from fault plane solutions can also be used to determine seismic moment ten-

sors, that can be wsed (o calculate strain rate tensors [Kostrov, 1974). These data can then ) X “Southern Utah .
: | Uteh-Nevado Border
be used to & ine horizontal strain mad deformation rates. E hquake data ded on r J \ Seutheast Nevede
~ | Walker Lone
modern regional networks were used, slong with historic data for large events, in these cal- ) . Owens Valley
. Garlock
culations. | S

Loy Angeles ~

The area of this study includes the Great Basin snd surrounding areas of exten-

sion in southwestern Moatane, western Wyoming, southern Idaho, eastern California, and
Al miles

southeastern Oregon (Figure 1). Figure 1 shows areas of d b i ity D 200 Mémeiers

md stress orientation wsed in this study. Gremt Basin topography is dominated by north-

-filled
trending, normal-fask bounded ranges separated st “25 km intervals by alluvium P55 3. TSORTOEOSS SIS Sty oa locatione
basins. The region has a generally high elevation of sbout i.-1.5 km and is characterized by

high heat flow ding 90 mW/m* [Lachenbruch and Sass, 1978), low Bouguer gravity




3

(Eaton et al 1978), a thin crust, 24-30 km, and low Pn velocities [Smith, 1978). The

seismicity occurs along diffuse N-S bands up 10 200 km wide with shallow focal depths (80%
of the events were shallower than aboet 10 km) around the Great Basin's margins [Smith
and Sbar, 1974; Wright, 1976; Wallace, 1984) (Figure 2).

Determining contemporary strain rates in the Great Basin using earthquake data

fulfilled two objectives; 1) it served as a measure of contemporary brittle strain rates, sup-

)’ ing fault plane g y studies and geodetic siudies. This is important since fault

plme ge y studies d ine only pak in rates, snd geod surveys, when avail-
sble, are limited to small areas; 2) comparing strain rates from earthquake data with strain
rates d using other hods allows sn estimation of the relative amount of brittle

fracturs versus sseismic creep.
In summary, the objectives of the study were: 1) to assess the compiled historical

earthquake data set, 2) to determine the contemporary strain md deformation rates both

within homogeneous portions of the Great Basin and in surrounding aress usiag the seismic

moment tensor method, and 3) to compare the contemporary strain rates with geologic and *

geodetic determinations of strain rates.

b) Mognitude S+ Epicenter Map

Epicenter Map

Magnitude 4+

a)

pbcuurl maps from data compiled for this study Data covered the
1 including 1983 Borah Peak, Idaho events; a) M>4,0) M, > 5,0

Fig. 2. Earthquake ¢

period from 1900-198
My > 6,d) M, > 7.




Epicenter Map

d) Magnitude 7+

Epicenter Map

c) Magnitude 6+

REGIONAL GEOLOGY AND GEOPHYSICS

Cenosoic Hisory
hmdmammmmmmu-mmmum
west coast of North America sbos. 30 ma. Before this extension regime, Mesozoi volcan-

ism was clated with subdduction that prods & calc-alkaline volcanic arc represented by

the Sierra Nevada batholith. East of this arc, a forelmd bekt of folding and thrusting
identified m the Sevier - L ide thrust produced crustal and lithospheric

shortening.
During the Miocene, sbout 3040 ma, subduction wrs Desring its conclusion and
WSW-ENE exteasion begm in the Gremt Basin region, possibly as a result of back-arc

spreading and stress relaxation of the lithosp [Scholz et al. 1971; Zoback et al.
1981).

A second period of extension followed in the Grem Basin region about 10-13 ma
[Zoback et al. 1981), initially in the southern Basin - Range of Arizona and northern Mexico
[Thompson and Burke, 1974). Marking the beginning of “his extensional episode, the direc-

tion of rotated "45° 10 a WNW-ESE direction [Zoback et al.
1981]. Evidence from palinspastic recomstruction of profiles supports the theory of two
separate periods of extension [Von Tish et al 1985).

The upper crustal structure that developed during the Iatter period of crustal ex-
tension has largely overprinted evidence for the earlier periods of exteasion mnd compres-
sion [Eaton et al. 1978). However, in some aress, contemporary strain has been accommo-
dated by movement on preexisting fmits developed during the early periods of der. masion




[Zoback mad Zoback, 1980; Smith and Bruhn, 1984].
The Great Basin is still undergoing E-W ion as evidenced by the regional

seismicity sad fauk plamne solution patterns [Smith, 1978; Smith md Lindh, 1978). Some
possible causes of Great Basin lithospheric extension have been suggested. such as lateral
crustal loading, active ic intrusi ora bination of these [Lachenbruch and

Sass, 1978]. It appears that some mantle upwelling must accompany Great Basin extension
0 produce the widespread, late Tertiary basaltic voicanism (Best and Hamblin, 1978), high
beat flow (Lachenbruch md Sass, 1978), and the high, E-W symmetric elevation of the pro-
vince [Eaton et al. 1978).

Thompson and Burke (1974] concluded that passi:s Zusgma intrusion may have

d b of an onsh jon of the East Pacific rise. Eaton et al. [1978), on
the other hand, rejected this passive model in favor of active mantle upwelling and diver-
gence s a driving force for extension. Best snd Hamblin (1978) and Stewart [1978) argued
that upward movement of mantle material may have occurred to replace the old sudducted
piste that once existed under the Great Basin province. Smith [1978) coupled the rising
mamtle idea with the theory of four separste subplates of the the North American plate -
namely the' Great Basin, Northern Rocky Mountains, and the Sierra Nevada subplates mov-
ing away from the Colorado Plateaus subplate,

Atwater [1970] proposed that other factors motivating Great Basin extension
were secondary to the region’s role as a "soft” bouncary of the North American Plate where

it intersects the Pacific plate. However, many workers have noted that this model does not

sccount for Great Basin symmetry, cor for the "soft” ch ristics of the boundary itself
[see for example Eaton et al. 1978; Best and Hamblin, 1978]. From the evidence compiled,

it sppears that both wpward of mantle rial and proximity of the western

Great Basin to the San Andreas fault system have influenced deformation that has occurred

in this region.

Earthquake Hisory of The Great Basin
Selsmicity within the Orest Basin (Figure 2) has been concentrated along the

esmstern province margin clated with the south i ain Seismic Belt (ISB),
along ths western pr vince margin, associated with the Sierra Nevada front, and also in cen-
tral Nevada (Smith, 1978) (Figure 2). Large magnitude earthquakes, M 6.5+ , of the Great
Basin have occurred priacipaily in cent:al Nevada, in Owens Valley, California, and at loca-

tions of p dch ™ of the trend of the southern ISB (Table 1 and Fig-

ure 2¢). Not surprisingly, many M6+ hquakes have also d along strike-slip

faults msociated with the San Andreas system in California. Most faulting associated with
the Sen Andreas was not considered in this study and was removed from the data when pos-
sible (Figure 2).

Grest Basin seismicity is characterized primarily by dip-slip and oblique-slip
events taroughout most of the region including M 7+ normal faulting events that produced
scarps [Smith, 1978; Smith, 1985; Smith snd Lindh, 1978). Strike-slip and oblique-slip
earthquakes have occurred along the region’s southern and southwestern borders. Accord-
ing to Greensfelder et al. (1980), the shear zones marked by stril e slip earthquakes found in
the Walker Lane, the Garlock, and the extreme southern Nevada regions serve to separate
zones of contrasting extension rate.

Most earthquakes in the Great Basin occur at depths less than 20 km and 80%
ae generally less than 10 km [Smith snd Bruhn, 1984; Smith and Sbar, 1974). Hypocenters

of ‘he largest hquakes, M7+, h , were located at grester depths, e.g. “15 km

(Smith and Richins, 1984; Sibson, 1984) near the hypothesized brittle-ductile transition.
Smith and Brubn [1984] and Sibson [1984) have theorized that large earthquakes nucleate
near the brittle-ductile transition where overburden loading can produce large shear stresses
and where rocks are still strong enough to support those stresses. For example, three of the
largest Great Basin earthquakes and their focal depths (all 15 km) are shown in Table 2.

The large itude, M7+ , houskes can be clearly correlated with surface-breaking




Table 1. Great Basin M, 6+ earthquakes i Table 1. coat.
» date orig time lat-n long-w depth M,
1940 518 7213270 34-396 1161997 160
1941 914 1643 31.80 37-33.95 1184397 160
1941 914 1839 11.90 37-33.95 1184397 16.0
1944 712 1930 23.00 44-30.00 115-30.00 0.
1945 214 301 1500 44-42.00 1152400 0.
1946 315 1349 3590 35-4295 118-3.00
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g

lat-n long-w  depth
344860 119-1.20
36-36.60 118-4.80

oo
oo

0

38-46.15  112-5.02
34-30.00  120-30.00

34-36:@ 120-24.00 1948 1204 2343 17.00 33-55.97 116-22.97

1948 1229 125327.00 39-30.00 120- 6.00
1949 502 112547.00 34-1.10 1154097
1952 721 11521400 35-0. 119-095 .00
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1947 410 1558 6.00 34-58.97 1163300 0.
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37-23.58 1133120
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38- 0. 117-0.
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1952 721 120531.00 35-0. 119- 0.

1952 38 32.00 35-21.95 118-3497 16.0
1952 703 47.00 35-22.97 118-51.00 16.0
1954 1113 20.00 39-25.20 118-31.79

1954 2207 41.00 39-18.00 118-30.00
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38- 0. 118- 0.
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39-30.00 119-48.00
119-48.00
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1954 551 32.50 39-34.79 118-27.00
1954 1107 11.00 39-16.79 118-7.19
1954 1111 34.00 39-48.00 118- 6.00
1959 710 20.00 39-36.00 118-4.19

1435 2.00 39-4.80 1134920

ePeeee
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117-30.00
117-30.00
118-54.00
116- 0.
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637 15.00 44-4997 111-498
1802 36.60 37-24.00 114-12.00
1641 1.10 39-2520 120-9.00
1500 0.10 37-18.00 116-30.00
1400 41.80 34-24.65 118-24.50

0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
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0.
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2232 25.00 J 117- 0.
248 0. . 118-30.00
249 45.00 X 118-24.00
1412 0. X 112-8.98
230 0. f 112-8.98

cooooco

1300 0.10 37-14.69 116-20.76
231 599 42-3.77 112-3142
1420 020 37-20.39 116-31.37
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1915 520 37-17.%1 1161997
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Table 2. Nacleation depths of large Great Basin earthquakes

Location Magnitude

Depth (Km)

Dixie Valley, Nevada

Hebgen Lake, Montanz

Borsh Feak, Idsho

Adspted from Smith and Richins [1984)

12

faults. However, for smaller earthquakes, generally less than M 6.5, there is a lack of sur-
face faulting (Smith, 1982).

History of Strain Study
Qumntifying deformation in the Great Basin has been a natural culmination of
studies of Oreat Basin Cenozoic history. The amount and rate of extension in the Great

Basin have been estimated by many workers with disp results (p of i

ranging from 10-300 %). Some of the estimates (Table 3) are s follows: Thompson and
Burke [1974) have ¢ imated extension of 100 km or 10% based on fasukt geometries,

amounts of slip on C y fmlts, md Plei Lake shoreli in Dixie Valley,

Nevada. Strsin rates derived from seismicity in the paper by Greensfelder et al. [1980)
agreed with this 10% extension rate in this area. Jordan ot al. [1925) calculated a deforma-
tion rate of less than 9 mm/a ( or less than 10-15% extension) based on the theory that the
relative velocity of the Pacific and North American plates, up to 55 mm/a, was not totally
sccounted for by motion slong the San Andreas fault. Thus a deficit must be made up in
Great Basin and offshore California deformation.

Lachenbruch and Sass [1978) used thermal properties and reduced heat flow to
estimate a total Grest Basin extension rate of 10-20%. This estimate is equivalent to a de-
formation rate of 5-10 mm/a.

Other fault geometry/ slip-rate studies have suggested higher estimates of crustal

depending largely on inferred fault dip at depth. There is evidence that some
Grest Basin fauks become lstric at depth (Smith, 1977; Smith and Bruhn, 1984] and the
resulting shallower dips may yield higher extension estimates.

Zoback et al. [1981) have estimated Great Basin total extension in the last 10 ma
to be 15-30%. Wright (1976) has subdivided the region by primery fauking style into north-
em mnd southern parts (normal faulis to the North and strike-slip and oblique-slip faults to

the south) and calcul 10% jon for the hern section and 50% extension in the




Table 3. Great Basin

Thompson and Burke [1974)
Greensfelder [1980)

Jordan et al. [1985)

Zoback et al. [1981)

Wright [1976)

Proffett [1977)

Lachenbruch and Sass [1978)

Hamilton and Meyers [1966)
Von Tish et al. [1985)

10 northern region

50 southern region

10-15 ceatral region

50-100 east and west margins

30-35 entire Great Basin

100-300

“60 for Sevier Desert, Utah

fault goometries slip rates
seismicity

tectonic plate interaction
fault geometries slip rates
fault geometries slip rates
fault geometries/ slip rates
fault geometries slip rates
fauk geometries slip rates
fault geometrie slip rates
heat flow

palinspastic reconstruction
palinspastic reconstruction/

reflection seismology

14

south. Proffett [1977) studied the highly fauked Yerrington, Nevada district and used his

results to infer 10-15% extension in the central Great Basin where faults are less dense and

sppesr 10 dip more steeply. Along the east and west boundaries where faulting is more per-

vasive and fault planes appear to have shallow dips at depth, Proffett estimated crustal ex-
tension to be from 50-100%. His study concluded a total Great Basin extension of 30-35%
and included extension back to 17-18 ma.

Palinspastic reconstructions have been carried out sssuming ~xtension back to the
Mesozoic by Hamilton and Meyers (1966, as reported by Zoback et al. 1981) resulting in to-

tal extension of 100-300%. Zoback et al [1981) postu'ated that some of the variation in to-

tal crustal deformation results stems from a failure to gnize and diffe

the two different sional episodes di d sbove. Von Tish et al [1985] have recently

P

shown from reflection profiles in the esstern Great Basin that these two episodes have pro-
duced up to 60% local extension. Consequently, workers who failed to recognize the
different extension episodes would have averaged over both phases and calculated higher to-

tal extension for the Great Basin.
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STRAIN DETERMINATICN FROM EARTHQUAKE DATA

Brisle Fracture and Crustal Structure

evare

Earthquakes result from strain released th gh brittle fra in the lithosph:
The lithosphere's mechmical properties change with depth diag to rock posit

temperature, and strain rate [Sibson, 1984; Smith snd Bruhn, 1984; Caristan and Brace,

SRTTLE DUCTILE

1980). The crust i brittle def jon under stress while deeper cru-

stal rocks of the same composition deform more ductily as temperature increases. Based on

.

Byerly's brittle behavior law and power law for creep, Smith and Bruhn [1984) concluded
that the Great Basin can be modeled with an upper brittle layer (about 8 km thick) under-
Iain by a quasi-plastic layer, a second brittle layer (approximately 2 km thick) at a depth of
about 15 km, and a third brittle layer, also sbout 2 km thick at 25 km depth (Figure 3°
Changes in rock ition with depth for the three different brittle layers.

The maximum depth of brittle behavior controls the depth: at which earthquakes

BASIN RANGE ¢,*90mWam2
SHEAR BTRESS (Resistonce)

ch St in the crust in ith depth in the brittle layers because of overburden

loeding, and then decrease at still greater depths as the 10cks become incremsingly ductile,

primarily from increased temperature. The greater the degree of quasi-plasticity in rocks, the

more they deform aseismically instead of supporting high deviatoric stresses. The result is
that high istork needed to ge large earthquakes develop in the deepest of
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Smith and Bruhn [1984).

the brittle layers. Historically, large earthquakes in the Great Basin have nucleated at depths

sTRUCTURE

of sbout 15-20 km while smaller earthquakes typically nucleate at shallower depths [Smith et

al. 1984b; Smith ané Richins, 1984; Smith, 1985). The brittle strain release that causes
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these earthquakes can be calculated using the method described below.
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Strain Rate Calcalarions Fom The Seisrvic Moment Tensor

The scismic moment method described here was usc4 to “alculate stress, strain

md selsmic info jon from earthquake magnitudes md falt plane solutions fol-

lowing *he work of Kostrov [1974], Aaderson (1979), Molnar [1979], and Doser md Smith

(1982). The process involves the following steps. First, earthquake m:2nitudes for given

areas of b strain were d 10 scalar mnd average stress orienta-
tions were determined from fask plane solutions. Second, moment tensors were calculated
for each hquake mad then d; then the cigenvalues and eigenvectors of the

ssmmed moment tensor were determined. A synthetic fault-plane solution was then calcu-
Isted for the summed events in each area. Finally, strain rates mnd deformation rates were

d ined from the d tensors using Koscrov's [1974) formula:

Lm,
&= aavan OV M
where ¢, are the strain rate teasor components, my ar2 the components of the moment ten-

sor. The ik the jon of joned above,

AV is the volume of the block we are considering, At is the time difference between first
md last events, and ju is the shear modulus taken to be 3.3x10"" dyues on? [Molnar, 1979).

The moment tensor is defined by the equation:

m, = M, (byn + biny) (&)
where b is the uait vector in the displacement direction and and 7 is the unit vector perpen-
dicular to the faukt plane [Qilbert, 1970].

Kostrov [1974) assumed that deformation occurs on many separate dislocations

(Figure 4). C ly, it is not y tc study individual fault geometries if stress

orientations can be establishc 1 by other mems.
Let us examine each of the major sieps mentioned sbove (hereafter A, B, and

Dislocation

4
/’(

Fig. 4. Unit volume brittle flow diagram. Closed dotted lines represent dislocations [Kos-
trov, 1974].
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C) in more detail using & sample case to illustrate. The program ‘astrain’ which incor-
m“dmhlb-hlulahbuhh:hddhAmdhldoumothupro-
$r2 13 used in this study. Also, Files 1-5, input and output files associated with a test case
in the Oregon-Nevada border area (area 1) of this study are included in Appendix A. The
Oregon-Nevada wrea files are considered because that area experienced only 71 earthquakes
of My > 2.5 during the study period and 30 the files are small enough to be conveniently
included in the text. mm;nnmmu-Whma-mdw
the part of this text that explains them. All computer programs referred to in this text will
be denoted with single quotes ("example’).

A) Ce of magnitudes to seismic - The seismic moment and seismic
mom.nt rates of a single fault are given by:

M, = uhu ()

M, = pai (3b)

where u = slip, A = fasht plme area, |t = shewr modulus, and & mnd M, - slip rate and
moment rate respectively (after Aki, 1966).

When possible, seismic moments for large (M, > 7) earthquakes were taken
from the results of other workers (e.g, Hanks et al. 1975; Sieh, 1977; Doser, 1985).

Seismic moments for smaller events were estimated using irk itud:

Some les of itude relations for indicated aress and types of

deformation are:

log(Mo)= L.IM; + 184, 37s M. 5 6.6;

Utsh (extension) (Doser and Smith, 1982)

log(Mo)= 1.2m, + 18.0, 7S My s 6.6;
Utsh (extension) [Doser and Smith, 1982)

log(Mo)= 1.09M, + 17.46, 3.0 M. 5 63;
Mammoth Lakes, California (extension) [Archuletaetal. 19,

log(Mo)= 1.5M; + 160, 205 M. S 68;
California (compressive strike-slip) [Thatcher and Hanks, 1973).

Equation (4a) was applied to the Great Basin extensional events and equation (4d) was used
for California oblique-slip and strike-slip events. The magnitudes were converted to the
local magnituds (Richter magnitude), My, scale in this study.

The next step is o iate a regional stress fleld ori jon with each region of

homogeneous strain (defined later in this chapter, see Figure 1). The stress orieniations
from observed faslt plane solutions for a givea area were weighted mad averaged providing

the resulting average stress ork i This direction was d for all earthquakes in a
given area. This “sverage® stress orientation was found by calculating an average synthetic
fault plane solution using the moment tensors of those earthqvakes with known fault plane
solutions.

For example, File 1 is the earthquake summary file for area 1. File 2 lists
the three focal mechanisms available for that area taken from Smith and Lindh [1978), and
C. F. Kienle snd R. W. Couch (unpublished data, 1977). 'Nstrain’ was used to process
these three earthquakes resukting in the synthetic fauk plme solution listed in File 3.
This "synthetic fauk plane solution’ gives the average stress orientation mentioned above.
The last two lines of File 3 list the two strikes and dips of the synthetic fault plane solution
nodal planes. The rest of the file gives the positions of the principal stress axes for plotting.
Rakes for the two nodal planes were determined, then strikes, dips and rakes were applied
to each earthquake in the 'nstrain’ input file ( File 4) in liew of the unavailable fault plane
solutions.

Also included in this input file (File 4) were the name of the synthetic fauk

plane solution output file ( called “fmalin” for area 1), the region name ( "Nevada - Oregon
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border” in this example) md the number of events to be considersd ( 71 here). These
three sources of information coastitute the first three lines of the input file. _The last four
iines contain the coefficient of friction t0 be used in constructing the synthetic faalt plane

lution, the area dimensi the time period considered and the rotation of the area box

with respect to North. This information completed the "astrain’ input file. The remaining

steps of the maiysis, steps B) and C) were carried out with "nstrain’.

B) Calculate, nem and diagonalize moment tensors - The strike, ¢ip md rake of the
msumcd fault plane of each earthquake were used to find its moment te isor. The conven-
tions snd symbols from Aki and Richards [p. 106, 1980) used for these values are

¢ = strike - measured clockwise from north
S= dip- d in a plane perpendicular to both

the horizontal md the nodal planes,
from borizontal down to the nodal plane
A = rake - measured in the nodal plane down from the

horizoatal "o the slip vector

See Figure S for an illustration of these conventions.
The data for the suxiliary plane were used only to deter=ine the slip vector on
the faukt plane for prin using these i

slip vector trend, §,; = ¢,3 - 90" (52)

slip vector plunge, 8, = 90° - §,, (5b).

The data for the fauht plmne, along with the scalar moment, Mo, are used to find the

moment tensor according to Aki snd Richards’ (p. 117, 1980] equations:

Z(Down)

X (North)

Y(East)

Strike direction

are from Aki and Richards




My, = —Mo(sin Scosksin24 + sin2BsinAsin’y)
", .., - Mo (sin Scothcos2 + (1/2)sin28sinAsin24)
"y = My = Mo (cosBcoshcosd + cos2Bsindsing)

my, - Mo (sin Scothsin24 - sin 28sinAcos™$)
= my = ~Mo(cosScoshsing - co2Bsindcosé)

my = Mo(sin28sinl).

Next, the eigenvalues and the eigenvectors of the moment tensor, my, are calcu-
lated using & math library subroutins "eign’ which uses a solution algorithm for cubic equa-

tions [Forsythe, Maicolm mad Moler , p. 49, 1977). We arrive st the cubic equation via the

FHL

following system of equations

®

where L, m, and n are the direction cosines of the principal axis wsociated with each princi-
pal value, T;.

Equation (8) can be reduced to a cudic equation in T, and then solved by 'eign’.
The resulting three eigenvalues, I';, md their sssocisted eigenvectors are not only the prin-

cipal moment valaes md axes, but are also the primary stress values md axes [Kostrov,

1974; Aki sad Richards, p. 117, 1980).

From this point, the moment tensors of individual events can be summed by

md the king regional tensor can be diagonalized as sbove.

Referring to m.s/-iu contsins the Orego= Nevada Border area 'nstrain’

n-h--n-yh.mmuchhltolncumtm'-nﬁ'cudmo!mcedaoed

input informatio tensor, eigenvalues and eigenvectorr for each event. After

thess are listed, the regional teasor is p d slong with its eigenvalues and

eigenvectors.

C) Swain and deformution rans - A ing lnear the

can be converte4 to the strain rate tensor using Kostrov's [1974) equations:

Im

&= Guavan

To find the maximum strain rates in the horizontal plane, the two-by-two strain

t:t.,
"!

From this point, finding the deformation rate in the direction of the i hori I

rate matrix (9) was then diagonalized.

strain rate is & simple matter of trig Il lating the dis L, scross the study

area in that direction and then multiplying that distance, L, by the strain-rate s in

deformation rate (mm/a)= (Ene) XL (10).

The strain and deformation rates for the Oregon-Nevada border area are listed in

the last section of HhS/nmhd *Determination of the Strain Rate.” The area dimen-

sions as well as the time span considered are also listed there.




Homogeneous Seismic Areas

Ons goal of this study was to determine detailed local as well as more regional-
ized strain rates. To determine local strain rates, Kostrov's method was spplied to the
smaller areas of more homogeneous strain relesse shown in Figure 1.

The boundaries of the areas in Utah were established previously by C. Rengg!.
and R. B. Smith (unpublished data, 1983) based on area seismicity and geology. The choice
of other area boundaries was similarly based on: 1) fault types and orientations shown in
“he paper by Greensfelder et al. [1980); 2) similarities derived from fault plane solutions' P
md T axes (maximum and minimum principal stress axes); and 3) similarities in Quaternary
geology. The three criteria wei ; usually ible, although mn sioval fault plane solu-

tion would display P and T axes inconr’ snt with area surface geology and other srea fault
plane solutions.

Limits and Accuracy

The hod described above is limited primarily by discretizatio.

spproximati by in P and vaguesess in the earthquake catalogs and fault
plme solution data, and by incorret itud col i

First, recall that to find strain, Kosrov's equation (1) requires a reference
volume, V. The discrete area subdivisions described sbove, with an assumed brittle zone
depth of 15km, define this volume term. Akhough the area boundaries were chosen to
enclose geologically and geophysically homogeneous regions, it is obvious that no real strain
fleld is h in dis blocks, nor will it change magnitude and orien-

tation d ly at block boundaries. C ly, the srea boundaries shown in

Figure 1 could be misplaced 10-20 km. (For example, see the discussion of the Central
Utah area in the "STRAIN RATES FROM SEISMICITY" section). This introduces an error

of £ 5 % in strain magnitude and and £ 15° in strain direction.

Completeness of the earthquake data, particularly the percentage of events for

26

which fauk plme solstions have been determined, is a second limitation. The seismic
moment teasor mathod requires both a magnitude and a fault plane solution for each earth-

quake. Unfortunately, less than 1% of the hquakes used were panied by fault plane

solutions; however, most events of M 6+ in each area had solutions.

Averaging the stress orieatations of the availsble fault plane solutions a4 apply-
ing the resulking “"sverage fault plane solution” to each earthquake alleviated the lack of fauk
plane solutions for esch event, but requived an assumption «f »»form strain release for all
magnitude earthquakes. I know that, ‘s many areas of the Great Basin, M< 4 events pro-
duce a variety of fault plme orientatiors, sometimes not the same as the larger, M6+ ,

eveats. Since /mslt plane soluti for 'arger magnitude events were asually available and
since larger events account for mos: of the moment in any area (an increase of 1 in magni-
tude is approximately equal to mvliip'sing the moment by 10), the effect of this assumption
on the accuracy of the strain rates ¥ less than 5%.

Another limitmion arises from varisions in type of magnitude used
My, my or M,. The earthquake data in some catalogs did not specify which magnitude

scale was used. The main earthquake data flle was a combination of several independently

piled ) Simply ing all the itu’. .ae same would introduce significan:

error when magnitudes were d to For le, if one were to assume
that all the earthquakes in an 'natrain’ input file were given in AM,, but all were really in m,
(the worst case) the resulting error in strain and deformation rates could be as great as 25 -
30%.

Fortunately, there were several independent sources available which gave magni-
tude scales for many of these events. The U.S. Geological Survey Great Basin Study pro-

vided a carefully preparcd earthquake file tha: covered the period from 1900 to 1977 [Askew

md Algermissen, 1983). Using the magnitude data of the University of Utah Seismograph
Stations, and correlaing with the USGS file and with published data on specific events (for
example the work by Hanks et al. [1975) on California earthquakes), helped minimize the




error cansed by in ode scale

Error can alzo be introduced in the itad _— even i propes

itude scales are d. Hanks and Boore [1984) suggested that differen: magnitude
scales established for different parts of California are not really characteristic of different
areas, but are dependent on the range of the ewrthquake magnitudes used to creste them.
Their assertion is that log(moment) vs. magnitude is not a linear relationskip, but that the
magnitude of the slope of the curve i with i ing earthquake magnitude (Figure
6). Thus, if oaly large magnitude earthquakes were used to establish a linear moment-

magnitude relation, the siope of that line would be 00 steep snd moments for small earth-

quakes would be underestimated. Conversely, if only smaller magnitude events were used,’

the slope would be to small and the for larger escthquak

would be und:
timated.

The primary moment-magnitude relation wsed in this study, equation (4a), by
Doser and Smith 1982] was based on spectral analyses of extensional earthquakes in Utsh
with magnitudes in the rnge M, 3.7-6.6. Thus, the moments of 3.7 < M, < 6.6 events

would be P d by equation (4a). An earthquske magnitude outside this

range might be converted inaccurately to0 a seismic moment. However, since smaller earth-
quakes have orders of magnitude less impact on the total moment than larger events and
since moments for most My > 7 earthquakes were taken from independently determined

results in the a linearity of the

P

agnitude relation contributed

less than S % underestimation of moment in any given area.

Ralation (4d) of Thatcher and Hanks [1973) used to determine the moments of
California strike-slip eveats was based on 138 events with magnitudes between M, 2.0 - 68,
almost all Seing M, 3+ and most My 4+ . Thus, the argument supporting equation (43)
applies aimost exactly to equation (4d) (which was used to determine moments in the Cen-
tral California, Garlock, md Los Angeles areas).

Acother important limitation in i is the variation

Bt L saa i

M=

29

al.
in pbhld seismic moment determinations for earthquakes. For example, Hanks et

'
(1975) dotermined a moment for the 1952 Fort Tejon, California esrthquake of 9.0x 10

. 8.7 x 10" dyne-cm for the

dyne-cm while Sieh {1977) gave a moment range of 5.0 x 107

event. Variation in recorded seismic moments can vary by a factor of three. This
same

M&wpﬂlbhmol:l(ﬂlhnﬁmnuu

Seismic moments were tasken from the results of other workers for 12 earth-

d
quakes renging in magnitude from My 6100M 79 (M is moment magnitude, Hanks an

Ksamori (1979)) (Table 4). However, independent moments were not foun for the large

central Nevada earthquakes. The error in seismic moment determinations for large earth-

in
quakes using moment-magnitude ~.iations is siso 8 factor of three becsise of scatter

moment-magnitude curves. Hence, a + 300 % error is possible whethes the moment came

from the or from 2 (-magnitude relation.

Wesnousky et al. [19820) also suggested that earthquake frequency distributions

for single faults are not characterized exactly by equation

Io‘(.’l)-d-h (§3))

but instead aftershocks mnd foreshocks follow such a pastern while the main shocks achieve
Jously high iudes. That is, on 8 log(N) vs. M ploi, = log(N) spproaches 2210,

agnitude 1-1.5 units higher thmn equation (11) predicts.

2 main shock will have a m d
Hyndman md Weichert [1983), Schwartz and Coppersmith (1984], Anderson an

Luco [1983), sad Wesnousky et al. [1982b) have also theorized that log(N) verses M is not

linesr. They have shown that the aumber of earthquakes falls off from the linear rate at

high agnitudes Schwartz and Coppersmith argued that = impulse in the number of M nu
m N

1a-
arthquakes then occers. Hyndman md Weichert (1983) used nonlinesr recurrence re
e

. In this
tions to estimate seismic moment rates and strain rates in the Pacific Northwest

itude relation: mqplhdoelywniomu.notwcvcnu
wirical

study, emp gn

predicted by i Hence,

lin Iations did not affect strain




Table 4. Seismic moments for large earthquakes
from published studies.

M,

Moment
dyne-cm

Reference

Jm 9, 1857

March 26, 1872
March 15, 1946
July 21, 1952
July 21, 1952
July 29, 1952
Feb 9, 1971
1934

1959

1975

1975

1983

M,83

M,83
6.0
17
6.0
6.0
6.4
6.6
7.6
6.2

5.3-8.7x10%7
9.0x10%7
5.0x10%6
1.0x10%3
2.0110%7
3.0x10%
3.0x10%
1.0x1026
7.7510%%
1.0x10%7
1521025
7.5x10%4
3.3x10%6

Sieh (1977)

Hanks et al. [1975)
Hanks et al. [1975)
Hanks et al. (1975)
Hanks et al. (1975)
Hanks et al. (1975)
Hanks et al. (1975)
Hanks et al. [1975])
Doser snd Smith [1982)
Doser (1985)
Doser [1985)
Doser [1985)

Doser [1935)

rate calculations.

The fact that smaller hquak: with magnitudes M< 4, have not been

included from earlier periods of vecording also adds to moment underestimation. However,

b the large magnitude emthquak tribute most of the moment, underestimation

from both incorrect magnitude-moment conversions md incomplete small earthquake list-

ings was less than 5 %.
A more fundameatal limitation of determining strain rates from earthquake data

is the ption of m id lized, brittle medi There is evid that at some time

around 10 20Ma, the Great Basin stress fleld rotated “45" in the horizontal plane from

WSW-ENE 10 WNW-ESE [Zoback et al. 1981). Reactivation of preexisting faults by the

present stress field could have i~.roduced error into the results of this study. However,

Kostrov's [1974) method, equation (1), assumes statistical distributions and orientations of

locath in the deformin rial. Hence, fault plane orientations of all events were

not necessary for the calculations.

The total error in strain and deformation rate calculations because of these limita-
tions is £ 325% in magnitude and % 13% in direction. The error in strain magnitude is
almost eatirely from un-ertainty in seismic moment determination for large earthquakes

which overshadows all other sources of error.




EARTHQUAKE DATA

Earthquake Catalog
The primary earthquake data used in this study were from a compilation by R. B.

Smith anJ co-workers of data principally from the University of Utah, University of Nevada,
National Earthquake Inf ion Service (NEIS), United States Geological Survey (USGS),

California lastitute of Technology, University of California st Berkeley, and other sources.
A complete listing of the earthquake summary files used in this study is given in Appendix
C.

The earthquake catalog produced for this study contains a listing of the felt sd
iastrumentally recorded esrthquakes from the western U. S. Cordillera during the 19th

and 20th centuries uwp to and including most of 1981. Before 1967, earthquake record-

ing was bampered by a lack of seismograph vork age. Ci quently, only earth-
quakes recorded after 1900 were considered accurate enough mad the files sufficiently com-
plete for use in this study. Because of their large size md impact on the calculations, the
1857 Ms 8.3 Fort Tejon, California md *he 1872 Ms 8.3 Owens Valley, California earth-
quakes were included in this study. All events within the Nevada Test Site were removed
from the catalogs studied. No sttempt was made to distinguish between manmade and
astural events.

The record of M4+ hquakss was idered to be kly plete post

1900 since the number of events of M4+ recorded in this century varies little from year to
year. The M4+ earthquakes, shown in Figure 2a, coatributed most of the moment and
corresponded o the aress of maximum deformation.

For example, in the Walker-Lane, Nevada area (wea #5 in Figure 1) the

a3 .:‘f".‘w a

X}

B 1 deof: L

rate including all the events totaled 2.9 mm/a. The same

ares with only M4+ earthquakes included yielded a 2.7 mm/a deformation rate. Earth-
quakes with magnitudes less than M4 were responsible for only about 6 % of the brittle
deformation during this century in that area, 30 some iacompleteness for small magnitude
events was not critical to the interpretation.

Table 5 shows the total scalar moment produced by Md+ , MS+ , M6+ , and
M7+ Grest Basin and southern California earthquakes. These data show that the 3630
earthquakes with magnitudes 4< M< 7 accounted for only 18 % of the seismic morient
released in all M4+ ecarthquakes; whereas the seven M7+ carthquakes produced 82% of the
moment.

In addition to the University of Utah main file discussed above, two additional
sources of earth 1ake summary listings were used. First, a newer USGS earthquake file for
the Great Basin area including earthquakes from 1303 - 1977 [Askew and Algermissen,
1983) was used to correlate and cocrect the magnitudes of all M4+ earthquakes common to
the main file and the new USGS file (most of the earthquakes found in the main file that
were recorded before 1977 are included in the new USGS file). About 20 earthquakes listed
only in the new USGS file were added to the primary file. Second, the Univertity of Utah
file of the 1983 Borah Peak, Idaho earthquake and its aftershocks [Richins et al. 1985) was
added to the Central Idaho arez listing.

Cordilleran Seismicty

The data used in this study included “50,000 earthquakes out of the ~120,000
events summarized in the veriout catalogs. The area covered by the main earthquake file
extended from longitude 100°- 130° W and from latitude 30°-50° N; Figure 2 shows the
seismicity confined primarily to the study area “longitude 109°30™-125° West and latitude
33°30°-46°.

The areas of most active y d at or near changes in direction of




Table 5. Effect on moment of study area earthquakes

sbove different minimum magnitudes

Moment (dyne-cm)

2.2:10”
2.1x10%8

2021028

181028
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the ISB; along the Great Basin's western border; in Central Nevada; and along the San
Andreas fauk and its associated system. Almost half of the earthquakes studied were located
in the San Andreas, Garlock, snd White Wolf fault zones (areas 8, 9 and 10 in central and
southern California). Figure 2d shows that, of the seven M7+ earthquakes that occurred in
the study area, three were located in the Los Angeles, and Garlock areas; one M7+ event
exch occurred in the Owens Valley, California, West Central Nevada, Hebgen

Lake/ Yellowstone Park, snd Central Idsho areas.

Fault Plane Solutions

The fauk plane solution data used in this study were compiled by C. Renggli and
R. B. Smith (snpublished data, 1983) primarily from the data of Smith and Linah 's 11978)
Table 5-1. These were sugmented by fauk plane solutions for the 1959 Hebgen Lake, Mon-
tana earthquakes [Doser,1984), for the 1983 Borah Peak earthquake sequence [Doser,1985),
and by focal mechanisms for Great Basin earthquakes based on surface wave analyses by
Patton [1984).

Information taken from fault plane solutions include the strike, dip, and rake of
exch nodal plane (following the Aki and Richards' conventions (Figure 5 ). Typically,
rakes would be missing (with only the two nodal plane strikes and dips given) or incorrect,

30 rakes were calculated from the strikes and dips of the two nodal planes. The updated

tabulation of all focal mechmni: is arized in Appendix C and 'T" axes are presented
in Figure 7. These axes show that extension across the Great Basin is generally N-S in

Idaho, M and Wyoming, and E-W throughout the rest of the Great Basin,

Next the USGS file of Askew and Algermissen [1983] was sorted into the homo-
geneous areas mentioned earlier, and then sorted according to magnitude scale. Since many
of the events in the Askew and Algermissen USGS file had magnitudes listed in more than
one scale, the order of preference for scalc used was M, first, then M,, and finally m, if 2

given event was listed under neither of the other scales. Next, the primary file for each area
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Fig. 7. Tension axes from fault plane solutivas. Those used in this study were from Smith
m: Lindh [1978), Doser [1984), Kienle and Couch (nnpublished data, 1977), and Patton
[1984]).
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was compared 10 each of the three newly created USGS files for that wea. USGS magni-
tedes were assumed in case of contradiction and all m, and M, magnitudes were converted

to M, using Gutenberg and Richter's [1956] equations:

My = idm, - 24 (123)

M, = 0.76M, + 1.6) (12b)

30 that equation (4a), or (4d) could be used for magnitude-moment conversions. If the pri-
mary file contained duplicates of an event found in a USGS file, the event which most
closely matched the USGS version was retained.

After the primary area file was brought into conformity with the USGS file, it

was sorted into ch logical order ( jonally events were cut of sequence) and all
detectable duplicates not already eliminated were deleted according to the criteria that any
two events that occurred within 10 seconds and 15km of each other were considered to be

the same cvvent. The original primary file sined sbout 1% dupli Finally magni-

tudes were converted to moments in an input file for "nstrain’ so that strain and deformation

rates could be calculated.
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Figure 8 also includes for comparison some of

STRAIN RATES FROM SEISMICITY

The general results show a principal east - west direction of extension for the
The central Wasatch front region (area 18) has had little earthquake activity in
The Colorado Plateaus-Great Basin transition zone (area 20) may be influenced

Strain and deformation rates calculated from the earthquake data are given in

ously by Smih et al. (1984a]. A summary of the results Jor each area is presented in Table
6 and in Figure 8. Time periods for given areas vary according to the data available but
by the neighboring N-S compression. The central Utsh area would seem geographically to
be more closely associated with the Great Basin; however, here, the stress orientation of the
area was determ'aed primarily from a single event with a near-vertical nodal plane on the
extreme eastern edge of the area. The stress orientation for the Utah-Nevada border area

along the Utah-Nevada border (areas 18, 20, 21 and 23) where the principal horizontal
historic time and 30 has a low deformation rate of only 0.001 mm/a - too small to be reli-

detail in Appendix D. Note that results for the Northern Utah areas were calculated previ-
Anderson’s [1979] results for southern California and Hyndman and Weichert's [1983)
west edge of the Great Basin; in Idaho, Montana, and Wyoming, extension was more N-S;
and in Utah, extension trended more NW-SE. Some exceptions were in central Utah and

were generally from 1900 to 1981.

results for the Pacific Northwest.

seismically active parts of the Great Basin. E-W

strain corresponded to compression rather than extension.

Regional Strain Patiern




GREAT BASIN SEISMICALLY DETERMINED
DEFORMATION AND STRAIN RATES

{

]
- = 3
0 150 300 kilometers

Deformation Rate (mm/er)
Strain Rate (s1)

Fig. 8. Great Basin ) ined strain/ def ion rates. In each area, 10p value
is deformation rate in mm/a, bottom value is strain rate in s~'t (second number is power of
10); * from Hyndman and Weichen [1983), # from Anderson [1979).

was determined from a single large strike-slip event, M6.1, 1966. This solution is

snomaloss, hence the stress jon was not adequatel: d for. H . this

strike-slip earthquake is the first of many that exiwend westward across southern Nevada.

The largest def jon rates were iated with the western margins of the
Great Basin along the northern Californis-Nevada border (1.6 mm/a), in West-Central
Nevada (7.5 mm/a), along the Walker Lane (2.9 mm/a), and in the Owens Valley (28.0
mm/a), aress 3, 4, S md 7. Deformation in the Owens Valley area was excaptionally high
because of the 1872 M, 8.3 Owens Valley earthquake.

Another region of high strain occurred along the Great Basin's eastern border.
Deformation rates of 1.0 to 4.7 mm/a were found in weas where the trend of the ISB
changes: for example at the Hebgen Lake/ Yellowstone Park; Hmsel Valley, northern Utzh;
Central Utah; snd Utah-Nevada border aress (areas 12, 15, 21 and 23).

The deformation in the Central Idaho area was due principally to the 1983, M7.3,
Borah Peak, Idaho sequence md does not fit either of the two trends mentioned above. The

central Idaho area is ciated with a of the Great Basin eastern mar-

gin.

Note that Askew and Algermissen (1983) assigned some large esrthquakes in
central Nevada lower magnitudes than usually found in the literature. The Dixie Valley and
Fairview Pesk, Nevada earthquakes were given magnitudes ol M 7.1 and M 6.8 by Tocher
[1957). Askew md Algermissen [1983), however, listed values of My 69 and M, 6.0. As
stated earlier, Askew md Algermissen’s catalog was considered the standard. When the
larger magnitudes were considered, the West-Central Nevada area yielded a deformation rate
of 9.1 mm/a and a strain rate of 1.2x107"%/sec.

Except for the Owens Valley area, deformation rates in these rapidly deforming

'ulr-p('fmmlm?nnll-nonlOthnmwclnhotlnmclmeGrul

Basin. However, they were 10 times less than the “60 mm/a deformation rate found in the

Garlock area (note that most of the Garlock area moment came from the 1857 M, 8.3 Fort
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Tejon duced by fi on the San Andreas fack along the south edge of the

Garlock area).
In addition to spatial variations in strain and deformation magnitudes, it is also

interesting to note spatial variations in the ork ion of the i hori strain and

deformation rates. Figure 9 shows just the hori sion vectors associ

ated with each area. The dotted srrows repr the mini hort strain rate axes in

areas that displayed P i strain rates. The south Salt Lake and Provo

areas (areas 18 and 20) were not included in Figure 9 since the south Salt Lake area displ' ;s
insignificant strain rates and the Provo area is associsted with Colorado Plateaus stresses.
Figure 9 shows that in the extreme northern Great Basin, across central Idaho and the Yel-
lowstone Park area, the maximum extension direction was NNE-SSW. In the southern

study area, principally h Utsh and h Nevada, the direction of max-

imum extension was NNW-SSE. Throughout the central Great Basin, comprised of Nevada,

Utah, and northwestern California, extersion is oriented almost exclusively E-W.

Great Bacin Deformation And Strain Rates
Deformation and strain rates were also calculated across the entire Great Basin to

estimate intraplate-wide deformation rates (along profiles B-B', B-B'* and C-C', Figure 10)

The of the def jon rates along each profile were summed to give the

overall vales.

Profile B-B', a line across northern California, Nevada, and northern Utah had a
10.0 mm/» deformation rate. Profile B-B" is an east-west line with an 8.4 mm/a rate. The
southern profile, C-C', is an east - west line 7.ross southeastern California, southern
Nevada, and southern Utah. Here, the deformation rate was 3.5 mm/ a; however, if Owens
Valley deformation is projected up to C-C’, the deformation rate increases to 29.2 mm/a.
(The extension rates found along these profiles are listed in Table 7 and are shown in Figure

10). The deformation and strain rates along line B-B' are considered the most

i gL~
fj;nnlo

+---+ From co-punionnl maximum
horizontal primcipal strain areas

+—= From extensionsl meximum
horizontal principal strain areas

100 _ 200 miles
150 300 kilometers

Dotted arrows in-




Table 7. Maximum horizontal Great Basin strain rate,
deformation rate, and total exteasion
from this and other studies

Refercace - Method Str.‘h Rate Deformation Total
(sec’) Rate (mm/ yr) Extension %

Seismic Resu
BB’ 2.6x10°16 10.0 ‘10
BB" 2.2x10°16 8.4 “10
cc' 13x10°16 35 -10
Jordan et al. [1985) - satellite geodesy
A-A' <9
Wright [1976] - geology
; i ; | 2 lon‘: 58-1.5
} See i sou 3.7-101
. Sclc'Lah ! Y Proffets [1977] - geology 200
Cley ="~ = m i Thompson and Burke [1974) - geology 8
! Eaton et al. [1978] - geology 8
Zoback et al. [198:) - summary
Minster and lotfn (1984) - summary
Geology 3-20
beat fow? 312
pa‘hoaxuiu,kdty 1-12

o

{ .
‘o v 1
- NyLor Angeles ) Hamilton and Meyers (1966], Stewart [1978],
i . Davis (1980}, Proffett (1977)
AY

Ed

2 Lachenbruch [1979]

£l

3 wallace (1978), Thompson and Burke [1974),
Greensfelder et al [1980)

4 Greensfelder et al. (1980), Anderson [1979)

A=A’ Jordan, et.ol.[1985]

B-B' This study - brokes Northern Prolile
B-B* This study - E-W Northern Prolile
C-C’ This study - E-W Southern Profile

0 100 200 miles
(o] 150 300 tilometers

Fig. 10. Great Basin regional exiension. A-A’ is from Jordan et al. [1985); B-B’, B-B", and cc
from this study. Value in parentheses below C-C' includes deformation from Owens Valley, Cali-
fornia.
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representative for the Great Basin because of its central location and since the absence of

line bends makes its strain and deformation rate calculations the most straightforward. A-A'
results are from Jordan et al [1985) for later comparison.

Note that the deformation rate is more than twice as high in the northern Great
Basin than it is in the southern Great Basin if the Owens Valley area is not considered.
When strain rates were considered, it was found that B-B' experienced 2.7 x 107" /sec, B-
B" yielded 2.2 x 107'* /sec and C-C' yielded 1.4 x 10°'* /sec; the northern profiles
displayed almost twice the strain rate of the southern profile, consistent with deformation

rate results.

COMPARISON OF CONTEMPORARY
AND PALEOSTRAIN RATES

To clarify the role of the seismically determined strain rates discussed previously,
comparisons with strain rates found with other methods are useful Two methods to be
addressed here are geologic and geodetic determinations of strain rates. These, with Great
Basin extension rates calculated by other workers, give insight into contemporary versus

paleostrain rates in this region.

Paleostrain Rate Calculations From Geologic Data
Strain rates from geologic data (slip rates on faults) were determined using a
conversion of fault slip rates to seismic moment. Mapped slip rates and fault plane

geometries were used to detenaine only the scalar moment following the equation:

M, = pAu. (3a)

From this seismic moment and the 24 of the faukt displacement, strain rate can be found

o Mk
t= W (Anderson,1979)

where 1), I3 and ly = volume
k=075(075< k s 0.96)

&= scalar strain rate.




ﬁ.-ml.-uum.

Moments for falts in the western U. S. were calculated previously by R. B Smith et al.

(unpublished data, 1984) assuming average fauk dip of 60° on somne of the western U. S.

faults shown in Figure 11. Smith also made these calculations assuming 40° fault dips that

gave in d h sion rates by a factor of “1.5. The 60° dip assumption was

used in this study. Ages of the faliting ranged from “10,000 a to 10 ma. Moments and

strain rates for the Wasatch front were & ined from fault jon and slip rates by

& md Coppersmith (1984]. Paleodeformation rates calculated for some areas in

southern Califsmia by Anderson [1979] were also included in Figure 4. Geologic results for
the Borah Peak, Idaho area are from Scott et al. [1984).
The faulks were grouped for this study into the same areas as used in the seismic

strain rate & instion where possid Figure 12 shows the centers of some the faults

from Figure 11 on a map of the western U. S. The ssismic rates were di ined
using equation (3a) and then summed. The direction of extension was sssessed to be east-

west for most of the Great Basin. North-south pression was d for areas iated

with the San Andress fsult system (the Central California snd Los Angeles areas) and in
Idaho snd Montana.

The primsry drawbacks of the geologic data lie in their interpretation and lack of
completeness. First, in order for the results to be complete, all major faults must be

included and mssigned accurate slips, sress, snd displacement ages. While there are

i { to Holo and Quatzrmary faults throughout the region, less than 30%
had slip rates. Fault dips at depth must also be accurately estimated since low-angle nor-

mal fault dips yield higher hori 1 jon rate esti Second, even if surface

exposures of faalts are adequate and all major faults have been studied in an area, only large

earthquakes, M6.5+, will have produced any surface displ in the first place. Conse-

ly, ion of pal in in a given area is almost certain.

Paleodeformation rates yield the highest values in two regions (Figure 13 and

ORIGINAL PACE IS
OF POOR QUALITY

Fig. 11. Western U. S. fault map. Data from Smith et al. (unpublished data, 1982)
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0 100 200miles
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Fig. 12. Locations of study area fault centers. Study areas are superimposed.

Fig. 13. Great Basin paleostrain and deformation rates from geologic data. Top value is de-
formation rate in mm/a, bottom value is strain rate in s~ ( second number is power of 10).
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Table 8). High deformation rates were determined for Hebgen Lake/ Yellowstone Park, 0.24 . Table 8. Strain and deformation rates measured using
geologic, seismic, and geodetic data

Geologic Seismic “Geodetic
NNE-SSW trend in soatheast Idsho and western Wyoming. High deformation rates were 9 ’ Def. Rate Strain Rate Def. Rate Strain 5-0 Def. Rate Strain Rate
Area (mm/a) (sec™’) (mm/a) (sec™’) (mm/a)  (sec™)

mm/s; md in Wyoming, 0.74 mm/a. Here, the ISB changes from a N-S trend in Utah to 2

also calculated for the Ceatral and southern Utah areas (0.38 and 7.4 mm/a) where the ISB
= Oregon - Nevada
changes trend from N-S in most of Utak 0 E-W in h Nevada. C: ation of | Border 0.19 241017
J Oroville 0.5 s.6x10""7
deformation in these regions is much less pronounced in paleostrain results than it is in Northern California -
' Nevada Border ! 16 21x0716
seismically determined results. West-central
' Nevada 75 om0t
Data for the west side of the Great Basin were considered incomplete resulting in Walker Lane 9 29 l.hl()'l6
3 Southeast Nevada 02  9.6x107
either unavailable or low deformation rates. Figure 14 shows that both the east and west » Owens Valley 2.0 32x10'13
Ceatral California X . 11 1801076
margins of the Great Basin have experi dM> 7 hquakes that prod high defor- A Garlock ¥ . 59.0 6.!:10"5
Los Angeles X 1x10°! 12 181076
mation. This map was d ined using geologic data (Thenhaus and th, 1982; R. Central Idaho* . i 3 20 3.3x10°16
| Hebgen Lake/
B. Smith et al unpublished data, 1983), 5o incomplete fault study was the problem, not Yellowstone Park . X 47 1.mo“’
Western Wyoming ; 6 007 14x10'
inadequate fault exposures. Soda Springs 1 g 012 2.7x107
Hansel Valley I 15 63x07!
Northern .17
Contemporary Strain Rate Wasatch Front X ' 004  3.8x107,
Cache Valley ; Ax10° 029 13x1070
Geodetic trilateration and trimgulation networks have been used by several ' South Sak Lake . 0.001 4.1x10
Southern 16
workers to determine strain rates - primarily J. Savage (USGS) and R. Snay (NGS) and co- | . Wasatch Froat v.13 :'gl:g_b
006 -1.5x

I 8 Provo 6 A

workers. For purposes of comparison, Savage's (1983]) summary of strain rates of different ¥ Cenual Utah X 16 1.3 -2.61!0_:7
. Southern Utah y : 023 45210

USGS trilateration networks was used along with modifications and additions taken from Utah - Nevada 16
Border 1.0 -4.5x10

Savage et al. [preprint, 1985) and Saay et al [1984].

* from Scoxt et al [1984).

Some probk iated with geodetic d

ments b of inconsi ion of i i measuring

technique. Also a factor in the usefulness of geodeti is the sparseness of

measurements throughout the western U, S. with the exception of California. The available
geodetic data are presented in Figure 15 and Tables 8 and 9.

Geodetic strain rates are only available in about half of the areas considered in

the seismic strain rate determination. In many areas where geodetic strain
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lished data, 1982),nd Thenhaus and Wentworth [1982). Crosses, + , indicate centers of (1984).
mapped faults.
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Geodeticaily d strain and def: jon rates

Prin et C
!xmd::- Def. Rate gcrﬁn itn Def. Rate §w-n_§ue
Network Period (yr)  direction  (mm/a)  (sec”’) (mm/a) (sec’’) Reference

-16 b -16
Johnstone 1914-66 9.5x10 15 9"}':845
Seattle 197279 8.4 7 38x107
10 -6 6 -1.3x10
Haaford 1972-81 A3y
Hebgen 1973-84 112 8 ; Aal0
Ogden 1972-84 0.6 A fk:lo' 14
Shelter Cove  1930-76 Owo 50 ; 0 -16x10° ¢
73 -8.9x10
Geyser 1972-719 s .uno'”
SmtaRosa  1972-81 63 o4 e T
1976-80 58 X 3 32x107¢
Pot 35 14 -8.9x10
Point Reyes 1972-80 3.5 . 15 -3.1“0_“
Fairview 1973-19 20 1.6x10° 1%
Peninsula 1970-80 26
Mocho 1973-81
Excelsior 1972-719
Loma Prieta  1972-80
Pajaro 1973-81
Carrizo 1977-8!
Los Padres  1973.8-81.4 "N89°E
Palmdale 1971.6-80.9 "N7. 7x10° !
Garlock 1973.2-80.9 "N74°E ? 1 -:,;.:g_‘ s
Tehachapi  1973.7-80.9 "N77°E . 352107 < 38x107
Cajon 1974.3-81.3 “N80°E 3107 A4 -5.0x107 %
Anza 1974.0-81.2 'an v 3.:-:8_‘ s 7 -;.;::gll :
1972.9-81.1 "N89! 4x10° 7.0x10°
gc:m 1972-84 N84%°E+ 15° 038 3.zuo_:§ 632107 2
Owens Valley 1975.79 N69°W: 11° 2.5 2.5x10° ¢ 22107
Sakt Lake City 196274 N76°Wz 15° 19  1.6x10 0 2.5x10

- . e o e bt N N e e

e N e

References: 1) Savage [1983], 2) Savage et al. [preprint, 1985), 3) Snay et al. [1984)
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were available, these values were close to the values measured seismically; however, some-
times the geodetic rates were 10-20 times larger (Table 8).

Geodetically determined strain rates were probably higher than seismically deter-

mined counterparts owing to spatial pling differences. G eodeti ks were usually
three to five times smalier than the areas used in this study and focussed on the most
actively deforming regions. Consequently, higher strain rates would be expected for geo-
detic network results.

The Walker Lane area (area 5) was an apparent example of different areal cover-
age with different contemporary strain rates. The seismically and geodetically determined
strain rates for this area differ by almost an order of magnitude (1.3 x 10-'% sec and 1.9 x
107" sec respectively). However, the seismic and geodetic deformation rate results for the
area were 2.9 mm/a - from earthquake data and 3.6 mm/a measured geodetically [Savage,
1983). The Excelsior fault was probably the source of most deformation in this area and was
sampled in both methods. Thus, when area size discrepancies are eliminated, the resulting
deformations are almost identical.

Swummary of Strain R ates

Table 8 shows that pak in rates are ge lly one to two orders of magnitude
lower than contemporary strain rates. The exceptions (o this pattern were: 1) the Los
Angeles, Wyoming, south Salt Lake, southern Utah, and northern Wasatch front areas
where the paleodeformation rates of 49.3, 0.74, 0.03, 7.4, and 0.25 mm/a were si_nificantly
larger than seismically determined rates of 1.2, 0.07, 0.001, 0.23, 0.04, and 0.13 mm/a; and
2) in the Idasho-Wyoming, 0.14 versus 0.12 mm/a; central California, 4.0 versus 1.1; Cache

Valley, Utah, 0.1 versus 0.3 mm/a; and the southern Wasatch front, 0.31 versus 0.13 mm/a

areas where paleo- versus seismically d ined def i

rates were within a factor of
four. These results suggest that historic seismicity and deformation in the areas named

above have been lower than ‘erage levels, since the seismic values are no larger that the
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d pak jon values. It is also possible that these areas have more com-

pale

other aress.
plete geologic data than
Paleostrain rates in Figure 13 also show that deformation along the ISB, up to
7.4mm/ hmoSo-mmUuhmnmu-donannmnnhlotme
Amm/a
Great Basin with up to 0.08 mm/a in the West-Central Nevada area). This result is the
L { jon rates along the

opposite of the results insd using earthquake data where
ISB were as high as 2.8 mm/a, in the Hebgen Lake/ Yellowstone area, md deformation rates

in the western half of the Great Basin were & high 2 7.5 mm/a in the West-Central Nevada

ares. This difference is probably the result of lack of geologic data and temporal varistion in
seismic activity.

Anderson [1979] calculated values of 2.0 mm/a deformation rate in the Los
Angeles area compared to 12 mm/a from the earthquake contribution. Likewise. he
estimated deformation rates of 8.0 smd 1.5 mm/a in the Garlock and Owens Valley areas
where seismicity rates were 59.0 mm/a in the Garlock area and 28.0 mm/a in Owens Valley.

C and pal fi jon comparisons also support the existence of
Yy P

an anomalous Wasatch front seismic gap. The northern Wasatch Front area (area 16) con-
tains the Wasatch fault - the primary surface bresking fault of the eastern Great Basin. Area
16 is also bordered on the east and west by seismically active areas (the Cache Valley and
Hansel Valley areas). In contrast, the northern Wasatch front area has been quiet. Lu‘s
than 200 earthquakes have been recorded there in the last 78 years. The maximum magni-
tude earthquake to be recorded in the area during this time period was M, 5.7.

Smith [1978) suggested that this *seismic gap” along the northern Wasatch fault
is temporary and might be seismically filled on a longer time scale. The deformation rate

e m/a and 0.31
Wasatch front was 0.13 mm/a. In contrast, the geologic rates were 0.25 mm/a

m/a north and south. The higher paleodeformation values suggest that contempora’y
m ] .

seismic q is indeed ak

Comparisons of Great Basin Extension R aze

£ z

rates of 10.0 mm/a on B-B' and 8.4 mm/a on
B-B" determined along the two northern profiles in Figure 10 compare well with deforma-
tion rates determined from other studies. For example, Lachenbruch and Sass (1978] deter-
mined 5-10 mm/a extension for the Great Basin using heat flow constraints and thermal
models of extension (Table 7). Also, Jordan et al. [1985] estimated a deformation rate

across the Great Basin of less than 9 mm/a from North Ameri -Pacific i

models, while the seismically determined deformation rate along line B-B" was 8.4 mm/a
(Table 7) - close for two different methods. This implies that the North American/ Pacific
plate interaction modeled by Jordan et al (1985) may contribute a component to Great
Basin extension. This comparison also leads to the conclusion that most of the extension in
the Great Basin is expressed as ecarthquake generated brittle fracture.

The strain rates found slong the profiles mentioned above can also be compared
to results from other workers (Table 7). For example, Thompson and Burke [1974) arrived

a a deformation rate estimate of 8 mm/a from geologic data. Wright [1976) used geologic

data to determine a deformation rate across the northern Great Basin of 5.8 - 7.8 mm/a.
Also, Minster and Jordan's [1984) Table 3 (included in Table 7) listed deformation rates in
the range 1-22 mm/a derived from various workers’ results. All these deformation rates are
compatible with the 8.4 mm/ a results obtained in this study for profile B-B"'. Also, Wright's
[1976) southern area results were 3.7-10.1 mm/a - comparable with the deformation rate of
3.5 mm/a found in this study for profile C-C’ across the southern Great Basin.

These comparisons suggest that since geologically inferred and

porary
strain rates are similar, the mechanism that facilitates Great Basin extension today probably

operated throughout Quaternary times as well. Had the mechanism changed, we would

expect to see greater differences in deft ion rates b

porary and paleo-
estimations.

Also, in rate comparisons in the Great Basin




60

suggest that the seismic record, though perhaps experiencing short-term, local variability, is

probably a reasonable indicator of future seismicity on a regional scale. This conclusion is

malogous to the findings of Wesnousky et al. [1982a) for Japanese seismicity. In their
study, contemporary variations in seismic activity were determined to be short-term effects

that disappeared over periods of many hundreds of years.

SUMMARY AND INTERPRETATIONS

This study has shown that, on a regional scale, contemporary strain rates from
seismicity are comparable with strain rates determined from modern, geodetic measure-
ments, and with paleostrain rates determined from geologic data.

Regionally, sn E-W Great Basin extension rate of 8.4 mm/a was determined
from earthquake data. Locally, contemporary strain was concentrated at changes in direction
of the Intermountain Seismic Bek that marks the Great Basip cattern boundary; along the
western margin of the Great Basin; in central Nevada; and ir. som: other scaitered areas pri-
marily on the region boundaries. Grea Basin contemporary deformation rates in the range
-1-28 mm/a were found in this study, where rates of 20-50 mm/a were determined for
active interplate subduction md transform faulting in the Pacific Northwest determined from
seismicity by Hyndman and Weichert (1983) showing that Great Basin deformation rates
from seismicity were, on average, from 2 to 10 times lower than plate convergence rates.

Patterns of high seismicity and deformation rate along the margins of the Great

Basin show that most, and probably the deepest, brittle fracture occurs along these margins.

hahl

The stress release and op of P d by this seismicity have p

allowed magma to intrude the lithosphere, and in some cases reach the surface. Figure 16, 2
map of surface volcanism for (he last S ma [Smith and Luedke, 1984] and of high, seismi-
cally determined deformation rates, suggests that brittle fracture and subsequent magmi
intrusion has persisted along the edges of the Great Basin for at least the last few million
years.

The local and regional deformation rate results, summarized above, suggest that




ORIGINAL E

. FAGE IS

OF POOR QUALITY

b
n mf
A s

] 150 300 kilomaters

Deformation Rate (mm/yr)

Fig. 16. Western U. S. volkanism aad seismically determined deformation rates. Volcanism
is from Smith and Luedke [1984) and deformation rates are in mm/a.
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brittle fr has been produced as the principal sirain release, although it mey ultimately
be produced by creep snd flow at depth through coupling in the upper-crust. It follows that
most extension in the Great Basin has been expressed as brittle fracture in the upper 10 km
of the crust. Thus creep in the whole of the lithosphere cannot exceed the brittle strain.
The observation that regional brittle straia release is comparable to other esti-
mates of strain suggests that extension has been expressed consistently at depths less than
20 km. This is true on a regional level even over short time periods. Thus, contemporary
mechanisms ior strain release in the Great Basin must have been operating throughout the
Quaternary. It follows that regional seismicity is a good indicator of future seismic activity.
However, on a local scale, such as the Wasatch front, seismic quiescence refiects gaps in the

seismicity that should fill in within the period of an earthquake cycle.
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File 4, Oregon-Nevada Border area
‘nstrain’

fmalin

Nevada oregon border

71
370525005
230, 34, -as

1, 66,~114
2.1e+24

530708003
230, 34, -46

1, 66,-114
1.8e+22

560110008
230, 34, -4%

1, 66,-114
3. 1e+23

580312012

230, 34, -as
1, 66,~114
3.1e+23

580312012
230, 34, -4%

1, 66,~114
2.2e+23

580929008
230, 34, -46

1, 66,-114"
S.1e+23

591014014

230, 34, -as
1, 66,-114
4.9e+22

620830013
230, 33, -4

1, 66,~114
6.0w+24

660128018
230, 34, -4

1, 66,~114
8.3a+21

680527005
230, 34, -as

1, 66,~114
3.8e+22

680528000
230, 34, -4s

1, 66,~114
8.3e+21 :

680528000
230, 34, -4




730223014
230, 34, -45
1, 66,~114
1.4@+22
730227001
230, 34, -4%
1, 66,-114
3.0m+22
730227004
230, 34, -46
1, 66,-114
3.8e+22
730227009
230, 34, -4s
1, 66,-114
1.1e+22
730227012
230, 34, -46
1, 66,-114
1.1e+22
730302011
230, 34, -a4%
1, 66,-114
8. 3e+21
730302012
230, 34, -as
1, 66,-114
1.1@+22
730302012
230, 34, -45°
1, 66,~114
8.3e+21
730302014
230, 34, -46
1, 66,~-114
8. 1e+22
730303003
230, 34, -4s
1, 66,-114
8.3e+21
730303003
230, 34, -4
1, 66,-114
8.3e+21
730303003
230, 34, -4s
1, 66,-114
3.7e+23
730303003
230, 33, -4
1, 66,-114
2.3e+22
730303008

230, 33, -46
1, 66,-114
1.40+22
730303010
230, 34. -a46
1. o5¢.-114
i.9@e+22
730203018
230, 34, -46
1, 66,-1143
8.35e+21
730306010
230, 34, -4
1, 66,-114
5.0e+21
730709003
230, 34, -46
1, 65,~1143
S5.0w+21
740103002
230, 54, -4
1, 66,-114
S.0w+21
740426023
230, 34, -46
1, 66,-1.4
1.4e+21
740723015
230, 34, -46
1, 66,~114
S.9e+21
741216021
230, 34, -4&
1, 66,-114
3.9e+21
750902014
230, 54, -496
1, 66,-114
6.3@+22
780516020
230, 34, -46
1, 6b6,-114
6.5e+21
800411006
23u, 34, -as
1, 66,-114
1.1e+22
800411006
230, 34, -46
1, 66,~114
6.5e+21
800411007
230, 34, -46
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File S. Oregon-Nevada Border area ‘nstrain’ output

COMPUTATION OF A SYNTHETIC FAULT PLANE SOLUTION FROM A REGIONAL MOMENT TENSOR
.l...l...l.ll.'ll.l...l.llllllI."ll.ll..QOIOCOOIIIIlIOQDIDOQOCCQCQIICQI.CQQI

nevada oregon border

370525005
Fault plane solution nuaber 1
fault plane: strike= 230. dio= 34. slip= -4b6. degioes

auxilary plane: strile= 1. dip= b&b6. slip=-114. degrees
Moment Mo= 2.1e+24 dyne-cm

sllpv.clork(0.016,—.913.0.!07) vecaz= -89.0 vecdip= 24.0

soment tensor 1:
Mil= 1.9e+22 M12= 8.3e+23 MI3= 3.4e423
M21= -8.3e+23 N22= 1.4e+424 M23= 1.3e+24 dyne-cm
M31= 3.4e+23 M32 1.3e+424 M33= ~1.%e+24

Eigenvectors: component 1=N, 2-E, 3

clqmv.ctclI-—(—.'!IO,H.?(Q,O. DAY | vecaz.= 109.0 vaecdip= 17.6
clq.nv.ctcx’.‘"(o.‘?(n.o. 181,0.388) vecaz.= 11.3 wvecdip= 22.9
eigenvector 3=(~.296,--393,0.671) vecaz.= -126.9 vecdip= 60.5

530708003

Fault plane solution numsber 2
fault plane: ctrite= 230. dip= 34. slip= -456. degrees
auxilary ptane: strike= 1. dip= &b6. slip=-114. degrees
Moment Mo= 1.8e+22 dyne-cm
elipvector = (0.014, L913,0.407) vecaz= 89.0 vecdip= 24.0
moment tensor 23
M1l l.oe+20 MI2- 7.1e+21 M13=
M2 7.1ee21 M= 1.2e+22 M23= dyne-cm

174

M3l .01 M52 1.1e+422 M33=




3=V
vecaz
vecaz
vecaz

Eigenvectors: coaponent 1=N, 2=E,
eigenvector 1=(-,7510,0.902,0.302)
eigenvector 2=(0.904,0.181,0. 388)
eigenvector 3=(~.296,~-.393,0.871)

vecdip=
vecdip=
verdip=

560110008

Fault plane solution nusber 3
fault plane: strike= 230. dip=
auxilary plane. strike= 1. dip=
Moment Mo= 3.1e+23 dyne-cm
slipvector =(0.0146,-.913,0.407)
moment tensor 3:
Mil=
M21=
M31=

34.
bb.

~46.
114,

slip=
slip=-

degrees
degrees
vecaz - 89.0 vecdip=
2.7e+21 Juel3 =
-1.2e+23 2. 023
S.1e+422 M32: 1.9e+23
3=V

veca

veca

vecaz.=

Eigenvector s: component 1=N, 2=[,
wigenvector 1 =(-.310,0.902,0.302)
ei1genvector 2-(0.904,0.181,0. 388)
ei1genvector 5=(-.296,-.393,0.671)

vecdip=
vecdip=
vecdip=

980312012

Fault plane wulution nusboer a
fault plane: strile= 230. dip=
auxilary plane: strile= 1. dap=
Moment Mo= 3.1e27 dyne-cm
slipvector = (0. 0146, -.915,0.407)
moment toencor L E
Ml

3a.

6.

slip= -46. degrees
slip=-114. degrees
69.0

vecaz vecdip=

2.7e0221 M2 1.2e+23 MI3=

M21=
M31=

1.00¢23 M22-

S.1e+22 M32

2.0e423

1.9e+25

3=V
vecaz. s

Eigenvector o component 1=N, 2=E,
ei1genvector 1:(-.310,0.902,0. 302)
ergenvectur 2= (0,904 ,0.181 0. 388)
cigenvector 3=(-.296,-.392,0.871)

109.0

v

Vel uz.=

580712012
Fault plane sulution nuaber S
fault plone: strake= 230. dip=
auxilary plane: strile= 1. da
Moment Mo= 2.2e¢23 dyne-cm
slipvector=(0.0146,-.9213,0.407)
moment tensor S:
Mil=
M21=
M31=

34.
b6,

as6.
114,

ip=

degr evs
degrees
YL -l = 89.0 vecdip=
1.9
0. 7e+
tLbot

M12= -8. 70422
22 1.4e+23
M3~ 1.4e+23

3=y
veCcas. "
veco

Eigenvectors: component |
ei1guenvector 1 (-, 310 0,902
ergenvector 2 - (G.904,0.181,0.
L2968, .393,0.071)

109.0

eigenvector 3= ( veco

580929008

suiubion number [

fault planc: wtrile= 230, dip 34.
auxi1lary plane: striler 1. dup- ob.
Moment Mo L1027 dyne «m

Fault planc
Aa.
114,

slhip~
slip

degrees
degr ees

vecdip=
vecdip=
vecdip=

vecdip=
vecdip=
vecdip=

17.6
22.9
60.5

24.0

S.le+22
1.9e+23
~2.1@¢23

17.&
22.9

60.5

24.0

S.1e¢22

1.9e+23
2. 1e423

17.¢
22.9
&0.5

17.6
22.

&0.5

dyne-cm

dyne-cea

ALFTYND ¥OOd 30
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slipvector < (0.016,-.913,0.407)
moment tensor L1
Mil= 2.70421
M21= =1.20¢23
M31l= S.le22

Eigenvectora:
eigenvector 1= (-.310,0.902,0.302)
eigenvector 2= (0.904,0. 181 ,0. 388)
eigenvector3=( -, 796 ,-.393,0.871)

591014014

Fault plane solution number 7
fault plane: strike= 230.
austlary plane: strike= 1.
Moment Mos 4.9e+22 dyne cm
slipvector =(0.016,-.913,0.407)
moment tensor 7:
Mil=
Lo A §
Hnii

dap

q.3c020
1.9
fi. Ve
Eigenvector v component 1:N,
eigenvector 1 (0 L 210,0,.902 0,
cigenvector 2= (o 904 ol LHL oL S0
ergenvector 3= ( < 393,0.u71)

P,

&208T001 7

Fault plune colul ron noaber

fault plane: strike= 230,
auxilary plane: strike= 1.
Moment Mo= &.0e+24 dyne-cm
slipvector =(0.016,-.913,0.407)
moment tensor 8
Mil= S.3e+22
M21= ~2.4e+24
L 9.8e+23

dip=
dap -

Eigenvector s: component 1=N, 2=E
eigenvector 17 (-.310,0.902,0.302)
ei1genveclor 2=(0.904,0,181,0.388)
eigenvector 3= (- .296, .393,0.871)

&60128018

Faultl plane ~olution numsber 9
fault plane: straile= dip=
awnrlary plar wtriles= 1. dap-
Momsent Mo 0. el dyne ca
slipvector = (0. O14,-.913,0.407)
moment tensor ]
MIl
M2l
M31=

1.4e¢21
Ergenvector a: compor t 1=N, 2=E
crgenvector 1= (. 310,0.902 0,30
cigenveclor 2 (0. 903 Ju, 101 0. 760)

ecrygenvector 20 0946, L3 2,0.U71)

component 1=N, 2=E,

dip=

vecaz=

Mi12=
M22
M32=

3=v
vecas.
vecaz.
viecaz.

34.
b6,

sha
sl

Vet uz ™
M12
22
M32
$ay

vecaz.
vecas.

VeLar.©

34.
&6.

slip
slip

vecazr= -

n4.
&6,

slhip
wlip

vecas
MI2=
M22=
M32-

3=V

-89.0

-1.2e+23

2.0e+23
1.9e+23

= 109.0
= 11.3
" 126.9

p= A6,
p--l1a,

8%2.u

Qe 22

126.9

= -46.
=-114.

89.0

2.4e424
T.%+24

1w9.0
11.7
126.9

-46.
=-114.

89.0
3.30+21

5.5e+21
S.le+21

vecdip=

vecdip=

Mi3=
M23=
M33=

24.0

vecdip=
vecdip=

vecdip

degr ves
degr ees

vecdip=

degr ees
degr ees

vecdip= 2

M13=

vecdip=
vecdip=
vecdip=

degrees
degr ees

13-
23=
33=

vecdip=
vecdip
vecdip”

24

4.

S.le+22
1.9e+23

~2.1@+23

17.6
22.9
60,5

.0

B.0e+21
3.0e+22

3.3@¢22

(V]

9.8e+23
3.7e+24
4.0e+24

17.6
22.9

&60.5

24.0

1.4e+21
S.le+21

S.5%e+21

dyne-cm

dyne-cm

dyne-cm

dyne-cm

ALrTvnd ¥004 40




680527005

10
dip=
dip=

Fault plane sclution numsber
fault plane: strike= 220.
auxilary plane: strike= 1.
Moment Mo= 3.B8e+22 dyne-cm
slipvector=(0.016,-.913,0.407)
moment tensor 10:

Mil= 3.40+20

M21= -1.5e+22

M31= &.2e+21

Eigenvectors: component 1=N, 2=E,
eigenvector 1=(-.310,0.902,0.302)
eigenvector 2= (0.904,0.181,0.388)
eigenvector3=(-.296,-.393,0.871D

680528000

11
dip=
dip=

Fault plane sulution nuaber
fault plane: strike= 230.
auxilary plane: strailes= 1.
Moment Mu- B.3¢+21 dyne-cm
slipvector =(0.016,-.913,0.407)
moment Lensor 11:
Mil=
M21=
MI1=

7.le+19
3.3e+21
1.49e+23

Eigenvector s: component 1-N, 2=E,
ertgenvector 1= .310,0.902,0, 70D)
ei1genvector 2= (0. 904 0. 181 ,0.388)

eigenvectur 3:(-.2%6,-.393,0.0871)

6£80528000

12
dip=
dip=

Fault plane solution nusber
fault plane: strike= 230.
auxilary plane: strike= 1.
Moment Mo= 8.3e+21 dyne-cm
slipvector=(0.016,-.913,0.407)
moment tensor 12:
Mll=
M21~-
M31=

7.3e419
-3.3e+21
1.4e+21

Eigenvectors: component I1=N, 2=E,
eigenvector 1=(-.310,0.902,0.302)
ei1genvector 2=(0.904,0.181,0.388)
sigenvector 3=(-,.296,~-.393,0.871)

680528012

13
dip=
dip=

Fault plane solution nusber
fault plane: strike=
auxilary plane: strile=
Moment Mo= B8.3e+21 dyne-cm
slipvector=(0.016,-.913,0.407)
moment tensor 13:
Mil=
M2 =
M31:

1.

7.3e419
T.5ee21
1.4¢+21
N, 2sE,

Ergenvector s: component 1

34.
bb.

~46.
114,

slip=
slip=-

degrees
degrees
-89.0 vecdip= 2
-1.5e+22

2.5e+22

vecdip=
vecdip=
vecdip=

34.
b6.

slip= -46. degrees
slip=-114. degrees
vecaz= -89.0 vecdip=
Mi3=
M23=
M33=

12= =3.5e+21
M22= S.5e+21
M32= S.le+21

vecdip=
vecdip
vecdip®

34.
b6.

~-46.
114.

slip=
slip=-

degrees
degre
89.0

vecaz= vecdip=

M12=

s
22+

M32=

Mi3=
M23=
M33=

3=V
vecdip=
vecdip=
vecdip=

34.
b6,

slip= -4&.
slip=-114,

degr ees
degr ees
vecaz= -89.0 vecdip=
~3.3e+21
S.5e¢21
S.le+21

M12=
M22
M2

4.0

6.2e+21
2.3e+22
~-2.5e+22

4.0

1.4e+21
S.le+21
~-5.5e+21

1.4e+21
S.le+21
-5.5e+21

-6
2.9
60.5

1
2

24.0

1.9 21
S.le+21
-5.5e+21

dyne-ca

dyne-cm

dyne-cm

dyne




eigenvector 1=(-.310,0.902,0.302) vecaz.= 109.0
eigenvector 2= (0.904,0.181,0. 388) vecaz.= 11.3
eigenvector 3=(-.296,-.393,0.871) vecaz.= -126.9

vecdip=
vecdip=
vecdip=

680530000

Fault plane solution number 14
fault plane: strike= 230. dip= 34. slip= -46.
auxilary plane: strike= 1. dip= &b6. slip=-114,
Moment Mo= 2.9e+23 dyne-cm
slipvector=(0.016,-.913,0.407) vecaz= -89.0
moment tensor 14:
Mil= 2.60421 MI2= ~1.1e423 4.7e+¢22
M21= ~1.1@+23 M22= 1.9e+23 1.8e+23
M31= 4.7e+22 M32= 1.8e+23 s -1.9e+23

Jnqgrees
degrees

vecdip= 24.0

Eigenvectors: component 1=N, 2=E, 3=V

ei1genvector 1=(-.310_ 0.902,0.302) vecaz.= 109.0 vecdip= 17.6
eigenvector 2= (0.%04,0.191,9.388) vecaz.= 11.3 vecdip= 22.9
eigenvector 3-(-.296,-.393,0.871) vecaz.= -126.9 vecdip= &0.5

680531003

Fault plane solution number 15
fault plane: strike= 230, dip= 34. slip= -446. degrees
awilary plane: strile= 1. dap= &b, slip=-114. degrees
Moment Mo= 8. 3e+21 dyne-cm

slipveclor = (0.016,-.913,0.407) vecas = 89.0

vecdip= 24.0
moment tensor 15:

MLl 7.%e4v1%7 M2 .42 MI3= 1.9e¢21
HM21= 3.3e+21 M22 we2l  M23= S.1e+¢21 dyne cm

M31= 1.4e+21 MI2= S.1e+21 H33= -5.5e+21

Eigenvectors: cosponent 1=N, 2=£, 3=V

eigenvector 1=(-.310,0.902,0.302) vecaz.= 109.0 vecdip= 17.6
-iqmvoctor2=(0.904.0.lDI,O.SBB) vecaz.= 11.3 vecdip= 22.9
-xqoqv.cto:1*(-.296.—.393.0.97!) vecaz.= -126.9 vecdip= 60.5

680603013

Fault plane solution number 14

tault plane: strike= 230. dip= 34. slip= -46. degrees

auxilary plane: strile= 1. dip= 66. slip=-114. degrees

Moment Mo= 2.9e+23 dyne-cm

(.lnpvn(.tur»*(u.nl(;.-.9!".“.‘07) vecaz= 89.0 vecdip= 24.0

moment tensor 162
Mil= 2.6e¢21 MIT 1.1@+23 MI3= 4.7e+22
M21= 1.1ee23 M21= 1.9@+423 M23= 1.8e+23
M3 4.7e+422 MI2= 1.8e+23 M33= -1.9e+23

Eigenvectors: component 1=N, 2

eigenvector 17 ( . 310,0,.902,0. vecdip= 7.
ei1genvectaor 2 (V. 904 ,0.181,0.388) vecdip= 22.
eigenvector 3= . 296, . 393,0.871) ‘ vecdip= &0.

680604002

Fault plane solution nusber 17

fault plane: strike= 230, dip= 24, slip= -44. degrees
awilary plane: 1. dap 64L. slipm-114, degrees
Moment Mo >

clipvector =(0.016, JU. ALy Vet as 69.0 vecdip=

¥ood 40
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moment tensor 17:
Mil=

M31=
Eigenvectors: component 1=N, 2=,
eigenvector 1=(-.310,0.902,0.302)

eigenvector2=(0.904,0.181,0. 388)
eigenvector 3=(-.2946,-.393,0.871)

6805604002

Fault plane solution number 18
fault plane: strile= 230. dip= 34. slip=

2.7e+20 = =12
M21= ~1.2a¢22 2.0@+¢22 M23= 1.8e+22
4.%e+21 1.8e+22 M3I3= ~2.0e+22

e+22 MI3= 4.%+21

vecdip= 17.6
vecdip= 22.9
vecdip= 60.5

46. degrees

auxilary plane: strile= 1. dip= 66. slip=-114. degrees

Moment Mo= B8.3e+21 dyne-ca

slipvector=(0.016,~.913,0.407) vecaz= -89.0 vecdip= 24.0

moment tensor 18:

Mil= 7.3e+19 Mi12- ~3.3e+21 M13= 1.4e+21
M21 =3.3e+21 M22= S5.5e+21 M23= S.le+21
M31= 1.4e+21 M32= S.le+21 M33= ~5.5e+21

Eigenvector s: component =L, 3=V

eigenvector 1=(-,.310,0, 907 302) vecaz.= 109.0 vecdip= 17.46

eirgenvector 2= (0. 904 0,181 3 veCaz., =

eigenvector 3= (-,.296, -, 319 vecaz. 1

680604002

Fault plane coulution number 19

fault plane: striles 230, dap=

auxilary plane: strike= 1. dap= &6. slip=
Moment Mo= B.Je+21 dyne cm

11.37 vecdip= 22.9

26.9 vecdip= 60.%

114, degrees

slipvector=(0.016,-.913,0.407) vecaz= 89.0 vecdip= 24.0

moment tensor 19:

Mil= 7.2@+419 M12= -3.
M21= 3.3e+21 M22= S.
M31= 1.4e+21 M32 S.

Eigenvectors: component 1=N, 2=E, 3=V

eigenvector 1=(-.310,0.902,0.302) vecaz.=
eigenvector 2=(0.904,0.181,0.388) vecaz. =
rigenvector 3= (-.2956,-.393,0.871) vecaz.=

680604007

Fault plane solution number 20

fault plane: straile= 230. dip- 34. slaip=
auxilary plane: strike= 1. dip= &6, slaps
Moment Mo= 8. 3e+21 dyne-cm

Je+2 Mi13= 1.4e+21
Se+21 M23= S.1e+21
le+21 M3I3= ~5.5e+21

109.0 vecdip= 17.6
11.3 vecdip= 22.9
126.9 vecdip= &0.5

44. degrees

-114. degrees

slipvector=(0.016,-.913,0.407) vecaz= -09.0 vecdip=

moment tensor 20:

Mit= . -Z.5e+21 M13=
M21= 2 5.5e+21 M23=

M31- S

Eigenvectors: component 1=N, 2=E, 3=V

eigenvector 1=(-.310,0.902,0. 302) vectaz.=
eigenvector (0.904,0.181,0.388) vecaz.=
eigenvector 3= (-,296,-.39%,0.871) vecaz .=

L£80608005

.dle+21 M3I3=

109.0 vecdip=
11.3 vecdip=
126.9 vecdip=

dyne-cm

dyne-cm

dyne-cm

dyne-cm




21
dip=
dip=

Fault plane solution nuaber
fault plane: strike= 230.
auxilary plane: strike= 1.
Moment Mo= 8.3e+21 dyne-cm
slipvector=(0.016,-.913,0.407)
moment tensor 21:
Mil=
M21=
M31=

34.
&b,

slip= -4&.
slip=-114,
vecaz= -89.0
7.3e+19 M
~3.3e+21 M22=

1.4e+21 M32=

2= -3.3e+21
S.Se+21
S.le+21

3=v
vecaz
vecaz
vecaz

Eigenvectors: component 1=N, 2=E,
eigenvector 1=(~-.310,0.902,0.302)
eigenvector2=(0.904,0.181,0.388)
eigenvector 3=(-.296,-.393,0.871)

109.0
11.3
-126.9

480604006
Fault plane solution nuaber 22
fault plane: strite= 230.
auxilary plane: strile= 1.
Moment Mo= B8.3Je+21 dyne-cm
slipvector =(0.0146,-.913,0.407)
moment tensor 22:
M1l
M21
M31=

S4.
b6,

46.
114,

dip=
dip=

slip=
slip=-
-89.0

vecazs
7.3e+19 MIT -3.3e+21
-3.3e+21 S.5e+21
1.4e+21 M= S.1e+21

3=V
veca
veca

Eigenvectors: coamponent 1=N, 2=E,
eigenvector 1=(-.310,0.902,0.302)
eigenvector 2= (0,904 ,0.181,0.7388)
eigenvector 3= .2946,-.393,0.871)

109.0
11.3

viecaz.= ~126.9

vecdip=

vecdip=

degrees
degr ees

24.0

M13=
M23=
M33=

1.4e+21
S.le+21
-5.5e+21

17.6

22

60.5

vecdip=
vecdip=
vecdip=

degrees
degrees

24.0

1.4e+21
S.le+21
~S5.5e+21

vecdip=
vecdip=
vecdip=

dyne-cm

dyne-cm

680604010

Fault plane colution number 23

fault plane: strike= 230. dip= 34. slip= -44.
strike= 1. dap= &b6. slip=-114,

Moment Mo= B8.3e+21 dyne-ca

slipvector=(0.016,-.913,0.407) vecaz=

moment tensor 23:
Mil=
M21=
M31=

-89.0 v

7.35e+19 M12= =3.3e+21
-3.3e+21 M22 S.5e+21
1.4e+421 M32= S.le+21

Eigenvectors: component 1=N, 2=E,
eigenvector 1=(-.310,0.902,0.302)
eigenvector 2= (0.904,0.181,0.388)

eigenvector 3=(-.294,-.393,0.871) veCcaz.

680605004
24

dip=
dip=

Fault plane solution nuaber
fault plane: strike= 230.
auxilary plane: strake= $.
Moment Mo= B.3Je+21 dyne-cm
slipvector=(0.014,-.913,0.407)
moment tensor 24:

Mll= 7.3e419

M21= -3.3e+21

M31= 1.4e421

34.
b6,

~46.
114,

slip=
slip=
vecaz= -89.0
M12= -3.3e+21
22 5.5e+21
2 S.lesl
E, 2=V

UAS]

Ergenvector a2
cigenvector 1 - (

component I-N, 2
L 310,0.902,0,

109.0

vecdip=

degr ees
degrees
ecdip= 4.0
M13=
M23=
M33=

1.4e+21
S.le+21
-5.5e+21

17.6
22.9
60.5

vecdip=
vecdip=
vecdip=

degrees
degrees

24.0
L] 1.48e+21
S.le21

1
2
3 S.5e+21

Tm
3=
3=

M
L}

vecdip= 17.6

dyne-cm

dyne-cm




e1genvector2=(0.904,0.181,0.388)
eigenvector 3= (-.296,-.393,0.871)

680605005
Fault plane solution number s
fault plane: strike= 230. dip=
auxilary plane: strike= 1. dip=
Moment Mo= 8.3e+21 dyne-cm
slipvector=(0.016,-.913,0.407)
moment tensor 25:
Mil=
M2i=

7.3e+19
-3.3e+21
1.4e+21

Eirgenvector s: component 1-N, |
eigenvector 1=(-.310,0,.902,0, 302)
eigenvector 2= (0. 904,0. 181 ,0.3868)
eigenvector 3=(- . 296,-.393,0.871)

680605007

26
dip=
dap=

Fault plane solution number
fault plane: strale= 230,
auxilary plane: straile 1.
Moment Mo= B.3e+21 dyne-cm
slipvector=(0.0146,-.7213,0.407)
soment tensor :

Loee19

Eigenvectors: component 1=N, 2=E,
eigenvector 1-(-.310,0.902,0.302)
eigenvector 2=(0.904,0.181,0.388)
eigenvector 3= (-.296,-.393,0.871)

4806035008

27
dip=
dip=

Fault plane solution number
fault plane: straike= 230.
auxilary plane: ustrile= 1.
Moment Mo= 1.1e+22 dyne-cm
slipvector =(0.014,-.913,0.407)
moment tensor 27:
Hil=
M21=
M31=

9.7e+19
-4, Qe+21
1.8e+21

Eigenvectors: component 1-N,
eigenvector 1= (-.310,0,.902,0,
eigenvector 2 (0,.904,0.181,

ei1genvector 2=(-,.296, -.393,0.871)

2=€,

&8¢ 595008

soulubtion number e
fault plane: stribke= 230, dip
auxilary plane: sirile= 1. dap
Moment Mo= B.3e+2] dyne om
slipvector =(0.014, -.9212,06.407)
moment 20:

Fault plane

tencor

vecaz.=

vetaz

34.
b6,

vewas
M12
M22
M3

3=V

vicas.s

vecas.

vecaz.=

34.
bb.

vecazs

M12

34.

bb.

VRCaz®

M12

27

M32-

3=V
veca:z.
vecaz.
vecaz.

34.
&L,

slip=
slip=-114,

slip=
wlip=

wlip=
clip=-114,

slip=
slip=-114,

-46.

89.0 v

S.3e+21
S.5%e+21

S.lee21

109.0
11.3
-126.9

a6.
114,

-89.0

~3.5e+21

S.5e+21

S.les2)

-46.

89.0 v
4.4¢c+21

7.2e+21

6.8e+21

1092.0
11.5
-126.9

-4b6.

B9.0 ’

11.3
= -126.9

vecdip=

vecdip=
vecdip=

degrees
degrees

ecdip=

vecdip=
vecdip=
vecdip=

degrees

degrees

vecdip=
vecdip=
vecdip=

degr ees
degrees

ecdip=
M13=

M23=
M33=

vecdip=
vecdip=
vecdip=

degr ecs
degr aes

eccdap

22.
60.

24.0

1.4e+2)
S.le+21

17.6
22.9

60.5

24.0

1.4e+21

S.1e+21

dyne-cm

dyne-cm

17.6
22.9
60.5

24.0

1.8e+21
&.8e+21
7.3e+s21

17.6
22.9
60.5

dyne-cm




DETERMINATION OF THE STRAIN RATE:
.n

The specified volume= 137.5x148.8x 15.0km3

The strain rates for the last 79.0 years in the directions
of the principal stre 1 1]
extensional 1 9.1e-10/yx = |.Be-13/sec
intermadiate 1-1.80-15/yr = -3.60-19/sec
compressional1-9.1e-10/yr = -1.8e-13/sec

The horizontal and vertical strain rates:

Maximum horizontal: B8.7e-10/yr = 2.7e-17/mec Azimuth: NB8IW
Minimum horizontal: -1.3e-10/yr = -4.le-18/sec Azimuth: N 9€
Vertical 1 ~7.4e~-10/yr = -2.J@~17/sec

ENTER region boundary rotation

-63.2000

razmax

17.5856

The maximum horizontal deformation rate = 1.2e-01 ma/yr

PLANE SOLUTION FROM A RECIONAL MOMENT TENSOR
ssenee e

HANSEL VALLEY RECION
Hanse! Valley 1934
Fault plane solution number |

fault plane: strike~ S. dip= 88. slip= -78. degrees
suxilary plane: strike= 126, dip= 28. slip=-154. degreer

-
slipvector={ . . . vecar- 8.8 vecdip~
moment tensor |

Mi2- 2.30425 MId-
2.3e+25 M22~ M23=
-1.00425 MI2~ . Mi3-

Eigenvectors: component =N, 2«f, 3=V

elgenvectorl=t .179, .038, .532) vecazr.« vecdip*

elg ector2«{-.941 23, .33 . vecdip=
nvectord=( .292,-.888, .777) . . vecdip*

Pocatello Valley 1975

olution number 2
strike= 225. dip* 39. slip= -53. degrees
3. 68. slip=-116. degrees

4 TYN!'DINO

Homent Mo= 1.52+25 dy =
slipvector=( .9#15,-.866, .509) vecar= -89.8 vecdip~ 185.8
moment tensvor 2t

Mil= 1.80423 MiI2= ~5.9e+24 M3~

M21= ~5.9e+24 M22~ 1.20425 M23-

M3l- 1.20424 MI2= 6.7e424 MWI3= =1.2e+2%

oy

ALIIVD ¥OOd 40

o

Eigenvactors: component 1=N, 2+, 3=V

elgenvectorli=(-.324, .926, .194) vecar.~ . vecdip=
elgenvector2=( .895, .234, .379) . vecdip=
elgenvectords(-.385,-.297, .94%5) . . vecdip=

Hans:l Valley compos! e 1976

Fault plac solution number 3
faul. pl. str 195. dip= S55. slip* -58. degr
suxitiry plane: strike= 319. dip= 49. slip=-135, degrees
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T2« .238, .662, .71M) vecaz+ 785. vecdip+
B =t -.961, .8%3, .270 vecaz* 177. vecdip=
P2=(  .143, ~.747, .649) vecaz= ~79. vecdip=

DETERMINATION OF THE STRAIN RATE:
' ane -

The specified volume= 125.2x 68.3x 1§.0kel

The strain rates for the last 74 years In the directions of the principal stres
extensional 1t 3.2 8/yr = 5.5e-J2/sec
intermediate ! 7. S/yr = 1.3e-13 <
compre onali=3.2 8/yr = ~5.6e-12/350c

The hortzontal and vertical strain rates:
Maximum horizontal: 2 ~#8/yr = 6.3e-16/30c Aximuth: N67E
Minimum horizontal: ~3.2e-89/yr = ~1.8e-16/sec Azimuth: N23V
Vertical 2 =1.7 B/yr = -5.3e-16/sec
ENTER reglon boundary rotation
L L

r ax
.672963715e+82

The maximum horizontal deformation rate = 1.478F sm/yr

COMPUTATION OF A SYNTNETIC FAULT PLANE SOLUTION FROM A REGIONAL MOMENT TENSOR
wanan ween ceanan -

NORTHERN WASATCH FRONT
Brigham City composite 1976

Fault plans solution number 1

fault plane strika= 147, dip= 63. slip=-104. degrees
auvllary p strike= 356. dip= 38, slip= -64. degrees
Moment Mo« 22 dyne-c .
sitpvoctor=(~-.938,-.499, .866) vecaz~ 266.8 vecdip= 68.9

moment tensor 1!
d.4ev28 3.30+21 Mi3= « 21
3.3e+21 9.2e421 M23- le+2] dyne-cm
~5.0e+2" ~5.1e421 M33= -9.7e+21

Cigenvectors: component I=N, 2<E,

elgenvectori=(~-.369,-.083, .298) 2.7 vecdip=
eljenvector2=(-.874, .43 .216) vecdip=
elgenvectord=t .317, .174, .932) 8. vecdip=

Fielding 1978

Fault pla solution nusber 2
fault plan strike= 154. dip= 88. degrees
auxilary plane! strik 348. dip~ 95. degrees
Moment Moo= |.Je+22 dyne-cm
slipvector=t-.117,-.321, .948) 258.8 vecdip= 70.9
moment tensor 2
Mi3= 4,421

21
21 M21-
e+*21 MI3e

~3.80

Cigenvectors: co~ponant I=N, 2«E,

elgenvectori=( .208, .369, .986) .- vecdip=
elgenvector2=(-.983, .427, .#31) = 154.7 vecdip~
elgenvectord=(-.375,-.825, .422) v =114.4 vecdip=

=1986

Fault plane solution number 3
fault pla strike~ 148, dip= 17. slip=-129. degrees
auxilary plane: strike= 9. dip= 77. slip= -78. degrees
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al928c

Fault plane solution numberll

4 1 1 H
a::|*ary.3r|no: strike=

ip=
Moment Mo+ |.4e+2] dyne-cm
sliprcctor=tl ,152,-.962, .225) vecaz~ ~-81.89
mome L tensorll:

trike 149. d! 7. slip==129. degrees
strikes '3 Qi 17 NRIR: da3

degrees

vecdip= 13.9

Mile -5.9e421 Mi1Ze' 1.5e+22 MI3» -2.30422
N2l 1.50422 122~ 6.50+22 M23~ 1.2e423
Mil- =2.30422 M2 1.2e423 MI3- ~5.%9e022

Elgenvectors: component l=N, 2«[, 3V

elgenvectori=( .#11, .80587, .516) vecaz.* 89.
elgeavector2«=(~-.978,.~-.999, .184) vecaz.» ~174,
elgenvectord=l .2080,.-.586, .817) vecaz.» -67.

=l923

Fault plane solution numberli2

fault plane: strike~ 148, dip* 17. slip=~-129.
auxilary planet! strikes 9. dipe= 77. slip= -78.

Moment Mo* |.4e+2] dyne-cm
slipvector=( ,152,-.962, .22%) vecaz~ -81.9
moment tensorl:

vecdip= 31.8
vecdip= 18.6
vecdip= §56.8

degrees
degrees

vecdip= 13.9

Mil= ~5.9e+21 MiI2- 1.5¢22 M3~ ~2.%0422
M21= 1.5+22 MN22» 6.50022 M23~ 1.2e423
ML= ~2.3e*22 M2~ 1.2e423 MI3- ~6.9e+22

Elgenvectors: component 1«N, 2«f, 3Jav

elgenvectori=( .#11, .0587, .516) vecaz.~ 89.
elgenvector2=i~-.978,.-.999, .184) vecax.» =174,
elgenvectord=( .2009,-.506, .037) vecaz.» -67.

ml546

Fault plane solution numberll

fault plane: strike~ 148, dip* 17, slip==129.
auxilary plane! strike= 9. dip= 77. slip= -78.

Moment Mo= |.40+23 dyne-cm
slipvector=t ,.152,-.962, .22%) vecaz~ ~-81.89

vecdip= 131.9
vecdip= 10.6
vecdip= 56.0

degrees
degrees

vecdip= 131.89

dyne-cm

dyne-cm




moment tensorld:
Mil= ~5.9e421 WI2- 1.50422
H21- 1.50422 M22~ 6.5e422
Mil- ~2.3e422 MI2- 1.20423

Elgenvectors! componen

elgenvectori=l .#11, . .. .3

aigenvector2=(~.978 » . S vecdip*
genvectorls( .288,-. . . . vecdip*

fault plane solution numberld

fault plane: strike= 148, dip= 17. s)lip=-129. degrees
auxilary plane! strike= 9. dip= 77. slip= -78. degrees
Momant Mo+* |.4e+23 dyne-cm

~2.30422
1.20423
~5.9e422

slipvector=! ,152,-.962, .228) vecar= ~-81.8 vecdip* 13.9

moment tensorld:
21 MI2- 1.50422
M22+- 6.50422
-Z Je+22 MI2- 1.2e423

(|'.nv.¢tor.t component 1=N, 2=, J=V
ectori=( .#11 857, .516)
o genvector2=(- 184)
elgenvectord={ .837) . vecdip=

Regional moment tensor!
Mil=
M21-
Mil-

Elgenvalues:
sigmale 6.20424 sigmal+ -6.50¢2F sigmad~ ~6.20+24

Eigenvectors: (019cn.nt 1=N, 2<E, 3=V

eligenvectori=( .#11 7. vecar.* 89.3 vecdip=
elgenvector2=(~-.9 vecaz.= -174.2 vecdip=
elgenvectorls( .2 . vecazr.» ~-67/.6 vecdlip~

SYNTHETIC FAULT PLANE SOLUTION:

-2 Jes22
23
-! 90422

~1.0e+24
5.3e+24
~2.7e424

31.9
18.6
56.90

cceffictiant of Inv.ranl frictions . § =+«)> alpha= 25.7 degrees

slipvecist .IS%, . . vecar= S58.vecdip= 73.
nodal planel: . 17.

Ti=t -.0%9, vecaz* 93.

B =t -.978, -.999, . =174,

Plet 208, -. - vecaz= -d&.

slipvec2=t .148, -.964, .227) vecar= -82.vecdip= 13.
nodal planel: strike= 8. dip= 77.

T2=t 79, 1 763 vecazr= 81 vecdip*

8 =t -.978, - o o ) vecaz=-174. vecdip~

P2-t 193, -.761, . vecar~ -76. vecdip=®

DETERMINATION OF THE STK

The specified volumes 167.2x 38.3x 18.0km3

The strain rates for the last 78 years in the directions of the principal stres

extensional ¢ 2. 3/nec
intermediate -2. <
compi essional:-2.4

The horizontal and vertics) strain rates:
Ma um horizontal: |.2e-89/yr = 3. Be-17/sec  Azimuth!
Minimum horizontal! Gea-18/yr = -5.le-18/sec Az lmutht
Vertical 1 -1 tyr = =3.3e-17/%ec
ENTER reglon boundary rotation
l 'll'l'o'l'

‘IUIIJZGZBGGUZ

The maximus horizontal deformation rate = .F368 an/yr

n7et
mav

dyne-ca
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Eigenvalues:®
sigmal= 2.3e+23 s igmale 1.5e+15 sigmale -2.3e+23

£ 1genvector -l 2=E, I=V

elg avectori=(-.426, .818%) vec 137.3 vecdip*
nvector2e( .774. . . 1 vecaz 39.8 vecdip*
elgenvectord=l A89, ., 87M) vecaz.~ ~-55.2 vecdip*

SYNTHETIC FAULT PLANE SOLUTION: .
coaffictent of internal friction® .88 ==) alpha= 25.7 degrees

slipveci=l .#31, -. 189, .979) vecaz= -81.vecdip* 78.
od plane2: strike~ dip=
.594, .S81) vecaz® vecdip= 36.
.183) . wvecdip® 6.
.0 vecaz= -59. vecdip= B54.

slipvec2=t . . vecar* -58.vecdip~ -9,
nodal planel: stri o %
-.246, .147, . wecdip= 73.
4

JT74, . . . wvecdip* 6.
P2t .5804, -. . wvecdip= 16.

DETERMINATION OF

assaranansnsERay

The ttrain rates for the last 63

] t 3.5e-11/yr =

d e ! 2.2e-19/yr =
stonali-3.5e-11/yr = -4.

The hor'rontal and vertical strain rates!
Maximum horizontal: -1. ~il/yr = -4.le-19/sec Azimuth? N6V
Mintmum horizontal: 1 3.2e-20/sec Azimuth! N24E
Vertical LI B 3.7e-19/8ec
ENTER reglon boundary rotation
NI LA

razmax
L655926590e+82

The maximum horizontal deformation rate = A8\ mu/yr

TATION OF A SYNTNETIC FAULT PLANE SOLUTION FROM A REGIOMAL MOMEWT TENSOR
. e asanee .. canean

SOUTHERN WASATCH FRONT
Central Utah 1963

Fault plane solution number 1

fault plane! strikes 358, dip= 74
auxilary plane: strike= 238, dip* as
Moment Mo= 1.8e+23 dyne-c .

slipvector=l .545,-.341, .766) vecar= 148.5 vecdip*
moment tensor 1

slip==124. degrees
slip= =29. degrees

-3.0e+22 MI2=
~7.7e422 M22= 1. 23
4.9e422 MI2- 1.20+23

figenvectors: component 1=N, 2%E, 3=V

elgenvectori=t 897, 69) vecaz.= 185.2 vecdip®
etgenvector2=l . .m88, .538) vecaz.* .5 wvecdip*
olgcnvc:tor!-!-.l19.-.ll2. .758) vecaz.s -137.3 vecdip®

Salt Lake City composite 2

Fault plane solution number 2
fault plane strike= 171. dip* 68. slip= -79. degrees
auxilary planet strik 338. dip= 39. slip=-188. degrees
Moment Mo+ 1.3e+24 dyne-cm
slipvector® -.250,-.433, . vecaz= 248.8 vecdip* 6.9
moment tensor 2%
M13= 2 22
3. 23 M23- 23 dyne-cm
2.3e22 N33 “1.1e%24

wvectors! component 1=N, 2~€,
3 927, .248) vecdip= 14.3
240, .165) vecdip* 9.5
vecdip= 72.7

eNnc

fault plane solution number 3
fault plane: strike= 355, dip= 85 s1ip=-185. degrees
auxilary plane: strike=® 235. dip= 28. silp* ~38. degrees




soe.bep «dj|® "¥S

soosbop “Z@l-=d11® “LC wdip

wo.euhp g2eor1
«dip "SL1
“6LC

«Op JUSWON
1oun|d Aswixne
sumd Ny

eyias
eyia3e

@ J9QEnu UO|IN| O BuEld JIney

PRELEL L)
PR L EL LY
I800A

(188’
(s21”
i’
AsC ‘202 °

=2CH 12
220 22
~ZIN 12

g2+0C° 1~
wo-0ukp 2Z+092°0-
124967 L

~L2W
=CIN

wdjpioa

o0t

9S8 T
eibop *go- =diL® ‘98
sessbep “Zg1-=diL® "LC

PRl EL LY

- ZWIOA

TR8A
A-C

z et
L
smi- -

wd|poea
wd|poen
wd|poea

22+92° 0~ «ZEN 1249

gzeo2° 1
22eo8°C =ZiN

«djpooa g°sSo wERI0A

48ep “go- =diLs 0S8
seosbep “2H1-=diLE “LE

g'8L «dip>ea Z'Bll =CIvIeA

wd)poea
wdipoea

-
sz~

PEETETTY
-t ze304
A=C *3=2
“CEN  #2+0G° |-
“CIN  P2e92°y
“CIN 2 1

L «djpoea g'se

see.bop 8- «d||®
s00.B0p “Zgi-=dis

=2CH
~22H
-ZIN

EELET T

124544
w-0ukp pZeg i~
£2eoL°2

2o

‘s
“ee
s

R L EL L)
R L Bl LY
S'I01- ="2WO0A
AL
»-
w-0ukp  p2e0g° 1~
E2+0L°2

9

=ZIN P2+

~CIN
«d|p3eaA g'58  =2wdeA
sessbop
seasbep -2,

- wd) s
~ud)n

dip "SL1 =ONIaE
«dip “6LC
L 4equnu uo|In|os eumid 3 ney

«dip "SL1 =ON1AAE
«dip "GLE =0%1 S
9 Jequnu uo|3InLos UTCERILLY)

(sz1-
(ort’

=dip
«dip

(186"
sz
e
“3e2 ‘M=l veucdmod

TEM C2e™e°2
=ZIN E2e9.°)

28261V

C1L1° C268°-)egi0130AueE)

‘961" -"CL6" )=2401d0Ausbie
*996° - C12"~)=140330A0 Ldbd
1 euodweod 1840320A008) 3

=1EM
-12Zu
“l1W
14 408UB) JuemOom
CILE" )wa03d0Ad) |8
Wo-0ukp [Z+0p'| =ON JUGmON
ous|d Aiwjixne

LITEELS ouw|d 3Ny

qezeIv

fpLrt 26 - )eg40320aueb e
‘961" -"CLE yeZ403d0Ausb e
‘996 .n—u..-n—~°au.>=-o..

2 ‘M-l Jueuodwod 1840320aueb) 3

I3

220 22+%8°C
12+98°S

19 JOSUS) jusmom

‘9ge’ ‘Lot )e403d0nd) S
w3-8ukp [Z+8)° | =OW JusEON
jounid Kiwjixnw
ueid 3ne;

eV

(186" “uLv’ 1268° - )E40320Au80 0

‘CL6° )eZ403d0Auab e
‘C12 - )=140320Au06 0

“Nel JUSUOdEOd :540338Auab) )

£2e9L°2

1§ JOSus) jusmom
148 )wa03d0ad) |8
w3.0ukp §2e8/') 0N FuswOy
SL1 -0y 1ouw|d Aiwp)xne
GLC =0y a3 oumid Jiney
40qunu wo N |08 sued | ney

sV

N

‘268" - )=La0330AuiB 0
‘961

‘CL6" )wZ403d0Ausbd e
‘CIZ2° - )=l40300Aueb) 0
20320Aueb) 3

-1tN

-2

AL
1y J08UeY Juowow
‘1LE° =03 d6ndys
®3-8ukp §Ze8."p =ON JusmOp
Oy 438 1eun|d Kawxna
ounid yney

P J0QEnu UOIIN|OS SuB|d J|ney

e

(s

(619"
A= *3=2

=2EN  22+9y°
“IIN  22+92°

12+%%

. .-nu.._-nssv:..ooo
4 196" )=Zi0338Au0b) 0
CLLLt C91LC - )=(a03d0AusB e
w| IVOUOAEOD 18J0320AuNS) ]

1 =1t
£~ -12N
-lin

1f 408US) JubmOm

61°='982° )ed03d0nd) s

Sukp CZe0p'| wCN Jusmoy




§'og =dip2ea §°SE CELEL LY t8es" 9 C1LET Ywa03dend) s
wW3-9uAp £Z+0)°1 =ON Juswoy

seesBop ‘go- =di|s 9§ «dIP "SLI - 1438 1eunid Aswxne

iBop *Z@l-=di|s “LC =dIP 6L =018 1ouw(d yney
gliequnu UO|INLOS Busd Jney

SS61v

c1est ‘ien” - )eg20320Aueb 0

wd|po0a (SZ1° ‘961°-"EL J=Z40320Ausb e
wdipien AN S.tE1Z2° - )=l40330AusB )0
13

“1CH
wo-0ukp 22+02°0- -12W

12+96°L “lIM
121408u8) Jusmom
§°9C =dipdea g§°'SE LRl L) 8s" ‘98" ‘uLLE’ yed0320nd) |8
WO-0uUAp CZe9)'| =ON JUSWON
e40ep - wdi|® 9§ «dIP "SL| =0¥) 236 1ounid Lim|xne
s00.b0p *2g1-=di|8 (L =dIP "6LL =0YIA3E touwid 3 ney
Zl49qunu uo)3Inios sum|d ynwy

2561V

8°'e «d|po0A  Z'QI1 ="ZWI0A (186" ‘141" ‘268°-)eLa03Id0A0 LI
2°¢  =dip3eA pll- ='EEI8A (821" '961°-"CL6" )=2403d0rust)>
§'8 =dIPIeA G 21~ ="IWI0A (Br1° ‘996°-"C12°-)=140320Auslid

A=C ‘32 “N=1 FUeuOdmOd 1840320AueE: )

g2e0g 1~ ~CCW 22¢92°0 -2CH =-1CH
oukp  22+492°0- N £2e02°1 “ZIN 22+ =120
124967 ¢ “CIW  22¢ € “ZIN 124 1IN

- 111408083 JUBmOm

#°9c ~dip2ea §°SH ELLEL LY (ges" ' ©tpLet 140330 dy 8
WO-0uUAp £2+6)° 1 «ON )Y i10mOHN

1o2i8e g sl (2R DGR B SUIE TNGLSUR
1142qEny UOIIN 08 oumid ey

QreeIv

«d|po0a ERE L EL L] (186" '1L41° *268°=-)=C40330Ausb)0
i"="CL6" )=Z2403d9Ausb e

L0 13

2't wd|poOA -t 2WO9A (S21° 9

5'8 «d|PO0A G 2@~ = 2RI0A (BP1° 996 -"CI1Z°-)=l40330au0b 0
AL *3e2 ‘Nel JUOUOdEOD :840328Ausb))

£2¢96° L~ ~CEW  C2+96°2- «ZCH  22+99° -1CH
W2-0uhp [249§'2Z~ “C2W [2+92°L “22H C2+%8°1 12N
22499y «CIN £2¢98°1 “ZIW 2249672 “lIN
1@1408UY Juswom
§°9C «dIPOOA §°G8  =ZWO0A (88S° '9RB' ‘1/8° )=10138ad| |8
WO-QUAD L2486, O JubmOy
senubop ‘g «d) |8 ‘9§ «dIP "§L] =0q1438 :euw|d Aiwjjxne
$00.00p ‘Zg1-=di18 /L «dIP "6LC ~041J3E 1ounid yney
#140QEnu WO IN|O8 Bur(d I ney

"getv

wdjpoea 141 ‘268 -)e[40338AueB 8
wdipoen ‘961" -"CL6" )=240329Aueb |0
adipoea (BP1° '996°-"CIZ"-)=l40300Ausbe
. ‘Nl JUGUOd®OD :840330Aueb) ]
£2e0C° 1~ =LK
wd-oukp 22402°'y- ~L2M
12496 L “CIN

1§ 408US) JusEOm

9 wdipoeoa g'sSe EELEL LY T AT EL LN

*| «OM JuemON

aBep s toun|d Auwpxne

soa.bep "2gl-ed)|s "LL «dIP "6LLC =O%1J3E 1ouwid 3 ney

6 49QqEnu wOIIN|O8 Bum|d | ney

Z2°8L1 «'2W30A (186° ‘141" *268°-)=L401>0ausbio
(SZ1° ‘961°-"CL6" )=Z240130Ausbie
[ 11500 ‘EIZ -~ )=l40320Aueb e
“3e2 ‘Nel IUSUOIWOD 1840330AuSE) )

[
wd-0uhp 22492
1249672 =CIN
JOSUS) Juemows
§°98 =dipiea yed0328nd) S




2e8/91-0¢" 1~
208/91-91°2- =
2es/91-9C" 1

AN
INUN

tqIne) 2y
iyyne) zy

- dK/G@-01 9= 3
LUl
- 3478

wojIw304 Asewpunoq uoiBas yIIM]
[LETRELYY
11 WIUOT | SOy WnE UM
TLRIVOR | SO WhE| xEy

99~
)

150384 UJRJIE | WD 340A PUR |BIUOZ|IOY BY)

20

20

20

80438 (9d|dujJd By} JO SUOIIINIIP M}

Cwag sl x¢

‘19
‘L
‘ez

wdypien g

wdipoen
wdjpoon
wdipoea

‘9t
wdipoea

wdjpoea
wd|poea

R
"t
-

‘ES =dIPIOA“[[1-w2W30A

S00.bep (G2 ~tyd|w (== §

[N} wd)poen
2t wdipiea
s

wdipiea

PREL ELTY
ELETTY
-t ZNI0A

crsll
cil-
rzsi-

AL

GZeOC |- wgumb)s
G2e02° 1~

w-0ukp pZeog e~
£2+95° L

«CEW  p2+08°
~EZW  SZe01°1
“CIN ¥2+%8°2

uy sawek gy

IARLILET Y

LA Bl L)
~=2W20A
i3

22+%6° 1

=ZEW  E2+96°¢
«ZIN E2+%0°Y

Oy y-1|WU0| SE0dwoD

1 e)u|pemsejuy
LU | SueIxe
e384 ujRIE By)

ASE Yy 40y

C X6°S81 =9an|OA pa)j)deds ey

e wenne

t3AVE MIVELS JHL 40 NOTLIVMIWNILIG

e~
‘teet - 8
- ‘1E2°- =21
tjeued epou
‘GRS I=Zoead) s

V=2

RLY =OyiaaE
‘rse”

(Se6°
(921
el - - L e
12~ =0y1a38 2eumd

‘298"~ 2 -

‘est- tusit-

I=ld
-9
i=14
pou
)eidend) s

L
(66L°

WUOI DI  LEUISJU| JO JUS| D) 000

INOIANTIOS INVI4 LAV DILIHLNAS
« ‘141 *Z68°-)egd0rd0Ausl 1o
(921" '#61°="CL6" )=240320AusB|0

AN 6°-*212 - )=140320Ausb)0
‘3.2 ] FWOUCdBOD :840320Au06) )

wZemB|s  gZeog
i
=1cW

L
1408U03 JuUeEOm |FPuO|ley

wdipoea
wdipoen
wdjpoon

B LEL LY

‘zedeA

L EL L
A=C

8's
2L
s's

~CEW
-C2W
~CIN

2249270~
£2e92°1
22+%5°C

=2CN
-22W
=ZIN

£2e0L 1~
22e492° 0~
12¢86°L
#°9C =dipdea g'se «IWO0A
eibep "ga- =di "
sovJBap ‘Zgl-=d) |

‘s
“Le

wdjpoen
wdjpoea
wdipoea

Z2°811 =c2Ed0A

¥ ll- w2904

S ZH1- ="2Wd0A
A=C

8L
‘L
L

«2CM
-22W
~ZIN

£2e0C° 1~
2Z+92° 0~
124867 L

L 1

“CEM 22409270~
=C2W  £2+92°1
“CIM 22+ €

a°se

sea.Bap ‘g~ =di " ‘98
esBep “2g1-=di|® “LC

wd-eulkp

«dipoea 28304

wd|poea

£ZeoC 1~

wo-0ukp 2Z2e92°9-

1£1° ‘268 -)=L40320nuab 0
961 ~"CL6" )=240320Auab)e
‘996 -"'E£12° - )=140330Ausb|®

10320Auc8) 3

1§1405Ua} Juswow
Ju40328Ad) |8

«OpN JusmON

oun|d Asw|xne

eusd 3 nwy

GlJequnu LOIN|OE sus|d JNney

qesetv

(1es” ‘268 - )=E10339Au00 0
521" £46° )=240130Ausb)e
(srt- C12°=)=140320aunb e

*3JeZ ‘Nel IUGUOdEOD :1840330AueE; 3

75 S
1

12496°¢L

191408US) JuSmOm
Jed0320ad) |8

“1 =Op juemopn

1ounid Kawypixne

ieuRlu JNE;

pliequny uojIn|os eusid I ney

ggE"v

‘268" - )=La0330Aueb e
‘CL6" )=Z403d0Aueb)e

(ies”
sz
L 1AM

NN

1E1408U8Y Juswom




BEERENEEe+ NN
x
L764970627e482

The maximum horizontal deformation rate = .13

CONPUTATION OF A SYNTNETIC FAULT PLANE SOLUTION FROM A RECIORAL m!r TENSOR
. - -

PROVO REGION
Heber CiIt, composite 1972

Fault plane solution numsber |
f

sult planet strike~ 323. dip=
lary plane: strike~ 1IF. dip~

.086)
6.9e422

5.080422
3.%5e422

. A7,
moment tensor

Elgenvectors! componen
elgenvectori=t 17
eigenvector2el
elgenvectord=(~

64, slip= ~74. degrees
38, slip=~128. degrees
vecazrs 20.8 vecdip*
Mi2=
W22«
MI2-

vecdip=
vecdip=
vecdip=

Meber City thrust composite la #60

Fault plane solution number 2
. dip=
. a1
.3e+22 dyne-cm
sliprectore(~-.821,~.172, .9
moment tensor 2t

. L
=1.3e+21

Etgenvectors! component I=N, 2~E,

elgenvectori=(- 865, .§71, .919)

elgenvector2=( .99 N ] [ 2]
genvectorl=l .8

Heber City thrust composite

Fault plane solution number
fault plane: strikes 184,
auxilary plane! strike~ 353,

92. degrees
79. degrees

263.9

88, slipe

. slipe
vecar» vecdip=
Mi2=
N22= -
n32= 1.7e422
I=v

vecar.* vecdip=
vecdip=
.- 7.7 wvecdip=

92. degrees
79. degrees

3.80422
7.40+22 dyne-cm
+23

17.8
14.3
67.1

.’
=1.3e421

1.70+22 dyne-cm
6.20421

55.9
2.9
5.9
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Cigenvectors: component I+N, 2,
elgev.ectori=t .0 686, .728)
elgenvector2=t .9 .294, .267)
elgenvectord=(-.397, .666, .632)

-89.4 vecdip~ 46.7
17.7 vecdip~ 15.5
120.8 vecdip~ 39.2

SYNTUETIC FAULT PLANE SOLUTION:
coefliclent of Internal frictions .88F «=) alpha= 25.7 degrees

slipueci=l -.275, -.814, .961)  vecaz=-177.vecdips 74.
| nodal plane2: strikes -87. dip= 16
s

8| Ti=t .139, A7) vec vecdip= 29.

- 8 = .918, .294, .267) vecaz~ vecdips 15,

3 Plet -.372, .491, .837) vecazr= 133. vecdip= 57

at slipvec2e( -.286, .956, -.868) vecaz= 187.vecdip= -4
nodal planel: strike= 197. dips 94.
T2=t -.124, -.427, .896) vecaz vecdip= 64
8 = .294, .267) vecaz= vecdip= 1S5,
Pa=t -. .855, .355) vecaz= 114. vecdip= 21

HINATION OF THE STRAIN RATE:

B T T A

The specified volumes 135.9x181.8x 19.0kmd

last 81 rs In the directions of the principal stres
extenzlonal 1 2.4 B/yr = 4.9e-12/30c
3 Interscdlate : 1.le-12/yr = 2.Je-16/sec
’ compressional:-2.4e-#8/yr = ~4.9e~12/5ec

- Tha strain rates for th

The horizontal and vertical strain rates:
Maximum horizontal: -8.1 2.6e-16/sec  Azimuth: NISV
Hinjmum horllonlll ~16/sec  Azimuth: NSSE
Yertical ~17/sec

ENTLR 3lon boundary 'u(ltlon

lvuﬂ"ﬂ"lt’l'
raze
.4.l6’219'-"2

The maximum horizontal deformation rate = 1.3428 mm/y-

CWUYATIO' OF A SVIYH(TIC l'AUI.T Plll! SOlUYlOI FR

SOUTHERN UTAN REGION
24 s

fault plane solution number 1
fault * 345, dip= 65. slip= -75. degrees

13 strik
lary plan trike= 136. dip= 38. slipe-116. degrees
Moment Mo= 3. 2 dyne-c .
- slipvactor=( .347, .368, .066) vecar~ 46.8 vecdip~ 68.9
- moment tensor 1@
l Mil= 4.9e+21 Mi2~ 1.10422 M1l 1.6e+21
M21~ N22= 1.70422 M23= 1.90422 dyne-cm
. LB N32- 1.90422 MI3~ ~2.2e422
33 Elgenvectors: component 1=N, 2eE, Jev
a" elgenvectoris( .ll7. 058, . 3528 vecaz.» 63. 9 vecdip=
elgenvector2e~( .386, .23%) vecaz.=

elgenvectorls( .ll‘ ~-.388, .919) vecazr.=

ni933

Fault plane solution number

fault plane: strike~ 345, dlp- 65. slipw =75, degrees
suxilary plane! strik 136. dip= 38, slip=-116. degrees
nt Mo= 7.9 <

slipvectors=(

- 46.8 vecdip= &
moment tensor 2@

.Y M= 1. 1-021 3. 10021 Mi3= 4.40422
N21= 3.1 M23= 5.8e+2] dyne-cm
M3l 4. ‘.022 M3l -S. 23

Elgenvectors: component 1=, 2=€,
a0z

elgenvectoris={ os§, .32 vecd ip=
elgenvector2s=( - . .23%) vecdip=
elgonvectorde( .996,-.388, .918) vecdip=

nl936

Fault plane solution number 3
fault plan strikes 345. dip= 65. slips -75, degre s
suxilary plane! strikes 136. dip= 38. slip=~116. degrees

(414
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e L} o L]
moment tensorl3d:
Mil= 3.90422 MI2= M13= 1.3e+22
M21= 9. 2 M22- M23~ 1.50+23 dyne-cm
M3l 1.3e422 M2~ MI3- =1.7e+23
Eigenvectors! comsponent leN, 2«E, J=V
elgenvectori=( .417, .86§, .328) vecaz.* 63.9 vecdip*
vector2=(-.985, .356, .235) vecaz.» 158.5 vecdip=
genvector3={ .§86,-.388, .918) vecar.» =77.5 vecdip=
Regional moment tentor!
Mil= 1.2e424 M12= 2.80424 MI3=
H21= o M22= 4.20024 M23- 6 dyne-ce
LEIE 4 MI2= 4.60424 M1~ 5. 40424
Elgenvalues:
sigmal= 7.3e+24 sigwa2e -7.2e+16 sigmald= -7.3e¢24
Eigenvectors: component l=N, 2~E, 3=V
elgenvectori=( .417, .858, .328) vecaz.* 63.9 vecdip* 10.7
genvector2=(-.985, .356, .235) « 158.5 vecdip= 13.6
elgenvectorl= 6,.-.a80, .910) « =77.5 vecdip= 66.6
SYNTHETIC FAULT PLANE SOLUTION:

coefficlent of Internal friction= .86F =) alpha= 25.7 degrees
slipvecl=t( .356, .327, .8:5) vecazr= 43.vecdip= 61.
nodal p 02: strike= 133. -

Ti=C . .91 0 vecdip=

B = -.985, .356 vecdip= 14,
Pl=t .219, -.084, vocaz® -21. vecdip= 76.
slipvec2el -.23§, 420 vecaz=-185.vecdip= 25.
nodal planel: stri . dip= 65

T2=t .422, .674, vecar= 58 vecdip= 37.

B «( -.995, .356, 238) vec 159 vecdip= 14,
P2=( -.857, -.647, 769) vecaz~ -95. vecdip= 49.

DETERMINATION OF THE STRAIN RATE:

L e T

The specified volumes 94.4x138.6x 18.8knd

The strain rates for the last
extensional  1.7e~-#9/yr =
Intermediate :-1.7e~17/yr =
compressionali-]. 7 9/ yr

The horizonta) and vertical

train rates:

48 years in the directions of the principal stres

1.3e-13/%0c
=1.3e-21
-13.

sec

Heninos por zentels 1.de syr s 4-Se-17/sec Arimuthi wss:
- yr = -3.8e-10/
TER region -1.30-89/yr = -4 le-17/nec o ITUNT MV

t
n boundary rotation
L2 L

razmax
-588121910e+82

The maximum horizontal deformationr rate =

.2298 wa/yr




cw TATION OF A S¥4 N(l‘lc FAULY H.Al! SOll"lOl FROM A IIGIDIAL MOMENT TENSOR
.

UTAN-NEVADA BORDER RECION
5SS

Fault plane solvtion number 1
fault plane! strike= 29§. dip= 8F. slip= 12. degrees
auxilary plane! strike~ 194. dip= 8§. slip=~ 169. degrees
Moment Mo= 2 +25 dyne-cm .
slipvector=( .238,-.956, .174) vecaz= I§4.§ vecdip~ 15.9
moment tensor 1!

Mil=

M23-

Mi3=-

Eigenvectors: component 1=N, 2+E,

elgenvectorl=(-.0867, .421, .260) vecdip=
elgenvector2=( .231,-.137, .963) vecdip=
elgenvectord=t .442, .897, .922) vecaz.= . vecdip=

ni982a

Fault pla solution number 2
fault plane strik 299. dip~ Tip= 12. degrees
auxilary plane l!‘. dipe slip= 169. degrees
Moment Mo= 2.1e+28 dy
slipvector=( .238,-. ’56. .l7l) vecazr= 104.8 vecdip= 15.8
moment tensor 2!
1.20425 Mi2~ .60+25 M1l=
=1.60425 M22= =1.Je+25 M23= 2. 4 dyne-cm
~5.2e424 MI2~ .He+24 MII- 1.50424

Elgenvectors: component I=N, 2=E, 3=V

elgenvectori=(-.0887 vecaz.~ 154.1 vecdip=
o 1. ve 3 vecdip=

genvectord=( .442, l!? .IZZI vecdip=

nl982b

Fault plane solution number 3
fault plane: strike~ 29§. dip* slip= 12. degrees
auxilary plane! strike~ 194, dip= B88. s)lip= 169. degrees

Moment Mo= 7.9e+23 dyne-cm
slipvector=( .238,-.956, JA78) vecazr= 184.8 vecdip~
moment tensor 3t
s SR Mil= 4.4e427 W12~ -6. 013 Ml3= 1.90+23
21~ 235 M22~ -$. M23~ 7.40422 dyne-cm
M3l 23 W32~ 7. 10022 M33= 5.6e+22

figenvectors: component 1N, 2=E, 3=V

elgenvectorl=(-.867, .421, .268) vecar.= 154.1 vecdip®
elgenvaector2e( .231,-.137, 63) vecaz.» -18.8 vecdip*
elgenvectord=t 442, .897, .822) vecazr.* 63.9 vecdip*

nigld

Fault plane solution number
strike~ 29§, dlp- 88. slip= 12, degrees

auxilary planet strik 194, dipe . slip= 169. degrees

Moment Mo= 1. 3 dyne-cm

slipvector=( .238,-.956, .174) vecazs I184.8 vecdip~ 18.8

moment tensor 4:
Mi2e -1. l.'Z! Mi3= =3.3e+22
M22= -8. 123 1

=3.3e+22 M2~ 1. J--ZZ MI3-

Elgenvectors: component I=N, 2=E, 3=V

elgenvectori=(-.867, .421, .268) vecar.=» 15 vecdip=
ector2=( .231,- \37. .963) vecaz.* ~-38.8 vecdip*
ectord=t .442, .l’7. .822) vecaz.* 63.8 vecdip*

nl1966

Fault plane solution number §
fault plane: strike~ 298. dip* 1ip= 12. degrees
auxilary plane:! strike= 194. dip= slip= 169, degrees
Moment Mo= 3.7e+23 dyne-cm
slipvector=( .238,-.956, .174) vecaz= 184.8 vecdip= 15.9
moment tensor 5!
2.10423 Mi2~ ~2.80423 MI3~ ~9.0e422
2 23 M22= ~2.30¢23 M23=- 3.5e+22 dym
M32- 3.5e422 MI3~ 2.60422

Eigenvectors! component 1=N, 2+E, 3=V
Igenvectori=(~.867, .421, .268) 154.1 vecdip= 15.5
elgenvector2et ,231,-.137, .963) . -38.8 vecdip= 74.4
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APPENDIX E

EARTHQUAKE RECURRENCE RATES

The main earthquakc catalog, by study area, was used (0 determine a- and b-

values from the equation
log(N) = a-bM 20) (20)

where N is the number of earthquakes of magnitude M or greater occurring within the time
period exsmined. The b-values were determined using the maximum likelihood estimate

method discussed by Aki [1965) with confidence limits set at 95%:

O I @y
M-M

where M =« mean magnitude of the events idered, M, = the mini magnitude con-

sidered, and the error can be determined using

1-dJ Vn 1+dJ VA
i-a '/ - s b's - - ./ z
IM/ n-M, IMi n-M,

=l il

where b’ = F:: de= 1.96 ((+ -d, are confidence limits used by Aki [1965] to develop equa-
1l

tion (22)) and n is the ber of events idered [Aki, 1965]. Typically, the minimum
magnitude used was M, 3.0, although occasionrily, when the sampling completeness differed.
larger or smaller minimum magnitudes were used. Results are shown in Figures 17-22.

a- and b- values were determined using the entire data set from 1900 to 1981.
Consequently, the results are biased by varisble network coverags early in the century. The
lack of recorded small events probably accounts for the low b-values determined for the Utah

region (5.0 in this study, compared to “0.75-1.2 from Arabasz et al. [1980))
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Figure 17, Area 1-4 a~ and b~value graphs,
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Central California
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Figurc 18. Arca 5-8 a- and b-valuc graphs.
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Figure 19. Area 9-12 a~ and b-valuc graphs.
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Figure 20. Arca 13-16 a~ and b-valuc graphs.
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Arca 17-20 a~ and b-valuc graphs.
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Figure 22.
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APPENDIX F

LITHOSPHERE DEFORMATION MODEL

Finite Element Modeling

Strain rates obtzined from the earthquoke data along with measured vertical

strain rates [Brown, et al, 1980] were used to in di jonal, vi lastic, finite
element modeling of the Great Basin. The finite element program used ('orift’), by Lynch
[1983), considers the lithosphere of the earth to be symmetric with respect to the axis of a

rift. It also that is fixed perpendicular to the rift axis ( assuming . plane-

strain, di jonal fguration). The model is symmetric about the center of the

Great Basin along an east - west cross-section of the lithosphere loaded perpendicular to the
rift axis (Figure 23).

The program allows the lichosphere to deform under a given stress field according

to the viscosities which develop in erials with different properties. Thus, the input rock

types may deform brittley, p i or ing to some i diate flow law

depending on the temperature, stress field, and material properties.

'Nrift' allowed for model evolution through time by recalculating stresses,
strains, and deformation style for each time step using the previous time step results as mn
initial model. The size of the time step was calculated by "nrift’ from the viscosity term to
provide the maximum step size which would produce numerically stable results [Lynch,
1983).

Limiting A snumptions
Simplifying assumptions are made in ‘arift’ which limit the reliability of the

program’s results. These are 1) Y y of the rift modeled, 2) di ional,

plane-strain stress-strain laws, 3) far-field loading of the right hand edge of a model crust,

md 4) deformation only by simple ching, i.e no th ] domin dition of mantle




material, etc.

The most appropriate of these assumptions is bilateral symmetry perpendicular to

the rift axis. As noted in the section on regional geology and geophysics, the Great Basin

Displacement

I._.

does display kablk t y. However, this symmetry is not exact and so

‘orift’ imposes some artificial symmetry on the Great Basin model.

Another simplification which can be quite confidently applied is the plane-strain
case. 'Nrift' models a one meter thick, east-west cross-section of the crust. Since one me-
ter is very much less than the north - south length of the Great Basin, plane-strain stress-

strain laws are a valid assumption.

The third simplifying condition addressed above cannot be applied with as much

confidence as were the first two. This third assumption is that the crust is loaded along a

right hand edge that is so far from the rift that spurious effects are minimal. This is a fair

assumption when using "nrift’ to model narrow rift zones. In those cases, the right hand

edge can be 2-3 times the rift radius away from the rift. Unfortunately, the extreme width

ptions used to model the right (east) half of an
The load is applied to the east edge, which is

of the Great Basin made it necessary to dec-ease this distance. Numerical stability in ‘nrift’

requires the model to be only 2-2.5 times as wide as it is thick [Lynch, 1984). This means

4

that for rifts as wide as the Great Basin, it is impractical to put the right hand edge of the

Froe Swlaro\

»

crust more than about one tenth of a rift radius away from the rift itself. The result is edge

effect contamination of the model. The loaded edge must be maintained as a vertical edge

throughout the modeling. Also, the lowest point on this edge must be fixed for the finite

d vertical th

element equations to have a unique soluti Ci quently, bly high stress is

concentrated along the edge changing deformation styles (less ductile), and increasing dis-

Fig. 23. Diagram showing boundary assum,
E-W symmetric Great Basin lithosphere.

placement rates.

The fourth assumption is that of the simple stretching model. Lachenbruch and

Sass [1978) pointed out that this mode of deformation is inefficient from a thermal stand-

point. Unfortunately, there is no provision in 'nrift’ for any addition of material once

modeling has begun. Consequently, neither magma intrusion, mantle convection, nor cru-$1 *




stal lating can be modeled using this progr

M odel Parameiers

The model tested in this study, shown in Figure 24, came from a lithospheric
cross-section of the western United States from Continental Transects Profile C-2 by Blake,
et al. (unpublished data, 1985). Material properties for the ricks were taken from Smith and
Brubn (1984] md from Turcotte and Schubert [1982). Heat Slow and heat generation used
to determine 'smperature depth profiles were taken from Lacheabruch and Sass [1978) and
Turcotte and Schubert (1982]. The model used i presented along with the temperature-

wm-dau—dmmhrunzs.

Results of Finite Element M odeling

Figure 26a shows the the results of the model after 660 years of lateral crustal
stretching. The vertical displacements have been grossly exaggerated to make them visible.
Figure 26b is a graph of surface horizontal deformation rate versus horizontal distance. Us-
ing these two figures, meaningful effects and model assamption artifacts can be segregated
to some degree.

The largest deformation rates were found in the center and toward the left edge
of the model and are connected by a dotted line in Figure 26b. These deformation rates are

idered 10 be prod: of localized, upper crust doming in the model. This local folding

is msociated with the simple stretching sssumption and bence has been omitted from the
solid line in Figure 26b which represents true modal results.
The crust in these areas of high deformation has fallen rather rapidly due to cru-

stal ching and subseq “*necking down" of the mantle. Any mantle upwarps under

the crust acted as pivots over which the crust draped. Directly over these pivots, the upper
d def L the folds, upper crustal exten-

crust ited its most p

sion droped to zero. Mantle upwelling and the possible addition of material to the crust

CROSS - SECTICN
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Wasatch Front

Sierra Nevada

(wy) Hid3Q

Granite 3. Moryland Diabase
4. Olivine

1. Westerly
2. Wet

Quartzite

Fig. 24. E-W symmetric, simplified Great Basin lithospheric model.
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here would have counteracted this vertical drop and thus sliminated the folding of the crust
described above. Brown et al [1980) have shown through leveling studies that the central
Great Basin crust has indeed been uplifted not down-dropped in the past 60 years.

Another area of high deformation rate is fo.ad on the extreme right hand mar-
gin of the model. This zone of deformation is probably a loaded edge effecz. To accommo-
date both a deviatoric stress and gravity induced stresses, the right edge must be maintained

in a vertical position and no vertical motion can be allowed (otherwise the model would ex-

4

tend at the base and slump at the top - something like a melking butter cube). Still, it is not

45,

clear how edge effects are expressed in the model, 5o this deformation high was left in the

s s s R A > L 5 BTN RS i L Wt Bl S -

solid line curve in Figure 26b.

Y77

The most significant feature ‘eft in the solid line graph of Figure 26b is a band of

7
9%

7

high deformation about 100 km wide located at the east side of the graph. This zone of

%
e

high deformation rate compares very well with the location of the diffuse band of seismicity

o

2

and deformation which marks the borders of the Great Basin and could be caused by lithos-
pheric thinning occurring at the margins of the Great Basin where the depth to the "olivine”

mantle rocks increases from “30 km to “40 km.

HORIZONTAL DISTANCE (km)

The type of deformation is another important factor to be considered. Figure 27

maps the deformational styles found throughout the model crust. Note that significant brit-

tie deformation is only found at depth beneath the zone of high deformation corresponding

MODEL RESULTS- DEFORMATION STYLES

Fig. 27. Modeling resuks showing deformational style throughout the lithosphere.

to the Great Basin morgin seismicity belts. This corresponds to locations of large earth-

quakes and major faults (such as the Wasatch fault) located within these belts.

‘| Transition

Figure 27 also shows that deformation style changes from brittle to ductile with

depth within a given rial and then ly goes through this cycle again when a new

%

material is encountered. This effect is predicted in Smith and Bruhn [1984) and helps ex-

60 —

plain depths of earthquake nucleation as discussed earlier in this work.

(wy) W1d3Q
Note that edge effects can be seen in Figure 27 as a 20 km wide zone of mostly

elastic deformation located on the right edge of the model
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The general conclusion derived from this modeling experiment is that the crustal
model stretching employed [Figure 271 accounted well for the surface horizontal deforma-

tion trends and the changes in deformation style zssociated with the Great Basin.
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