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ABSTRACT
This paper presents and considers in a sysiematc way up-to-date information from obser-
vadonal seismology that is basic to evaluating earthquake hazards and risk in the Wasaich
Front area. We present fundamental information reladng to (1) the e:m.hquab;e data base, (2)
| the seismotectonic framework, (3) seismic source zones and seismicity parameters, (4) ground-

shaking hazard, and (5) current seismicity and the Wasatch fauit,

Important features of the seismotectonic framework of the Wasatch Front include (1) a
threshold magnirude for surface faulting of MLG.O to 6.5, (2) a maximum magnitude of Ms'f.s
to 7.7, (3) the absence of any large surface-faulting earthquakes and the notable paucity of
smaller earthquakes on the Wasatch fauit during historical time, and (4) the problematic corre-
lation of background seismicity with mapped Cenozoic faulting. In light of this framework, we
consider seismic hazards in the Wasatch Front region (0 arise from two fundamental sources:
first. the occurrence of infrequent largs (M56.310.2 o 7.520.2) surface-faulting earthquakes on
identifiable faults having evidence of late Quaternary displacement and. second. small- 0
moderate-size {up to MLS.S) earthquakes that are not constrained in locaton to mapped faults
and may occur anywhere throughout the region. The small to moderate earthquakes dominate
the historical earthquake record, and at most localites are the largest contributor to probabilis-
tc ground-shaking hazard for exposure periods of 50 years or less. Recurrence modeling using

independent main shocks from the 23.5-year instrumental catalog from July 1962 through 1985

predicts an average recurrence interval of 24 :{g vears for potentially damaging canthquakes of
magnitude 5.5 or greater in the Wasatch Front area. Eight such shocks occurred from 1850

through 1987, which gives an observed average recurrence intervai of 17 vears,
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" INTRODUCTION
The record of earthquake activity since 1850, together with geological observations dating
from more than a cenrul;y ago, firmly establishes the danger of earthquakes in Utah's Wasatch
Front area, The purpose of this paper is to present and consider in a systematic way informa-
tion from observadonal seismology that is basic to evaluating earthquake hazards and risk in

the Wasaich Front area

We follow usage urged by the Earthquake Engineering Research Institute and distinguish
a seismic hazard from seismic risk in the following way. A seismic haz:u‘d is "any physica:l —
phenomenon...associated with an earthquake that may produce adverse effects on human activi-
ties,” whereas seismic risk is the "probability that social or economic .consequences of earth-
quakes will equal or exceed specified values at (one or more sites] during a specified exposure
time" (EER! Commiitee on Seismic Risk, 1984). The most notable seismic hazards are the
geological processes of ground shakjng.- ground failure, surface faulting, tectonic deformation,

and inundadon.

Insofar as the evaluation of earthquake hazards involves recognition of the locaton, fre-
quencf, and sevenity of those hazards, observational seismoiogy is generally relied upon w0
characterize the space, time, and size distribution of earthquakes giving rise (o those hazards.
This might involve little more than a qualitative consideration of the available earthquake
record and the spatial pattern of eai'mquakc occurrence. On the other hand, more rigorous
evaluadons of seismic hazard and risk rely on observadonal seismology to specify quantitative
models of earthquake behavior and mechanics sc that either the level of a hazard (e.g.. a non-
exczedance value of ground motion) or the level of risk can be computed at one ¢r more sies
for seme exposure time. Either a deterministic or a probabilistic approacht may be used. In tie
former case. each inderendent variable has a single value and 3 model predicts a specific value
for the dependent vaniaple. For example, the maximum ground shaking expectable at a site

might be estimated from the comparative effects of nearby earthquake source zonss, each of
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which is assigned a maximum-size event and minimum distance 1o the site—with a
corresponding upper limit of predicted ground motion. In the case of a probabilistic approach,
uncertainties arising from natural varatons or incomplete knc;;-v!edge are taken into account,
and probability theory is used for the analysis (e.g., see Youngs and others, this volume;

Algermissen and others, this volume).

A flowchart shown in figure 1 oudines the basic elements of a modem seismic hazard
analysis (e.g., Savy and others, 1986; Elecuric Power Research Institute, 1987)—using as an
example the objecuve of esimating the hazard of ground motion. (Seismological input to a
risk analysis would be similar.) The sequence of necessary procedures is shown by sm-ps 1
through 5 in the lcii-hand column; interrclaicd aspects of observational seismology are shown
in the right-hand column. We use the figure as a uscful guide for our presentation as we give
an overview of fundamentat information from observational seismology in the Wasatch Front
area contributing to steps 1 10 4. Sequentally we consider (3) the earthquake data base, (b) the
seismotectonic framework, and (c) seismic source zones and seismicity parameters. We then
discuss a selected aspect of ground-shaking hazard—referring the reader w0 Youngs and others
(this volume) for an example of the fully complieted process of step 5 in which probabilistic
estimates of ground modon arc made. In the final section we address the guestion. Whai does

observational seismology tell us about the behavior of the Wasatch fault?

FIGURE L.--NEAR HERE
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EARTHQUAKE DATA BASE

‘The catalog of documented earthquakes in the Utah region (step 1, fig. 1), as elsewhers
in the western United States, is a mixed one relying initially upon reports and newspaper
accounts of felt earthquakes, and later upon seismographic recordings during several stages of
evoiving instrumental coverage (Arabasz and cthers, 1979, 1980; see fig. 2). (Qur usage of
"Utah region” is defined in fig. 2.) The hiswﬁca.l earthquake record effectively dates from 1850
with the publication of the first newspaper in the region, shorly after settlement by Mormon
pioneers beginning in 1847. Instumental eanhqunke locaticns in the region, based on regional
seismographic recordings in the westemn United States, date from about 1938 with the excep-

ton of the 1934 M56.6 Hansel Valley earthquake and its larger aftershocks.

FIGURE 2.--NEAR HERE

_The most preminent sources of earthquake data for the Utah region are (1) compiladons
B made by the University of Utah Scismoygraph Statons (UUSS) (Arabasz and others, 1979;
Richins and others, 1931, 198<: Brown and others. 1986: also, unpublished current data) and
(2) data files of the National Geophysical Data Center, Natonal Oceanic and Ammospheric
Administration (NOAA). Other earthquake summaries include: (1) a recent compiladon for the
state of Utah by Stover and others (1986)’, (2) 2 data file compiled by Askew and Alger-
missen (1983} for the Basin and Range province, (3) a westem U. S. data file produced by
Eddington and others (1987) for a study of Basin and Range geodynamics, and (4} a
continental-scale data file produced by Engdahl and Rinehar (1986) for the "Decade of Nomth

American Geology” publication series.

1'l?u's compilation omits significant earthquakes in Utan that occurred on
Novemter 10. 1884, July 21, 1959, and August 20, 1562 (iabie [. Corffiman
and others, 1982).

Ideally, the establishment of a master "consensus” catalog would involve the <cordinated

and formalized efforts of numerous individuals with relevant dat2 and expertise, as was




recently done for the entire cenﬁ-al and eastern United States (Electnic Power Research Insu-
ute, 1987). The required efforts relate to establishing catalog completeness, uniform estimates
of earthquake size, preferred epicentral locations and onigin times, and to documentng uncer-
tainties. Similarly rigorous and formal scrudny of a data base for the Utah region remains to
be made. In this paper, we rely upon the University of Utah’s data base, which represents the
primary source of instrumental earthquake data since mid-1962 for the Utah region and which
includes a comprehensive listing of historical seismicity for which only minor variance should
be found with other catalogs. For 1962 to 1986, the UUSS catalog contains an order of mag-
nirude more earthquakes than the NOAA data file for the Utah region {(e.g., 6,994 versus 342

earthquakes for the Wasatch Front area alone).

Although seismographs were first installed on the University of Utah campus in 1907,
contributions to the instrumental location of regional earthquakes postdate 1939 when photo-
graphic records from modem seismographs began to te routinely forwarded from Salt Lake
City to the U.S. Coast and Geodetic Survey. Systematic computerized !ocatons based on local
seismographic coverage in the Utah region by the University of Utah date from mid-1962.
From mid-1962 to late 1974, a skeletal statewide network of several widely-spaced stations:
was in operation (fig. 2, upper right). Instrumental earthquake data for the 1962-1974 period
were sysiematcally re-analyzcd. and revised in a major study by the UUSS (Arabasz and oth-
ers, 1979). Since late 1974, the University of Utah has operated a modem telemetered nerwork
of high-gain short-period seismographic stafons in the Intermountain region. About two-thirds
of the current network's 85 stations lie within the Utah region (fig. 2, lower right). The
seismographic dala are centrally recorded at the Universicy of Utah in Salt Lake City. From
1974 through 1980 data were recorded in analog ~x'orm: since January 1, 1981, recordings have
been in digital form.

The UUSS cawlog for the Uiah region cumrendy conuains 9.561 eanhquakes for the
reriod from 1850 through 1986, These include 413 {chiefly non-instrumental) earthquake loca-

tions from 1850 through June 1952, and 9,143 (instrrumental) locations from July 1, 1962 10
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December 31, 1986. Magnitudes given in the UUSS catalog are estimates of local Richter
magnitude (ML) based on systematic procedures described, for example, in Brown and others
(1986). Such estimates may differ significandy from values of magnitude in the NOAA cata-
log, which are typically body-wave magnitude (my) and known to be commonly as much as
one magnitude unit larger than ML for small (mb < 4.0) earthquakes (Dewey, 1987). We refer
the reader to special publications of the UUSS (e.g., Arabasz and others, 1979; Brown and oth-

ers, 1986) for other details of the UUSS data base.




SEISMOTECTONIC FRAMEWORK

The characterization of the seismotectonic framework of any seismically active region
{(step 2, fig. 1) basically involves an understanding of its geological and geophysical makeup,
its earthquake-generadng faults, and the operative deformational processes that lead to earth-
quake occurrence. Previous studies which have developed such a framework for the Wasatch
Front area and its surrounding region include those by Smith and Sbar (1974), Smith (1973),
Arabasz and others (1980), Zoback (1983), Smith and Bruhn (1984) and Arabasz and Julander
(1986). We will not attempt a complete review of previous studies here. Qur intent in this
section is (1) to summarize some essential characteristics of the seismotectonic framework of
m—e Wasatch Front area and (2) to emphusisc new information acquired from observational
seismology by researchers at the University of Utah. Information from network and portable-
array seismology (element 8, fig. 1) includes precise earthquake locations, earthquake focal
mechanisms and source properties, strain-rate tensors from seismic-moment release, and models

of crustal structure.

Generil Setting and Characteristics

The Wasatch Front area, synonymous herein with the rectanguiar area outlined in figure
3, is located along the eastern boundary of the Basin and Range province. This boundary coin-
cides with a prominent west-facing topographic escarpment that follows the 370-km-long
Wasatch nommal-fault zone. The Wasatch Front area is traversed by the Intermountain seismic
belt (153), a coherent belt of intraplate earthquake actvity extending more than 1,200 Km from
southern Nevada and northern Arizona o northwestern Montana (Smith and Sbar, 1974; Smith.
1978: Sticknev and Bartholomew, 1987). [n general, the 1SB is characierized by late Quater-
nary normal fauwlting, diffuse shallow seismicity (focal depths < 15-20 km). and episodic
scarp-forming earhguakes (M~6.3-7.5), ail asscciated with inraplate deformatdon within the

westermn North Amencan plate.

FIGURE 5.--NEAR HERE




Since 1850, at least 16 independent earthquakes (aftershocks excluded) of magnitude 5.0
or greater have occurred within the ISB (fig..3). Three of these historical earthquakes were
associated with documented surface faulting. Normal fault scarps with maximum surface dis-
placements of 0.5 m, 5.520.3 m, and 2.7 m, respectively, were produced by the M56.6 Hansel
Valley, Utah, earthquake of March 1934 {Shenon, 1936), the MS‘I.S Hebgen Lake, Montana,
earthquake of August 1959 (Bonilla and others, 1984), and the M,7.3 Borah Peak, Idaho,

earthquake of QOctober 1983 (Crone and others, 1987).

The ISB within the Utah region is notably characterized byf (1) a general predominance
of normal faulting, reflecting an extensional stress regime—although young strike-slip deforma-
tion has recenty been recognized from seismological and geological studies in central Utah
(Arabasz and Julander, 1986; Anderson and Bamhard, 1984); (2) moderate background seismi-
city, which is lower by a factor of 4 10 6 than that along the western North American plate
boundary (Arabasz and Smith , 1981); (3) diffuse seismicity having weak correlatdon with
major active faults, and with focal depths almost exclusively shallower than 15-20 km; (4) rela-
tively long (~1.000 yrs or more), and perhaps temporally variable, average recurrence intervals
for surface faulting on individual fault segments (Schwartz and Coppersmith, 1984; Wallace.
1987, Machetie and others, this volume); (5) slip rates of late Quaternary faulting of abour 1
mmy/yr or less, one 10 two orders of magnitude lower than those on major plate-boundary faults
(Schwarz, 1987); and (6) the historical absence of any surface-faulting earthquake larger than
the MSG.G Hansel Valley earthquake of 1934—despite the presence of abundant lae Quater-
nary and Holocene fault scarps.

Figure 4 illustrates in cartoon form some imporant aspects of the seismotectonic frame-
work of the Wasaich Front area. (Letters in parenthescs here are keved o the figure.) There is
an eastward increase in total crustad thickness (a) from about 36 o =4 kmn across the trangi-
tional boundary between the easiern Basin and Rangs and the Middle Rocky Mounuin-
Cclorado Plateau provinces (Loeb and Pechmann, 1986: Loeb, 1986). Total lithospheric thick-

ness similarly increases frem about 65 km beneath the Basin and Range to more than 30 m
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beneath the Colorado Plateau (Smith and others, 1987). A wedge of material (b) with P-wave
velocity of ~7.5 km/sec, formerly thought to be upwarped-mantle, has been mapped by Pech-
mann and Loeb (Pechmann and others, 1984; Loeb, 1986) as lying above the 7.9 km/sec
Moho—based on analysis of trave! imes from local earthquakes and blasts recorded by the
University of Utah's regional seismic network. The importance of low-aﬁgle detachments (c)
and listric-fauit geometries (d) in upper-érustal structure beneath the eastern Basin ;nd Range
appears well established from COCORP seismic reflection profiling (Allmendinger and brherﬁ, '
1983, 1987) and from interpretation of industry seismic reflection data at the University of
Utah (Smith and Bruhn, 1984; see also Smith and others, 1987, for a summary of muitiple stu-
dies).

FIGURE 4.-NEAR HERE

The brinle-ductile transition (e) marking the base of the seismogenic layer has been
modeled rheologically by Smith and Bruhn (1984) 10 be mansidonal, perhaps as shailow as -8
km but probably about 10 to 15 km deep beneath the Wasatch Front area, Large surface fault-
ing earthquakes in the Wasatch Front area are expected to nucleate (f) at that depth on penetra-
uve planar faults of moderate dip (Smith and Richins, 1984; Doser, 19852a) somehow con-
nected to surface fault scarps (8). As discussed later, most of the small to moderate-size back-
ground seismicity in the area is not direcly associated with the first-order faults. Source pro-
perties for small to moderate earthquakes in the Utah region appear (0 be comparable to those
for other seismic zones in the western U.S., but the moment-magnitude relationship may differ
.(Doser and Smith. 1982; Peinado, 1986). Variability in slip, rupture velocity, and fault orenta-
don during large normal-faulting earthquakes can be expected 10 produce locally complex
ground mogons {Benz and Smith. 1987). Segmentaiion (h) of lirst-order faults such as the
Wasaich fault (Swan and others. 1980; Schwanz and Coppersmith, 198<4; Machette and others,
this velume) places imporant constraints on rupture length. maximum earthquake size. and

rupture dyvnamics.
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The Wasatch Front area is characterized by roughly east-west extensional deformation (i),
as indicated by earthquake focal mechanisms and slickenside data (Smith and Lindh. 1978;
Arabasz and others, 1980: Zoback and Zoback, 1980; Zoback. 1983). Twenty-four single-
event focal mechanisms recently determined by Bjamason and Pechmann (1988), representing
" the best focal mechanism data to date for the Wasatch Front area, have an average tension-axis
azimuth of 96°£12° s.d. Extension calculated by Eddington and others (198;-7) from moment
tensors of historical earthquakes (see also Doser and Smith, 1982) implies an average strain
rate of about 2 x 10'16/sec for the Wasatch Front area and a total extension rate of 1 to 2

mm/yr across the study area.

The stress tensor in the upper crust (j) implied by earthquake focal mechanisms and other
stress-indicator data (e.g., Zoback, 1983) has a vertical maximum principal stress axis and
intermediate and minimum principal stress axes lying in the horizontal plane, with the larter
oriented in an east-west (Z20°) direction. Zoback (1984) has argued that both horizontal prin-
cipal stresses are approximately equal in hagnitude along the Wasatch Front, implyving the
potental for slip on normal faults of varying strike. Earthquake focal mechanisms, however,
display strong clusizring of tension axes in an sast-west direction (Arabasz and Julander, 1586:
Bjamason and Pechmann, 1988). Focal mechanisms for earthquakes in the Wasatch Front
region south of about 40°N shéw a mixture of nommal, oblique-normmal, and strike-slip faulting,
in conmast to those north of 40°N which show predominandy normal faulting. This observa-
ton suggests that in the southern Wasatch Front region the maximum and intermediate princi-

pal stresses may be of similar magnitude (Bjamason and Pechmann, 1988).

Late Quaternary Faulting

" In the absence of a definitive map of known and suspectzsd active faults throughout the
wWasarch Front arca, ¢fforts were made o compile a base map of late Quaternary faulting for
comparison with instrumental seismicity. The resulting map shown in figure 3, which relies

chiefly on published sources, includes the traces of fault displacernents of Holocene (less than
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10,000 vrs B.P.) and late Pleistocene (10,000 to about 500,000 yrs B.P.) age.

FIGURE 5.-NEAR HERE

The following sources were used to compile the digitized base map of figure 53: The trace
of the Wasatch fault is based chiefly on detailed mapping done by Cluff and others (1970,
1973, 1974) and was taken, in par, from subsequent compilations by Davis (1983a,b: 1985).
bepiction of the West Valley fault zone near Salt Lake City is from Kee-non and others (1986).
Faulting to the east of the Wasarch fault in U.tah is from detailed maps of Stﬂlivan and others
(1986) and Foley and others (1986); that in Wyoming, from Gibbons and Dickey (1983). The
trace of the East Great Salt Lake fauit, lying within the bounds of the Great Sait [ ake, was
taken from Cook and others (1980) and Viveiros (1986). West of 112°W, we relied heavily on
maps of fault scarps in unconsolidated sediments published by Bucknam (1977) and Bucknam
and Anderson (1979). Some additional faults in the "Western Desent” region of Utah included
in the compilation of Anderson and Miller (1979) were addcd for completeness. Finally, fault-
ing to the north of 42°N in Idaho, other than the northern extension of the Wasatch fault, was

taken from Witkind (1975).

There is some inhomogeneity in figure 5 in that some of the fault traces to the west of
the Wasatch fault within the Basin and Range province reflect only the extent of mapped fault
scarps in unconsolidaied deposits and not necessarily the entire length of a seismogenic range-
front fault. Fluctuation of ancient Lake Bonneville, especially between about 25,000 yrs and
13,000 yrs ago (Currey and others. 1984), could have obliterated evidence of lawe Quaternary
surface faulting in many places.

The Wasatch fault is by far the best-studied fault depicted in figure’ 5. We refer the reader
{0 other papers in this volume for summaries of up-i0-date paleoseismologicai information on
ifs segmeniaton, siip rate, and the iiming and size of prehisioric eamhquakes. A major zciive
fault to which limle attention has neretofore besn paid is one beneath the Great Salt Lake that

Cook and others (1980) named the "East Great Salt Lake fault zone" and whose slip rate and
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earthquake potential have recently been investigated by one of us (Pechmann, 1987; Pechma.nn.
and others, 1987). This fault zone can be clearly seen in seismic reflection profiles across the
lake (Mikulich and Smith, 1974; Smith and Bruhn, 1984; Boriz and others, 1985; Viveiros,
1986). Reflection ;13[3 and well data indicate that the sedimentary basin underlying the lake
deepens eastward and is bounded on the east by the East Great Salt Lake fault. The deepest
part of the basin coﬁ::u'ns more than 10,000 feet (3,048 m) of post-Miocene sedimentary rocks
(Mikulich and Smith, 1974; Bortz and others, 1985: Viveiros, 1986), indicadng major sub-

sidence during the past 24 million years.

The East Great Salt Lake fault cuts sediments identified as Quatemary on the basis of
well data (Mikulich and Smith, 1974; Viveiros, 1986) and must be considered active. Seismic
reflection data (Mikulich and Smith, 1974; Viveiros 1986) indicate that the East Great Salt
Lake fault appears to offset sediments to within at least 0.015-0.025 sec two-way travel time
beneath the lake bottom, corresponding to an approximate depth of less than 10-20 m , which
implies that slip has occurred in the recent geologic past. Viveiros (1986, p. 72) estimated
fault slip rates on the East Great Salt Lake fault of 0.96 mm/yr during the Pliocene and 1.48
mm/yr during the Quaiernary from the thicknesses of sedimentary deposits—dependent upon
an interpreted geometry of faulting. Pechmann and others (1987) interpret average Quatemary
slip rates of 0.4 to 0.7 mm/yr, taking subsurface fault dip into account and assuming that rates
of sedimentation adjacent to the fault are controiled by subsidence on the fault.. These slip
rates are about half the recent slip rates along central segments of the Wasatch fault (Schwarz

and Coppersmith, 1984),

The 1939 Hebgen Lake and 1983 Borah Peak Earthquakes

The only historical 2arthquake in the Utah region known ¢ have procduced surface fault-
ing occurred on March 12, 1934, in Hansel Vallev just north of the Creat Salt Lake (figs. 3.
3). This earthguake was assigned a magnitude of 6.6 bv Gutenberg and Richter (1954), and is

the largest sarthqueke o have occurred in the Utah region since 1350. Because earthquakes
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with surface dispiacements much larger than the 0.5 m of the 1934 earthquake are expected to
occur in Utzh in the future, based on geologic evidence, informarion from large surface fault-
ing earthquakes elsewhere in ihe Intermountain seismic belt and in the Basin and Range pro-

vince is impornant for evaluating their likely magnitudes and other characteristcs.

In the Intermountain seismic belt, there have been two large, historical normal fauldng
earthquakes over magnitude 7.0, both of which produced surface rupture: the October 28,
1983, MS7.3 (USGS determinadon) Borah Peak earthquake in central Idaho, and the August
18, 1959, (GMT), MS7.5 Hebgen Lake earthquake in southem Montana (fig. 3). These rwo
earthquakes are generally considersd to be good models for future large earthquakes on the
Wasatch fault and other major faults in Utah (Smith and Richins, 1984; Doser, 1985a). The
surface wave magnitude (MS) of 7.5 for the Hebgen Lake event is from Abe (1981), and is
probably more accurate than a previous estimate of 7.1, atributed by Murphy and Brazee
(1964) to Pasadena. The Hebgen Lc;lke earthquake was accompanied by 35 km of surface
faulting along the Red Canyon and Hebgen faults with venical displacements of up to 5.5+0.3
m (Bonilla and others, 1984; Witkind, 1964) and an average displacement of 2.1 m (I—iall and
Sablock, 1985). The Borah Peak earthquaks produced 36 km of surface fauiting along the
Lost River and Arentson Guich faults with vertical displacements of up to¢ 2.7 m and an aver-
age displacement of 0.8 m (Crone and Machette, 1984; Crone and others, 1987). Both eanth-
quakes nucleated at depths of about 15-16 km and ruptured upward along faults dipping at

45°-60° (Doser, 1985a, b: Doser and Smith, 1985).
The most reliable and physically meaningful measurement of earthquake size is the
seiSmic Mmoment, Mo‘ (Aki, 1966) given by
Mo = uSd

where W is the siear modulus. S is the area of the ruprure surface, and d is the average dis-
placement along the rupmure surface. From ihe seismic moment, a moment magnigude, Mw

(Kanameri, 1977; Hanks and Kanamori. 1979) can be calculated from the definition
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M,, = (2/3)log M_ — 10.7

Mw should be comparable to Ms for earthquakes of 5.0 < M, = 7.5 (Hanks and Kanamori,
1979). The Hebgen Lake earthquake had a seismic moment of 1.0 x 102‘7 dyne-cm (Doser,
1985b), which convernts (0 a moment magnitude of 7.3. The Borah Peak earthquake had a
moment of 2.1 x 1026 {Doser and Smith, 1985) to 3.1 x 1026 (Ekxstoom and Dziewonski,

1985), which gives 2 moment magnitude of 6.8 to 7.0.

Threshold of Surface Faulting

Various authors (e.g. Arabasz, 1984; Arabasz and Julander, 1986; Doser, 19852a) have
suggestcd that the threshold magnitude for surface fauliing in Uwah is approximately 6.0-6.5.
This conclusion appears to be well fc;unded based on the historical record of earthquakes in the
Intermountain seismic beit and in the Basin and Range province. Bucimam and others (1980)
note that all 7 historical earthquakes of ML > 6.3 in the Great Basin have produced surface
faulting, including the 1934 Msé.é Hansel Valley, Utah, event. [n their tabulaticn of 11 earth-
quakes with historical surface fauiung in the Basin and Range Province, all 5 events with ML
< 6.8 had maximum displacements of less than ! me:.er. The wbulation includes one Califor-
nia nonmal-fauiting earthquake of MLS.G in 1950 that had 0.2 m maximum displacement and a
Nevada earthquake of ML6.3 in 1934 that had 0.1 m maximum displacemenc In the Inter-
mountain seismic beit, Doser (1985a) points out that neither the 1973 MLG.O Pocaiello Valley
earthquake nor the 1975 M L6.1 Yellowstone Park earthquake (fig. 3) had identifiable surface
fauiting, although both earthquakes were accompanied by an apparenty coseismic subsidence
of up to 12-13 cm (Bucknam, 1976: Pitt and others, 1979). On the basis of the historical
rccond, we adopx MLé.Si{).Z as 2 reasonable estimate for the threshold of surface fauliing in
the Uwzh region. The implication of this threshold s that one can argue that earthquakes up (©
this size c‘auid occur anvwhere in the Wasaich Front region within the main seismic celt, even
where there is no geologic cvidence for Quaternary surface faulung. We eiaborate in 2 later

secton.
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Seismicity

Figure 6 shows the distribution of all historical main shocks of gstimated Richter magni-
tude 4.0 or greater (or maximum Modified Mercalli iﬁtensity V or greater) in the Utah region.
The historical sample includes at least fiftcen independent main shocks that have had an
estimated Richter magnitude of 5.5 or greater {or a Modified Mercalli intensity of VII or
greater). These earthquakes are listed in table 1 and their epicenters are shown as solid circles
in figure 6. At the scale of figure 6, apparent correlations of historical seismicity with specific
faults must be considered with care. For example, many of the epicenters located along the
Wasatch fault are non-instrumental and correspond to locations where felt effects were sTong-
est for a partcular shock, typically an established city or town. Hence, the coincidence of his-
torical epicenters with the Wasatch fault reflects the locations of sertlements along the Wasatch
Front, and is not necessarily indicative of earthquake activity on the Wasatch faui: itself. It is
arguable whether the earthquakes of about magnitude 5-1/2 in 1910 near Salt Lake City and in
1914 near Qgden occurred dirccty on the Wasatch fault (Arabasz and others, 1980). Thus, as
many as two—or perhaps no—earthquakes of magnitude 5 or greater have occurred on the
Wasatch fault in histcrical ime. The average interevent ime since 1884 of the moderate-to-
large main shocks listed in table 1 is 6 to 7 years. There was, however, one unusually long

25-year interval berween 1934 and 1959 without an earthquake of magnitude 5.5 or greater.
FIGURE 6.--NEAR HERE

TABLE 1.--NEAR HERE

Figure 7 shows the pauemn of instrumental seismicity for the Utah region determined
from monitcring by the University of Utah since mid-1962 (element 7, fiz. 1). The cpicentrat
distributicn of small- to moderate-size background earthgquakes (s generally similar to that in
figure 6. The sample of figure 7 includes 9,148 canthquakes of all sizes up to magnirude 6.0.
and 2,152 eanthquakes of magnitude 2.0 or greater. Table 2 lisss independent main shocks in

the sample of magnitude 4.0 and greater. Focusing antention on the Wasawch Front study area,
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figures 8 and 9 show the partems of instrumental seismicity respectively for October 1974
through June 1978 (2,480 events) and July 1978 through December 1986 (3,936 events). The
first sample is the same as that described in detail by Arabasz and others (1980) for the inigal
3.75 years of detailed monitorning by Lhe. University of Utah's telemetered seismic network.
The second sample allows an uédaxed comparison for the subsequent 8.5-year period. The
earthquake samples of figures 8 and 9 are probably complete above about magnirude 2.0 (dis-_
cussed later). The extent of seismographic coverage, relevant to inferences of epicentral prect-
siomn, is shown in figure 2. A

FIGURE 7.--NEAR HERE

TABLE 2.--NEAR HERE

FIGURE 8.-NEAR HERE

FIGURE %9.-NEAR HERE

The pattemns of seismicity shown in figures 8 and 9 are remarkably similar, and com-
parison with that for the period 1962-1974 (Arabasz and others, 1980, fig. 4) indicates general
siability in the partem of seismicity throughout the period of instrumental monitoring. One
notable difference in the seismicity before and after 1974 is the aftershock activity that fol-
lowed the 1975 MLG‘O Pocatello Valley earthquake on the Idaho-Utah border (upper left, figs.
8 and 9). The partern of most recent seismicity in the Wasatch Front area illustrated in figure

9 includes several notabie features, described from north to south:

(1) At the northern extremity of figure 9, earthquake clusters are part of a northeast-
wending belt of seismicity that condnues 0 the Jackson- Yellowstone Park region, This
includes episodic swarm seismicity in the Soda Springs, Idaho, area (approx. 42°20'N,
111°20°W). A swarm begining as cu;'iy 1s December 1981 peaked with an ML4.? carthquake

in Ociober 1982 (Richins and others, 1983), and seismicity condnues in that area.

(2) Eanhquazke activity in the Idaho-Utah torder area west of the Wasatch fault has besn

prominent ever since the 1975 M, 6.0 Pocatello Valley earthquake (Arabasz and others, 1981).

L
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Small- 10 moderate-size earthquakes extending southward from the state border form an
inverted "Y" pattern, which began to form several months after the March 1975 main shock
and in which seismicity persists to the present. At the southwest cxuﬁmity of the "Y" pattern.
scattered small earthquakes beneath the northem part of the Great Salt Lake have previously
appeared 10 be pant of a broad northeast-trending belt. The sample of figure 9, however, sug-

gests a northwest-trending patternt of epicenters in the vicinity of the East Great Salt Lake fault

(3) Densely-clustered earthquakes occurring roughly 10 to 40 km east of the Wasatch
fauit define a linear beit extending southward from about 41°50°N to a‘t least 41°N—and
perhaps as far south as 40°N. Earthquakes in the northem part of this belt lie east of the v)est—
dipping East Cache and Wasaich faults and occur within a voiumetric zone beneath the Bear
River Range, whose westen boundary is formed by the East Cache fault. To the south of
41°N, earthquake clusters within this belt to the east of the Wasatch fault follow a zone. of

northerly-trending valleys within the so-called Wasatch Hinterland (Sullivan and others, 1986). '

(4) Clusters of seismicity appear close to or just west of the trace of the Wasatch fault
variousty near Honeyville at about 41°40'N, in the vicinity of Sait Lake Citv at about
20°45°N, at the northemn end of Utah Valley at about 40°20’N, in the vicinity of Goshen Val-
ley at nboﬁt 40°00°N, and in a broadly scattered zone at the southem end of the Wasatch fault
We retumn o these observations when we consider the Wasarch fault in finer derail in a later
section.

(5) In the lower right pant of figure 9, a prominent feature oI the seismicity of east-central
Utah is a panem of persistent shallow setsmicity forming an invernted U-shape that corresponds
with underground coal mining aong the eastern side of the Wasatch Plateau (between about
39°15°N and 39°35°N) and aiong the arcuate Bock Clifis escarpment (east of 2bout 39°45°N,
111°00"W). The seismicity is well xnown to te mining-related and appears to correlate with
mining areas where annuat rates of extraction exceed 300.000 tons {see sumrmary by Arabasz
and Julander, 1986). Results of a recent study of mining-relaied seismicity in te eastem

Wasatch Plateau are reported by Williams and Arabasz (1988).
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Earthquake Focal Depths

The purpose bf this section is 0 examine the seismic network data-in the Wasatch Front
region for focal-depth informatcn. It is an unfortunate fact that computed focal depths of most
earthquakes located with the regional seismic network are unreliable due to the large station
spacings of 15-35 km.in the immediate Wasatch Front area and 35-100 km elsewhere (fig. 2).
- As a partial solution to this problem, temporary arrays of portable seismographs are routinely
deployed by the University of Utah in selected target areas {element 8, fig. 1) and have pro-
vided some of the best data for correlating seismicity with structure {e.g., Arabasz and
Julander, 1986). It remains useful, nonetheless, to evaluate the regional network data for

focﬂ-depm information.

It is commonly assumed that the presence of a reconding station within one focal depth of
an earthquake's epicenter provides good depth control. To test this assumption, XK. J. Quigley
(Univ. of Utah, unpub. rept., 1986) performed numerical experiments on synthetic P-wavye
armival-time data for the Wasatch Front seismic network 1o determine statistical criteria for
focal-depth reliability. Based on his results, 435 earthquakes cut of 6,416 from the 1974-1936
LUUSS catalog for the Wasaich Front area were judged (o have reliable focal depths, using the
following criteria: (1) distance to the nearest station less than or equal to the focal depth or 3
km, whichever is larger, and (2) standard vertical hypocentral error (ERZ) of 2 km or less, as
calculated by the location program HYPOELLIPSE (1974-1580) or HYPOINVERSE (1981-
1986). Quigley’s results verify theoretical expectations that there is a 68% probability that the
computed focai depth for such events is within 1.0 ERZ of the true focal depth, and a 8%
probability that it is within 2.4 ERZ.

Figurc 10 shows the test-resolved foci in map and cross-seciion view, It should te noted
that the selectcn criterion of having a close station may fiiter out snallow ¢ven's in some
areas, but deeper events will be less affected. In general, the ¢ast-west cross sections do not
appear o be particulary informative in terms of significant variations in the east-west disiriby-

ton of maximum focal depths or spatial association with the Wasatch fault. The north-south




cross section, however, suggests that there may be variations in maximum earthquake depth
along the Wasaich Front. For example, there are no earthquakes deeper than 17 km in the cen-
tral part of the cross section, whereas there are earthquakes deeper than 17 km and as deep as
25 km at the northern and southern ends. We caution. however, that the apparent variation in
maximum focal depth may be an artifact of the relatively small number of events in the central
and southemn parts of the section. The larger any sample, the more likely it is to cbserve
extreme values. The focal depth above which $0 percent of the earthquakes lie is as follows:
16 km berween 39°N and 40°N latimude, 13 km between 40°N and 41°N latitude, 15 km
between 41°N and 42°N latitude, and 11 km from 42°N to 42.5°N latitude (where the sampling |
is dominated by aftershecks of the ML6'0 Pocatello Valley earthquake of 1975). These results

suggest the possibility of variations in maximum focal depth on the order of 2 10 5 km.

Maximum earthquake focal depths bear directly on crustal rheology, the depth of nuciea-
tion of large emhquékcs. and maximum fault-rupture dimensions. Accordingly, the north-
south variations of maximum focal-depth suggested in figure 10 should be investigated further.
Figure 10 emphasizes the sparseness of three-dimensional information available from the
thousands of carthquakes located by the permanent regional netwerk. A consequence is that
only limited information is available w0 address the association of seismicity with subsurface

structure, as we discuss nexL

FIGURE 10.-NEAR HERE

Problematic Correlation of Seismicity with Geologic Structure

Fundamenul problems in correlaung diffuse seismicity with mapped Cenozoic faulting
and subsurface geologic structure in the Utah region have been discussed at length by Ambasz
(1984) and by Arabasz and Julander (1586). Discussicn is repeated here because of its contin-
ued relevance. Problems include: (1) uncertain subsuriace stracture, which typically is more
complex along the main seismic belt than apparent from the surface geology: (2) observatens

of discordance between surface fault pattems and seismic fauit slip at depth (Arabasz and
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others, 1981; Zobn:;k. 1983); (3) a paucity of historic surface faulting; and (4) inadequate

focal-depth resolution from regional seismic monitoring.

Crustal structure along the eastern Great Basin is known to involve verdcally stacked
plates separated by low-angle detachments resulting from relict pre-Neogene thrustbelt structure
and/or Neogene extension (Allmendinger and others, 1983; Smith and Bruhn, 1984; Smith and
others, 1987). Smith and Bruhn (1984) present a summary of seismic-mﬂecn\;)n data that indi-
cﬁte the widespread presence of low-angle and downward-flagening fauits in the subsurface
and an intimate relationship between pre-Neogene thrustbelt suucture and youngﬂnormal faults
along the eastern Basin and Range margin. Seismological evidence to date indicates that, at
least for small to moderate earthquakes, seismic slip in this region predominates on faults with
moderate (2 30°) to high-angle dip (Zoback, 1983; Arabasz and Julander, 1986; Bjamason and

Pechmann, 1987),

Given the reladvely high magnitude threshold of surface faulting, and observations of
discordance between surface fault panerns and seismic slip at depth, one can argue that—with
the sole exception of the 1934 Hansel Vailey earthquake—no other of Utah's 15 historical
earthquakes of MLS.S or greater (table 1) can be confidendy associaied with a mapped surfacs
fauit. Within the domain of Utah's main seismic belt, future seismicity below the threshold of
surface faulting (ML6.31'0.2) thus cannot be confidendy precluded by knowledge of the surface
geology alone. Where subsurface structure is complex, moderate size earthquakes may occur

on blind subsurface structures that have no direct surface expression. -

On the basis of special earthquake studies in the southern Wasarch Front area, neighbor-
ing parts of cenmal Utah, and southeastern ldaho, the follcwing working hypothesis was
offered by Arabasz (1984: se= also Arabasz and Julander, 1586) to explaint cbservatons of
diffuse background seismicirv. Background seismicity, it was suggesicd. i3 fundementaily con-
rolled by varizble mechanical behavior and inicm:lu suvciure of individual horizontal plaies
within the seismogenic upper crust. Diffuse epicentral patemns may then result from the super-

. position of seismicity occurring within individual plates, and also perhaps from favorable
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conditions for block-interior rather than block-boundary microseismic slip. Figure 11 schemati-

cally shows some aspects of the working hypothesis.

FIGURE 11.--NEAR HERE
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SEISMIC SOURCE ZONES AND SEISMICITY PARAMETERS

General Remarks

Two key steps in any analysis of earthquake hazafds or risks are (i) the ident fication and
geometric depiction of seismic source zones within which earthquakes are likely to originate
(step 3, fig. 1), and (2) the estimation of seismicity parameters for these source zones (step 4,
fig. 1). The important seismicity parameters are the maximum magnitude, the expected earth-
quake distribution as a function of size, and the rate of activity. Both earthquake catalog data
and geologic data on active faults can be used to identify and characterize seismic source

zones.

Qur current understanding of the seismotectonic framework of the Wasatch Front region,
as sumrmarized above, leads to the positon that seismic hazards arise from two fundamental
classes of earthquakes: (1) infrequent, large (M s 2 6.3%0.2) surface-faulting earthquakes on
identifiable faulls having cvidex;lcc of late Quaternary displacement, and (2) smali-to moderate-
size (up to MLG.S) earthguakes, below the threshold of surface faulting, that are not con-
strained in location to mapped faults and may occur randomly in space throughout broadly
defined regions. This position is a consequence of detailed studies that show clear evidence
for large, prehistoric earthquakes on faults in the region (e.g., Swan and others, 1980; Schwarnz
and others, 1984; Machette and others, this volume), the diffuse scatter of small-to moderate-
size carthquakes illusirated in figures 7, 8, and 9, and the ‘problematic correlaton of seismicity
and geologic structure discussed above. [t therefore seems reasonable to distinguish two
different types of seismic source zones: (1) fault-specific sources for which the evidence is pri-
mariiv geological, and (2) areal sourct zoncs that are based upon the histerical and insuumen-
ial carthquake record and have 3 maximum magnitude of 6.5, These iwo types of source zones
have been used in several studies of seismic hazard in the Wasatch Front region. inciuding the
elaboratc probabiiisiic analysis of ground shaking hazard by Youngs and others (this volume),

a study of the "Wasaich Hinterdand” by Sullivan and others (1986), and a study by Arabasz
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and others (1987) cf the region surrounding the sites that Utah proposed for the Superconduct-
ing Supercollider, which are located southwest of the Great Salt Lake along the western boun-

dary of the Wasatch Front region.

In this section, we treat the entirc Wasatch Front study area as one areal source zone and
use the insoumental earthquake record (0 model the recurrence of earthquakes within the area
of up to magnitmde 6.5. Although the available data suggest that seismicity rates may vary
somewhat within this region. there are not enough earthquakes in the record to reliably esti-
mate seismicity parameters for subsets of this region. Furthemore, the 25-year record of
instrumental seismicity is simply too shon to allow the extrapolaton into the future of spatial
vanations of sgismicity rate within the Wasatch Front area. We first present results from
recurrence modeling for the Wasatch Front area, then briefly discuss the fault-specific sources

in this region and the maximum earthquake size that can be expected to occur on them.

Recurrence Modeling

Earthquake catalog data previde the only means 0 cetermine the rate of occurrence and
cize distribution of earthquakes smaller than the threshold of surface faulting. A standard way
to characterize seismicity in any seismically active region is with the Gutenberg-Richter

exponential frequency-magnitude relationship given by -
logig N =12 —-bM

where N is the average number of independent events per year of magnitude M or greater and
2 and b are constants appropriate for the pardcular region. The a-value is a measure of the
overall rate of earthquake activity. The b-value is a measure of the relative proporcon of small
events to largs events, with higher b-values indicating relatively more small events. If we

- . " P . a-3.00 ... .
define A as the average number of events per vear of M23.0, ie. A =10 , then the
above equation ¢an be rewriticn as

N=a 1goM-30
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In order to obtain meaningful esimates for the seismicity parameters a (or A) and b from
earthquake catalog data. it is first necessary to remove from the catalog dependent events such
as aftershocks, foreshocks, and secondary events in swanm sequences. Shimizu (1987)
identfied dependent and independent events in the University of Utah catalog for the time
period July 1962 through December 1985 by applying the local clustering method of Venezi-
ano and Van Dyck (1985, 1986). This method uses statistical tests to identify earthquake clus-
ters, which Veneziano and Van Dyck define as space-time windows in which the rate of earth-
quake ativity.is significantly greater than the estimated local background rate. One or more of
the earthquakes within each cluster are then classified as main shocks, and the rest are
classified as dependent evenis. This procedure is repeated until no additional events are
idendfied as dependent The primary advantage of the local clustering method compared (o
other methods of ide_mifying dependent events is that it allows for variations in the spatial and
temporal extent of clusters of dependent events associated with different mainshocks of the
same magnitude,

Shimizu’s listing of independent events of ML 2 2.0 in the catclog for this lime period
was suppiie_d to us on compuicer tape by D. Veneziano. This listing contained 571 main shocks
within the study area. The epicenters of these events are plotted in figure 12, For purposes of
the recurrence modeling, we eliminaed the 126 events in the study area south of 39°50°N and
gast of 111°15"W (dashed box, fig. 12), where the seismicity is predominantly mining-related,
This left 445 independent main shocks of 2.0 S M, S 6.0 in the rmaining 85.000 km” of the
study area. These main shocks form the basic data set for our recurrence modeling of the

Wasawch Front area
FIGURE 12.--NEAR HERE
Fizure 12 is 2 cumuiative recurrence plot (log N versus M) for the 4<% independent main

shocks (dots). Note that the observed number of ML 2 2.0 events per vear is equal {0 or

greater than the numbper expected from a linear extrapolation of the data for the larger magni-
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tude cutoffs. In fact, the recurrence curve formed by connecting the dots in figure 13 even
appears © have a steeper slope for ML £ 3.0. This observation suggests that the University of
Utah catalog contains a reasonably complete listing of main shocks of ML 2 2.0 in the
Wasatch Front region afier July 1962. However, ithe precise threshold magnitude of complete-
ness for the catalog varies with time and with locatdon within the region, dependent on station

coverage (fig. 2).

FIGURE 13.-NEAR HERE

The apparent change in slope of the recurrence curve near magnitude 3 may be an artifact
of the way that magnitudes are assigned in the University of Utah catalog. The catalog magni-
tudes for most earthquakes in the Wasatch Front region over magnitude 3 are true local magni-
tudes calculated from peak aniplitudes measured on seismograms from low-gain Wood-
Anderson-type instruments. The magnitudes listed for most of the smaller earthquakes are
coda magnitudes calculated from signal durations measured on records from various types of
higher-gain instruments (for details, see Arabasz and others, 1979; Ricl'llins and others. 1981;
Richins and others, 1934; and Brown and others, 1986). The coda magnitude scales were cali-
brated against Wood-Anderson ML measurements, and should therefore give compatible
results. Nevertheless, it is possible that there are some small, svstematic differences between
the two rypes Of estimates. Research on refined methods of magnirude determination using

digital waveform data is currendy undecway at the University of Utah.

The heavy line in figure 13 shows a straight-line fit to the recurrence data (dots) above
MLB.O. determined by the maximum likelihood technique of Weichert (1980) using an
assumed maximum magnitude of 7.3, The best-fit line has a siope of b = 0.7120.05. The
lighter lines are drawn with the lower-bound and upper-tound slopes of 0.62 and 0.80. respec-
tvely. Note that all three lines are constrained 10 pass thrcugh the data goint for the minimum
magnirude of 3.0. The lighter lines appear to tound the range of possiole slopes quite weil if a

magnitude cutoff of 3.0 is used. However, the b-value is unforrunately very sensitve (o the
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cutoff magnitude. Cutoff magnitudes of 2.0 and 2.5 give b-values of 0.82+0.04 and 0.88+0.07,
respectively. We chose the cutoff magnitude of 3.0 because of the possible problems with the
smaller magnitudes discussed above and because the lines calculated using this cutoff provide a
better fit to the data for the larger earthquakes, which are the ones of primary concem for
seismic hazards.

The recurrence relationship given by o-ur preferred maximum likelihood fit 10 the data

shown in figure 13 is

N = 2.51y107(0-7120.09)(M; —3.0)

or, altermatively,
logN=253-0T1 ML

Table 3 lists average recurrence intervals for earthquakes in the Wasaich Front region calcu-
lated from the first of these equations. The preferred estimate is for the b-value of 0.71. The
values in the right-hand column are lower and upper limits calculated using the limiting b-

values of 0.62 and (.80, respectively.

TABLE 3.--NEAR HERE

As a check on table 3, consider the number of earthquakes of estimated magnitude 5.5 or
greater in the Wasatch Front region from 1850 to 1987. There have been eight such earth-
quakes (table 1, fig. 6), which gives an average recurrence interval of 17 years. This falls
within the lower end of our estimated range of recurmence intervals for M 2 3.5 earthquakes,
which is 14 to 40 years. If, following Arabasz and others (i980), we assume that the catalog
is complete at the M; 235.5 level only since 1378, the average recurrence interval shorens to
14 vears. The inerevent times for the eight ML 2 5.3 earthquakes range {rom 0.6 to 28.3
vears, wiith a mean of 12.9 vears. |

The recurrence intervals calculaied for earthquakes greater than magnirude 6 represent an

extrapolation bevond the limits of the data shown in figure 13. Nevertheless, it is ineresting to




28

compare our predicted recurrence interval for ML 2 7.0 events with estimates of the recurrence
interval for ML 2 7.0 events on the Wasaich fauit, given that the Wasatch fault is the dominant
source of magnitude 7.0 and greater earthquakes in the region. The average recurrence interval
for M 2 7.0 earthquakes on the Wasatch fault has been estimated to be 400 to 666 vears by
Schwartz and Coppersmith (1984);330—.*90 years by Youngs and others (this volume), and
250-280 years by Machette and others (this volume). These estimates are consistent with our

predicted average recurrence interval of 120 to 630 years (with a preferred value of 280

years) for M| 2 7.0 events in the Wasatch Front region as a whole.

Arabasz and others (1980) modeled eanthquake recurrence for the Wasatch Front region
using independent main shocks in the University of Utah catalog of MM intensity V or greater

{approximately ML 2 4) from 1850 through 1978. They obtained the equation

log N =298 - 0.72ML

Their b-value of 0.72 is essentially the same as our b-value of 0.7120.09. However,
their a-value of 2.98 is larger than our value of 2.33. ThJs difference corresponds 0 a
difference in seismicity rates of a factor of 2.8. Two possible explanacions for this dispariry
are (1) the seismicity from 1962 through 1985 was low compared to the seismicity from 1850
through 1961, or (2) the magnitudes of the pre-1962 events were overestimated by about 0.6

magnitude units by Arabasz and others (15380).

{t should be pointed out that our preferred b-value of 0.71 is lower than the b-values
obtained in most previous studies of earthquake recurrence along the Wasatch Front that made
major or exclusive use of the post-1962 instrumental Universiry of Utah catalog. Arabasz and
others (1980) determined a b-value of 0.9520.15 using all magnitude 2.3 and greater earth-
quakes in the catalog from Jdly 1962 through Juﬁe 1978 within a subarea of the Wasatch Front
region berween 111°15"W and 112°15"%W. Youngs and others (this volume) cbtained b-valucs
ranging from 0.7510.03 to 0.8320.03 (deperding on the critenia used to remove dependent

evenis), using catalog data from 1330 through March 1986 above the uniform detectcn thres-
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" hoids that they estimated. The north-south extent of the study area of Youngs and others is
from 39°N o 42°30°N, nearly the same as that of our study area, but their area has a.narrower
east-west extent. Finally, Shimizu (1987) obtained a b-value of 1.1 using independent main
shocks from July 1962 through December 1985 for a region extending from 39°N 10 42.5°N
and 108°45'W to 114°15'W (excluding mining-related seismicity in east-central Utah), which
he calls the "Central-Noithem Utah” region - i

The higher b-value obtained by Arabasz and others (1980) for the post-1962 instrumental
catalog can be attributed to the fact that they did not remove dependent events from the catalog
before calculating their b-value. The differences between the b-values of 0.75 to 0.83 deter-
mined by Youngs and others (this volume) and our value of 0.71 appear to result primanly
from differences in the methods emploved to remove dependent events, The higher b-value of
1.1 obuained by Shimizu (1987) cannot be explained in this way, since we used his listing of
independent events for our recurrence modeling. The higher b-value obtained by Shimizu
results from his use of a minimum magnitude of Z.5 in his recuwrence analysis, and, o a lesser
extent, his use of the maximum likelihood method of Utsu (1965) 10 fit a straight lize 1o the

data. In the method of Utsy (1965), the b-value is calculaied from the equaton
b=logge/(M~M)

where M is the mean magnitude of all events with magnitude greater than or equal (o M.
Utsu's method tends o give higher b-values than the more elaborate rnethdd of Weichert
(1980), which was used both by us and by Youngs and others (this volume). Application of
Utsu's method to the datain figure 13 for M, 2 2.5 gives a b-value of 0.97, which is in
reasonaoie agreement with Shimizu's value considering that his calcuiadon included data from

a larger area.

Fault-Specific Sources

Although the 1924 Ms6.6 Hanse! Valley earthquake is the largest hisiorical earthquake to

have occurred in the Wasatch Front region, there is good geologic evidence that larger
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earthquakes can be expected 10 occur on the Wasatch fault and other active fauits in the region.
All of the faults with evidence for laie Quaternary (< 500,000 years) movement shown on the
map in figure 5 are considered o be potental source of earthquakes larger than MLG.StD.Z.
the likely threshold for surface faulting. Maximum earthquake magnitudes for these faujt-
specific sources can be assessed from estimates of the rupture length, area, and displacemert
for the maximum size event. Average recurrence intervals for surface-faulting events-can, at
least in some cases, be determined from geomorphic observatons or from the stratgraphy of
deposits near the fault trace exposed by trenching (see Allen, 1986, and Schwartz and Cop-
persmith, 1986, for reviews of these techniques). A detailed description of all the fault-specific
sources shown in figure 6 is beyond the scope of this paper. We refer the reader o the paper
by Youngs and others (this volume) for a thorough summary of available information on the
major faults in the Wasatch Front region and a determination of seismicity parameters for these
faults. Here, we prcsént information on four fault-specific sources that we use below in some
probabilistic hazard calcuiatons, consider the maximum probable earthquake for the whole. . .
Wasatch Front area, and briefly discuss the issue of frequency-magnitude refationships for indi-

vidual faults,

Table 4 presents basic information for the four most prominent fault-specific sources near
Salt Lake Ciry: the Wasatch fault. West Valley fault zone. East Great Salt Lake fault, and
North Oguirth Mountains fault (figure 5). The fauldng parameters for the Wasatch fault are
taken from scgmentation model B of Youngs and others (this volume). This model has ten
segments, ang is very similar to the segmentation mode! proposed by Machette and others
(1986). The maximum magnitude lisied for each segment is 2 mean estimate calculated from
the set of possible values and Lheir assigned weights listed in table 1 of Youngs and others.
The recurrence intervals for maximum eanthquakes are mean estimates taken direczty from table
3 of Yourgs and others. For the West Vailev fault zore the maximum magnirude of 6.5 is
2lso a mean value calculated from table ! of Youngs and others. The average recurrence inter-

val of 2,000 vears is inferred from the observation of 6 to 7 discrete faulting events on the
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fault zone within the last 13,000 years (S.J. Olig, written communicadon, 1987). The segmen-
m_rmtion of the East Great Salt Lake fault is very uncertain, but it appears to be divided into at
least two segments, each about 50 km long (fig. 5; Pechmann and others, 1987). The max-
imum magnitude of 7.2 assigned 1o each scgment is based on a simple analogy with the Weber
and Salt Lake City segments of the Wasatch fault, which are of comparable length. The aver-
age recurrence interval for maximum earthquakes on each segment of the East Great Salt Lake
fault is judged to be about 4,000 years, based on the fact that the observed slip rates are about
half of those measured for the central segments of the Wasatch fault, whmh have recurrence
intervals of about 2,000 years (Pechmann and others, 1987). For the North Oquirth Mountains
fault, the maximum magnitude of 7.0 is from table 1 of Youngs and others (this volume). The
average recurtence interval of about 10,000 years or more is inferred from the observation that
the most recent surface-faulting event on this fault occurred between 8,000 and 13,500 years
ago (Y oungs and others, this volume), together with generic arguments made by Arabasz and
others (1987). For all of the faults in table 4, the annual probability of the maximum earth-
quake is taken to be the inverse of the average time interval between maximum earthquakes,

since in most cases the elapsed ume since the last large eanthquake is poorly known

TABLE 4.--NEAR HERE

Estimates of the maximum earthquake size on any particular fault are subject to uncer-
taindes inherent in both the prediction of future ruprure characteristics and in the conversion of
these rupture characleristics to magnitude estimates. For this reason, it is useful 10 consider
from a historical point of view the maximum earthquake size that is likely to occur anywhere
within the Wasarch Front region.

The 1959 MS'I.S Hebgen Lake earthquake is considered by some 1o represent the max-
imum earthquake for theé [nlermountain seismic belt {e.g. Doser. 1985a). However, it i3 woith
noting that earthquakes larger than tis have occurred in the western Basin and Range Pro-

vince. Slemmons (1680) lists i3 historic surface faulting eanthquakes in the western Great




Basin. These include two events of magnitude greater than 7.5: the March 26, 1872 Owens
Valley, California earthquake of estimated magnitude 8.0, and the October 3, 1915 Pleasant
Valley, Nevada earthquake of magnitude 7.75. Slemmons (1980) lists a2 rupture length of 110
km for the Owens Valley event with a maximum displacement of 6.44 m, and a rupwure length
of 62 km with a maximum dispiacement of 5.6 m for the Pleasant Valley event. Thus, both of
these earthquakes have a maximum displacement compdmble to that of the Hebgen Lake event,
but significantly loenger rupture lengths. The magniwude of 7.75 for the Pleasant Valley évem is
from Gutenberg and Richter (1354), and is nearly identcal to the surface wave magnitude of
7.7 calculated by Abe (1981). The magnitude of the Owens Valley event is more controver-
sial, owing to the lack of scismographic insouments at the time. Magnitude esamaics for this
earthquake based on felt reports range from 8.3 (Oakeshott and others, 1972) to 7.2 (Evernden,
1975). From the surface faulting, Beanland and Clark (1987) estmate a moment magnitude of

751w 7.7.

The slip that occurred during the 1872 Owens Valley earthquake had a large strike-slip
component o it (Richwer. 1958; Oakeshott and others, 1972) and may sven have been dom-
inandy strixe-slip (Beanland and Clark, 1987). Faulis in the Wasaich Front region show
predominanty normal slip, aithough there is abundant evidence of strike-slip faulting in south-
central Utah {Anderson and Bamhard. 1984: this volume). Thus, the Pleasant Valley and
Hebgen Lake earthquakes may be better models for the maximum credible Wasatch Front
earthquezke than the Owens Valley earthquake. The charactenstics of the Pleasant Valley and
Hebgen Lake earthquakes suggest that future ‘Wasatch Front earthquakes could have surface
wave magnitudes of up to 7.5-7.7, rupture lengths of up 0 35-85 un. and maximum vertical
displacements of up 10 about & m.

Cne interesung question concerning fault-specific sources is 10 wnat extent they act 2s
sources for smail-to moderaie-size earihquakes. excluding foreshocks and atiershocks of large
events. The Gutenberg-Richter exponential frequency-magnitude reladonship usually fis the

size distribution of earthquakes over large regions quite well. However, in general, this
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réiﬁ:ionship does not apply 1o individual faults (Wesnousky and others, 1983; Singh and others,
1983; Youngs and Coppersmith, 1985). Youngs and others (this volume) modeled the magni-
tude distributon of independent earthquakes on individual faults in the Wasatch Front region in
two different ways: (1) using a standard exponential magnitude distribudon, and (2) using the
"characteristic” magnitude distribution proposed by Youngs and Coppersmith (1975). In both

" cases, only earthquakes of M, 2 6.0 were included in their analysis. The characteristic distri-

" budon is a modification of the exponential distribution that incorporates a decrease in b-value

“ at mégnirudes approaching the maximum magnitude for the fault. Thus, the chainctcn‘sﬁc mag-
nitude distribution includes relatively more larger earthquakes. A third possible model to con-
sider is the "maximum magnimde” medel, which holds that each fau_lt or fault segment pro-
duces only maximum-size earthquakes, together with their associated aftershocks and possible
foreshocks (Wesnousky and others, 1983; Wesnousky, 1986). In tectonic regions where the
repeat ime for large earthquakes is relatively short, the available data favor either the charac-
teristic or the maximum magnitude model. In the Wasatch Front region, major faults such as
the Wasarch fault have not been important sources of small to moderate background sarth-
quakes over the 25-vear record of instrumental seismicity. This observation tends o favor the
charactenstic and maximum magnitude earthquake models, but the period of observation is too
short relative to the repeat times for large earthquakes to allow any definite coﬁclusions to be

drawn.
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GROUND SHAKING HAZARD
The final step in the seismic hazard analysis outlined in figure 1 is the estimation of

grounid moton for engineering applications. Predictions of ground motions from future earth-
quakes can be arrived at in many different ways and presented in a variety of different forms.
One especially popular approach o the problem is the probabilistic methodology for estimation
of peak ground motions first outlined by Comell (1968). Algermissen m;d others (1982) use
this basic methodology to derive maps of probabilistic ground motion esr.in;ates for the con-
u‘gﬁous United States, including Utah. Youngs and others (this volume) vuse a similar metho-
dology to carry out a detailed probabilistic analysis of ground shaking hazard for the Wasatch
Front region. In this section, we use Comell's method to perform some simple probabilistic
calculadons of maximum ground acceleradon for a representative site in the Salt Lake Valley,
halfway between the Wasatch and West Valley faults. OQur intent here is not to duplicate the
exiensive \:rork of Youngs and others (this volume), but rather to illustrate the relatve contri-
butons of various seismic sources to the ground shaking hazard. In camicular, we invesugate
the relative imporiance o seismic hazard of small to moderate (M < 6.5) earthquakes, which

dominate the historical earthquake record.

The site that we chose for our calculadon is the interseciion of interstate highwavys 15 and
80 in the city of Sowth Sait Lake at approximately 40°43.1°N, 111°54.2"W (diamond, fig. 3).
Qur calculadon incorporated two fundamental types of earthquake sources, as discussed above:
{1) small to moderate (3.0 £ ML < 6.5) earthquakes within a circular sour;:c area of radius 100
tm centered on the site, and (2) the rault-specific sources iisted in table 4, which have max-
imum magnitudes of 6.5-7.3. Although we have not included all of the possible eanhquake
sources m the Wasarch Front region in our calculadons, we teiieve that we have included all
af the maior contributors to ground shaking hazard in the Salt Lake Vailey. Eartiquakes
within the circular souice area are assu.mcci to te independent in size and location. have a spa-

tially uniform probability of occurrence, and have an exponential magnitude distribution. We
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used the seismicity parameters estimated in the recurrence modeling section above to character-
ize this source area. For the fault-specific sources, only the contribution of the maximum
carthquake to the hazard was included in the computation. For these maximum earthquakes,
the contripution to the annual probability of exceedance of a given peak acceleration value is
the product of two factors: (1) the annual probability of occurtence of the earthquake, and (2)
the probability that the given peak acceleration level will be exceeded if an earthquake of the

specified magnitude and distance occurs.

Peak horizontal acceleration as a function of magnitude and distance was calculated using
the constrained relationship of Campbell (this volume). Campbell actually presents a range of
median acceleration e¢stimates to reflect uncemainties in how stress n;.gime. fault type, anelastic
attenuation, and local site conditions ¢could affect ground motion in Utah, We performed our
calculations using both his upper-bound curves and his lower-bound curves, which differ in
their predictions of pcak horizontal accelerations by about a factor of two. In both cases, the
natural log of the peak acceleration was assumed 10 be normally distributed about the predicted

median value with a standard deviation of 0.3, the standard error given by Campbeil.

Some assumption about the depths of the earthquakes was necessary since Campbell
defines source-to-site distance as the shortest three-dimensional distance between the site and
the zone of seismogenic rupture. For the earthquakes in his data ser, Campbell identified this
zone from the aftershock distribution, when possible. We assumed that the zone of seismo-
genic rupture penetrates 1o within 4 km of the surface for all earthquakes inciuded in the com-
putation, based on the observation that the tops of the aftershock zones for the 1962 Cache
Valley eanthquake (Smith and Sbar, 1974), the 1975 Pocatello Valley earthquake {Arabasz and
others, 1931) and the 1983 Borah Pezk earthquake (Richins and others. 1$37) were al ar 3-4
xm depth. However, the 2ssumed minimum depth is imporant onlv for earthcguakes verv near
the site. The site is located about 4 km exst of the surface trace of the West Valley fault and 4
km west of the surface trace of the Wasaich fault Because the West Valley fault dips to the

east and the Wasarch fault dips to the west, both faults probably extend direculy beneath the




site. Assuming fault dips of 45° o 70°, the distance to the seismogenic rupture for a surfaca-
faulting event on either fault would be about 3=4 km, which is consistent with the assumption

we made about seismogenic depth.

Figure 14 presents four graphs of the probability of exceedance per year versus peak hor-
izontal ground acceleration at our representative Salt Lake Valley site. The four graphs illus-
frate the contributions to the ground-shaking hazard from (1) background earthquakes. (2)
earthquakes on the Wasatch fault, (3) earthquakes on.the other three faults listed in table 4, and
(4) all of these sources together. The solid curves bordering the shaded regions on each graph
were calculated using Campbell’s lower- and upper-bound peak acceleration reladonships. The
shaded regions between these curves indicate the range of annual probabilites for any given
peak horizontal acceleration. On the graph for the background seismicity, the rwo dashed
curves were calculated with the preferred b-value of 0.71 whereas the upper and lower solid

curves were calculated with the lower- and upper-limit b-values of 0.62 and 0.80, respectively.

FIGURE 14.--NEAR HERE

Assuming that earthquake occurrence is a Poisson process. peak acceleration values hav-
ing a 90% probability of nonexceedance in 50 years have an annual probability of 0.0021 or a
retumn period of 475 years (upper horizontal lines, fig. 14). On the graph that includes all of
the sources, the acceleradon value corresponding to this retum period lies between 0.17 and
" 0.40 g, as indicated on the plot. For comparison, the value obtained by Algermissen and oth-
ers (1982) is 0.20-0.28 g and the value obtained by Youngs and others (this volume) is 0.3 g.
Peak acceleration values having a 90% probability of nonexcesdance in 250 yvears have an
annual probability of 0.00042 or a rerurn period of 2,373 vears (ower honzontal lines, fig. i4).
The acceleraton value corresponding to this rerum period is 0.49 to 1.05 g on figure 4. For
comparison, e value obtained by Algermissen and others (1982 is 8.60-0.70 ¢ and the value
obuined by Youngs and others (this volume} is 0.7 g. Thus, the results of Algemmissen and

others (1982) and Youngs and others (this volume) fall within the range of probabilistic
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acceleration values that we calculate for both the 475-year and the 2,373-year return periods,
Figure 14 implies that the :bztckgmund source is the largest contributor to the ground
shaking hazard at the site for retum periods shonier than 500 years and accelerations less than
0.1 10 0.2 g, depending on the ground modon model used. The Wasatch fault is the largest
contributor 1o the hazard at longer return periods and higher accelerations. However, other
faults, particularly the West Valley faults, are also quite important. We note that our calcula-
tion assumes that earthquakes on the West Valley fault are independent earthquakes, t-:ven )
though there is'some possibiliry that they represent subsidiary fault movements associated with
earthquakes on the Wasatch fault (S.J. Olig, personal communication. 1987). At locadons
farther away from the West Valley and Wasarch faults, the contribution of these faults to the
ground shaking hazard will be less than is indicated by figure 14. At locations closer than 4
km from the Was:néh fault or near segments with shorter recurrence intervals than the Salt
Lake City segment (table 4), the contibution of the Wasatch fault to the ground-shaking
hazard will be slightdy greater than is indicated by figure 14. The hazard curves for the back-
ground source, on the other hand, are applicable throughout most of the imeror of the ‘Wasatch
Front region. Thus, from figure 14 we can infer that at most localides, the background source
will be the largest contributor to ground-shaking -hazard for return periods of 475 years or less

(exposure periods of 50 years or less),




CURRENT SEISMICITY AND THE WASATCH FAULT
In this final section we wish to consider the question, separate from the systematics of a
hazard or risk analysis, What does observational seismology tell us about the behavior of the
Wasatch fault? We then summarize our perspective on evaluating earthquake hazards and risk

in the Wasatch Front area from the viewpoint of observational seismology.

Let us first consider instrumental earthquake tocadons. Figure 15 shows 2 detailed plot
of insltrumenml seismiciry that might, on the basis of epicentral locations alone, be associated
with the Wasatch fault zone. The data include 1,538 earthquake locations from the UUSS
catalog for the period July 1962 thrcugh December 1986, The largest eanthquake included is
the MLS.Z Magﬁa garthquake of September 1962, located in the northwest comer of box B-B'.
Earthquakes were sampled from 30-km-wide zones extending 10 km east of the surface trace
of the Wasatch fault, to allow for ephicenn‘al errors, and 20 km west of the fault, to allow both
for epicentral errors and reasonabie down-dip projection of the fault. Figure 16 shows comple-
menary cross-section views for those foci included in figure 15 that meet the rigorous criteria
for {ocal-cepth reliability specified for figure 10. Epicenural precision of £ 5 ki would be
conservative for the data of figure 15, but errors as large as = 10 km cannot be ruled out for a
very minor fraction of the sample. [nsofar as the vast majority of the data posidate 1974 when
modem network recording began, most of the epicenters probably have a precision of £ 2-3

km (Brown and others, 1986: Arabasz and Julander, 1986).
FIGURE 15.--NEAR HERE

FIGURE 16.--NEAR HERE

The cross sections of ﬁg"r;tre 16 suggest that very few of the well-located foci sampled
from the vicinity of the Wasarch fauit could be interpreted to iie on the fault—if onc believes
hat the fault is a planar penemative structure of moderate dip.  Although the subsurface
zeometry of the Wasatch fault is not generally well known. Zoback (1987) interprets a ptanar,

relatively steeply-dipping (50°-35°W) subsurface geometry for the Wasarch fault near Nephi.




Smith and Bruhn (1984) interpret a subsurface fault dip of ~34° for the Wasaich fault near
Levan.

The best available data for addressing the question of whether small earthquakes might be
occurring on a listric Wasatch fault are those from portable-armay studics reporied by Ambasz
and Julander (1986). At the southem end of the Wasaich fault, both in the northermn and south-
em parts of box D-D’, they show that earthquake foci and corresponding foca.l. m_ech:misms are
'incomp:uible. with scismic slip on either a listric or simple planar project.ién of the Wasaich
fault. Raiher, the background seismicity appears to be occurring on xcondﬁy structures of
moderate (> 30°) to high-angle dip. Elsewhere along the Wasatch fault, existung data for earth-
quakes down-dip of the fauit arc cither inadequate or ambiguous (e.g., Pechmann and Thorbjar-

nardottir, 1984) for interpreting subsurface association with a listric projection of the fault.

Comparison of figure 15 with figures 8 and 9 indicates a remarkable paucity of
microscismicity along the Wasaich fauit within the broadly active earthquake belt of the
Wasatch Front Some specific features of small-earthquake occurrence in the vicinity of the
fault are targets of ongoing investgation, such as epicentral clustering along the fault trace at
the nonhem cnd of the Brigham City scgment, and clustering o the west of the Collinsion and
Salt Lake City scgments. The episodic narure of the earthquake activity, however, handicaps
the studies.

Figure 17 shows the spacc-time distribution of the earthquake sample included in figure
15. Such data might appear auwractive for relating scismicity to segmentation of the Wasatch
fault, but caution is clearly appropriate given the problematic reiationship betwesn Lhe seismi-

city and the fault.
rIGURE 17.--NEAR HERE

The foliowing generad observations can be made from figure i7: Scismicicy nerth of Big-
ham City provides 2 clear contrast with thar between Brigham City and Bountifzl. ITronically,

the northemmost segments of the Wasatch fault show no evidence of latest Quatemary move-




ment (Machette and others, this volume). There is a clear onset of the northem seismicity at
about 1975, which corresponds both to the timing of the 1975 MLG.O-Pocate!lo Valley earth-
quake and the approximate beginning of operation of the UUSS telemetered seismic nerwork.
The case for seismic quiescence before the 1975 earthquake is made by Arabasz and Smith
(1981). Activation of regional seismicity west of the Wasatch fault afier the Pocatello Valley
earthquake (discussed earlier) would be consistent with the interpretation that most of the
‘northern seismiciry in figure 17 is not on the Wasatch fault itself—althou gh the episodic clus-
tering of eanthquakes near Honeyville at the boundary berween the Brigham City and Collins-

ton segments (fig. 15) is indeed suggestive of at least partial association.

Seismicity near the northern end of the Sﬁt Lake City segment (northemn end of box B-
B'"), both west and east of the Wasatch fault, has long been recognized—as has quiescence to
the south. Other apparent features of the space-time diagrams of figure 17 are the post-1974
appearance of scartered earthquakes along the latitudes of the American Fork and Provo seg-
ments of the Wasarch fault, and temporally persistent seismicity near Santaguin and along the
southernmost Wasaich fault. There is minimal microseismicity aiong a 30-km-long section of
the Wasatch fault north of Levan. This includes at ieast the southem half of the Nephi seg-
ment, which has perhaps the youngest (< 200-500 years) surface rupture on the Wasatch fault
(Schwarz and Coppersmith. 1984). Depending on the structural association of earthquakes
west of the Wasatch fault along much of its course, the Wasatch fault itself could concgivably
be aseismic throughout most of the space-time diagram of figure 17 (see Arabasz and others,
1980). Thus, figure 17 may not simply provide a side view of seismicity on the Wasatch fault.
Te what extent seismicity in the vicinity of the fault might be redecung segmented behavior of
the faulr remains to be investigated further (see Wheeler and Kiystnik, this volume).

As argued by Arabasz and Smith (1981), apparent seismicity gaps aicng the Wasaich
fault z2re not necessarily indicative of a late (i.¢., pre-earthquake) stage of 1 scismic cvcle.
Temporal decreases in seismicity ambiguousiy characterize both the early post-aftershock stage

and the late pre-main-shock stage of a seismic cvcle (e.g., Ellsworth and others, 1981).
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Veneziano and others (1987) have recenty analyzed the UUSS earthquake catalog between
1962 and 1985 for the idenrification of independent main events and for the hierarchical clus-
tering of secondary events. One result of the statistical analysis was documentation that
between roughly 40°N and 41.5°N—along an irel encompassing most of the Wasawch
fault—dependent events are systematically suppressed, compared with earthquake behavior in
neighboring areas. The significance of this suppressed earthquake clustering is the subject of

current study.

The Wasatch Front area is a classic exampie of a seismically active region in which the
historical and instrumental earthquake record provides an inadequate guide to assessing earth-
quake potenual. The absence of any surface-fauiting earthquakes on the Wasatch fault in his-
torical time, the problematic correlation of background seismicity with mapped Cenozoic fault-
ing, and the notable paucity of contemporary eanthquakes with the Wasatch fault all combine to
enhance the importance of paleoseismological information. The potential for large surface-
faulting earthquakes effectvely must be considered independenuy of observed seismicity. The
occurrence of the 1983 Mg 7.3 Borah Peak, Idaho, surface-faulting earthquake in an arca of
low historical seismicity (Richins and others. 1987; Dewey, 1987)>—but in an area of clearly

recognizable late Quatemnary faulting—is a case in point.

Our closing perspective is that observational seismology contributes essential
information— much of it still to be refined—{or accurate estimations of ¢arthquake hazards and
risk in the Wasatch Front area. Background seismicirty currenr.l} predominates on second-order
fauits in the Wasatch Front area and is the largest contributor to the probabilistic ground-
shaking hazard for exposure penieds of 50 years or less. From a seismotecionic point of view,
background seismicity poses 2 major challenge in terms of understanding its associauon with
geological structure and its information conient about deformation on individuai segments of
the Wasarch fault. Bevend providing essental input to analyses of hazards and risk for
engineering applicadens and decisicn-making, cbservatonal seismology remains a crigeal tool

for probing the deformadonal state of segments of the Wasarch fault and for monitoring

changes in their behavior.
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TABLE l.—Largest carthquakes in the Utah region—1850 through December 198;6l (modifed from
Arabasz and others, 1979)

. Iniensity  Magniwde :.\iamenls
Local Date La®N)  Long(°W) Location D) M) (x10°"dyne-cm)
1884 Nov 10 420 1113 Bear Lake Valley 8 {6)
1887 Dec 05 37.1 112.5 Kanab 7 (5'%4)
1900 Aug 01 400 112.1 Eureka 7 {5%)
1901 Nov 13 33.3 112.1 Richfield 9 (6%4+)
1902 Nov 17 374 113.5 Pine Valley 8 (6)
1909 Oct 05 418 112.7 Hansel Valley 8 {6)
1910 May 22 408 1119 Salt Lake Ciry 7 {544)
1914 May 13 412 1120 Ogden 7 (5%)
1921 Sep 29 38.7 112.2 Elsinore 8 (6)
1921 Oct 01 387 112.2 Elsinore 8 (6)
1934 Mar 12 41.7 112.8 Hansel Valley 9 6.6° 77.0
1959 Jul 21 370 112.5 Utah-Arizona border ] 5.5+
1962 Aug 30 42.04 111,74 - Cache Valley 7 5.7 . 7.0
1966 Aug 16 3746 114.15 Nevada-Utah border 6 5.6 1.1
1975 Mar 27  42.06 11252 Pocatello Valley 8 6.0 186

l'l'abh: includes earthquakes of either maximum Modified Mercalli intensity V1T or greater, or of Richter
magnitude 5.5 or greater. Aftershocks excluded. Magnitudes in parentheses are estimated from inensity.
Sample area: 36.75°N - 42.50°N, 108.75°W - 11425°W (fig. 6). ![ulics denotwe earthquakes within
the Wasaich Front study area: 38.92°N - 42.30°N, 110.42°W - 113.17° W (Gg. 3).

2
“Richter (1935, p. 24) estimated an M, value of 7.0. The value of 6.6 comes from Gutenberg and
Richter (1954) and appears to be a surface-wave magnitude.

3Doser and Smith (1982).
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TABLE 2.—Independent main shocks of Enagnitude (ML) 4.0 or greater in the
Utah region—July 1962 - December 1986

Magnitﬁdc

Local Dawe Lat (N) Long (W) (ML) Location
1962 Aug 30 4204 11174 57 Cache Valley (Logan)—damage
1962 Sep 05  40.72 112.09 52 Magna—damage
1963 Jul 07 3953 11191 4.4 Juab Valley (Levan/Nephi}—damage
1963 Jjul 09 40.03 11119 40 Soldier Summit area
1963 Sep 30  38.10 1122 43 Capiwl Reef Area
1964 Ocr 18  41.73 11173 g1 Cache Valley
1966 Mar 17 4166 11156 46 Logan
1966 May 20 3798 111.85 4.1 Aquarius Plateau area
1966 Aug 16 37.46 114.15 5.6 Nevada-Utah border
1966 Oct 21 38.20 113.16 42 Escalanie Valley
1967 Feb 14 40.11 109.05 40 Utah-Colorado border
1967 Feb 16  41.27 113.33 4.0 Newfoundland Mtis. area
1967 Oct 4 38.54 112.16 52 Marysvale—damage
1970 Mar 29 41.66 113.84 4.7 Grouse Creek area
1970 Apr21  40.06 109.01 4.0 Colorado-Utah border
1971 Dec 03 42.50 110.24 4.1 SW Wyoming
1972 Jan 03 38.65 112.17 4.4 Elsinore—damage
1972 Jun 01 38.67 112.97 4.0 SW Sevier Counry
1972 Oct 01 4051 11135 43 Heper Cirpy—damage
1973 Apr13 4204 11263 42 Pocatello Valley
1975 Mar 27 4206 112352 6.0 Pocaiello Valigy—damage
1976 Nov (4 4181 112.70 4.0 Hanse! Valley™
1977 Sep 30 4046 11048 45 NW Duchesne Counrp—damage
1978 Nov 29 4210 112,49 4.6 Pocatello Valley
1979 Mar 19 40.04 108.86 4.1 Colorado-Utah border
1980 May 24 39 111.96 4.4 Goshen Valley
1981 Aprd4  37.59 113.50 4.6 Kanarraviile
1982 May 24 3871 112.04 4.0 Sevier Valley (Annabells)
1983 Oct 08 4075 111.99 42 N. Salt Lake Valiley
1586 Mar 24 3924 11201 4.4 Japanese Valley
1986 Aug22 3745 110.53 40 SE Utah {near Bullirog Basin)

Mualics denote carthauakes within the "Wasarch Front study arex (see Tabie 1 for
boundanies of the Uiah region and Wasawch Freat area).

~identified by Shimizy (1987) as a dependent event related o the March 1975
Pocateilo Vallev earthquake. Included here for the sake of argument.




TABLE 3.—Average recurrence intervals for earthquakes
in the Wasatch Front rv.:gionl

Magnitude Range

Average Recurrence Interval {years)

Preferted Esdmate

Range of Esumates

M 230
M 235
M 240
My 245
My 2 5.0

30 S M €35
35 €My €40
10 S M €45
4.5 M €50
50 <M $5.5
5.5SM; S60
6.0 <M, S6.5
655 M, 7.0

70 5 ML <75

040
0.50
2.0
4.6
10
24
54
120

0.71

1.6

8.3
19
42

0.81- 1.0
1.7-25
34-63
7-16
14 -40
29 - 100
60 - 250
120 - 630
56 - .18
1.6 - 1.7
33-42
6.6-10
14 - 26
28 - 66
57 - 170.
120 - 420

240 - 1600

l1g045'N42°30°N, 110°25'W-113°10"W, excluding
mining-related seismicity in the squiheasi cemer of
the area. Area equals §5,000 km”.
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TABLE 4.—Informarion for selected fault-specific sources

Interval
Approx. Maximum  Minimum for Max.
Length Magnirude Distance to Earthquake Annual Probability
Fault Source (km) (MS) Site (km)1 (years) of Max. Earthquake

1. Wasatch fault (Youngs and
others, 1987, Machette and
others, 1986)

Cotlinston segment 60 73 110 8,800 1.1.x 107
Brigham City scgment 40 7.1 70 7250 14X 10:41
Weber segment 57 72 15 1,350 74X 10
Salt Lake City scgment 45 72 0 2.550 39x 107
Amercan Fork segment 18 6.8 25 1,500 53X 107
Provo segment 19 6.8 40 1,900 53X 104
Spanish Fork segment 32 7.0 60 2,050 49x 107
Nephi segment 40 7.1 ' 80 1,750 57X 10
Levan segment 35 7.1 120 7,100 14 X 10_4
Fayette segment . 14 6.6 155 10.000 L.OX 10
2. West Valley fault zone 18 6.5 0 2,000 50X 107

(Young and others, 1987;
S.J. Olig, writen comm-
unication, 1587)

Euast Great Salt Lake fault
(Pechmann and others, 1987;
Viveiros, 1986)

L¥})

Promontory segment 50 7.2 70 4,000 25 x 107
Antelope Island segment 50 7.2 20 4,000 25X10
4. N. Oquirth Mts. fault 35 7.0 30 10,000 1.ox 10" -

(Youngs and others, 1987,
T. Bamhard, personal
communicaton, 1987)

I'I‘ne stte used for the calculadon of the hazard curves is the intersection of i-135 and 1-30 in
South Sait Lake, at approximately 40°43.1'N, 111°54.2'W (diamond. fig. 3).
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FIGURE CAPTIONS
FIGURE 1. Flowchar outining steps in a formalized eaﬁhquake hazard analysis (left column)

and interrclated aspects of observational seismology (right column).

FIGURE 2. Maps of the Utah region showing distribution of seismograph stadons (triangles)
at four different times between 1955 and 1985. The "Utah region,” comesponding to 2
specific domain of the University of Utah's earthquake catalog, extends from latitude

36°45'N to 42°30'N, and from longitude 108°45°W to 114°15'W,

FIGURE 3. Map showing seuing of the Wasatch Front study area with respect to the Inter-
mountaio seismic belt (hachured zone) and the epicenters of historical earthquakes of mag-
nitude 6.0 and greater (large dots) (adapted and updated from Arabasz and Smith, 1981).

Year and magnitude labeled for each sarthquake.

FIGURE 4. Schematic block-diagram (vertical exaggeration ~1.0-1.5) illustrating selected
aspects of the seismotectonic framework of the Wasatch Front area. Heavy lines with
ATOWS (d_irections of displacement) represent fault traces. Bold lower-case lenters indicate
elements discussed in the text, including (a) the base of the crust defined by the Mcho, (o)
lower-crustal maternai. (¢} low-angie detachments, (d} listric fault geometrv, (e} the
brirte-ductile transition. () the nucleation zore of a large earthguake, (g) surface fault
scarps, (h) fauit segment boundary, (i) the direction of crustal extension, and (i) the orien-

tadon of principal saresses (¢, 6., g4) with compression positive.




FIGURE 5. Index map of the Wasatch Front study area showing traces of late Quatemnary
faulting (see text for sources). Large arrows delimit the extent of the Wasatch fauit zone.
Other faults labeled for general oﬁenmdon include: BL. Bear Lake; BR, Bear River
Range; CL, Clear Lake; CM., Crawford Mts.; DM, Drum Mts.; EC, East Cache; ECN,
East Canyon; EGSL, East Great Sa}t Lake; HV, Hansel Valley; JV, Joes Valley; LD, Lit-
te Diamoﬁd Creek;. ME, Mercur, MO, Morgan; Nb. Northern Oquirth; OV, Ogden Val-
ley; PR, Pavant Range; PV, Puddle Valley; RV, Round Valley; SC, Sulphur Creek; SH.
Sheeprock Mts.; ST, Stansbury Mts.; STW, Sua;.vberry Valley; SV, Scipio Valley; TH,
Topliff Hill; WV, West Vailey. The diamond near Salt Lake City marks the site for

which we performed a probabilistic calculation of ground shaking hazard (see fig. 14).

4.0

FIGURE 6. Epicenter map of the Utah region showing all independent main shocks of ML

or greater (or Intensity V or greater), 1850-1986, and Quatemary faults, Earthquakes of
estumated MLS.S or greater are indicated by solid circles labeled with date. Data from

University of Utah Seismograph Stations.

FIGURE 7. Epicenter map of all eanthquakes located by the University of Utah Seismograph

Stadons in the Utah region, 1962-1986.

riGURE 8. Epicenter map of all earthquakes located by the University of Utah Seismograph

Stations in the Wasaich Front area. 1974-1978. Base map as in figure 3.

FIGURE 9. Epicenier map of all earthquakes located by the University of Utah Seismograph

Stations in the Wasatch Front area. 1978-1986. Base map as in figure 3.
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FIGURE 10. Epicenter map (right) and comesponding vertical sections (left) of earthquakes in
the Wasatch Front area located with reliable focal depths, October 1974 through
December 1986. Sample includes only earthquakes located with a standard verdcal hvpo-
central error of 2 km or less and with the distance 10 the nearest recording station less
than or equal 1o the focal depth or § km, whichever is larger. Each vertical section

includes foci whose epicenters lie within 15" latitude of the line of section.

FIGURE 11. Schematic geologic cross-section of the upper crust illustrating complex associa-
tion of seismicity with geological structure in the Intermountain seismic belt (from Ara-
basz, 1984, and Arabasz and Julander, 1986). Starbursts indicate foci of _mc?fjerar.e-to-large
earthquakes; small circles, microseismicity; lines in subsurface, faults. Amows indicate
sense of slip on faults; two=directional armows. exiensional backsliding on pre-existng
low-angle faulis possibly formed as thrust faults. Base of seismogenic layver is approxi-
mately at 10-15 lkan depth.  Letters identify aspects (not exhaustve) of observadons and a
working hypothesis relaﬁhg seismicity to structure: (a) local predominance of seismicity
within a lower plate; (b) nucleadon of a large normmal-faulting earthquake near the base of
the seismogenic layer, hypothetcally on an old thrust rmp, and with linkage or an esta-
blished ruprure pathway to a major surface fault: (¢) occurrencs of a moderate-size earth-
quake within a lower plate, without linkage (0 a shallow stucture; (d) occurrence of a
mcderate-size earthquake and aitershocks on a secondary fault where an underlying
detachment restricis deformation to the upper plate; (e) diffuse block-interior microseismi-

city predominating within an upper plate--perhaps responding (o extension enhanced by
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gravitatonal backsliding on an underlying detachment; and (f) diffuse block-interior
microseismicity within a lower plate where frequency of occurrence is markedly lower

than in the overlying plate.

FIGURE 12. Epicenters of independent main shocks in the Wasatch Front area from July
1962 through December 1985, plotted on the map of late Quaternary faulting shown in
figure 5. Dashed box at lower right indicates area of mining-induced seismiciry that was

excluded from the recurrence analysis.

FIGURE 13. Recurrence data for independent main shocks in the Wasatch Front area from
July 1962 through December 1985. The dots show the cumulative number of earthquakes
per vear greater than or equal to the {ocal magnitude, ML, given on the horizontal axis.
The dots are spaced 0.1 magnitude unit apart. The heavy line through the dots for
ML23.0 indicates wthe preferred maximum likelihcod fit with a slope. b, of 0.71, calculated
using the method of Weichert (1980). The lighter lines indicate the lower- and upper-
bound siopes of 0.62 and 0.80. The area used for the recurrence modeling is 85,000 km>

(area shown in fig. 12 minus the dashed box).

FIGURE 14, Graphs showing the probability of exceedance per vear for peak horizontal
ground accelerations on soil at the intersection of [-135 and [-80 in South Sait iLake at
approximately 40°43.1'N, 111°54.2'W (diamond, fig. 5). The shaded zones represent the
range of values calculated using the range of median artcnuauon curves for peak horizon-
1l acceieration presented by Campoell (1987). The results of separate calculadons for tic

background seismicity, the Wasatch fault, other faults (the West Valley, East Great Salt
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Lake, and North Oquirth Mountains faults), and all of these sources together are shown.
On the graph for the background seismicity, the dashed curves bound the range of values
obtained using the preferred b- value of 0.71. The lower solid curve was calculated using
the upper-bound b-value of 0.80 and Campbell’s lower-bound acceleration estimates,
whereas the upper solid curve was calculated using the lower-bound b-value of 0.62 and.
Campbell’s upper-bound acceleration esimates. The vertical axes at the right shdw the

average return period in years (the inverse of the annua! probability).

FIGURE 15. Strip map showing the Wasatch fault, segment boundaries and names (according
to Machette and others, this volume, right-hand side; and Schwanz and Coppersmith,
1984, left-hand side), and all earthquakes located by the University of Utah Seismograph
Stations during the period July 1962 through December 1986. Circle sizes indicate rela-

tive magnitudes of events.

FIGURE 16. Composite figure of cross sections keyed to the boxes in figure 15. WTF marks
the surface trace of the Wasatch fault, arbitrarily depicted by a plane dipping 45° to the

west. Only foci meeting critenia for reliable focal depths, as in figure 10, are included.

FIGURE 17. Composite figure of space-ume diagrams of eanthquake occurrence keyed to
figure 15. Circle sizes indicate relative magnitudes of evenis. Shown for reference are
the locadons of seiecied ¢iges and towns aleng the Wasaich fault (above) and the toun-
daries and names of segments of the WVasatch fault delineated by Machene and others

(this volume) (below).




l. Compiladon of eanthquake catalog (earthquake
umes, locatons, and sizes)

2. Characterizadon of seismotectonic framework
(crustal structure, contemporary deformation
(stress state and strain rate], location and
geometry of acuve faults, correlation of seis-
micity with geologic swucture, and fault
mechanics)

6. Studies of pre-insgrumentai, historical
earthquakes

7. Instumental seismic monitoring and
routine data analysis (earthquake locadons.
sizes, focal depths)

3. Definition and geomemic depicton of seismic
source zones

4. Estimation of seismicity parzmeters (pre-
tesiing of catalog for uniformity of size
estimares, dependency of events, and sample
completeness; assessment of maximum magni-
tude: recurrence modeling and compurtaons)

8. Network and porable-array seismology
{special srudies of hypocentral resolution,
focal mechanisms, seismic moment, swress
drop, and other source parametars; also
crustal sgucture)

3. Modeling and esdmadon of ground modon
for engineering applicadons—including
descripdon of sourcs spectum (and its scaling
with earthquake size), wave propagadon, and
aitgnuagon

9. Analysis and interpretation of space-time
patterns of earthquake benhavior for recurrence
modeling and earthquake forecasting

0. Aralysis and interpretadon of earthquake
source mechanics and wave propagaton
zffects, including anenuadon
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