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~ ABSTRACT

As part of a pilot study, the State of Utah; Division of
Comprehensive Emergency Management, and the Federal Emergency Management
Agency (FEMA) undertook a pilot project to develop a multi-hazards

emergency management program. Among the tasks performed was the

development of a probab11ist1c risk assessment methodology to evaluate
the consequences of the mu]tiple hazards that may impact the state,
notably along the populated reaches of the Wasatch Front., A probabil-
istic approach offers a comprehensive summary of the likely consequences
in the event a major disaster should occur. It identifies the possible

o scenarios that may take place, and estimates the likelihood of their
""" occurrence.” For purposes of emérgency management planning and public

policy decislon making, it is important to have a clear understandlng of
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the consequences, in terms of both their possible magnitude and 1ikeli- - -

_hood. With this 1nput the decision maker .can make informed, logical

plans to mitigate and respond to the impact of a major disaster. This

work represented the initial step to develop a comprehensive risk

assessment procedure that will become an integral part of an active

multi-hazards emergency management program.



In-the first part of the projeci; guidelines were;provided.fur

'.'conducting a probabilistic assessment of ‘the consequences to the

following primary natural hazards in Utah: earthquakes, floods, dam
failures,_end landslides. The framework of the probabilistic model
included the following elements: - hazard evaluation, exposure assess-

. ment,~Vulnerab111t};br damage assessment, and risk quantification. In a
hazard evaluation, in additfon to fdentifying the possible hazards that

exist, a probabilistic assessment is also made of the possible serial

‘occurrences of multiple hazards such.as eartnquakes and a seismically-

induced dam failure. 1In assessing the consequences to each hazard

«'occurrence, the random factors that influence the estimation of

casualties, such as season of the year, time of day, effectiveness of

“warning systems.’etc; were also incorporated in the analysis. -In the -
~final quantification of risk, probabilistic input on each hazard and
‘their consequences were expressed in probabilistic terms. The emergency
4 manager uould_berprovided with input on the possible magnitude of
‘casualties (e.g., deaths, injuries, homeless) and the likelihood that

such losses would beiincurred.' Sjmi]arly,'the arailability of emergency

“services following a disaster would be expressed in- the same manner. For

example, it is possible to estimate the 1ikelihood that a given number
of hospitals will be operational after -an earthquake

The multi hazards risk assessment - 1s intended to prov1de the
emergency planner with a clear picture of the possible hazard/
consequence scenarios that can occur.‘”Rather than conservat1vely

- selecting the worst situation as a design basis event, the decision
‘maker is provided with an evaluation of the consequences in terms that
' express the extent of losses and their likelihood



INTRODUCTION

The State of Utah faces the unique cnaiienge'of addressing the

problem of mu]ti-hazard5~emergency management. Unlike many other areas

in the U.S. that face potential catastrophic loss due to single or

multiple hazard ozcurrences, Utah finds itself in a situation where 90
percent of the state's population lies at the foot of the Wasatch .
Mountains, which 1s the focus of the major hazards that could occur in
the state. The Wasatch Fault, which 1s a portion of the Intermountain

Seismic Belt, is a highly active source of seismicity in the region,

capable of prqducing intense groynd shaking and surface faulting due to .
events as high as magnitude 7.5. The occurrence of earthquakes along

~_ the Wasatch Front, in addition to posing a direct threat, could initiate

other hazardous events as well, including dam fa11ure and landslides in
the canynns above populated areas.‘ﬁ, } '

In response'to the clear. and present danger of the multi-hazards
that tnreeten the major economic, social, and po]itical centers of Utah,
the state has embarked on a comprehensive emergency management program.
This effort, entit]ed, "The Utah Multi-Hazards Project,” is a pilot
program funded by the Federal Emérgency Management Agency. It is
designed to establish a methodology to identify the hydrologic and

""geologic hazards in Utah, to assess the consequences of their occur-

rence, and to establish the groundwork of a methodology to aid local
officials in emergency planning and mitigation of the risks to local '

: communities.

Within a comprehensive emergency hanagement plan there are gﬁnumber_

- of interrelated elements that ultimately lead to the development of
'measures to mitigate the consequences anticipated from a major disaster.‘
‘Figure 1 diSplays schematically the general format of a comprehens1ve.

emergency management program. As illustrated in the figure, the
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results of a risk assessment provide input ‘to the development of
 emergency operation plans to meet ‘the needs immediately after a major
disaster and to formulate long- and,shortbterm_mitigation efforts.
B i A : : . -
In order to provide this information to emergency management
. planners and public policy makers, a probabilistic risk assessment
-approach is used. Risk.assessment»procedures are used extensively in - -
engineering ;practice and have become an attractive tool for “decision
makers who must make fmportant public policy decisions involving highly
‘uncertain events, such as extreme floods, earthquakes, lands1ides, etc.
In a probabilistic risk assessment,'information'is presented in terms of
the magnitude of the potential disaster and its 1ikelihood of
occurrence. | ' o

h . To assess the intensity of major naturaT hazards and the
v consequences of these events is highly uncertain. As an example, it is
f 2 easy to recognize that when a major earthquake occurs there is uncer-
- tainty in the predictton of the spatial intensity of. ground shaking, in
! the extent of damage to buildings and other structures, in estimates of
0 how many casualties there will be, or which emergency services will be
available. - The same can be safd for other disasters as well. Where.
multi-hazard events can occur essentially §imultaneously, such as a
seismica11y-1nduced dam failure, the consequences of serial hazard
occurrences . become harder to plan for without an. 1nd1cation of their

Within the scope’of the Utah Multi-Hazards Project, guidelines to
perform a probabilistic risk assessment procedure were developed to
_evaluate the many hydrologic andhgeologio hazards that threaten the
populated areas of the state. In this paper, an overview.of the
approach taken is presented with particular emphasis’ given to seismic.
risk assessments.:_:; ' ' ' '



'METHODOLOGY FOR MULTI-HAZARDS RISK ASSESSMENT
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Ovenniew

An important element in the_develooment of an emergency management
program is to establish in the planning stages a clear, comprehensive
view of the demands that will -be placed on local and national emergency

'services immediately following a major disaster. In the pre-disaster

planning stages, it is necessary to know the likelihood and degree of

__'damage to structures and loss of life and injuries that can be expected.
Information reported in this manner provides the emergency planner with

a composite, two-dimensional view of the potential consequences.. By

“reporting the degree to which emergency services will be available

immediately after a major disaster in the same way, a direct comparison
and assessment can be made of their adequacy.

An assessment of the consequences of a major,disaster is a task
that must deal with a variety of uncertainties. For example, there is
uncertainty associated with the random occurrence of a disaster such as
the chance it will occur 1n~an§ given year, the location, the time of
day, and season of the year, Given its occurrence, there is uncertainty
in the assessment of the consequences, including the damage to build-
ings, availability of emergency services, assessment of 1ife loss, and
the response of the public to warnings. Currently, a standard procedure
does not exist that systematically incorporates these and other
uncertain factors in a consequence evaluation.

The purpose of the wonk for the State‘of Utah was to present
guide]ines to evaluate the consequences to the multi-hazards exper1enced
in Utah in a probabilistic format. Although methods: to evaluate the
risk due to major natural disasters and to plan mitigation measures are

not well established, the basic steps in the process are generally

.+ recognized to consist of:



. Hazard,eraluation

o Exposure assessmentw(the pdpuiation'andvproperty at risk)

g L

° Vu]nerabi]ity_assessment i
e Risk quantification

(] ;Estab]ishment‘of'a progran of risk mitigation, including
emergency operation plans '

.o Updating emergency operation plans in light of the changing
* - environment (1.e., physical, political, social, economic)
} N . - A :

'Inﬂthis work we were concerned nith’the'first four steps that compose -

the assessment of risk.

A hazard evaluation involves the identification of the natural or
man-made conditions that represent a source of danger. A hazard may be
caused by some external" initiating event, such as the intense .ground
shaking produced by an earthquake or it may occur as a random, . iso]ated.
event such as the flood produced by a failure of a dam due to foundation
instability. ‘ ‘

"EXposure refers to the property (i.e., buildings, homes,
agricultural farmland, factories etc.), and lives which are exposed to
the potentiai hazards. In other words, that which is at risk. '

Vuinerabiiity refers to the expected degree of damage experienced
by the eiements exposed to the hazard. A- reiationship describing the

'expected damage ‘to .one- story residences exposed to flood waters is an

example of a. vuinerabiiity assessment.



When the tncertainty in thelhaaard and consequence assessments are
considered,Ait is pdssible to 1magine'that a variety of scenarios could
occur at random._ A simple example can’ 1llustrate this. ‘Consider that

_two levels of earthquake ground motion 1ntensity are postulated, each
"with a probability of occurring. Also, consider that a dam could fail

or not fail when exposed to each level of earthquake. Depending on the |

- level of the earthquake, the probability of dam failure would be differ-

ent, In this case, four possibie scenarios might occur. For ‘each level
of earthquake 1ntensity, there could be faflure or no failure of the
dam. The 1ikelihood of .each scenario would be the product of the

‘individual event probabilities (i.e., probability of dam failure given
‘the earthquake intensity times-the_probabi]ity of the earthquake).

In the final risk quantification the likelihood of all possible
hazard/consequence scenarios is assessed. The formal quantification of
the impact of a major disaster involves a.iogical comhination of the
random events that.result in adverse consequences. The steps ‘in the
procedure are described subsequently. '

Initiating/Emergency Planning Event§‘

~In order'to assess emergenEy managenent needs in the event of a
major disaster, it is important to quantify the risk on a per event .
basis. In this way, emergency service capabilities can be directly

- _measured against the demands _posed by each disaster. For this reason,

individual eyents‘are_general]y,defined.to:serve as the basis for

'consequence evaIuation and,the deSign‘df emergency operation plans.

In the mu1t1 hazards prOJect work the following 1n1tiat1ng hazard
events were considered - ‘

Earthquake

Flood A
~'Dam.FailUre
. Landslide



- It is a fairly common practice to devéiop emergency management plans and
mitigation programs on the basis of worst case hazard scenarios. As an
‘example, the consequences to the probable maximum 1o0d might be |

fassessed and used as the basis to make emergency operation plans. The
concept of considering worst case hazard scenarios as the basis for -

~ emergency management planning is not necessarily realistic. One reason .

is that, as well as not accounting for the uncertainty with respect to
‘event location, there is no concept of the 1ikelihood of occurrence..
Also, from an economic perspective it may not be cost effective, or
politically feasible to design emergency operation plans fon*Armageddon.
Furthermore, in the development of a comprehensive multi-hazards emer-.
gency management plan, the 1ikelthood of occurrence for different worst
case events may be very different,; For example, the maximum credible
earthquake may have 2 return periodAof 250 years, while the average
waiting‘time‘for the probable maximum flood may be 100,000 years.
Clearly an inconsistency exists in terms of the level of risk being
considered in each case. However, the use of worst case scenarios in
‘the course of an analysis can be informative since it helps to establish
an upper bound on the anticipated losses and,requ1ned emergency
services. o :

Two planning events were selected as the basis to evaluate losses,
- prepare emergency operation plans, and develop mitigation programs. A
planning event is the primary hazard that 1n1t1ates one or more of the
potential hazards that a community may be exposed to, and is used as the
- basis to design emergency manageméntisystems. It is also referred to as
the initiating event which may trigger one or a series of additional >-
hazards. The two planning eVents'conSidered herein were the events that

i have an . annual probabi]ity of 0.01 ‘or 'a 100- year return period and the

worst case or maximum credible event.



To perform the risk assessment the planning event is. .
conservatively located where its occurrence will result in the most
severe consequences.ﬁ The degree of conservatism will depend on the

~ 1ikelihood that an event of the same size could occur elsewhere, without
adverse impact on the study area. .. . ‘

Hazards and Hazard Sequences |

Given the occurrence of an initiating event, single or muitipie
hazards may occur in various parts of a region. The occurrence of one
or more hazards may be dependent, not. only on the fact that the initia-
ting event has occurred (e.g., 100-year flood), but on other hazards as :

‘well. In other words, there may be a probabilistic dependence between

the occurrence of one or more hazards. The situation of a sefsmically
induced dam failure is an example of the dependence between two hazards,
ground shaking and flooding due to a dam break. |

Given the occurrence. of an initiating event (e.g., 100-year flood,
dam break, etc.), an assessment is made to evaluate the 1ikelihood of
each hazard that can occur, either individually or in series with other
hazards. In order to establish an eventual probabilistic character-
ization of the muitiple hezards and hazard $equences that could occur, a-

' systgnatic procedure is required. The general steps and examples for
~ the State of Utah are 1isted below. '

_50 _Identify the potentiai initiating events that could occur in the
L region. : Lo

'”oV‘Determinegtheehaiards'generated by eéth'initiating event,
~ including primary, secondary, etc. throughout the study area.

'@ Establish the'interrelationship between hazard typesito
determine the dependencies that may exist, in order to develop ‘
an event tree of the multiple hazard sequences that could .
- occur, ' ' '



o Select amodel or statistical approach to define the 1ikelihood
 of each hazard intensity level, ’
6,‘Aceord1hg to the combination of events depicted in the event
) tree, evaluate the 11ke11hood of each hazard sequence throughout
" the’ region. _ o '

Table 1 liSts the initiating multi-hazards in Utah addressed in
this work. Note that the hazards listed are natural geologic or hydro-
logic hazards only, with the exception of dam failures. No direct
consideration is given to technological hazards such as fires, chemical
spills, or radiation release. -

~The event or logic tree‘approachito multi-hazard assessment is

- effective since it cad‘be used to illustrate graphically the potential
- hazard scenarios that could occur. Figure 2 is an example of the

seismic hazard event sequences that could occur. Each branch of the
event tree rebresents a possible scenario that could occur within a
study area or could be experienced at a given site. The probability
that a given'sequence would occur is simply the product-of the prob-
abilities along the branch. Since each event is typically defined by a
number of discrete values, the actual number of branches (scenarios) ds

-..far. more than shown in the figure.

Exposure

For a‘prescribed study area, an inventory is required to 1dentify '

-  the type, number and locatioh of each‘element at risk (e.g., property,
populat1on) The development of an accurate and complete inventory of -

the elements at risk 1s an 1mportant phase of the risk assessment. In

e‘order‘that,pertinent 1nformat10n be collected, the 1nyentory system
“should be developed in consultation with the risk analyst and the appro-

priate experts to ensure completeness. Generally, the step of

10



establishing the inventory system would be perforned once, with'the
exception of possible modifications when applied to a new region or when
additional hazards are considered

'Vulnerability Assessment

~The vulnerah‘lity assessment task inyolves\the development or uSe'

. of available‘methodsfto assess the likelihood and degree of damage to

structures and s&stems exposed. to the variety of hazards considered in

. the multi-hazards analysis. Included in this phase of the analysis is

the estimation of casualties,

Structure and Conponent Fragiligy

Each hazard type imposes on the structures and systems in the
vicinity where it occurs some form of external load. Depending on. the
severity of the applied loads and the capacity of the element being ‘

challenged, some degree of damage may be experienced. "There are, how-
ever, a number of uncertainties involved in-assessing the damage to
structures. For example, an assessment of the damage to a building

“exposed to the strong shaking of an earthquake is uncertain because of
‘unknown design and construction irregularities variability in the

strength of construction materials, uncertainty in predicting the actual

‘response of a structure to the violent shaking induced by an earthquake,
C among‘other reasons. ' Although it is difficult to predict the precise

level of strong. shaking at which damage or failure would occur, it is

~ possible to define’ a range over which it is likely to take place. Within
.this range,’ the .assessment of the likelihood of failure or damage '

'increases from a probability of zero (e. g., no “chance of failure) to -a

- probability of one (e.q., certain failure). The relationship which .
vgvdescribes the probability of fatlure at various hazard levels is known
as a fragility curve. A fragility curve can be defined for structures

-exposed to ground shaking, flooding, landslide, or any. other hazard. A
. --. graphic illustration -of 'a fragility curye is given in Figure 3.

11



For the purpose'of emergency management pianning,,fragility ourves
can be used in conjunction with estimates of the severity of each hazard
to predict the probability that a structure will-fail or the degree of
damage that it is. iikely to sustain.

Commonly, fragiiity curves assume that - a stricture, component or . .
system is in one of two possible~stateséeeither'compieteiyﬁfaiied'or not
failed. In many cases, this distinction is appropriate. However, in-

" .. some cases damage may .occur in varying degrees from no damage to

collapse or complete failure. For each hazard and structure type con-
sidered, the number and definition of each damage state must be

“established. An important step»in this consideration is to define the

damage level at which a loss of function occurs. It s of critical
‘importance in emergency planning to quantify the avaiiabi]ity of
services, sheiter.land transportation- ‘routes when a disaster occurs. In

. many cases, nonavailabiiityimay occur at a damage.ievei<considerably'v

less than complete collapse, and therefore loss of function is more -
l1ikely to occur than collapse. ‘ a

For use in risk assessment studies designed to provide input to

~emergency management pianning, it is’ neither practica] nor necessary to

develop fragility curves on a structure-by-structure basis. That is, it
is not appropriate to develop a fragility curve for every single-family
residence exposed to earthquake ground shaking. Rather, it is adequate

. to have a generic curve for each typE”of"singie famiiy residence. This
‘1imfts the number of- fragility curves required to the number of struc-

ture types in the study. area. In cases where there are only a few
critical structures to. be considered in the anaiysis structure specific'

4fragiiity curves can be deveioped

-:Assessment of Casuaities and Homeless

An evaiuation of the number of casuaities due to a major disaster '
depends on a number of factors fncluding the type of hazard, time of
year, time of‘day, whether a warning system exists,- and the population.

N T



,distribution with'respect to hazards that may‘result in loss of life

(e.g., earthquakes, floods), and the type of structures that house
people. Other factors include the fraction of those that would be

- killed or injured glveﬁ’a particular hazard. Some of the considerations ?
‘listed above involve the inherent randomness of when a disaster is

likely to occur while others are the result of uncertainties in pre-

dicting the outcome of events. In this phase of the risk assessment
" the major sources of uncertainty in estimating the potential casualties
are considered Table 2 summarizes the random variables that should be

taken into account in the estimation of the number of casualties in the

}-'event of a major disaster.

“To quantify the likelihood and number of casualties, the following
general approach 1s outlined. " Figure 4 presents an’ example using an
event tree to display the: various random events that influence the -
estimate of casualties, while at the same time addressing how;likely it
s that each scenario, or combination of random factors, is to occur.
Note that from each ‘hazard type, the number of factors included in the
analysis and the method of estimating the number of casualties will
differ. ' '

To evaluate the number of people left homeless after a major
disaster also depends on a number of factors. Among them are-the time
of year, type of hazard, type of construction of single-family resi-
dences, apartment buildings, etc., and availability of utilities (e g.,
gas, electricity) following the disaster. The assessment of the numbers
of homeless canjbe performed in much the same way as the analysis for
the number of casualties. The use of data from past disasters is. also a h

: useful ‘way to calibrate a model
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‘Risk Quantification g

| In this phase of the risk ana]ysis the Individual components of
the anaiysis are combined to probabilistica]iy quantify the conse-

' quences to each ' initiating event, A generic list of the type of results

“that can be assessed is given along with a brief discussion of the
format for quantifying them. '

In order.td effectiveiy plan for a major disaster, answers to a
number of questions ‘are required. Among them are: ‘

o How many casuaities will there be? How Tkely is it?
o - How many people will require shelter?

;e'.Hhat_wiil the availabi]ity of medical services be (e.g.,
~ hospitals, beds, doctors, nurses, etc.)?

¢ What modes of tranqurtatibn will be available?
¢ Wil pubiic.services such asjpoiice7and fire be operational?

o Will lifeline systems such as water and electricity be |
available? Where? I ‘
From questions such as these, a 1ist of the information required for
emergency pianning'can be estabiished. However, as expressed pre-
viously, there are a-number of uncertainties involved in estimating the '
consequences of a major disaster. Therefore, it is generally not '

:'possibie to provide a single answer to these questions. Instead, the'f:

range of hazard/consequence scenarios is considered to estimate the -
distribution on the. possible consequences. ‘Table 3 summarizes the type
of resuits provided by the.risk analysis. ' '



- , Table 1 v
Multi Hazards Considered 1n this Work _

*Fourth and higher order hazards are not shown.
**Dam failure could be caused by 1iquefaction, which would 1n turn be

the resu];.of strong ground shaking.

'“Ihif1atiﬁg B ' " Hazard Order*
Event First “Second Third
Earthquakes% _ Ground Shakihg Liquefaction- ,
. . Dam Failure** Flooding
% Lands1ide ~ Dam Failure,
§ S Flooding
; Reservoir Waves
i Natural Dam
: ) Formed
o - Fault Of fset Dam Failure - Flooding
Floods .~ .| -Flooding (depth  Dam Failure - .  Flooding
; o ~.and velocity. . : -
o ~of water) Erosion
~ Lands)ide/ ”§ Massive Earth Reservoir Waves Dam Failure
Debris Flow Movement. : ' 7
' Natural Dam Dam Failure Flooding
Formed :
‘Dam Failure Flooding

15



. Table‘v?.',‘

Réndoﬁ Variables ih'iﬁé‘fstimafiéh of Casualties

Variable e

" Sources of Uncertainty

Estimation of the
fraction killed:

fEstimation of the
‘fraction fnjured

Warning and warning

systems !

Time of yearé ; Tr&nsient versus permahent popu]htion
- Time of day f . Population distribution during work or |

commuter hours versus the time in residence

Uncertainty due to the inexactness of =
methods/information to predict the number
of people killed in a major disaster

}'Uncertainty due to the inexactness of
methods/information to predict the number

| of people injured in a major disaster

In the case of somé hazards such as floods
and dam failures, some warning to evacuate
may be available; if a warning system
exists, there {is uncerta1nty as to its
effectiveness

16



Tabie 3

, Partial List .of Information "and Format of Results
o Provided by a Risk Analysis 3

Factor IR Result
Casualties %A_ ,
— < Deaths . Probability distribution on the number
‘= Injuries o in each category
: - Homeless :
. Medical Services ~
- Hospitals - - = : "Probability that any or all hospitals will
o i ... - . _  be functioning
- Medical Staff Probability that an- adequate staff will be
. i ‘ avaiIab]e ‘
Transportation- ~ ' 3 I o :
- Highways -~ .. Probability that critical transportation
- Railroads . routes will be available
- Airports - ' ' -
~ = Ports »
Shelters ) , "~ Probability distribution on the number of

people that shelter could be provided for




SUMMAR[;g‘

Guidelines for coxﬁucting a probabilistic risk assessment for
application in mult i-hazards emergency management p]anning were pre-

~sented. The results of a probabilistic analysis offer the emergency

planner. a two-dimensional view of ‘the potential fmpact of a major
disaster, providiné a measure of the magnitude of the consequeoces of
§ndividual scenarios. and their 1ikelihood of occurrence: In a similar
manner, the degree and likelihood that emergency services will be avail;
able in the period immediately following the disaster are assessed. With -

-this type of input, an emergency manager is in a position of knowing

what the I{kely, as well as incredible or worst case consequences are, °
thus avoiding overly conservative assessments of the need for emergency

- services. Given the formal, systematic approach of a probabilistic

procedure, “the relative contribution of any aspect of the risk ana]ysis

:4 ~ can be determined and the level of improvement of proposed mitigation
. : measure easily assessed.

+18_1{
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'fu{'aFigure 1 Schematic illustration of the basic .

elements of a comprehensive emergency
: management program
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Figure 4  An example of the procedure to estimate the probability

distribution on the number of deaths in the event of a
major disaster. ’
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- HAZARDS AND RISK IN UTAH"

Salt Lake City, Utah
August 14-16, 1984
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Federal Emergency Management Agency
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Special Technical Sessions organized by . .- .
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Robert Buckman, U.S. Geological Survey =7 - — ~7 w77 T T

Lawrence Reaveley, Reaveley Engmeers & Associates, Inc. . e

The papers contained in this notebook are preliminary and have not been edited or.
reviewed for . conformity with U.S. Geological Survey- standards and strategraphic -
nomenclature. They are provided to supplement the oral presentations. A proceedings

containing the final papers will be pubhshed within appm:nmately 4 months after ‘the

‘date of the workxhop. . '
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The earthquakes of Utah are part of an
~ active belt of seismicity that extends north-
ward from the Gulf of California through
western Arizona, central Utah, southeastern
Idaho, western Wyoming, western Montana,
and into western British Columbia. Seventy-
- four shocks of intensity V-or greatér (Modified
Mercalli Scale) are listed in Earthquake
, History df the United States (Pub.41-1, 1973,
.revised ed., U.S. Government -Printing
Office.) A detailed catalog of Utah earth-
quakes from 1850 through June 1965 (in the
Bulletin of the Seismological Society of
America, 1967, vol. 57, pp. 689~718) listed 609
events, of which at least 38 were damaging.
About 200 of these were instrumental epicen-
ters determined from the University of Utah
Seismograph Network. ) -

“Major fault zones along which many Utah
earthquakes have occurred are the East
Cache, Hansel Valley, Hurricane, Sevier,
Thousand Lakes, Tushar (Elsinore), and
Wasatch fault zones. Previous articles in the |
Earthquake Information Bulletin (*Seismicity
and Earthquake Hazards of the Wasatch-
Front, Utah™ by Robert B..Smith, vol: 6, no: 4,
July-August 1974, and “Earthquake Hazards .
in Sensitive Clays Along the Wasatch Front,
Utah,” vol. 8, no. 4, July-August 1976) have
discussed earthquake hazards in the Wasatch
fault zone. ‘

‘The following summary includes earth-
quakes centered in Utah with maximum
intensity VII or greater. Information on the
many additional damaging shocks is con-
tained in the references cited in the first
paragraph. : :

Three distinct shocks rocked the Ogden
area on July 18, 1894. Walls cracked (VI-VII)
and dishes were shaken from tables. Many
people were frightened during -the violent
motion. Another shock of similar intensity
occurred on August 1, 1900, near Santaquin.
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mine were shifted so that the cage could not be
operated.
OnNovember 13, 1901, a strong earthquake

. caused extensive damage from Parowan to

‘Richfield. Brick buildings and many chimneys
were damaged; some rockslides were reported
near Beaver. Earth cracks with the ejection of
water and sand were reported (VIIIL);- in
addition, some crecks increased their flow.

- The total felt area covered about 129 500.

square kilometers. Intensity VI effects were
observed overa 26 000-km? area. Aftershocks

continued for several weeks, the strongest of

which was on November 14, Considerable
damage resulted at Pine Valley, St. George,
and Santa Clara from an earthquake on
November 17, 1902. Chimneys were destroyed
(VII) at Pine Valley and -Santa Clara; addi-
tional damage occurred at Pinto and Toquer-
ville. Reports were also received of a felt
carthquake at-Salt Lake City, 400 kilometers
awsy; this may have been a distinct shock at
aboit the same time. _

A series of 30 to 60 earthquakes were
repurted in the vicinity of Garland and Tre-
‘monton between October and December
1909. Some of the shocks were strong enough

" to throw down chimneys (VII). Two tremors

- abo 1t 3¢ minutes apart were reported felt over

a w'ic area of northwestern Utah on October
5, 1. ™. Thes: reports probably are related to
one ./£:° in {2 series.” A May 22, 1910,

" eart-.qr2ke damaged many chimneys (VII) at

Salt Layc City und several old buildings, Two
afte-s4ocks of less intensity were felt,

The: acea around Ogden was strongly
shal:tn on May 13, 1914. This disturbance was
prohably caused by a slip along the Wasatch
faul , the 1910 tremor was also related to this
faul'. Windows were broken and chimneys
thre wn down (V11) at Ogden; near panic was
reported at Central Junior High School.
Dishes rattled and furniture moved at Far-
mington. The shock was felt from Collinston
on the north to Riverton, south of Salt Lake
City, an area covering about 20 700 km?,

After several weeks of preliminary tremors,

~ two strong earthquakes about 12 hours apart

shook Elsinore, Monroe, and Richfield on’

September ?9. 1921. The first shock. at 7:12

‘some p!asl?ll at Goshen. There were
-addjtional rePorts that the deep -shafts of a

AM, lasted 7to 10 s and threw down score

chimneys (VIII), tore plastér fiom ceilings,
and fractured walls at Elsinore. In addition,
gables of houses were thrown out and the
foundation of a new school sank 1 foot,

leaving gaps between the walls and the roof. - '
Total damage was estimated at $100 000. .

Another shock of intensity VIl occurred at
7:30 PM on the same day. On October 1, there
was yet another strong tremor causing further
damage at Elsinore. A number of brick and

stone buildings were rendered uninhabitable

by the 8:32 AM earthquake (VIII). The
"Monroe City Hall, buiit of rock, was severely
damaged. Large rock falls were caused on
both sides of the Sevier Valley. Warm springs
were discolored for hours with iron oxides.
Aftershocks continued until December 20, the
most important being those on October 27,
which were felt sharply at Rlchﬁcld and on
November I.

On March 12, 1934, at 8:06 AM, an earth-
quake of intensity VIII originating near
Kosmo, onthe north shore of Great Salt Lake,
affected an area of about 440 000 km?,
including much of northern Utah and parts of
Idaho, Montana, Nevada, and Wyoming.
This tremor, which measured magnitude 6.6,
could have caused great damage in a densely
populated area. Because of the sparse settle-
ment in the region there was very little dam-
age—mostly demolished chimneys and
cracked walls in poorly constructed buildings.
Two deaths, however, were attributable to the
shock. The outstanding feature of the earth-
quake, related to the Hansel Valley fault, was
the emission of large quantities of water from
fissures and craterlets. Considerable faulting
occurred in the epicentral region. Precise lev-
eling revealed that areas sank to depths up to
390 mm. The onset of the shock was abrupt,
There were no foreshocks, but the usual
aftershocks continued for 2 days; only one, at
11:20 AM on the same day, was outstanding
(magnitude 6.0). There was moderate damage

over a broad area, including Salt Lake City, -

where plaster fell. All chimneys fellin Kosmo
and Monument; fissures, holes, cracks, and
springs appeared in connection with a beit of
“fractures at least 8 km long. The second shock
was slightly less severe than the main tremor.
Intensities for the !:flershnclr are verv unrelia-
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ble because many observers tried to describe
both earthquakes in a single report. Another
strong aftershock (magnitude 5.5) affected an
area of about 45 000 km? in northern Utah
and southern Idaho on May 6. It was reported
to be strongest in Salt Lake City and Preston,
Idaho, where the intensity reached VI.
Damages estimated at $1 million resulted

from an August 30, 1962, shock in the East

Valley fault zone. The magnitude 5.7 earth-
quake caused sngmﬁcant damage at Franklin,
Lewiston, Logan, Preston, and Richmond.
Cache County was designated a disaster
region by the Small Business Administration.
The greatest damage occurred at Richmond
(VII) where at least ninie houses were declared
unsafe for occupancy, one church was dam-
aged beyond repair, numerous houses lost
walls, and 75 percent of the older brick
chimneys fell. At Logan, principal building
damage was cracked and twisted walls. Brick
and timber fell through a church roof. At
Lewiston, one brick wall fell and many chim-

neys were damaged. A sugar refinery near
Lewiston sustained major damage when large

pieces of cement coping fell, penetrating
lower-level roofs. Four schools in Cache

@ INTENSITY - . . . )

© INTENSITY Y™ o
County were seriously damaged. The shock:
was felt over an area of approximately 168 000
km?2, Minor aftershocks, with:slight additional
damage, were reported through September 9.

On .October ‘4, 1967, a- magnitude 5.2
earthquake caused damage in the Marysvale
area. Ceilings and walls cracked in numerous
houses in Marysvale (VII). About | mile
north of Marysvale, well water was badly
muddied for 24 h. At Koosharem, chimneys
and plaster cracked. Chimneys were partially
knocked down at Joseph. Rockslides ‘were
reported in the Joseph, Junction City, and
Sevier areas. The tremor was felt over 38 800
km? of southern Utah and a few places in
northern Arizona. ‘Several aftershocks were
felt, '

Slight damage was reported at a number of
northern Utah towns from a March 28, 1975,
earthquake centered near the Idaho-Utah
border. Rldgedale (VI1II) and Malad City
(VII), Idaho, sustained the most damage from
this magnitude 6.1 shock. All of northern
Utah {elt the tremor; the 160 000-km?{elt area
also included parts of Idaho, Nevada, Wyom-
mg, and a few places in northwcstern
Colorado.




EXTENSIONAL AND COMPRESSIONAL PALEOSTRESSES AND THEIR RELATIONSHIP TO
" PALEOSEISMICITY AND SEISMICITY, CENTRAL SEVIER VALLEY, UTAH -

by

T

“R. Ernest_Anderson.and-Theodore ?.‘Barnhard';
U.S. Geological Survey
‘Denver, Colorado 80225
INTRODUCTION'

Background: The historic seismic flux along most of the Wasatch fault
zone 1s lower than in many of the adjacent parts‘of the intermountain seismic
belt. (Arabasz and others, 1979). 1t 1is gemerally not. possible to correlate
the sparse diffuse seismicity along the zone w1th the Wasatch fault (Smith,
1978; Wechsler, 1979 Arabasz and Smith 1981) thus severely limiting the
oppgrtunity,to'underetand the behavior of the fault. In contrast, the seismic
flux is relatively high along the south-southwesterly projectiom of the
Wasatch fault zone in the central Sevier Valley region (fig. 1); There the
historic earthquake record since 1850 includes nine earthquakes of estimated

magnitude 5.0 orlgreater and the seismicity pattern'for the period July 1962-

June 1978 shows concentrated activity (Arabasz and others, 1979). Because the

: seismic flux of. the central Sevier Valley region is high relative to that of

the Wasatch fault it has attracted seismicity studies by staff and students
from the University of Utah in the hope ‘of improving understanding of -
earthquakes and.earthquake-procesees in the easterniGreat?Basin:(W. J.
Arabasz,,oral commun., 1981). In oarticular, s?stenatic’nicroseismicity
studies were conducted intermittently in the reglon from 1979 through 1982
(McKee and Arabasz, 1982; McKee, 1982; Julander and Arabasz, 1982' Julander,
1983). In the vicinity of the southern termination of the Wasatch fault south
of Nephi, Utah McKee and Arabasz (1982) obtained focal mechanisms by

iteratively inverting SV/P.amplitude'ratios. The mechanismswindicate a
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mixture of strike slip and normal'slip on steep~“to moderate4dipping planes.

Fault’ plane solutions from the central Sevier Valley region show that current

seism1c1ty in part of the region is dominated by strike-slip (SS) events and

includeS“some:oblique—slip (OS) events to depths of 10 km. Eplcentral

- distributions show that some of this- selsmic1ty is localized on or near major

mapped faults or at places where such faults are intersected by transverse

faults. Late Cenozoic SS faults had not been reportedvfor the central Sevier

- Valley region so no . inferences could be made relating the SS§ seismicity to

suchrfaulting (Julander, 1983). Although the microseismicity results do not
shed much light on the expected behavior of the Wasatch fault, the occurrence
of SS dominated seismicity in a region where conventional wisdom would predict

normal faulting seenedeorthy of geologic investigation.

Purpoéef In June 1983, a systematic search for geologic evidence for SS
faulting was begun;. lhe.search was successful and it is now clear that the
geologic record contains abundant evidence of'late Cenozoic SS faulting in the
region. The'purpose,of'this report is to present the preliminary findings.

.vGeologic context: The'portiontof the‘central Sevier Valley’region from

-which fault-slip data were collected includes. parts of the Pavant Range,

Tushar Mountains, Antelope Range, and Sevier Plateau, all of which.flank‘the

Sevier River Valley (ficr 2). The study area liesbwithin a zone that is.

transitional phys1ographically, structurally, and geophysically from the Basin
and - Range on the west to the Colorado Plateau -on the east (Keller and others,
1975; Smith, 1978, Rowley “and others, l979). It is located on thejnorthern }
flank.of.theienormous:Marysvale;volcanic field, which developed between about
27 and 16 a.§"75g6.“ The faults“studied cut‘rocks of“the.volcanic field as
well as overlying rhyolitic ash-flow tuffs and sedimentary rocks. jFault

displacements range from a few centimeters to a few kilometers.. Three major
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north- to northeast-trending faults (fig. 2) wére previously named and

’

interpreted as normal faults-—the Sevier; Dry Wash, and Elsinore (Calléghan
and Pafke;,‘196l;.1962; Cunningham and éthers, 1983). Exéept fbr:the ébuthern
part of thé‘Dry ﬁashnféult, Fhése faults fend to be buried by.range-flanking
alluvium and tﬁeir slip éharacferisficsAéan only be evaluated indirectiy by

searching for clues on small-_and.intermediate;scale faults in the adjacent

bedrock. The three northeast—trending faults located northwest of and

‘parallel to.the Dry Wash fault (fig. 2) were mapped by Callaghan and Parker

(1961) and apparently have large displacements. Several previously mapped

faults of moderate displacement are also shown on figure 2, but it should be

- emphasized that mést of the slip data on which this report is based come from

" small unmapped faults with displacements ranging to as much as a few meters.

- Methods: 1In this report faults referred to as small~displacement faults
have known or estim§ted offsets from a fe& centiﬁeters to a few meters, those
referred to as large—displacémenf faults have known or inferred displacements
greater thanl30_m, and the temaindér are referred toAés intermédiaté-
disblacemeﬁt faulps; Field procedﬁre for this stﬁdy consists simply of

measuring the orientation of fault surfaces and movement-related striae on

those surfaces and determining the slip sense for motions parallel to those

striae. The data are élassifiéd'gccofding to the'displa;emént amount and the
certainty witﬁ which‘the sénsg‘qf slip was deterﬁiﬁed. 'Data’gnélysis consists
of a pré}imipéry Séparation in;é faﬁlting mode with faui;s whose rake angles
exceed 450 égpa;a;ed intova dip—slip mode and those less than 45° into a SS
mﬁdér ;Oblique*slip faults ére rélatively’unéommon s0 computations can be
perfqrmed Wi;hout treating them separately. Paleostress computations

utilizing methods. similar to. those described by Angelier (1979) are performed

" on data representing each mode; first with all méasurements-wéighted equally

5.



and sgcohd Qi;h a weighting bias given to_meaSgrements éccording to the
greater amount of fault displacemgn:.  Noﬁé of the computations reveal
signiéicaﬁﬁ‘shifts in the posi;%qnsvof_;tress axes dqe té weighting,
indicating that the large and small faults behaved similarly:&uring the
deformation responsible for ﬁhe striations. in the absenée of evidence to the
contrary, the striae‘are'assumedvto represent the youngest deformation on a
fault. The 1a¢k‘§f evidence that fault size influences paleosﬁreés
orientétions provides justificationvfor estimating regional péleostress from
fault populations that are dominated by .small faults.

Data proceésinggproblems have not beén fully resolved sbithé?Stress—axis
orientations are reported without détailed'inférmatiéé'on their quality. They
should be considered as tentative.

| RESULTS

For the purpose of discussing the computational results and their
%elationship to mapped étructures the.fault—slip data are grouped into four
subareaé (fig. 2): ,(1) the west mgrgin of the‘Sevier Plateau where it trends

east-northeast in the'Annabella area, (2) the west margin of the Sevier

"Plateau where it trends northerly south of Monroe, (3) the northernmost

Antelope Range,5and (4) the Clear Creek area which includes'thé_Dry Wash fault

and the area to the northwest of it.: '

Data distributions for faultvstrike,4dip, and rake as well as for the

proportion of SS to DS ‘motion are illustrated for the four subareas inlfigures

3 through 6. The distributions showﬁthat in each subarea there is a mixture

of SS and DS motions (figs. 5 and 6) on faults that tend to dip steeply (fig.

4), TFaults in the Clear Creek subarea have conspicuously homogeneous sfeep
dips and bimodél rakes as an excellent example of the‘mixture of faulting

modes (figs. 4, 5,).- Not only are SS faults in that subarea more numeérous

6
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Figure 3.—Azimthal distritution of strikes of all faylts from four separate subareas. N =
sample .size; R = radius value of plot; d and s and the bars and mmbers adjacent to them .
give the strike range and sample sizes of dextral and sinistral faults, respectively, using
45° as the cut—off limit for rake angles. For the Clear Creek and Monroe subareas there is
no overlap in the range of strikes for dextral and sinistral faults. For'the Amnabella °
segment subarea there is some overlap and three sinistral faults have strikes well into the
range for dextral faults (indicated by short bar). For the Antelope Range subarea the bars
only indicate the range of strikes of most sinistral and dextral faults because 26 percent
of the dextral faults fall beyond the dextral bar and 17 percent of the sinistral faults
fall beyond the sinistral bar. Shaded areas show trend of margin of Sevier Plateau along

Amabellaaxﬁl«@roe segrrents (plus andmmus?.Oo) ' 4
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_than DS faults (fig. 6) they also have larger diSplacements. Faults that have

moderate d1ps and obl1que slip are ver§ Sparse in the Clear Creek and Monroe
areas and are more_numerOus in the Annabella and_northernmost Antelope‘Range
suhareasr(figs.'4ﬁand,55.H1Distrihutions"of_fault strikes (fig. 3) show a
north-northeast maximum:in the;azimuthal range 010 to O30'for eachlsubarea,
and in each there is,a‘submaxlmum or node 200435°>clockwise from the north~
northeast max1mum.: There is a diversity of structural settings represented by
the four subareas, so these 51m11arities in fault;strlke distributions are

unexpectéd.

Sevier;Plateau,'Annabella Segment

The location of the trace of the Sevier fault north of Monroe (referred

to herein as the Annabella segment) is conjectural. ' The plateau-margin

escarpment bends sharply eastward as it is tracedAto_the_north and it is
uncertain whether the Sevier fault follows that bend and assumes an east-
northeast strike or, as indicated by Callaghan and Parker (1961), strikes N.

35° E. beneath a thick mantle of landslide and alluvial debris to reemerge at

"the westfbase‘of bedrock hills northeast of Annabella. Regardless of the

location of the main fault trace, the 'east-northeast trend of the plateau

h margin is fault‘controlled;'as~shown by'Rowley and others (1981) It provides

-a sharp contrast with the Monroe segment whlch trends northerly. Volcanic

rocks in the upthrown block are mlldly faulted with stratal dips that average

only about 5 . Bedrock north of the main escarpment dips northward as much as

350 and is downthrown or downbent more than 400 m (Rowley and others; 19815
Strlkes of 154 smallfdlsplacement faults along the'Annabella‘segment are'

very diverse (fig. 3); and 61 have rakes less than 45° and 93 have rakes

greater than 45°, The fault-slip data clearly represent a heterogeneous

: mixturefof DS, 0S, and SS motions (fig. 5). Because the rake distribution is

11



bimodal ituggqreasonaﬁle to separate ;He data into Dg'and ss subsets before
ﬁefféfming ;dmpﬁgations. ‘The strikelhistogram (fig. 3) shows that few faults
parallel ;hé'fauit-confséiied'pla;eau margin élbng the Annabella éegment.
Paléostreés é#es_computgd from the DS subéét aré~of;gaod quality because
the subéet is large éno;gh to perform the computationé using a largg sampleiof
faultéA(N;6l) with dips Between 20° and 80° and rakes greater than 60°, >East~

west extension is indicated (fig; 7). The SS subset yields paleostress

orientations that suggest north~south compression. Because 9, for the two

faulting modes has a somewhat similar east-west azimuth and there is no

 indication from the data distributions of the SS and DS subsets (not’

illustrated hére) that DS faulting uses different systems of faults than SS
faulting, both faulting modes are assumed to belong'to tHe same tectonic
regime.

Sevier Plateau, Monroe Segment

A northerly trending‘segﬁent”bf.tﬁe Sevier fault is well defined, though
almost completely buried,isouth of Monroe where it apparently controls the N.
5° E. trend of the plateau ﬁargin fér.aboﬁt 6 km, Iﬁ is referred to herein as
the Monr9e Segmeﬁf. Tbé faﬁlt was seén at only one locality (Z, fig.'Z) where
its attitude is N. 7° E., 70° W,, and it cﬁts coﬁéﬁicﬁously intéct Oligoceneﬁ

andesite. It is markediby a 1- to 2-m-wide rib'of massive secbhdary5silica

that has been prospectedflocally. .Striations on and‘withiﬁ‘the silica have a

gentle rake to’tbe,nc:;h; Though neither the sense nor amount of displacement

 is known;'the‘striations suggest that this segment of ‘the Sevier fault may at

times have ekpefiéncealfrgdbminantly-SS métion._

'Strike‘disppibutions of 56 Small~'and 6 interme&iate—displacement faults
that cut ﬁeakiy tilhedivolcanic rocgs»in the footwall (eastern){block of the
Moﬁroe segment show ﬁé ﬁep&énqy tovpafa1i§l fhe plateau mafgin (fig; 3). of

12
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Figure 7.—Palecstress axes computed from SS and DS subsets fram the four subareas. All axes are
computed from data samples that are not weighted for fault size because weighting does not
produce significant changes in axial orientations. All DS axes are computed from samples
that have been “"cleaned” ty eliminating faults with rakes less than 60° or dips greater than
80° and less than 20°%. The tie lines extending from the oy axes show the shift produced by
"cleaning.” The axis for the Antelope Range shows no significant shift and is anomalous
when campared with o3 axes from the other three subareas. N = sample size before

. "cleaning”"; 'n = sample size after cleaming.
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14 faults whose strikes fallAwithinTZOQiof'the\plateau margin, only 3 dip
toward the valley and show normal displacement, If the Monroe segment of the

Sevier,faultﬁis a major range-—front normalvfault it is pleerly notireflected

as such in the small to intermediate fauits‘of its footwall block. of the 62

faults, 36 have rakes less than 45° and 26 have rakes greater than 45°. Their

- strikes show northwest and northeast maxima. The data suggest heterogeneous

slip on fauitsithat bear no obvious relationship to the buried plateau-margin
fault. | |

Stress*axis orientations computed from the small sample of faults are
ver& similar to those.comphted for the Annabella segment (fig.- 7). The

similarity, together with the lack of any obvious relationship -to the plateau— -

: mérgin faults in either area, suggests either that the small- faults along the

Annabella—Monroe segments predate plateau uplift and were not reactivated
during uplift or that they represent a complicated uplift-related paleostress
history that includes important éomponents;of’north—south compression. The
latter possibility is favored.

Northernmost Antelope Range

Thevpaft_of the Antelope Range'adjacent to the Dry,Wesh faolt‘consists of

a fault-repeated'sequence of.Oligocenerand Miocene flows and tuffs~with east

" to northeast dips ranglng from 5° to 45°% (Cunnlngham and others, 1983).

Mapped faults strike mostly northwest‘and northeast, and strlkes of those
studied are bimodally dlstributed~w1th;norther1y and northeasterly maxima
(fig. 3). Fault-slip deta from the subarea Qere'not combined_with data from
northﬁest of the Dry Wash fault‘beceuse the northernmost Aotelope Rahge _
consists‘of'a more orderly-errangement.of fault—tilted blocks than.most other
areas in the reglon and therefore seemed to prov1de an opportunlty to eompare

computed paleostress with an established structural pattern. h
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Paieoslip’Was measuréd,on.83éfauits‘mostly within 2 kn southeast of the
trace of thetﬁry,wash fault. DisoiaCement on 74 of them are known or -
estimated to be less than a\neter. ,Diaolacenent on the remaining nine rangej
from a few meters to more than 100 m. Fault strihee show less scatter than
for areas along the marginiof the Sevier Plateau (fig. 3). Many of the same
faults were activated during SS and DS faulting modes as shown by polyphase
striae. Striae with two or more separate orientations were observed on 11
faults and.on each the,oider one has the lowest rake. Many of the
youngest striae indicate oblique.slip——a feature that is probably respounsible
for the less conspicuous -bimodal distribution of rake angles than is seen for

the other subareas (fig. 5). Although data are sparse, the consistency in

. relative age of striae is not seen in- other areas Studled Because it exists

in the AntelopeARange the low-rake measurements from polyphase surfaces are
included in the SS subset and:the moderate- to high-rake measurements in the
DS subset. The SS subset contaifl§ measurements fron 42 faults and the DS from
51 faults.

,m“Paleostrese‘axee‘computed from nnneighted snbsets are shown in figure
7. The SSdenbset'yields axesosuggesting,north-south compression and east-west
extension similar‘to the.SS subqets rrOm theAmarginbof the Sevier Plateau.'

The DS subset yields a typically steep o;, but, surprisingly, it indicates a

'north—northeast orientation.for g3 . Such an orientation is inconsistent with
the mapped pattern of faulting and tilting from which an approximately east- -

‘west o3 might be predicted. The 010 azimuth computed for oj is not

s1gnif1cant1y altered by'weighting (as. noted above), nor_is it.significantly.
altered if axes are'comouted from a population that contains only faults that.

dip between 20° and 80° and have rakes greater than 60 Also, an early’

‘computation from part of the data gathered during an early field trip (N—31)
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shows "a similar‘azimuth»for-o3. These additional computations increase
confidence in the‘validity‘of the o3 azimuth.

Because DS striationsiare consistently younger than" SS ones, a possible

-explanation for the discrepancy between expected and computed o3 for DS

motions may be that they are younger than and unrelated to block faultlng and

tilting. Accordlng to such an explanatlon faults that formed during an early

episode of block tilting reSponding to east-west extension would have been

reactivated as SS faults and their striations obliterated in a subsequent

stress regime characterized by north-south compression; The compressional

event would in turn, have been superseded by a young mild episode of
approximately north—south exten31on and ‘08 and DS faultlng. Alternatively the
block tilting could have coincided with the compressional,event as an

inhomogeneous'response'to=comp1ex permutations of ol and oy (Angelier and

- others, in press). In either alternative, the 010 orientation of o3 is

anomalous.’
Clear Creek
The Clear Creek area straddlesfthe.boundary between the Pavant Range to
the north and the Tushar Mountains to the south (fig. 2). It includes data
from the bry ﬁash fault as well as several‘other mapped dortheastftrending St
faults. - | |

Callaghan and Parker (1962) con31dered the southern Pavant Range to be ‘a

,broad south—plunglng antlcline as defined by “late Tertlary strata. It is

separated from the structurally elevated volcanie edifice of the-Tushar
Mountains toAthe'south'by a.broad open east—trending synclinal'sag with a

structurallrelieflof'almost 2 km (fig.AZ) 'This sag, named the'Clear Creek

'downwarp by Callaghan and Parker (1962) is the domlnant structure in the Clear

Creek area. . It 1nvolves strata ‘as young as the Pllocene Sev1er Rlver
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formation and accordlng to Rowley and others (1979) defines part of a 150-km—
long east-trending structural llneament that has existed for the last 27
MeYe Several upright open east—trending-map—scale folds(that also~involve
Pliocene strata are mapped by Callaghan and Parker (1962).on the ‘south flank
of the Clear Creek downwarp (fig. 2), These foids have structural relief of
about 200 m. | | |

The Clear Creek downnarp and the folds on "its southern flank terminate
eastward against the'Dry Wash fault. Ihe Dry Wash is a major sinistral-slip
fauit‘as indicated brboommon‘subhorizontal striations and corrugations and the
geometry and stratigraphic position ofrrook slabs that are distributed along
it. ;Net displacement onbthe.Dry Wash could be as'much as. 8 km on the hasis of
struotural and stratigraphic terminations (Cunningham'and others, 1983) and
stratigraphic oontrasts:across it (T. A. Steven, oral commun. , 1983);
Directly northwest of the’Dry'Wash fault two additional northeast—trending

map—scale faults displaydabundant evidence of sinistral slip and have net slip

- of as much as 1 hm. These faults also offset strata that were previously

folded,.although'some of their displaéement is probably accommodated by the
east-trendiné fOlds that are located>near their southwestern terminations
(fig. 2). The folds are. cut by many small—dlsplacemnt steep SS faults.
Detailed study of 81 of - these faults in axial and opposed—limb p051tions show

that they comprlse northeast—trendlng sinlstral (33) and northwest trendlng

. dextral (48) sets “that (1) offset one another,v(2) have broad ranges in strike

: w1th no overlap, and ‘(3) contain striations whose rake angles are independent

of p031tion on the fold (fig. 8). These' relationships indicate that the

sinistral andwdextral'sets-are conjugate. Mohr—-Coulomb theory (Anderson,

1951) would predictdthat;they formed under conditions of north—south_f

conpression; hTheir reiationship to folding suggests that.they formed latebinr
L - 17 . - .



Figure 8.—Schemtic blodk—diagram showing a fold cut by a sinistral fault (A) and two dextral
faults (B, C). Heavy lines symbolize striae on fault.surfaces. Fault C offsets fault A and
fault A offsets fault B as indication of conjugate behavior. Also, rake of striae is-
independent of position in.fold. ' lé ‘ : S .
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the foiding'hiStoryfor perhaps after féiding; a suggestioﬁ that ig‘coﬂsisteﬁg

witﬁ théﬁm;p;scale relati;nships of sinistral fauits to‘fOlds noted above.
Dextral,faulfS-with éﬁali dispiéceméﬁts are Spaféé'inithe tocks‘adjoiﬁing

the Dry Wash fAUIE OH'tﬁétﬁorthWest. 'Though diSp1§ceﬁents on thgse faults are

very much less than on the adjacent sinistral faults, the two sets are

‘mdtualiy offsetting.and their strikes fall into the same range as for the

small faults that'cut the folds.. These smail dextral.fauits were brobably
active in the same north-south compressional stress field as the large faults,
the folds, and the sméll‘faults that cut the folds. On this basis all SS data

(149 faults) from the Clear Creek. area are combined -into a single set from '

[

} which_paleostress'aXes.are ¢omputed (fig. 7). The éxes,indicate a nor;h—south‘

maximum compressive stress consistent with that indicated by Mohr—Coulomb

:mechanics and with orientétions computed from SS subsamples from the other

thfeg subareas.

bip—slip striations were measured on 60 faults in the Clear Creek area.
Five of fhese faults sﬁbw evidence of polydirectional slip. Of those, the dip
s;ip>isxybungef than Fhe strike slip on three and older on two. Thus, no
e?idence is prdvidéd fo: avtemporal sepa:ation.of_SS and'DS faulting. Only 31
of the 60 faults have dipsbﬁgtWeen 80°.and,20o and{rékes greater than 600. A

limited stress tensor compﬁted from those 31.measurements showsﬁog.at)azimuth

"75° which is within 20° of'd3 computed from the SS faul:s_(94?)§_:1he mapped

structures together.with the fault-slip data suggest an inhomogeneous late :

Cenozoic stress historylcharagterized_by a permutation of-o1 and 9, in a

ro

stress fiéld*with«g3 o;ienfed east-northeast to east—west and dominated by

north—south compression,
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| Other Aress R

Fault-slip data from four other'afeas in or near the central Sevier

Valley region prov1de qualltatlve indications that the compressional

'paleostress shown by geologlc mapping and fault—slip studles in the four

subareasndescribed above is not anomalous{ Thevareas are (1) the southeast
margin of the Pavant Range along the Elsinore fault (fig..Z), (2) roadcuts
along Interstate 70, 10 km west of the area covered by figufé 2 ;t the
latitude of Clear Creek, (3) roadcuts along Interstate 15, 20 km west of the
afea covefed‘by figure 2 at the.latitudé of Monroe, and (4) bedrock east.of
Béaver, Utah,.éo km soutﬁwest of the Clear Creék aréa.-

In the vicinity of Eisipore, the structure of the margin of the Pavant

Range is dominated by anthééét—trénding open folds:(fig,'2).~'3traté in thg

southeasternmost. fold iiﬁb’dip*ébbut 500»t6w3rd Sevier Vailéy giving the
range—front strﬁcture'the form of a monocline rather thén a'faﬁlf. The
monoclinal form continues 5 km bé&bﬁd the aréa covered by figure 2 to the
vicinity of-Richfield.- It has a complex appearance because ‘it involves rocks

that were faulted and tilted by earlier deformation ahd has important down~—to-

axis faulting associated with it.

Of 59 small- and iﬁtéfmediate-displacemgnt faults obsérvedAalong the
range ffont_bgﬁween E%sinore'aﬁd Ricﬁfiéld; only 13 strike within;iS° of fhe
N. 35° E. t;énd:bf the;;ange fropé;_and, of those, onlyj3.dip{séﬁtheastéffﬁe
dip‘directioﬁ thag'one w0ula.ex;é§t7if the faﬁlts are part of a rénge—frqnﬁ'
fault system; Of-the three, - one shows a sinlstral—strlké slip, one has
polydirectlonal striae indlcatlng early normal and late 51nistral
displacements, and one shows normal slip;r Thus; only 1 of‘59:faults hasvan
orientation and slip sépég similafwto Qhat would‘be'e$pe§tedffor-é raﬁge—front

normal fault system. As with the-Mpnroe’énd Annabella segments of the Sevier
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fault, if the Elsinore fault'eXists as a range—bounding normal fauit it is

clearly not reflected as. such in the 'small- to intermediate-displacement
faults_in itS'footﬁall,block{«gFaults‘that_strike nottheast'dip mostly.
northwest fand-tﬁeir’DSAcomponent is downm toWard the range——a displacement"

aspect that is common in monocllnal flexures along range fronts. Many faults

. strike north to northwest and have striae with a bew11der1ng variety of rake

angles and polyphase slip. On the Basis,of;the geometry of their.intersection
with bedding, the‘dio slip on many of these faults could be related to an
early>episode'of northeast-southwest extension. Though the fault-slip data
are too few and heterogeneous to use-asla basis for paleostress computations,

much of the 0S and SS motion on these faults could,bedtelated to reactivation

.of early normal faults in a compressional stress field analogous to the one

that controlled late Cenozoic structural development in the .Clear Creek
area. Neither their formation nor their possible reactivation is likely to be

directly related to a range-front normal fauit system. If a range-front fault

»exists in the Elsinore-Richfield area, it is'buried beneath the Quaternary

alluvium thatcflanks.the range=and is. probably a continuation of the

sinistral—sliijry\Wash fault. The northeast—trending,Open folds that

"dominate the structure of this area are considered analagous to those whose

axes parallel the trace of late Cenozoic SS faults in the Hercury quadrangle,
Nevada Test.Slte,ANevada (Barnes and othets,v1982).

‘ :Between the Pauant'Range and Tushar Mountainsvalong Intetstate 70 seVeral
roadcuts provide good exoosures.ofufaulted Oligocene'and Miocene'volcanic and
sedimentarf'rocks'in a>west~northwest to east—southeast cross-strike distance
of about 1 <5 km. The rocks d1p east to. southeast 15%-25° and are cut by
numerous steep northeast—trendlng faults. ,The area is ome in which the
stratal repeat oatterns and”physiography(are sugéestive of a simple oattern of
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normal faulting (Cunningham and othefs,:l983);'but the striae tell a much-
different'stnry.~ Slip orientations and senses were measured on 20 faults
ranging in displacement from about 20 cm to more than 100 n (fig. 9). Eight. .

of the 20 faults have measured or estimated displacements of 10 m or more, ﬁnd.

' the sense of slip.was determined‘with‘certainty'onA14 of them. The large—-

displacement feults‘have.gouge zones ranging invnidtn to 50 cm. The gouée has
a strong internal shear febtic wnose geenetry and orientation are consisteént
with the orientetion‘énd sense of displacement measurequn the'pianar walls of
the shear zqne suggesting an unueually high degree of unifotmity of fault
motion. Qne fau1t~strikes{north and 1s dextral. The remaining 19 strike
northeast'and'i7 are eertainly ot>pr9bably sinistral and two are normal (fig.
9). These excellent exnosnres_énowAthet fault deformation in the area is
dominated by northeaet-trending‘sinistreilfaults and.that'ne significant
difference exists between the slip on 15£gé; and small-displacement faults.
‘Strongly ftactnred Oligecené.ﬁblcenié %écks'are exposed in roadcuts'aloné

the northbound and southbound lanes of Interstate 15 about 6 km north of the

‘jnnction with Interstate 70 (fig. 9). The exposures are located a few

kilometers west of the: boundary between the Basin and Range and faulted
tran31tion zone. The strata strike west—northwest and d1p gently south-
southwest whereas the average sttlke of faults in the area is 015° (Cunningham
and others, 1983) Because the feults strlke approx1mately perpendlcular to

the strike of the beds, the beds cannot be assumed to be tllted by fault

displacements. 'Displacement'amounts on individual faults are uot known,but

are assumed, on the basis of fracture appearances, to range from a few

. centimeters to a few meters. Unpublished geologic mapping in the area shows

at leaet 200 m of apparent sinistral offset between the exposures along the
northbound and‘eeuthbound”lanes;ffThe‘6rientationjand,sense:of slip were
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Figure 9.~Lover-hemisphere stereographic plots of faults as great-circle arcs and striae in
those faults as dots. Faults at I-70 roadcuts are sinistral except for a northtrending

~ dextral and two DS faults. The faults at the I-15 roadauts that strike between 015° and
085° are all sinistral. The others are dextral except for the normal fault with a steep

rake. The slip sense was not detemmined for the faults east of Beaver. The computed stress - :

axes for the faults from the I-15 roadecuts are poorly constrained because of the smll
sample size and predaminance of sinistral slip. - e .
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measured en six faults in the.eastern cut andwnine in the western cut. These
faults, whiCh range in strike from 345° through 0° to 085 and in dip from 28°
to 85 , are probably representatlve of - the range of princlpal fault
orlentation in the v1c1nity of the cuts. Two contrastlng slip orientations
were measured on 4 of the 15 faults and on each the sense of both motions is
similar (all are preddminantly sinistral). Of the 15 faults 3 northerly
trending enes are nredominantly deitral, 7 northeasterly trending ones are

redominantly sinistral, and the remainder show a predominance of dip slip

(fig. 9) Paleostress axes computed from the 15 faults (using the youngest

gmotions on faults with two orlentatlons) are shown in figure 9. They are

poorly constrained because of the small size of the data set.

The fault boundary-between the Baslnrand Range province and the faulted
transitlon to the Colorado flateau is located about 4'km east of Beaver,
Utah. Striations on 10 small- and 1 intermediate-dlsplacement faults that
strike'north to northeast and cut ééntiy tilted and weakly faulted late
Cenozoic bedroeh along-the Beaver River east of the'proyince—bounding fault
indicate predouinantly‘SS~motions‘(figu 9). The 10 small faults are.located
in an area of less_than S.km2 within 2 km‘east oflthe.province—bounding.fault
.that separates—BeaVer Valley from thebTuShar Mountains. 'They'appear to

represent the'bnly fault deformation to which the rocks have been subjected.

- Late Quaternary fault scarps are abundant in;the'hasin-fill sediments of

Beaver Valley (Machette and others, 1981). .Conventional'wisdom would nredict

normal DS dlsplacements on those faults as well’ as on the prov1nce—bound1ng

fault. However, the: area 1s located along the southwesterly progectlon of
'magor faults in the Clear Creek area that are now known to be SS faults. The

occurrence of SS faults 1n1bedroek,may not be -as anomalous as‘it seems at

first.
‘ 24



In summary, not only do striated»faulté4iﬁ the four subareas desc¢ribed in

. this report provide a strong record of SS faulting, but similar faulting is

seen in four well-exposed areas in and near the central Sevier Valley area.

Together the data show that late Cenozoic SS faulting is common in the

- region. This is consistent with earlier observations of widespread Neogene SS

faulting in southweetern Utah (Anderson, 1980). The data from Interstate 15
roadcuts and;the'area'east of Beaver show that Cenozoic bedrock directly east
and weat of:theeBasin and Range province bOundary was involved(in SS faulting.
| | B AGE OF FAULTING

Rowley and others (1979) conclude that the major faulting in the Clear
Creek area took place afterA7 m.y. ago and Rowley and others (1981),conclude
that -the main uplirt of'therSevier-Plateau (about 1.5 km) took place .in less
than 2.5 m.y. between 7.6 and 4.8 m;y.iago. Anderson and Bucknam (1979) noted
rault scarps of probable late Pleistocene age along the Sevier fault near
Annahella,and along'the‘Elsinore.fault néar Eléinore. Callaghan and Parker

(1961) noted that Quaternary river terraces northeast of Joseph appear to be

tilted eastward by. dlsplacement on the Dry Wash fault. Thus, displacements on
the maJor faults in central Sevier Valley probably extend from latest Miocene

_through Pleistocene.: At the I—lS roadcuts the northeast~trend1ng faults from

which SS data were‘gathered are located. along the strike projection of

northeast—trending faults that cut basaltic layasvof Quaternary age directly

south-southwest of the roadcuts (Steven and others, 1979). The/simnlest
interpretatlon of available data from that area is that the measured
striations include a record of Quaternary displacements and that the faults

that cut Quaternary basalts are not simple normal faults,
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- CONCLUSTONS
Listed below are 12 cppc1;sioﬁs that can be df;wn feggrding the late
Cenozoic sfrpcture of the*céncrgl,ngier Valley region.’ | o
1. The Dr& Wash fault and two other northeast-trending, map-scale'fault; to
the northwest of it have major cumulative sinistral displacement that‘may
approach 10 km. They are genetically and mechanically related to
abundant ;mall~disp1acement faults in the Clear Creek area, and,
together,:they form conjugate sinistral and dextral systems with large
dispersion of strikes}i On the basis of Mohr-Coulomb meéhanics all these
faults formed in a late Cenozoic compressional stréss-fielﬂ~‘: -
with o) oriented approximately north-south.
2. East-trending folds with amplitudes of 200 m and wavelengths -of::1 km . ..
formed in_the samé cémpressional stress field as the faults of
conclusion 1. The fault—-fold patterns combine to show that the Pliocene
and Pleistocene(?) structural fabric of the Clear Creek area fofmed
predominantly under conditions of horizontalAcompression.and it
represents‘tbctonicaliy significant sinistral shea; and,ngrth:sputh e Tar
;horteﬁing.

3. Strike-slip faulting'is the major and y0unges£ mode of faulting at
&idespread localities in'southﬁestern Utah showing. that the late Cenozoic
structural style of ;entral-Séviér Valley is not‘anomalqué.

4, Small- and intermediate-displacemeht faults'in bedrock adjacent to Sevier
Valley along the Elsinore-fault and along the Monrquand_Annébella.
segments of the Sevier_faultvdb not reflect the trend or slip sense of

range—front normal faults that have been inferred by previous wofkers to

lie buried beneath range—bounding Quaternary alluvium in those areas.
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‘-Because the Dry Wash fault is a maJor SS fault that prOJects northeast

toward the Elsinore fault and because there is llttle ev1dence in the

fbedrock adJacent to the trace of the -buried: Elsinore fault that it is a

normal fault, the05151nore fault is probably continuous with the

sinistral Dry Wash fault. Sinistral slip on two minorrfaults near

‘Elsinore support this conclusion. Also, the open folds that parallel the

E151ndre fault are probably genetically related to it. This latter

’

‘ suggeStion is based on an analogy with similar open folds related to late

Cenozoic‘SS'faults‘in'the southern Nevada Test Site.

The northerly trendingisegment of the Sevier fault south of Monroe has
4probah1§‘experienceduSS‘motion. . | o
On the»basis.ofLohservations leading'to5conclusionsv4, 5, and 6,{vertical
structural differentiation between Sevier Valley and its flanking

mountains,(Pavant:Range and Sevier'Plateau)'was probably accomplished by

a combination of momoclinal flexing and, on the average, 0S faulting.v

" Slip data from more than 550 faults (mostlyvof small displacement but

including some.of intermediate and large displacement) from the central
Sevier Valley_areahrepresent a heterogeneous mixture of DS, 0S, and SS
motions asithe.youngest slip events on those'faults. .Rake distributions
tend to ‘be strongly bimodal and show that OS faults are relatlvely .Aj

uncommon. Such bimodal mixtures of predominantly Ss and DS faults are

1

‘found elsewhere in the ‘Basin. and Range. Together w1th strike and dlp

distributions, they show that deformation is dominated by two different
faulting modes that do not utillze separate and distinct systems of
faults in‘a given mass of.rOCk._

Paleostress orientations computed from subsamples .of faults with rakes

less than 45° are' remarkably similar for the-four subareas in the central
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‘“'H . Sevier Valley area. The oriéntations suggest subhorizontal north-south

maiimum compressive stress as part of the late Cenozoic structural
:_.history of central Sevier Valley. For the Clear'Creek subarea the
’ orientations agree well with paleostress deduced qualitatively from

L fault-fold patterns..‘The'four subareas have sharply contrasting local

‘ structural settings so the occurrence. of and consistency in. computed and

deduced coupressional paleostress is unexpected and surprising. The
consistencyVSuggests that the orientations have regional significance.

10. Because weighting according to fault size does not significantly

1
t

influence paleostress orientations, the assumption is made that
| displacements on the abundant small faults are representative of
‘ f“ S «diSplaCements on the “large faults. Because the small structures lnvolve
~the same rocksiasvthe large ones they are intepreted to be of .the same
0 latest Miocene 'throughiPle:isto'cene age_ as Ithe larg.e’ faults. Pressure-.
| . axis orientations inferred £¥om seismiclty studies (dulander, 1983)
apparently reflect the superp031t10n of horlzontalvcompress1on (north-
‘ south to northeast—southwest) upon east-west exten51on (Julander and

'Arabasz, 1982). The 0S and SS faulting modes indicated by focal

. mechanism solutions derived from microseismicity studies and regional

cp , ' earthquake monitoring in the area are generally consistent with

*‘ o - extensional and compre551onal paleostress states computed from hundreds
t i o _ "of faults 1n the central Sevier Valley reglon suggesting a temporal

| —contlnulty‘betueen seismic1ty and paleoseismic1ty.h DeformatiOnal models
developed to explain the seisnic1ty must be consistent with the youngest

3 part of the geologic record and they must accommodate fold1ng as well as
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m ' SS and DS° faulting. Also, they should be representative of ‘the full size

range of faults and folds—-lncludlng approximately 2 km of vertlcal
P

L | ~structural‘relief\on the Clear Creek downwarp.'

11. The'DS,and Sé faulting‘modesffor'three of thenfour subareas yield
~separate paleostress axes that Suggest permutatlonspof o1 and a2
conslstent'with the model of combined lateral and Vertical contraction
assoclated w1th east—-west extension deduced from the seismicity data..
These relatlonships suggest that SS and DS faulting. belong to the same
tectonic regame and that the permutatlons ‘do not represent major
reorganizatihnscor-regional stress."FOr the Clear Creek subarea and the
margin‘of:thevPavant Range betweenlElsinore and Richfield this suggestion
”iswsuppogtedjby;the<complex_patterns of polyphase slip on numerous
"faults. |
0‘ 12. Some SS faults in the cent'ralv Sevier Valley area are as large and as
young:as the'largest and yOﬁﬁgestbknown or.inferred normal faults'and
'mustitherefore be considered to represent a similar level of earthquake
haaar&. This conclusion isbsupported by the apparent stress-state
_correspondence between:seismlcity‘and paleoseismlcity.
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Lo . . " Paper Mumber 2
IN.V_ESTI‘GA‘TION OF HISTORICAL SEISMICITY IN THE SALT LAKE CITY PORTION
[ o - OF THE ‘WASA.TCH »FRONT REGION OF UTAH USING DOCUMENTARY' SOURCES
‘ f Sherry D. Oaks
‘ U S. Geolog1ca1 Survey
Box 25046, MS 966
Denver Federal Center
Denver, Colorado 80225
ABSTRACT -

' Extensive investigation of-the historical documentary record is being
undertaken by thisfstudy‘as-a part of determining the.frEquency of occurrence
and the-extentlof physica].effectS'of earthquakes in the Salt Lake Cfty |

-portionjof the wasatch Front area of Utah. ATthough the 1nvestigation is
preliminary at this time,.it4is evident thatlfl) untapped‘primary sources are
.avai1ab1e for investigation, (Z)Vmany of those sources have a high degree of

| ‘]. " ‘ historic re]-iabﬂity, (3) some jof thesources have a significant homogeneity,

g (4) the spatial distribution of the sources 1mproves prev1ous location bias,

and (5) the numerous types of sources ava11ab1e for Sa]t Lake C1ty in
part1cu]ar are sufficient to prov1de an accurate p1cture-of historic

; | o seismicttyfin that area. The three phases of this study 1nc1ude information

'garnered from 1nten51ve check1ng of’or1glna1 documentary sources from 1850 to

| " the present to uncover as much data as poss1b]e on the fol]ow1ng

Phase I—-dates and t1mes of events felt 1n the area ,
! P '.'_.mf S Phase II-—fe]t area, 1ntens1ty, ep1centra1 reg1on and effects
- of those earthquakes 1nc1ud1ng damage reports

o Phase III-—soc1eta1 response to earthquakes through time

wh11e the 1nvest1gat1on w111 1nc1ude those events that affected the study
ﬁ reg1on (f1g. 1), it w111 focus on the effects of . earthquakes in Sa]t Lake

C1ty However, any data located dur1ng the course of the study that will aid

T~ —— T ~ = = e . e mmis



in a more'complete‘record of the historic seismicity for the State of Utah as

a whole will be made available.

"Phase‘I—QIdentTfyingjthe-dates;and.times of events..

" .Pre-instrumental»Utah earthquakes'haye been Tisted in catalogs (Holden
1898, McAdie 1907, Townley and Allen 1939, Williams and Tapper 1953, Coffman
and. von Hake 1973 u.s. Geo]og1ca1 Survey, 1976, Arabasz and others, 1979,
Askew and Algerm1ssen 1983) and in buTlet]ns and journals (for example, United
States Earthquakes or the Bulletin of the Se1smo]og1ca] Society of Amer1ca)
The pub11shed catalogs - 11sted above were checked and the data on earthquakes

were traced to the original sources. The or1g1naT sources used in those

comp1Tat1ons were not always pr1mary sources but sometlmes secondary ones.

: Errors, omissions,: and dup11cat1ons in such compend1a are often perpetuated

from one list to another through t1me because of that practice. - The use of

-prlmary sources e11m1nates those comp11at1on errors (0aks 1981, Ambraseys

1983). Therefore, earthquake accounts in published works were traced to the
primary sources to determ1ne,wh1ch ones had been used. Add1t1ona1 pr1mary
documentary sources (some types have been used in‘published‘lists and some
have never been used for exampTe, army med1ca1 records) were checked to solve
the probTems which included uncerta1nt1es surround1ng the date or time. Those
pr1mary sources were subJected to str1ct tests of re11ab111ty (S. D Oaks
1981, unpub rept., 1984) In add1t1on some sources, such as- netero]og1ca1

stat1on reports, were seTected not on]y in. terms of reTlab1T1ty but because

,they exh1b1ted a de51rab1e spat1aT d1str1but1on. For example trad1t1onaTTy

newspapers have been re11ed upon to prov1de a: great deaT of - 1nformat1on for

earthquake,cata]ogs.‘ ATthough they are a reasonabTy good source of data, they



'are'spatfally biasedvto-the population'centers that produced them.‘ Many of
 the meterological stations weré 1ocated fn'other, oftenhrural, areas.
Invest1gat1ons of h1stor1c se1sm1c1ty using documentary sources in areas of.
the Bas1n and Range prov1nce, thCh lie outs1de the present study area, have
shown that as many as 50 percent more h1stor1c earthquakes have occurred 1n
some of those nonurban places than are listed in catalogs.»

| The data that have been~1ocated and tested (along with additional sources

to be 1nvest19ated 1n 1985) w111 serve as a basis for an updated catalog of

~Utah earthquakes._ The updated cata]og will contain events Io > III (M.M.) -in

A "6.

an effort to present a more deta1]ed 11st of h1stor1c se1sm1c1ty for the study }

area. Aga1n, the focus w11] be on earthquake effects in Salt Lake City, the

Wasatch Front, and the State of Utah, respectively.

Phase II--Identifying the felt area, 1ntens1ty, epicentral region, and .

| damag1ng effects of earthquakes

The'existfng cata]ogs'were'also checked for poorly documented events
(those where fe]t area, intensity, ep1centra1 reg1on, or a]] of the above were
quest1onab1e or unknown) Aga1n, pr1mary sources were checked to ascerta1n
the most re]1ab1e data ava1]ab1e. As in phase I documentary sources for
.phase II were’. not on]y located but” subJected to re11ab111ty tests.

_ More 1nformat1on to help def1ne the effects. of Utah earthquakes is being;
"gathered. Intens1ty maps w111 ‘be prepared for events for wh1ch suff1c1ent

i dataAare 1ocated. Wh11e some 1ntens1ty data have been co]]ected add1t1ona1
~data po1nts need to be 1ocated before phase Il can. be comp]eted. This task
v_w111 be accomp]1shed over the course of the next year, again, with special

‘attent1on to the effects of earthquakes in the study area, but w1th



|
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consideratioh for the region. The 1nformat1on co]]ected for this phase will
. be aimedlet ‘defining the effects of earthquakes on the me¢r0p011tan areas of
i ;the study reg1on, speC1f1ca11y 1Salt Lake City. Damage tolvar1ous bu11d1ng
types and different s1tes w111 be detailed whenever poss1b1e.
Pr1mary documentary sources: (most]y weather records) have been 1ocated

and some have been searched for earthquake information for the f011ow1ng

places dur1ng the periods 11sted. '
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;Phase_IiI-QSocieta],response to earthquakes Io > V (M.M.) in Salt Lake City

The third part of the study will seek to assess the societal response to .

earthquakes in the Wasatch Front area with particular attention to Salt Lake

" City. Societal response is a subject area where historical documentary

research can make a unique contribution in telling us how society has adapted

in the'past to the‘earthquake hazard.

“To, accompllsh th]S phase primary documentary sources 1nc1ud1ng not only

2tradzt10na1]y used newspapers, but "also 1nst1tut10na1 and persona] papers such

as church records and d1ar1es, are s]ated for 1nvest1gat1on.; Wh11e the

sources have been 1dent1f1ed and some have been checked this part of the

study w1]1 be the 1ast phase to be completed because the bas1c 1nvest1gat1on

A of Utah earthquakes needs to be comp]eted f1rst (phase I and II) 5 Once the

: accuracy of that chronoTogy 1s determ1ned and the phys1ca] effects in Salt

1 Lake Clty are ascertalned the soc1etal response to those earthquakes will be
,'expla1ned. Act1ons of 1nd1v1duals, groups, and institutions w111 be detal]ed
‘ fas the hlstor1c record perm1ts. A h1stor1ca1 survey of - how the earthquake

ehazard has been perce1ved 1n Salt Lake C1ty and how the actual earthquake

.events have affected that percept1on through t1me w111 be 1nvest1gated.'



gt

 REFERENCES
Anbraseys, N.~N;, 1983 Notes on‘historiéai seismicity: HSeismoloQical'Society
of Amer1ca, v. 73, no. 6, p.‘1917 1920..
Arabasz, w U Sm1th R B.,: and Richins, W. D., 1979 Earthquake studies in
‘Utah, 1850-1978: Salt Lake C1ty, Un1vers1ty of Utah Se1smograph Stat1ons

Department of Geo]ogy and Geophysics, 552 p.

Askew, Bonny, and A]germ1ssen, S. T., 1983 An earthquake catalog for the

Basin and Range province, 1803-1977: U.S. Geological Survey 0pen-F11e
Report 83-86, 41 p. - | o S

)

' Coffman J L., and von Hake, C. A., eds., 1973, Earthquake h1story of the

Un1ted States: wash1ngton, u. S Department of Commerce, Nat1ona1 0cean1c
'~ and Atmospher1c Adm1n1strat10n Env1ronmenta1 Data Serv1ce 208 p.
Holden, E S., 1898, A cata]ogue of earthquakes on the Pac1f1c Coast 1769 to

1897 Smithsonian M1sce11aneous Co]]ect1ons, v. 37, no. 1087, 253 p.

McAdie, A. G., 1907, Cataloge of earthquakes on the Pacific Coast 1897 1906:

_ Sm1thson1an M1sce11aneous Collect1ons, Ve 49, no. 1721, 64 P.
Oaks, S D.,‘1981 H1stor1ca1 data for the 1882 earthquake in the Rocky
Mounta1n reg1on, in Geolog1c and se1smo]og1c investigations for Rocky
| Flats Plant: Dames and Moore, Denver, Co]orado, append1x H, p. 1- 207. |
Town]ey, S D., and Allen, M. w., 1939 Descr1pt1ve cata1og of earthquakes of
the Pacific Coast of the United States 1769 to 1928 Sexsmologxcal
Soc1ety of Amer1ca Bu]let1n, V. 29, no. 1 p. 1 297.

u.S. Geo]og1ca] Survey, 1976 A study of earthquake 1osses 1n the Sa]t Lake

C1ty, Utah, area U S Geo1og1ca1 Survey Open F11e Report 76~ 89 357 p.

- W1l11ams, J S., and Tapper, M. L., 1953 Earthquake h1story of - Utah 1850-

1949 Se1smo]og1ca1 Soc1ety of Amer1ca, Ve 43, no.=3 p. 191 218



Figure 1 for Oaks, Sherry D. abstract "Investigation of Historical
Seismicity in the Salt Lake City Portion of the Wasatcb_Front‘Region of Utah

Using Documentary Sources" . - S o




42° .
. 1§ I t
T L ' LI N .
1] 100 km
J ;—Y R ;'o miles
- gt ‘
4 -~ _
WASATCH FRONT VRN i I
DISTRICT oad:
. W AR |
N . 1
TootLs £ oy
y fick] oucHEsns
UINTAM
B 4
40°— 1 UINTAH _BASIN
AAWE DISTRICT
\\ CARBON (
._.:i“ :
CENTRAL UTAH
‘DISTRICT sanrRTE
39l — | |
‘ . tweny QGRAND
MILLARD
- SEVIRR ‘ :
. SOUTHEASTERN DISTRICT
sgAvER ) PiuTH r waAYNE . X _
38— R _
tRON
S ) SARFIELD AN JUAN
"*—’H_’— SOUTHWESTERN DISTRICT
WASHINGTON -
arel | | | :
ne 113 nz 1y 110° 109°

(Adapted from Arabasz,1979)

Figure 1 : Counties in study area

’ First priority
' Ez‘tf]g‘islecond priority

4

o



\ '_ - | . R . Paper Number 3

~ CONTEMPORARY VERTICAL TECTONICS ALONG THE WASATCH FAULT ZONE
: MEASURED BY REPEATED GEODETIC LEVELING <

Spencer H. Nood : . A
Branch. of Eng1neer1ng Geology and Tectonics -
- U.S. Geological Survey.
Ma111ng address Department of Geology and Geophys1cs
Boise State University, Boise, Idaho 83702
, : (208)385 3629 or 385- 1631
INTRODUCTION

Apparent ground surface tilt and vertical movement can be derived from a
comparison of repeated geodet1c 1eve11ng of permanent benchmark monuments
Elevat1ons have been surveyed by precise geodet1c 1eve11ng a]ong many main roads .

and ra11roads in. Utah The: present study has concentrated on repeated surveys

: vacrosscthe‘wasatchfFault in Weber Canyon near South Ogden (Figure. 1) because an

apparent ground-surface tilt with a 12-cm vertical component is associated with f

the,fauTt and developed since a 1958 survey (Wood and Bucknam, 1983). This

" vertical movement has considerable significance with regard to contemporary

preQSeismic strain accumulation in the fault zone, and implications with regard

to,the'frequency and nature of earthquake occurrence‘and tectonic deformation.

This ]ine and the route from Ogden, Utah to Rock*Springs, Nyoming was re]eve]ed

by the Nat1ona1 Geodet1c Survey (NGS) June - October, 1983, us1ng newly

deve]oped proceedures des1gned to e11m1nate the’ past difficulties with

_ s]ope-dependent, systemat1c, cumu]at1ve errors in he1ght determ1nat10n and in

vertical crusta1=movement studies - The 12—cm vertical movement is based largely

4upon basel1ne elevations from ]evel1ng in 1958 The 1958 prec1se geodet1c

1eve11ng observations ‘have been coded and reca]cu]ated us1ng ‘the NGS computer
program, REDUC,4, to est1mate andvapp]y a’refract1on correct1on»(F1gure,2)u

Detai]ed data on the spatial and ‘temporal nature of vertical tectonic

‘ deformatiOn'of.a'region‘of would be extremely useful for earthquake-hazard



»ryess

eva]uat1on and for 1ong -term forcast1ng and poss1b1y short term pred]ct1on of
earthquake‘occurrence Repeated geodet1c leveling is still the best available
method for obta1n1ng quant1tat1ve prof11es of ground surface tilt and elevation
change. - New proceedures of the NGS have 1arge1y reso]ved prob]ems of
s]ope-dependent systematic errors and can reso]ve 1 mm / km of vertical movement
or lsmfcroradian of tiit. Limitation on obtaining regional coverage of this kird

of data is tne current cost of $350 / km for single—run, precise geodetic

Ay

leveling a line of’benchmarks. Other systems for obtaining elevation differences

of tectonic interest over continental distances are under development (Panel on

Crustal Movements NRC 1981) but none are routinely used in Utah.
‘ Recovery of o]der base11ne e]evat1on data’ from past geodetic 1eve11ng
surveys in the United States is a ]ong-term project of the NGS (Holdahl, 1983).

Controversy over vertical-crustal movement measurements by leveling over the past

6 years has now focused largely on the error caused by vertical temperature

gradients near the ground that cause bending of the line of sight between the
te]escopic level instrument and the rod. This refraction error nas been found to
be considerable, particularly -along gently-sloping rai]road'routes where
long-sight lines are possible. " Error increases as the square of .the the
sight-length, and prior to 1964, the‘NGS permttted 70-m sight .lengths rather than

the 50 meter limitation current]y used This correction was neg]ected until

" about 1977. Current f1e]d proceedures and data reduct1on of the NGS are

designed to correct for refract1on and other accumu]ating systemat1c errors

d1scussed by Balazs and Young (1982). A method has been deve]oped by Ho]dahl

-(1982 1983) to reca]cu]ate o]der data and 1ncorporate an estimate of the

. vert1ca1 temperature grad1ent from s1ng]e temperature measurements and know]edge -

of typ1ca] seasonal meteoro]og1ca] cond1t1ons in the Un1ted States. Coding and

recalculating the repeatedpsurveys forvUtah is a.cons1derab]e ‘task and is not a



surface near the fault with respect to points to the west.

‘of the accUmu1ated refraction error when it 1s not-considered -thi%‘accumuiated

vhcorrect1on is prof11ed along the level 11ne d1scussed in th1s paper . (F1g '3 and

|

high pridrity for the limited staff of the NGS. Therefbre we.are'revieWing the

old observed e]evatiohs and will request 6h1y the .most critical lines. We are

also coding some of the USGS precise leveling forurecalchation,

‘Lake levels of Great'SaIt;Lake'ane Utah take'are‘referenced to shoreline
benchmarks‘frqm timehto time_oh this brojeet as'aAmeane ofvobtainihg an
independent set of data OnJVerttcal.teetonic movement. A site on Farmington Bay °

withinlj km of theAWasatch Fault (Fig. 1)1is beihg»ihstalled'with an electronic,

’digitally-recording water-Teve?'monitoring and data transmission system. The

time record- of water levels will be continuously differenced with data from

‘another site on the same body of water 15 or more km further west. The pair of

sites will act as a long-baseline tiltmeter to monitor movement of the earth's

LEVELING DATA ANALYZED ALONG THE WASATCH FRONT

The 1958 elevations have been recalculated using the REDUC 4 prbgram,of the
National Geodetic Survey. The 1983 elevations were obtained by proceedﬁres

recehtly developed to minimize the systematic errors. To f]]ustrate the nature

“4). :The correct1on for ‘the 1958 data is based upon an est1mat1on proceedure
hdiscussed above, whereas the correct1on for the 1983 data 1s based upon actual
‘vimeasurement of the temperature grad1ent at every 1nstrument set -up a]ong the

'11ne The correct1on app11ed to the 1958 data accumulates a]ong the line to 17



mm, and appears as a small tilt in a re]eve]ing comparison. In all cases, the
refraction. correct:on is added to the e1evat1on difference between two points,
for refract1on of the sight line has the effect of shorten1ng the surveyed
e]evat1on d1fference The correct1on applied to the 1983 data is only 5 mm

- along . the same 11ne It- 1s much smaller because the sight-Tines are shorter.
When. refraction corrections are app11ed a t11t amount1ng to 17mm - 5mm = 12mm
over the length of the line would be appear as an apparent elevation change due
entirely to different conditions of sight-line refraction,experienced by the two
Asuryeys? In this case, this erroneous small tilt is in the same sense as the
hf}] slope because the earlier suryey obtained erroneously lower elevation
differences when Teye]dng uphf]], whereas the more recent survey obtatned

* somewhat greater e]eyation difference over the same:route.‘

The 1974 and 1979 e]evat1ons surveyed by the U.S. Geologlca] Survey (USGS)
over the eastern part of the Weber Canyon line have not been corrected for
refraction or for poSs1b]e rod-calibration error, but 1t.1s.fe1t that the data is
usefu]'and'aCCUrate at originally calCUlated for the following reasons. These
surveys used'rods ca]ibrated at three points, and'had maximumipermissable sight
lengths of 50 m, and otherwise adhered to proceedures used?by the National
'Geodet1c Survey for prec1se geodet1c 1eve11ng The 1eve1s did not contain the
-’magnet1c component that has recent]y been d1scovered as a source of error in the
: Zeiss NI-1 type of level. Furthermore the 1974 and 1979 e]evations agree rather
'closely, and show only a small amount of elevation change when compared (Fig. 2).
In fact the | e]evations agree within 10 mm, except for two marks that are
apparent]y unstab]e near ‘the western end and have moved upward about 15 mm with
respect to other benchmarks a]ong the Tine in the time interval 1979 4 to 1983 8.
- Cons1deration 1n the prev1ous paragraph of the refractton error actua]]y

7exper1enced 1n,survey1ng along the_same-11ne, shows that ‘this type of error is

ot
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small and shbuld not accumuTate to more than about 15 mm., It does accumu]ate most

rapld]y between benchmarks 41- FMK and N- 134, and the smaTI tilt of the 1979 and

1983 eIevat1on comparison between benchmarks 41- FMK and 34-A . cou]d be

, attrwbuted'to refract1on-error.: That t11t indicated by the 1979 USGS data- is of

interest because it is our mostArecent‘measurement and it also occurs within in
the Wasatch Fault zone. Unfortunately the USGS Tine was not extended far enough
to the west to define the configuration of the tilt.- We must rely on the the .
1983 to 1958 comparison'for a measure of the nature ¢f tilting across the fault
zone. | " I o

The‘1983 to 1958 comparison shows an apparent elevation change of about

120 mm across the Wasatch Fau1tfzone. Unfortunately the configuration of that

tilt is not known between benchmarks A-92 and J-134 where most of the tilt was

deve]oped because the 1nterven1ng 1958 benchmarks were destroyed by new

; construct1on and road realignment }Nevertheless, the tilt amounts to 100 mm

oyer 10 km, or 10 microradians; which is an order of magnitude greater than any

expected‘random or systematic cumulative error. The tilt is also exactly the

~ the configuration expected a]ong a straining normal fault, with the greatest tilt
‘developed in the hanging waIT of the fault, and a lesser amount deveTOped in the

' footwal] s1de of the fauTt (Flg 4 and 5)

i .
'
'

POSSIBLE CAUSES OF GROUND-SURFACE TILT 0THER THAN TECTONIC STRAIN N

o _ACCUMULATION

Other causes of deformatlon of the earth 3 surface are (1) continued - '

1sostat1c rebound of the area of the earth's crust Ioaded by Ple1stocene

(

Lake Bonnev111e and_more:recent]y,vsubs1dence‘of the_crust on account of



the load 1mposed the 3-meter r1se 1n the 1eve1 of Great Sa]t Lake from

-1982 to present (2) natura] dewatering and compact1on of the 1acustr1ne
sed1ments,1n the Salt Lake Basin in response to the present Ioad of

‘over1y1ng sed1ments, and (3) art1f1c1a11y 1nduced subsidence in areas of

groundwater w1thdrawa1 from confined aquifers, particu]ar]y in the Weber

De]ta area.

-

B ‘Gz

Deformat1on of P1e1stocene Lake Bonneville shorelines by 1sostat1c

rebound " is documented by Crittenden (1963,1967). The main area of rebound

is a broad area centered on the Lakeside Mountains along the southwest

,'shore of{the Great Salt Lake (Fig.7) where the total rebound has been 67 m

in response‘to,a 290 m lowering of the lake since its high stand about

16 OOO’yrs ago. Total crustaT tilt‘from isostatic rebound may be 400 to -
800 m1crorad1ans (down to- the east). Crittenden estimated that there may
be 20 m of rebound yet to go and that the current rate of uplift of the
central area should be about 1 mm/yr., The current rate of crusta] tilt.
a1ong'thelhasatch:front should be about 0.1 microradians per year,hdown to

the eastL A Tevel line being’run this year (1984) from Brigham City west

“to the Nevada border should detect rebound when compared to corrected

_ ear11er surveys.

The current 3-meter rise in lake Ievel s1nce 1982 shou]d u1t1mate1y

, produce on]y 0.6 m of subs1dence in the central rebound area of which only

about 3 per cent (20 mm) might beA1mmed1ateue1ast1c response (rough]y )

‘ca]cu]ated using Crittenden's methods)" Viscous‘response of the mant1e is

vvery s]ow, such that after 10 years, on]y 0.3 per cent or 2 mm shou]d have

subs1ded It is: therefore un11ke1y that the current rise 1n Yake 1eve1

can account form much of - the observed tilt in weber Canyon It is -

51gn1f1cant however, that the magn1tude of Ho]ocene t11t from isostatic



rebound is of the‘same order'asuthat typically_observedtas coseismic

deformation from 1arge,'normal=fau1t, earthquakes (100 to 500

'microradianS)'and that the tilt is developed over a length of at least 80

kmi. .Isostatic rebound during the late Pleistocene was very lfkely a

factor in the strain accumu]at1on on the Nasatch Fault and consequent]y in

' 7the earthquake recurrence 1ntervals dur1ng the P]eistocene

3

Natural compaction of the sed1mentary f111,1n the Salt Lake Basin

'dwould probably cause tilt down to the west in proportion to the thickness

of clayey sediments upon bedrock.,fI have not studied the deep section in

the Weber Delta area and I am not in a position to estimate compaction as

. a possible cause of the observed tilt in Weber Canyon, although the data
to do so'is'forthcoming~in an article containing seismic reflection
‘ profj]es of the area soon to?be published in the Journal of GeophysicaT,

~Research (R.B. Smith, oral communication,~1984) Older drill hole data is

reported in Feth and others (1966) The fact that t11t is a1so occurr1ng

"~ in the canyon d1rect1y under]a1n by Paleozoic and Precambr1an bedrock
_wou]d seem to d1scount sed1ment compact1on as a possible cause. The rate

,at wh1ch t11t is occurring 1s also large with respect to the rate at wh1ch

sed1ment is known to compact in other basins.

- Groundwater is w1thdrawn from- deep wells -in the Weber Delta area

\'(Feth and others, 1966) A very pre11m1nary map of approximate water

]eve] dec11nes in the conf1ned system, over the per1od 1953, to. 1982, was

- furnished by T. Arno- (U S. Geo]og1cal Survey) and - 1s shown 1n Fig. 3. The

control on water Tevel declines is 11m1ted to thevfew we]]s~shown.- Water

11evel dec11nes greater than 12 m (40 feet) are indicated in the area west
- '-iof H111 A1r Force Base It,1s pOSSIbIe that subsidence on the order of 30

ff‘gm (1,ﬁt);cou1dhhave occurred in the area of greatest aquifer'pressure-



Schwartz and others (1983) report a Ho]ocene 511p rategof 1.0 0.1 mm /

V.

" decline, particularly if the aquifers'contained a substéntia]»cumu]ative

thickness of thin c]ayey aquftard layers and lenses (Poiand 1969). 1In |
many areas ‘of the western - United States under]ain by unconso]1dated
-Tacustrine depos1ts, subs1dence has 1n1t1ated after 15 to 20 m (45 ~ 60
ft) of water pressure dec11ne5' Further water pressure dec]wnes have been
known" to produce ub to 1 foot of land surface subs1dence;for 20‘feetv(6 m)
of pressure dec]ine.(Po]and and others, 1975). In the‘area in whfch tilt
is“occurring;_the water-]evei declines aopear to have been 1ess than 30
feet, and un]ike]y to produce detectable subsidence. ‘Ajso, artificially.
induced subsidencewwoutd not -affect the area of bedrockjin the Wasatch

range which is also tilting down to the west.

DISCUSSION
This paper has presented the evidence for‘relativeﬁy 1arge rates of

tectonfc strain and uplift across the Wasatch Fault.. I;feel we have

“iexhaustedvnost of the possible objections to this data py reca1cu1ating'

" the 1958 data, and releveling the line in 1983. The case rests.Targely

on the va11d1ty of the 1958 elevations. ‘The 1983; 1979; and 1974

elevattons agree so closely that one cannot argue away’the1r va]1d1ty - .

The 1958 to 1983 comparison 1nd1cates an average rate of uplift of 4
mm / yr ‘over- the past’ 25 years This rate is about four t1mes greater
than the rate determ1ned by trench1ng and dating offset sed1ments at the
Kaysv111e 51te about 15 km to the south At th1s s1te a]ong the Wasatch
Fau]t Schwartz and others (1983) determ1ned a 1ate Holocene vert1ca1 s]1p

rate of 1. 3 (+0 5, —0 2) mm/yr Farther south, at the’Hobble Creek s1te .

s | -
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yrt The rate determined in the present study 1s cons1derab]y larger than
determ1ned by geologic studies, and supports the idea that stra1n rates
along the fault may differ 1atera11y and ep1sod1ca1]y Along -this segment
of the Wasatch Fau]t between Salt Lake City and Ogden two events have’
occurred within the last 1580 150 years as determ1ned at the Kaysville .
s1te (Swan and others, 1980 Schwartz and others,’ 1983) The interval
between these events was 500 to 1000 years. Net tecton1c d1sp1acement for
w3
1nd1v1dua1 faulting events range from 1.7 to 3.7 m. No surface faulting
events have occurred on the Wasatch front in the past i36 years, and the
last event on the Sa]t Lake C1ty - Ogden segment occurred within the last
‘500 years. If upl1ft is occurr1ng at an-average rate of 4 mm / yr as
_1nd1cated in th1s study, the net tecton1c d1sp1acement’per event of 1.7 to
/3 7 m, ‘would indicate recurrence 1ntervals of 425 to 850 years. " Another
1nd1cat1on of the total amount of strain accumulation before an earthquake
may be taken emp1r1ca11y from neasured coseismic deformat1on from |
earthquakes with normal fau1t1ng in the western U.S. (F1g 5) Maximum
coselsm1c t11t in the hanging- wall b10ck ranges from 100 m1croradians in
the’ Borah Peak earthquake measurement to 500 m1crorad1ans in the Hebgen |
Lake earthquake measurement The geodet1c leveling data in Weber Canyon h
'shows that 10 m1crorad1ans of tilt accumu]ated in. 25 years, or an average
t11t rate of 0.25 m1croradtans per year. D1v1d1ng th1s;rate into the.
meaSUred coseismiic ti]ts at other localities suggestsﬁrecurrence rates on
"the order of 400 to 2000 years wh1ch is similar to the recurrence rates

,obta1ned from s]ip rates of past events.

' PLANS FOR FURTHER RESEARCH . - .~ |
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‘}ogect is currently limited to eva]uat1ng and report1ng on

This

'ava11ab1e]geodet1c leveling data and a modest program of re]eve]ing of

about 15 add1t1onal km each year that»1s not a part of the NGS- program,

but wh1ch(takes advantage of that agenc1es larger re]eve11ng program to

-re- estab11sh the North Amer1can Vert1ca1 Control Datum. and is done by

11
i

-',the1r crews. In-1983 a 1ine of bench marks was extended west of the NGS

|

route in order to better define deformation in the Nasatch Fau]t near

Ogden. In 1984 the 1974 USGS Par]ey s Canyon 11ne (F1g 1) will be

;'partly re]eve]ed A "Iong base11ne t11tmeter" will a1so be set up using

lake levels of the Great Sa]t Lake, and about 1 year of data should be
ava11ab1e for the 1986 report for the Wasatch Front prOJect

.The hat1ona1 Geodet1c Survey-is currently re]eve11ng parts of

‘ northern Utah as a part of 1ts program to re estab]ish a North Amer1ca

<_Vert1ca1 ﬁontro] Datum It 15 1mportant to encourage the NGS to des1gn

and route}the new work so.that we can mon1tor vert1ca1.crusta1 movement in

Utah and dther areas of earthquake hazard concern. If. correct]y designed,

these 1ong level ]1nes are usefu] in detect1ng reg1ona1 warp1ng and also

‘1n detect1ng zones of stra1n that may not have obv1ous t0pographic or

4
xpress1on

The WJsatch Front offers an 1dea1 s1tuat1on for a great]y expanded

geodet1c program to study crustal deformat1on processes in an extens1ona]

~ tecton1c terrane The fact that a major earthquake may be forecasted for

‘the segment south of Br1gham City, 1oca11zes the area for instrumentat1on

for detectrng precursory events that may lead to a short term pred1ct1on,

,' in wh1ch gfodet1c methods to monitor crustal movements w111 play an

_1mportant part " Perhaps more important]y, geodetlc 1eve1 prof11es offer a

|
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\"means of explor1ng for other areas of strain accumu]at1on that are not so
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1 clearly manifested in'tOpographickor geologic expressi?n as is the Wasatch
fau]t For instance, in Figure 7, the tiit that invo]ves 4 cioseiy

’Spaced benchmarks Just west of benchmark S-134, and the reversal in tilt

strain accumulation and not rigid block movement If Significant e]astic
| A

| 0 ' »direction 15 km west of the Utah/wyoming iine may be zones of eiastic
! strain accumuiation is detected such areas are worthy of further

earthquake hazard investigations Seismicaily active areas are known for

surprises It should not surprise anyone familiar with Caiifornia

i ‘ earthquake history if a major earthquake accurs on some lesser known fault

in the northern Utah area, and not on the wasatch Fau]t
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FIGURE CAPTIONS

i

Fig. 1. Network of level lines and lake Tevel sites for monitoring vertical

y-'tectonic movement along the Nasatch.Front in the Sa]t Lake City - Ogden

' area (Not shown on this map are the route of the 1903 1953, and 1967

geodetic- ]eveiing surveys of the NGS that run north- south and just west of‘

. the fault. These surveys are being re -evaluated: for validity of observed

~ elevations)

F1g 2. Profiies of apparent eievation change across the- wasatch fault in

" Weber Canyon near Ogden (bottom of page). In all profiies, eievations

determined in previous years are subtracted from,the 1983 e]evations,and the

.changes_are arbitrarily referenced.tO'bench mark S-134 near Mountain Green,

-t

Utah. Above the eievation change profile is a profile of eievation through-

Weber Canyon aiong the 1983 leveling routei"Profile west of G-134 does not

correspond .to ieveiing route ,7At‘top of page'is a profile of the refraction

corrections applied to the 1983 observations, and the estimated refraction

'corrections app]ied to the 1958 data. The difference between these two

curves has been applied to the 1983- 1958 profile at the bottom of the page,‘
and. the effect has been to remove a very slight amount of down to the west

ti]t, The.apparent.eievation change at the bottom of the page is

interpreted to be a down-to-west tectonic tilt.

Fig. 3. Map showing benchmark 1ocation in the Ogden area. Contours show:

- the water-]eve] declines in confined aquifers in the Weber de]ta area from

.1952 to 1983 (preiiminary and unpubiished data from Ted Arno, 1982)
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Figure 4. Coureptual model of tﬁé¢1one of strain accunuiatjon and the

anticipated coseismic tectonic.deformation'from a ]arge earthquake on the

13

Nasatch Fau]t“zonel‘based Upon data'in Figure 5. Depiotion of the Wasatch

"_'fau1t as a. 11str1c normal fau1t is. suggested 1n art1c1es pub11shed by ,

-'Arabazs and Sm1th (1979) and Snay and Sm1th (1984)

Figure 5. Profiles of cose1sm1c vert1ca1 deformation exper1enced in three

large earthquakes 1nvo]v1ng norma] fau]t1ng in the western United States.

- Hebgen Lake prof1le 1s constructed from data on Plate xx in Meyers and

Hamilton- (1964) Fa1rv1ew Peak prof11e is from Reil (1959) and Savage and

Hastie (1969) Borah Peak profi]e is unpublished and pre]1m1nary data
furn1shed by Ross Ste1n U S Geo]oglcal Survey (1984)

Figure 6. Map showing deformation of the Pleistocene Lake Bonneville

shore]ine (from Crittenden, 1963). o , ;

Figure 7. Profile of apparent elevation change with reSpect to benchmark

S 134 near Mounta1n Green, Utah The 1958 . reca]cu]ated elevations are

" ey e

subtracted from the elevat1ons determ1ned by the 1983 releve11ng of the line

"from Ogden to Rock Spr1ngs, Wyom1ng Only the.segment;to Evanston, Wyoming

is shown ’

15
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The in situ stress’ field is directly responaible for both seismic and

I
aseismic deformation.’ The sense and style of brittle deformation on a

INTRODUCTION

I L A ? ‘ , ,
given fault plane depends upon the orientation of the principal stress

field‘and a:linear‘duantity, q,_that‘depends on the relative magnitudes

of the ptincioai stresses., Knowledge of this P value and of the

: S ] . ,
principal stress orientations can be combined with frictiomal faulting

1
I8

constraints to assess both thé style (direction of slip) and the

‘ likelihood of’ slip on any pre-existing fault plane.,.

Available stress data along the Wasatch front including earthquake
focal mechanisms, Holocene slickenside studies, and hydraulic fracturing
tests have been integrated with analysis of atress—induced well bore

‘elongation (“breakouts®) in five deep wells in the vicinity of the

"ifsouthern Wasatch fault. These data provide a consistent description of

fthe ianituxstress field thch should allow for a bettet'understanding of

both seismicity and geodetic strain data as well as providing a

(
1
'
9
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: foundation for assessing aeismic risk associated with pre-existing taults.-

fDESCRIPTIOﬁhOF;THEiIN—SITU STRESS FIELD

v

! i. As mentioned above, only the orientation of the principal stress

(

field and a value (ﬂ) expressing the relative magnitudes of these



- principal stresses must be known.v e T S b
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_stresses are needed to predict the direction of slip on any given fault

plane. The f “l“e vas first d“cribed by Bott (1959) and lis defined in
the following manner: ? ’ : 2

()

/

“where S1 = maximum principal stress, S2 = intermediate principal

stress, and S3 = minimum principal stress (all stresses are

compressive) Thus, P may range from 0 (S = s3) to 1 (SL = 53).
Angelier (1979) presented a simple graphical method for predicting the
possible range in slip direction for any arbitrary fault plane for fixed
stress axes (see Figure 1), However, unless additional information is

i
i . ' .

known about the»absolute'magnitudesﬂof'the stresses, ‘it ‘is impossible.to
P X L t ) :

tell what are likely.slip'direCtions, i.e., in which partiof this range
the maximum resolved shear stress exceeds the shear strength of the fault.
} Laboratory and theoretical studies of slip on pre—existing fault

planes suggest a linear frictional sliding law of the following form.

X =u(s ~1>)+s o (2)

"where 1[- maximum resolved shear stress, H is the coefficient of

1 .
friction (generally between 0.6-0.85 for most rocks), N is the normal”

stress across the fault plane, P is pore presaure, and S ' is the
i

frictional cohesive strength of the fault due to some sont of healing

' mechanism (often,zero, generally less than 500 bars) To determine the

values of SN and't' information on the absolute magnitudes of the
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' The genetally N-S trending active normal faulting 1F the northern

‘Basin and Range province suggests a strebs regime of the following form.
!

31 - vertical and equal to the weight of the lithostat (Sv)

- c"

.52 =" horizontal and approximately N-S e

53“- horizontal and approximately»E-W'

&

,For a complete understanding of the stress field in a particular region
;within the Basin and Range province we need to’ know the actual

‘orientation of ‘the stresses,xthe ¢ value, and information on the absolute .

imagnitudes of the stresses. There now exists a sufficient amount of

(

) geophysical and geologic datavfor the’Wasatchwfront region to’constrain

: ORIENTATION OF THE PRINCIPAL STRESSES

- all of these parameters. - -

3

Wellbore elongation (breakouts), analyses of Holocene slickensides,

earthquake focal mechanisms, and the orientation of hydraulic fractures'

. all yield data on principal stress orientation. Both earthquake focal

j

' mechanisms and slickenside studies along the Wasatch front region suggest

<

an approximate E-W orientation for S3 (Zoback 1983)

u

'The fault slip

1

l

- data’ described in that report have been reanalyzed (using the iterative o

fault slip analysis method of Angelier, 1984) with annadditional

measurement along the Wasatch near Deweyville, Utah. The best fitting
i . ' . :
stress tensor (Table 1) lies approximately in horizontal and vertical L ) !
' LT - .IVYA 1’

1 planes with a 83 orientation of N75°E (the deviation of the stress

V,tensor from true horizontal and vertical planes is probably largely due

to the small number and limited orientations of the fault planes
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*@ sampled) he focal mechanisms discussed in Zoback (1983) have also been

~

F reanalyzed in that paper tﬁe focal mechanisms were treated as individual

1 '

“ faults by selection‘of a likely nodal plane ‘as the,fault plane. Angelier

1

';I - (1984) suggests that the beat method for analyzing a group of focal
g mechanisms is to include both ‘nodal planes and theit possible slip
. directions, an.inversion of ;his data set yields a reliable estimate of
Ithe stresé orientation but not the ¢ value. Applying this type of
é analysis to the Wasatch front focal mechanisms yields a 83 orientation
,of N91°E (Table 1). The results of both these analyses are - not
fgsi‘ ’{ surprising in view of the fact that both data sets reflect normal fault
deformation on predominately N-§ trending fault planes; |

Directions of wellbore elongations ( "breakouts™) have been analyzed

for five deep wells in the vicinity of the southern Wasatch fault (see

¢

B 1 i
«. Figure 2 for locations). Other studies using data from ‘commerciallx
availablé four arm caliper logs have indicated that”the'average‘azimuth

of these horehole elongations is very consistent within a given well or
S oil field: (Cox, 1970; Babcock 1978 Schafer, 1980; Bern and others,

»1980) | Bell and Gough (1979) and nume rous other workers (Springer and.
e Thorpe, 1981' Gough and Bell 1981, 1982 Plumb, 1982,.Hea1y and others,
- 1982 Hickman and others, 1982 Blumling and others, 1983 Cox, 1983 and
‘Zoback and others, 1984) have suggested that the consistent azimuth of
;the long dimension of the hole is parallel to the azimuth of the minimum‘
T “ horizontal stress (S5 in a normal faulting case)

“ High resolution four-arm dipmeter logs were provide by Doug Sprinkel

of Placid Oil for five deep exploration wvells drilled in the vicinity of

ot
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ﬂl’i : the aouthern Wasatch fault._ Total depths for the five wells varied from
3996 to 5569 metera (see caption for Figure 2 for detailf). Major4
i, portions of all fiVe wella vere extensively wasghed out (aymmetric

‘ enlargement of the well bore observed in two perpendicular directions),

L

however, well—defined breakout gones (uaing the: criteria of Bell and
Gough 1979 and Cox, 1983) were observed in each well, 'Azimuths of

vell—defined breakout zones were determined for each hole and are shown
_on rose diagrams in Figure 3. L A 1

l‘ .‘
The breakout azimuths varied considerably from well ; to well and

within a single well. " Breakouts were found primarily in the northeast

'and northwest quadrant. A composite of reliable breakouts for all five

b

‘there is a slight tendency for them to lie within the‘northeast'quadrant

.
.

m' o (N 0°E to :N80°E). Interestingly, the number of breakouts with an
*approximately E-W. orientation (the expected 83'aziﬁuth)ais not

significantly greater than in many other directions. The results to date

suggest that there is no strongly preferred orientation of the minimum

horizonta! stress~in the region sampled. As discussed in more detail
_ below, these data may indicate that both the minimum and maximum
horizontal principal stresses (assumed to be S3 and Szlrespectively)
‘are approximately equal in magnitude. S ,, ,L ;5?

o
'
t

e Hydraulic fracturea (the atrike of which indicates the orientation of

}
.

Vf\ the maximum horizontal principal stress, 82 in a normal faulting

B regime) have been investigated in 5 wells in the Wasatch front region

c
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wells is aisa shown in Figure 3. The azimuths span the compass, however .

: (Figure‘Z).u.Three of-the weils'lie east of the Wasatch(fault,,two in the‘v

R S
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Raft River geothermal field (Keys, 1980) and the other in the Roosevelt

Hot Springs ‘fleld (Keys, 1979)., In all three of these geothermal wells
the observed hydraulic fractures were inaduertertemtly induced probably

as.resuIFTof.oserpressure during drilling (Keys,(1979,'3980).,usuch

drilling-induced hydraulic fractures are not uncommon in normal faulting

stress regimes (e g. Nevada Test Site, Stock. and others 1983) and ‘are
indicative of the low mngnitude of the minimum horizontal stress (which
in normal faultingvregimes corresponds to the minimum’principal-stress,;-
83). | . ‘ : : : ‘

ﬂ"In'Raft Riser Well 4 a hydraulic‘fraoture was logged using a-horehole

televiewer from a depth of 1428 m to 1485 m with an average azimuth of

N729E, implying an S3 azimuth of 162° (Table I, Figure 4a), 1In

,Raft River Well 5 (located approximately 500 m from Well 4) a hydraulic

fracture was logged from a depth of 1391 m to 1434 m with an average
azimuth of N29°E (Table I, Figure 4&)._ In the Roosevelt.Hot Springs
well the drilling induced hydraulic fracture had an average azimuth of
N35°E (Table I, Figure 4a). : |

Hydraulic fracturing testa were.conducted in two wells aoutheast of
Provo, Utah, approximately 20 km east of the Wasatch’ fault in an area of

young although not substantial normal faulting. The two wells, DH-103

.and DH-101, were located within 500 m of one- another. The wells were

drilled by the U. S Bureau of Reclamation in 1980-1981 as part of a

,feasibility study for the Fifth Water Powerplant site. Using a borehole

televiewer, Zoback (1981) logged five new hydraulic fractures in DH—103

' induced-by testing at depths between 574 and 603 m with -azimuths of

T ad
§



1, 1599, 156° 1549, and 148° (Figure 4a). In addition,

numerous dtilling induced hydraulic fractures vere logged. These
ftactures had a nean strdke of‘abont'880°E (Figure 4b). a

In DH‘lOl; loceted;only 500 m away, hydreulic ftactnrtng tests.were
made.at 9 debth:intervslsvbetween 458 and 570 m, HeimEOn‘(1981).

Bydraulic fracture orientations were obtained from 8 of these tests using

both imptession packers and a borehole televiewerllog, The mean

direction of the fractures was 105° + 15° although one fracture had a .
sttike of N20°E (Figure 4a).

Thus, the orientations of all hydraulic fractures done in the Hasatch

' ‘front region (Figure 4a) differ significantly. The hydraulic fractures

created by testing in the two Fifth Water wells‘show}a mean difference of
about 60°. 1In addition, the drilling-induced hydrauiie fractures'in
DH-103 (Figure 4b) represent a direction somewhat intermediate between
the two test-induced fracture orientetions; The three hydraulic
fractures .from wells east of the wesatch front also show 1nconsistent

directions.\ These data, when considered with the boreﬁole.elongation

_ anaiysis (see Table 1), seem to support the.hypothesis that both

"horizontal principal stresses are apptoximately equal in magnitude ‘

implying that there 1s no strongly preferred orientation for the least

'principal sttess, 83,

o ;Reletive Hegnitudes of the Principal Stressesl P

Information on the reletive magnitudes of stresses comes from both

deformation and hydreulic fracturing data. Since the value of the

I
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maximum horizontal stress (s, in a normal faulting regime) is poorly

determined in hydraulic fracturing tests (Zoback and Healy, 1984), the ']

. values determined by thia method can be considered to be - only approximate

values. : ' _

| - The lowfﬂ.value determined by Angelier'a fault alip inversion
technique for the Bolocene slickenside data along the wasatch fault zone
is not aurpriaing since the observed slickenaides had very ateep rakes
(56° - 87°, vith 8 of the 9 angles greater than 73° 'Zohack .
1983). (The ‘rake is the angle in the fault plane between horizontal and
the alickensides, a_90° angle 18 pure downfdip alip.) As 1llustrated
Figure l‘ in a normal faulting regime with a low ¢ value (0:30) the
expected slip direction is alwaya down—dip, regardless of the strike of
the fault. This is because of the very ‘low shear stresses (difference

between stresses) in the horizontal plané. Thus, the tendency toward

predominately down-dip alip,on the observed fault planes whoge strikes

m‘varied 85° (between N45°W and N4O°E) is, as the analysis concluded

indicative of a very low @ value, approximately equal to zero._lg

In fact the earthquake focal mechaniam data: ahow a similar pattern.
All Hasatch front mechanisma are predominantly normal dip—slip events
ahowing only amall componenta of - strike slip motion. Computed rakes on~
all poesible nodal planes ranged from 53° to 90°, with one low value
of 25° ‘

" “The wide range in azimuth of the hydraulic fractures (Figure 4a), as

-\discussed above, is alao conaiatent with a nearly radial horizontal '
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G S atress field, i.e. a stress field in which the horizonta:__\'¥~%~atrease’s are
y
|
f
l

equal in all: directions. The lack of vell-defined preferred borehole

!

elongation direction (Figure 3) alao supports thia view. Thus, all the -

data considered together euggeat ap value of approximately zero. The

strong prefe#ence_for active deformation to occur.on generally N-S

)
)

- striking plﬁnea probably reflects the strong influence of pre-existing

zones of weakness.
|

" Absolute Mggnitudea.ot tne Principal Stresses
} } _ : Zoback and Healyi(l984)vhave recently revienéd'in-situ stress
! ‘ measuremente nade at depths in areas of active faulting. The data
! indicate that the magnitude of principal stress differences in the
- shallow crnst are controlled By the frictional strength of the active
‘ faults, -where the frictional ‘atre_ngth is coneistent with laboratory- -
, derived coefficienta of friction between 0.6 and 1.0. The general

frictionalfsliding law (equation 2) reduces to the following relatiomship

~"between principal atressea (S1 and S3) pore pressure (P) and the

, coefficient of friction (u) for Optimally-oriented fault-planes (planes

——————

in which 52, the intermediate stress, 15 in the plane of the fault)

Y a2, 2
e 2R (R R T )

In a normal faultins resime. 31 = Sy (weight of the overburden), S3

o= minimum horizontal stress (which is’ obtained directly by hydraulic

. fracturing tests).’
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. In esch*of four examples of stress measurementa in areas of normal

faulting (including the Fifth Water, Utah and Nevada Test Site) Zobsck

°F*and uealy (1984) show that the magnitude of S, hes approximately the .

value (given by equation(3) with U= 0 6 - l 0) at which normal faulting

‘'would be.expected to occur on optimally-oriented planea. Figure 5 shows

plots of the minimum horizontal stress values (83) as -a function of
depth together with the range in values for frictional strength at which
normal faulting is expected for the pore pressure shown. Also shown in

P .
Figure 5 is measurement of the minimum horizontal stress determined from

. an "acid-breskdown hydrofrac” at 5070 m depth in the Chevron USA #1

Chriss Canioniwelly located less than?IO‘km.east of the southern Wasatch

;fault (Arabasz, 1984—-see Figure 2 for 1ocation) As‘noted by Arabasz

the measured value of 33 is also consistent with the range predicted by
frictional‘strength,values, hydrostatic pore pressure, and a reasonable’
estimate of S ‘

The available data on stress magnitudes thus indicatea that stress

_ differences (the difference between sl and 53) are quite 1grge in

i areas of active normal faulting in general and in the Wasatch front
region in particular. The ‘stress differences appear limited by . critical
'_ valuea predicted from frictional strength of pre-exiating

-optimally—oriented faults.

J

g
§

'Concluding Remarks

‘ 1

o Available data on the in-aitu stress field in the Wasatch front

region indicate high stress atress differences between the maximum

\
o
I
1



' btteas.

lapptoximately equal in. magnitnde (9 noO) and that ‘there ia no atrongly

. | A 11
PFinCipal 3tf283» $3, (assumed vertical) and the.minimum horizontal

The data also 1nd1cate that both horizontal stresses are

} preferred oriextation for the minimum horizontal atresa, 83, other than

that dictated by the 3enerally N-S normal faults which are currently -

active. ,}’“

T

The implicationa of thisAconclusion, if cortect, are far—reaching.
Since faulting is driven by the difference between the
maxiauajané\minimum principai stress (S; - 53) and 1f p =0 then
noroalzfauitsjbt”a wide variety of azimuths may be potentially active.

In additioh;”folloviog a ma jor atfeaa,releaae'event (large earthquake) it
is poasibfe?that the previous 1otejmediate stress value, S, might
become the new hinioum'atress;’i.e., evea the small stress drops of

eatthqﬁakear(typical;y 30-100 bars) may be enough to cause an exchange in

the relative‘magn;tude of the two horizontal stresses. Temporal

. variations of the‘horizontal stress field (magnitude and/or orientation)

- thus may be 'strongly influenced by where we are in the earthquake cycle

itself, 1In addition, the near equality of the horizontal stresses may

[ AT

"_'aIso helo understand. the complieated'reéent geodetic strain data~along

\

the Wasatch which yield two . nearly orthogonal ditections of _extensional

strain (Prescott»and'othera, 1979, Snay and others, 1984). -
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' Figure 3. .

Figure 1. .
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Figure Captions

Angular variation of maximum shear atteas (slip ditection)

with p, when stress axes 83, 32' S3 are fixed- a=
fault normal; T = projection of S; on the fault Tl
1 ‘-_projeet1on of S3-on,the fault. When 0 goes from O to

:‘1, the orientation of the maximum shear stress goes from

T, toT;. Shown are the range in possible slip

:lfdiree;ions for two faults in a normal faulting regimeAwhere

;ﬁs3‘is oriented east*ﬁeet.

Location map for vells discueeed in text.  Wells which were

' anaiysed fer borehole‘elongétidn:f'e- Henley #1 (TD=3996m);

i b -~ Paxton #1 (TD-&SZOm), c - Honroe #13-7 (TD-4795m), d - |
 WXC USA #1 -2 (TD-5569m), e - WXC State #2 (TD-&236m)

i Wells 1n which hydraulic fractures were reported. f - Raft

1.R1ve: Well 4 and Well 5; g8 - Roosevelt Hot Springs well; h

. ~ Fifth Water DH 101 and DH 103; i - Chevron USA #1 Chriss

Canyon.

Rose diagtama of borehole elongation azimuths in the

analyzed wells.
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a) Rose diagram of all hydraulic fracture orientations

;reportqdufrpn vells in the Wasatch :rop;rrcgton. .BS ‘Rose
- diagram .of drilling ':"I.n'd'pecd hy‘dn‘ulic ::_..-.:um in Fifth |
‘Water DH-103 (M. Do Zoback, vwritten comunication, 1984),

.Minim'm principal stress values meusuﬁd in three veils 1n1
" the w;dntch front region, Also shown is the estimated |
.‘ mgnitude‘ of‘tha vertical principal -‘tuii, vv:h‘a pore
f:r_essure_, and the expe:c‘t;ed range for 513‘ for active normal

faulting based on equation 3, .
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Paper ‘Number 5

Pre11m1nary 1nvest1gat1ons of Quaternary geoTogy along the southern part

'i
Tay

4
Tyt

of the wasatch fauTt zoné, centra] Utah

i%ﬁ‘ _ UV: ' - Michael N. Machette
5’1' ‘*ij . U.S. Geological Survey
if | ~ MS 913, Federal Center

Denver, Co]orado 80225

Introduction

l

The Levan and Neph1 segments are the southernmost of s1x fau]t segments

',.‘of the Wasatch fault zone proposed by Schwartz and Coppersm1th (1984) Young ]
’ fault scarps,of the Levan segment extend 38 km, from 2 km northeast of Fayette .

to 5 kmﬂnortheast of Levan.’ Scarps of the Nephi segment extend 33 km, from

theunorthjedge7of,Nephi to about 1 kmgnortheast of Spring Lake, a small
community ahout 5 hmlsouth of:Payson. The young surface ruptures of these two
segments are separated by a 16:=km-long- gap where young scarps are not
present. | - '

Trenchﬂfnvestigations by‘Schwartz and .others (1983- aTso in Schwartz and

“Coppersm1th 1984) at North Creek .near the center of the Neph1 segment . reveal

three d1st1nct episodes of surface’ rupture, each hav1ng 2.0-2.6 m offset, and

- an est1mated average recurrence 1nterva1 of 1 700- 2 ,600 yrs.l The most recent
| movement however, occurred w1th1n the past 1, 100 yrs and perhaps in the- ‘past
_ 300-500 yrs. The Neph1 segment probabTy has the the youngest surface o
- ruptur1ng and scarps of the whole Wasatch fault zone (see d1scuss1on of
»'Schwartz and Coppersm1th 1984) To the north, in the SaTt Lake and Utah |
iﬂﬁ'VaTTeys, pre Lake Bonnev1Tle age depos1ts can rareTy be reTated to the Wasatch

' "?"'fault zone (w E Scott pers. commun., 1984), and where observed the '
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, depos1ts typ1ca]1y are exposed on]y on one side of the fault zone. Lake‘r

Bonnev111e cou1d have. on]y occup1ed the Juab Va]ley for a few thousands of

years (Scott and others, 1983) and nowhere do lake depos1ts straddle the Neph1
.segment. Thus pre Bonnev111e age depos1ts, partlcular11y those that form

E alluv1a1 fans, are better preserved in-the Juab Va]ley than at most other

1oca11t1es to the north.

J Th1s study has benef1tted from the high runoff of the last two years,_
wh1ch has freshened up many stream exposures. For example, the fault is now
we]} exposed Ln Quaternary deposits a]ong_W111ou Creek and Mona .Creek on the

Nephi‘segmentfand along Deep Creek on the Levan Segment. The'new exposures

'great]y 1ncrease the poss1b111ty of f1nd1ng material to date faulting events

and to better def1ne the chrono]ogy of strat1graph1c units exposed along the

fau]t. : a;-

Geo]og1c 1nvest1gat1ons

El

Studies were conducted in order to better understand the pa]eose1smic1ty

of the Nephi and Levan segments as we]l ‘as the re]at1onsh1p between young

.fau1t1ng events and 1) bedrock'structure, and 2) mass-movement processes

(1ands]1d1ng, emp1acemment of debrls flows, and colluv1at1on) Stud]es
1nc1ude deta11ed surface mapp1ng at sca]es of 1:12,000 and 1 24 000 of a

severa]-km-w1de zone a]ong the fau]t, systemat1c measurement of - about 100

ftopograph1c prof1]es of fault scarps, detalled strat1graphy of selected

exposures of Quaternary depos1ts, descript1on and 'sampling of surf1c1a1

' depos1ts and so1ls for character1zat10n and age determ1nat1ons, and 1

o comp1]at1on of bedrock geology of se]ected areas. The. 1nf1uence of majorv

contrasts 1n bedrock structure and 11thology a]ong the range front on the

1ocat1on geometry, and magn1tude of surface fau]t1ng is be1ng 1nvest1gated.

r" .7
!

o



bcarp movphology data will be used to 1nVest\gate Lhe relatwon between

maximum scarp- sIOpe angle (8) and scarp he1ght (Hs, s1ng]e-event scarps, Hm, .

'mu1t1p1e event scarps Machette and McGimsey, 1983). The‘data'wlll be
‘Hcompared<to,the scarp morphology,data of Bucknam and Anderson (1979) from-

_central'Utah to analyzemrecency of faulting, and used to3construct a genera1h

surfaoe rupture envelope forlyoung surface faulting events. Comparison with

the rupture envelope of the 1983 Mg 7.3 Borah Peak earthquake -(Crone and

Machette, '1984)<may‘he1p model ground breakage based on'“charaCteristic“'

amounts of offset that might occur along 1nd1v1dua1 segments of the Wasatch

fault zone. ‘f'“

'Results of current research

< 1) The steepness and height of the Nephi fau]t scarps formed 1n uncon-

‘solidated deposits -indicate late Holocene movement at least from Mende]hal]

Creek n the north to Nephi on the south. The data analyzed so far show that
single-event scarps. less than 2.5 m in height (Hs, fig. lA) generally have
max1mum s]ope ang]es less than 32°, whereas larger scarps have maximum s]ope

ang]es that are at or exceed the angle of repose of unconsolidated surf1c1a1'

' deposits. A]ong the Nephi segment the small scarps and the youngest element

" of larger compound fault scarps are oId enough to have had the1r free faces

removed, whereas’ free faces are commonly seen on h1stor1c fault scarps in the‘f

Basin and Range., The Neph1 Hs data plot s1lght1y above (younger than) that of

_ the F1sh Spr1ngs fault (flg. lB "Bucknam and Anderson, 1979), which'I est1mate
ui?to be" of 1ate(7) Holocene age. ‘However, the he1ght-ang]e relation for .
o comp051te, multlple event scarps (Hm, f1g. 1A) p]ot sllght]y be]ow the Fish

;.Z”Spr1ngs fault_(Bucknam and Anderson, 1979). The_re]atqon'between Hs and @ for
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the scarps suggest very young movement a]ong the ma1n strand of the Neph1
Hsegment the support Schwartz and others (1983) minimum age limit age of

.1, 100 614 yrs B.P. for the most recent surface rupture at the North Creek

s1te but do ‘not . necessar11y support the1r est1mate of on]y 300-500 years for

~ the age of the most recent rupture.

About 40 prof11es have been measured along the Levan segment but th1s
data has not yet-ana]yzed and only ‘three profiles been measured from the
Santaqu1n Valley end of the Neph1 segment. These profiles and additional ones

along the Provo segment will be analyzed in the com1ng year.

@ Hs, single-event scarp -

15 b © Hm, multiple-event scarp]

10 1 i - Il A 10 4
0 2 4 8 8 10 05 .
SCARP HEIGHTIm) . R e SCARP HEIGHT m) -

FIGURE lA. Morphomet1c data for single-event and mu1t1p1e event fau]t scarps
' a1ong the Neph1 segment of the wasatch fau]t zone. Curved llnes ]abe]]ed
Hs and Hm are- the 11nes of best fit for respectlve data sets. Gray

Stlpp]ed area 1nd1cates common ang]es of repose of unconsolidated

% surficial mater1als (32°- 36°)

- _TFIGURE 18. L1nes of best fit for data from the Neph1 fault scarps (Hs and Hm)

and data from other fault scarps in centra1 Utah (mod1f1ed from Bucknam

and Anderson, 1979) o R ‘d.v S



~2) Although the Nephi and Levan segments-are separated by a 16-km-long gap in
Holocene and latest Pleistocene'surface.fadit%ng;'strong geomorphic and
'rgeologic"evidence indicates'earlier Quaternary'faulting in the gap. Levan

‘Ridgeis a: Iarge compos1te Quaternary alluv1ua] fan system that separates the

northern and southern-parts of Juab Valley. The gradient of the a]luv1a1 fan

steepens across the prOJect1on of a-major north-south fault that separates the

adjacent bedrock hills from the east side of the Juab va11ey. Th1s steepened

gradient‘may be an old, degraded mu]tip]e-event fau1t'scarp. If correct, it

implies that "a fau]t connectlon between the Levan and Neph1 segments has been

1nact1ve for. tens(?) of thousands of years.'

3) Deep 1nc1s1on along the south s1de of Willow Creek during the spring

flood1ng of 1983 exposed the fau]t and assoc1ated col]uv1a1 wedges. Two

Asurface fau]tlng.events are apparent_ln the,exposure, and evidence of perhaps

third event may.be present below the level of exposure. Three prof1]es of the

fault scarp on the w1110w Creek terrace fan have an average height of 6 6 m,

;;j"max1mum scarp-slope angle of 37°, and a minimum surface offset of 5.2-6.0 m

o (the-base is buried by post-faUlt alluvium). The young surface faulting

relations at Nl]]ow Creek are very similar to those at the North Creek site of

- Schwartz and others (1983) The. scarp there has a height of 7. 2 m, a max1mum

slope angle of 38 40°, and. apparent]y was produced by three separate surface

fau1t1ng events. ‘R, C. Bucknam co]]ected charcoa] from ‘the fau]ted a]luv1um

~at North Creek and Schwartz and others (1983) obta1ned a date of 4580 cl4 yrs
. B. P. on the charcoal Th]S date converts to calendar dates of 5129- 5494 yrs

B. P.‘(Schwartz‘and Coppersmlth 1984) ‘R R Shroba (pers. commun., 1984) and

my stud1es of so1ls deve]oped on the faulted depos1ts at North Creek and at
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f:wlllow Creek suggest a m1d(?) Ho]ocene age based on an A weak Bs, stage I Cca
25011 hor1zon prof11e. The soils and the dated alluvium suggest that some of -
?the fans at the mouths of major canyons along the Nephi segment that are
offset by- repeated surface fau1t1ng events were depos1ted dur1ng the A1t1- d‘
:thermal port1on of: the Ho]ocene, about 4, 000 6 000 yrs ago. An add1t1ona1
‘constralnt on the age of the faulted depos1ts may be forthcom1ng from wood

R collected about 100 m east of the fault scarp. A tree stump in alluvium of

lelow Creek was buried in growth position and rooted in the third oldest of

12 unitskexposed'along the south wall of the creek. The stump appears to_haye

" been broken off dur1ng depos1t1on of un1t 5, @ mass1ve 11ght gray brown

pebb]ey debrxs f]ow deposit. A C14 age from the wood w111 date mater1a1 about

2 meters below the surface of the faulted fan terrace and thus prov1de a-

maximum age for the 5 2-6. 0 m of offset at W111ow Creek.

4) Three‘buried A horizons-having disseminated charcoal were collected from :
scarp colluvium inﬂthe-Birch Creek grawellpit and may provide‘additional

constraints on the age.of fault-related young deposits on the Nephi segment.

. cl4 ages from these hor1zon should help estimate rates of depos1t1on of scarp

colluvium adJacent to the fau]t and may. 1nd1cate the length of t1me separat1ng

1nd1v1dua] surface faullng events.~ The dates shou]d a]so g1ve a max1mum age

“of the over1y1ng fan a]]uv1um of L1tt1e B1rch Creek (the smal] dra1nage on the -

- south s1de of the B1rch Creek grave] pit).

'S) Perhaps the most 1nterest1ng pre11m1nary result of these stud1es is the

est1mat1on of a pre -Lake’ Bonnev111e slip rate for the Neph1 segment.. Fau]ted

~fan depos1ts of pre—Bonnev111e age are preserved at the mouth of Gardner ‘
‘ Creek, a moderate size stream va]]ey that dra1ns the southwest end of the-.

Wasatch Range, about 3 km northeast of Neph1., Recurrent 1ate P1e1stocene ‘and
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THo]ocene fau1t1ng a]ong the Nephi segment has left a series of three alluv1al-

fan complexes p]astered aga1nst the s1des of Gardner Creek canyon. o

These deposits are 1nforma11y referred to as young (ny), m1dd1e (Qfm), and

‘on (Qfo) a]]uvaa}—fan depos1ts. :ny 1s,probab1y m1d-HoTocene in age,-based

on theidegree»oquoil deve10pment and corre]ation'with'mid-HoTocene alluviual

fanqdeposits at WilTow Creek and North preek.. The downdropped'oortion of

- these alluvial fans is probably overTain by thick, westward—thinning wedges of
" younger (m1dd1e and Tate P1e1stocene) alluv1um. Holocene alluvium, most of

wh1ch may ‘have been depos1ted dur1ng the warm, dry A1t1therma1 (about 4, 000-

6,000 yrs ago) forms a thin surface mantle on the downdropped fault block.

The m1d(?) HoTocene depos1ts are offset about 3. 9 m (scarp he1ghts are

iabout 4.2 m) at Gardner Creek. Us1ng an average age estlmate of 5,000 yrs for

- the faulted depos1ts the average slip rate is about 0.8 m/ka ~or 60 percent

of the rate at North Creek (1. 3 m/ka). The d1fference 1n~these ‘two rates may

ref]ect the prox1m1ty of Gardner Creek to the southern term1nat10n of the

Nephi segment where d1sp1acement amounts could be expected to diminish toward

the segment-boundary;: North. Creekvand w1110w Creek, by contrast, lie near the

""center of the segment where d1sp1acement amounts could be the Targest.

The remnants of m1dd1e and o]d fan aTTuv1um (Qfm and Qfo) that are
preserved on the upthrown fau]t bTock may have been deposxted 1n response to

maJor cl1mat1ca1]y 1nduced changes 1n sedlment suppTy and stream flow such has'

o been recogn1zed to the south in the Beaver bas1n.. Uran1um trend age deter-

m1nat1ons from so1Ts and quant1tat1ve ana]yses of so11 carbonate content. - '
(Machette 1984) suggest that the maJor constructlonal alluvial Tandforms
(p1edmont sTopes terraces, and aTTuv1a1 fans) 1n the -Beaver-basin are re]ated

to changes 1n c11mat1c eplsodes, from gTac1a1 to 1nterg]ac1a1 cond1t1ons.



By ana]ogy in north central Utah the m1dd1e and o]d fan dep051ts probab]y

correlate w1th the 1nterg]ac1als that followed the two major pre-P1neda1e

Aglac1atlons. The younger of . the two 1nterglac1als probab]y is about 130, 000 )
fyrs old and the o]der is probably about 250,000, yrs old,

A 1984 excavation 1n the surface of Qfo at Gardner Creek revea]ed a well
deve]oped soil that is character1;ed by a one-meter-th1ck K‘hor1zon. Th1n

laminae (weak stage IV morphology) are discontinously formed in the upper 10

) /
cm of the K hor1zon downward, the morpho\ogy grades from strong stage III to

| weak' stage III.v 0ver1y1ng the K horlzon is a 10 cm thick Btca horizon, and a

thin A horlzon (a 1arge unseen part of the B horizon probably has been

- engulfed by the K horlzon) Even though the so11 is formed in 11mestone-r1ch
alluvium, the deve]opment and th1ckness of the K horizon represent a

substant1a1 accumu]at1on of pedogen1c carbonate, the maJor1ty of which

probab]y is ;supplied by airborne dust (Machette,-1985). It probab]y

represents several hundreds of thousand-of years of soi)-carbonate

'accumulation, which is consistent with thé assuned 250,000‘year‘age for the
‘ ,quosit on Which it is formed.n This soil appears better develoned than the'
| type Promintory-SOi]aof Morrison (1965) that is formed in- gravel bars of
L1tt1e Va]ley age. (see Scott 1982 for d1scuss1on of- strat1graphy, ‘ages, and
.50115) Scott (1982, p.: ) cons1ders the deposits of the Little Valley lake |
| cycle to be 150, 000 +' 25, 000 yrs old, generally corre]at1ve with tills of the

: Bu]] Lake g1ac1at1on of the Rocky Mounta1ns that probably ended about 140 000

. yrs ago (P1erce and others, 1976).

Adgacent to the .mouth of Gardner Creek, scarps formed 1n Qfo are 25- 26 m

) h1gh have s]ope ang]es of 38° 40°, and are bur1ed by an unknown th1ckness of |
ryoung fan al]uv1um at the1r bases. In the 1nterf]uve between the Gardner

7 Creek and RediCanyon (the next maJor dra1nage to the south) the scarps show



the least amount of buria] and reach ‘a maximum he1ght of about 32 me. There is

evidence that the surface offset is actually more than 32 m. The steepest

'.porttonr(O)‘of the scarp in Qfo is in the lower 173 of the slope. Typically,"

0 is found in aﬂmfd-slope position (this general relation has been confirmed

by numerous trench exposoresAaTonﬁlthe‘Wasatch fault zone-and:in other -
trenches acros%ﬁfaults:in the Basin ahd’Range)t_'The steepened portion 1s,'
interpretedhheﬁeAas the position;ofhmost recent surface}rupturing., Thus, one
could argue thdt‘an unseen, Iower portion of-the Targe tau]t scarp is buried

on the downthrown fau]t b]ock. Us1ng th1s Tine of ev1dence, a geometr1c |

| reconstruct1on of the fau]t scarp in old fan depos1ts cou]d permit as much as

50 m of surface offset.. Backtt]t and grabens further comp11cate_the
reconstruction;tbut-both reduce the amount of surface offset in relation to
the height of the ma1n scarp. (see dlscuss1on of these factors .in Swan and
others, 1980) ‘ For determ1n1ng a pre-Bonnev11Ie sl1p rate at Gardner Creek I

favor a 1ntermed1ate offset value of 40 m (-8 m, + 10 m). On the basis of

~ this intermediateAvalue and an assomed a§e of 250 000 yrs for Qfo, the

. cumulatlve 1ate Quaternary s]1p rate at Gardner Creek is 0 16 m/ka (the range

in values is 0 13 0.20 m/ka) ..t“;.j R,

!
i

Speculations ahOUt the mechanism and timing of apparent changes in slip rate

There is‘good evidence that the’post Bonneville (past 15,000 yrs) slip
rate is at 1east f1ve t1mes faster than the pre- Bonnev1]1e (more than 25, 000
yrs) sl1p rate a1ong the Neph1 segment., A]though not presented here, there is

ev1dence for a s1m11ar contrast in s]1p rates on the Provo and Sa]t Lake C1ty

: xf' segments of the wasatch fault zone.. I propose that the anoma]ous1y h1gh slip -

~rates during the past 15 000 yrs (]atest Plelstocene and Ho]ocene) a]ong the

s wasatch fau]t zone are re]ated to empoundment of Lake Bonnev111e.
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The h1gh s]ip rates may reflect pertubat1on of ambient shear stresses on. the

i

|

1

!

|

L |
» Wasatch fault zone by increased hydrostatic head and resultant subsurface pore

1 pressure, as we]] as by loading and unloading of the crust dur1ng the 1akes

j - rapid expans1on and contract1on 1n the late Pleistocene. e .

i ~ The Ho]ocene s11p rates at- the Hobble Creek and North Creek sites are

high (tab]e 1; 0 08-1 0 and 1.3 m/ka, respect1ve1y) yet are apparently slower
't h. . than those recorded by ‘offset of the Provo- and Bonneville-age surfaces
‘(estimates range from less than 1.7 to as much as 3.9 m/ka; Swan and others, .
fh[‘ r ,1980 Schwartz and Coppersm1th 1984). Thus, there also may be a trend of

.progress1ve1y dec11n1ng s]1p rates in the Holocene, from a peak in Bonneville

* time (15,000- 25 000 yrs ago).

Table 1. Cumulative slip rates (m/ka) on the southern Wasatch Fault zone

«f': Time interval . o ~ Hobble Creek North Creek . Gardner Creek
-+ Mid Holocene E'Lf H .01 _ 1,32 _ ,ff‘0.784
o Post-Bonneville S | o
' . . . L] ¢ . L] [
C (17,000 yrs B.P) o B9 ned. nde
Pre-Bonneville. Ai ;_;A, o 3. U i
| (250,000 yrs BiP.) ede - = - 0.21 et 0416 < T
o - Cenozic ; "~ 0.4 for the central Wasatch Fault zone®
I 1 Data from Swan and others; 1980, |
2 Data- from Schwartz and others, 1983, _ ,
-3 Calculated from ratio of pre-Bonneville to m1d Ho]ocene 511p rates at

-Gardner’ Creek times mid Holocene slip rate at North Creek.
4 Data. from Naesar and others, 1983.‘. ' o
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~in 511p rate. For examp]e, a comb1nat1on of 20 OOO—yr-long lntervals of 2

Stip rates for pre-Bonnevi]le depos1ts are cons1derab1y s]ower (0.1-0.2 .

m/ka) as ev1denced by relat1ve]y sma]] amounts of offset in the, Gardner Creek

Afans ~and in L1tt1e Valley age (Bull Lake) tills at Dry Creek and at Little

Cottonwood Canyon (w. ‘E. Scott, pers. commun., 1984) If,the m1d Holoceqe

slip rates'at Gardner‘Creek are extrapo]ated to the,oloerafans,.about 200 m of

- offset should have.occurred in the past 250,000. yrs,'cohparéd'to“the estimated

.]( .
32 0m of offset that can be'shown. Thus, there is ev1dence of a 4 5 fold

}1ncrease in cumu]at1ve of fset rates through the latest part of the Quaternary.

The: characterlstlc earthquake model of Schwartz and Coppersm1th (1984)

infers repeated; ropture_events.that.prodoce_about.Z'm of vertical offset on

'3discretetsegmehts of the_wasatchifaultﬁzone. If this model is acteoted, a
-‘fvpreQBonneviIIe slip rate of O.Z;m/ka requires a interval of about 10,000 yrs o]

" between events.b This*recurranoe‘interva1}is in sharp contrast to the 2,000-

1,000 yr interva]s'various]y calculated for individual segments of the fault

~ zone during post -Bonneville time, and to Schwartz. and Coppersmith's (1984)

”-preferred 444 yr interval for the whole of the Nasatch fault zone.

‘The 1ong-term (Cenozotc) slip rate for central part of;the Wasatch fault

*<20heeiseahoutf0.4 m/ka (NaesarAand.others,:1983);based,onefiSSionitrack‘ir;f

ages. This rate fa]ls'between'the'post- and pre-BonneViT]e rates as'one might

expect, espec1a]1y 1f lt records cyc11c, long- and short per1od f]uctuat1ons

.m/ka average S]]p rate and 100 Ooofyr-1ong 1ntervals of 0 2 m/ka average 511p b

rate y1e1d a cumu]at1ve s]xp rate of 0 5 m/ka. ;j -f"”

. ,f"
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Perhaps the cause of the changes in slip rate is a hydro-tectonic o

' meéhanism. A 1arge lake would produce hydrostat1c head and 1ncreased pore

pressure, and cou]d have a tr1ggering mechanism related to 1sostat1c loading -

-and un]oad1ng dur1ng 1ake expans1on'and contract1on. "The comb1nat1on of. these

}
factors cou]d cause an 1ncreased slip rate (and hence more earthquakes) by

focusing reg1onal stresses on a primed structure (the Wasatch- fau]t zone).
W1thout a large 1ake, the pore pressure is decreased to the: amb1ent level, the

hydrostatic load . 1s removed and the shear stress-is redistributed over the

eastern'Bas1n and Range Province in a more orderly manner. The presence of a

large ]ake or a serles of repeated large lakes, dur1ng the. Quaternary may
l
have focused earthquakes on the wasatch fau]t zone. -

;

: i
Further research'

Mapping and strat1graph1c stud1es of the Quaternary geology along the
Wasatch Fault zone w111 cont1nue northward into the Utah Lake Valley from

Payson on the south to Alpine<on the north. This stretch of the fault zone is

essent1a11y the 55 km-long Provo segment proposed by Schwartz and Coppersm1th

i--(1984) - Data- from ‘the Hobb]e Creek 'site suggest that the Provo segment has a

re]at1ve1y fast post Provo (<13 500 yrs B P. ) rate of offset (0.85-1.0 m/ka)

4and has been most recent1y active- about 1, 000 yrs .ago (Swan and others, -

| 1980) ‘Six to seven rupture events have been suggested for d1sp1acement of

the Provo—age surface, which equates to an average recurrence 1nterva1 of

1, 700- 2 600 yrs.; A spec1f1c effort w111 be made toward better def1n1ng the

. amount of offset 1n Provo, Bonnevi]le, and pre Bonnev111e age depos1ts,

{:
a]though the 1atter are not we11 exposed in the Utah Val]ey.r; o




-

References

Bucknam, R. C;,.énd Anderson, ﬁ..E., 1979, Estimation of'fault-scarp'ages from

a scarp-height-slbpe-ang]é-relationship: Geo]ogy,_v. 7, no.‘l, pe 11-14.
Cluff, L. S., Brogan,,G,'E;;‘and,slass, C. E., 1973, Wasatch fault, southern
portidh--Earthquake~fau]t investigation and evaluation (a guide to land
.use plaﬁhing for Utah Geological and Mineﬁé]ogica1.5urvey): Woodward-
Lundgren and A;sociates, Oakland, California, 79 p-, 23 plates (sheets).
Crone, A. J,'énd Machette, M. N., 1984, Surface faulting accoﬁpanying_the

Borah Peak earthquake, central Idaho: Geology, in press.

,Machetté, M. N., 1984, Late Cenzoic‘geology'of the Beaver.basin, southwestern

Utah: Brigham Young University Studies in Geology, in press.

Machette, M. N., 1985, CélciC'soils;qf‘the Americar Southwest, in Weide,

D. L., and Faber, M; L., eds., Soils and'Quéternary geomorphology of the-
American Southwest:- Geo]ogiqé]‘Society of America Special Paper, in
press.»‘ | |

Machette, M. N., and McG1msey, R. G., 1983, Map showing Quaternary and
Pliocene faults in the Socorro and western part of the Fort Sumner 1° x 2°

quadrdhg]es,'tentra] New Mexico: ~U.S.:Geological SurvéyJMi§CeT1aneous -
Field Studies Map MF-1465-A with pamphlet, scale 1:250,000.

Morr1son, R. B., 1965 New ev1dence of Lake Bonneville strat1graphy and
history from 'southern Promontory Po1nt Utah: U.S. Geolog1ca1 Survey
Profess1ona1 Paper 525- C, p. C110 C119. | |

Naesar, c. w., Bryant Bruce, CrIttenden, M. D., Jr., and Sorensen, M. L.,

' 1983, F1sslon-track,ages of(apat1te in the wasatch MountaIns, Utah--an
R upl%ft;study, din‘Miller, D. M., Todd, V. R., and Howard, K. A., eds.,
.'Teétbnicgéndfstratigraphic studies in the eastern Basin and Range:

‘GeoTbgicé!JSoqiety of America Memoir 157, p. 29-3@;»'

13



P1erce, K. L., Obradovich J. D., and Friedman, Irving, 1976, Obsidian
hydrat1on dat1ng and correlat1on of Bull Lake and Pinedale glaciation near
West Ye]lowstone, Montana. Geological Society of Amer1ca Bulletin, v. 87,

n0- 5 po 703 7100 T

Schwartz, D. P., and Coopersm1th K. J., 1984, Fault behav1or and

character1st1cs earthquakes--examp1es from the Wasatch and San Andreas
fault zones: Journa] of Geophysical Research, in press.
Schwartz,. D. P., Hanson, K. L., and Swan, F. H., III, 1983, Paleoseismic
. 1nvestlgat1ons along the Wasatch Fault zone--An update, in Crone, A. J.,
d., Pa]eose1sm1c1ty along the Wasatch Front and adjacent areas, Centra]
Utah: Geo]og1ca] Soc1ety;of America Rocky Mountain and Cord11]eran:
Sections Meeting, Gnidebook, Part 2, Utah Geological and'Mineral Survey
Special Studies.62, Pe 45-49; ' ‘ .
Scott, w, E., 1982, Guidebook for the 1982 Friends of the Pleistocene, Rocky
Mountainicell, Field trip to Little Valley and Jordan Va]]ey, Utah: U.S.

Geological Survey Open-File Report 82-845, 58 p.

* Scott, w; E., McCoy, w; D., Shroba, R. R., and Rubin, Meyer, 1983,

Reinterpretation of the exposed record of the‘two.1ast lake cycles of Lake
‘Bonneville, western United States: Quaternary Research, v. 20; ‘'no. 3,
. p. 261-285. o -

Swan, F. H., III Schwartz, D.'P., and Cluff, L. S., 1980 Recurrence of
moderate to large magnltude earthquakes produced by surface fault1ng on
the Wasatch fault zone, Utah: Bu]let1n of the Se1smo]og1ca1 Soc1ety of
Amer1ca, v. 70, no. 5, p. 1431- 1462. -

14



. Paper Number 6

EARTHQUAKE RECURRENCES ESTIMATED BY
CALIBRATING QUALITATIVE GEOLOGICAL RATE ESTIMATES

by . e

i+ ¢ David M. Perkins
o ‘and -
Paul C. Thenhaus
Branch of Engineering Geology and Tectonics
. U.S. Geologlcal  -Survey '

Golden, Colorado
Introduction

Large scale mapping of regional probabilistic ground motion hazard.

' encourages fine diacriminationa in source zonation. This will result in
smaller source zones. However, as the source zones become progressively

: smaller, the number of historic. earthquakes contained in the zones

decreases,' Statistically—derived rates of earthquake activity for individual
zonee 'therefore, become increasingly less reliable. We need alternatives to
the usual statistical .methods which depend entirely on historical seismicity.
During ‘a series of workshops held to define regional ‘source zones for
part of the conterminous United States (Thenhaus, 1983) ~we asked the workshop

participants for estimates of maximum magnitude and earthquake rates for each

)

proposed zone. Quantified estimates based on fault scarp studies provided a

B basis for these estimates throughout the Great Basin. However in much of the

Rocky Mountain region, lack of systematic investigation of young faults

precluded quantitative geologic estimates of the recurrence of large

',iearthquakea.-gEstinates in this region, therefore,-were;qualitative and -

mpe e e -



sampled the participants intuition as'to the relative'earthquake hazard among
zZones. These qualitative recurrence estimates were not actually used in the'

production of the 1982 national hazard map. Instead, an-anaiysis of the

" historical selsmicity was used to estimate zone recurrence rates. -However,

when the 1983 Borah Peak (Idaho) earthquake occured in a source zone for which
a very low recurrence rate was estimated from the historical seismicity, we
decided to look again at the qualitative geological estimates made at the

workshops that dealt with the northern and southern Rocky Mountains. Could

- these qualitative estimates have been used to get a better estimate of the

recurrence rate for the vicinity of the Borah Peak earthquake as well as for
other source zones -in the Rockies?
Fignres la and 1b show the Rocky Mountain source zones suggested hy»the

attendees of the two workshops. Table 1 shows the qualitative estimates of

-seismicity and a rough quantitative estimate of relative rate. The question

we asked ourselves was whether the qualitative estimates could be calibrated.
to provide numerical recurrence estimates which could be used in estimates of

probabilistic ground-motion hazard.

Calibrations

We compared~the rates obtained in .the source-zone-analysis for the

national hazard map (Algermissen and others, 1982) with the qualitative

geological estimates.- The rates used were normalized to the rate per unit

area of the estimated ‘recurrence of magnitude 4, 0 to 4.6 earthquakes

(intensity V) Table II shows the zone numbers in the northern Rockies from

-figure 1 the letter indicating geological recurrence estimates for those

zones, and the corresponding rate per unit area of the zones from Algermissen

- ’ 2
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and othersu(l982). The zones for the national map were somewhatlmodified from

those suggested~in the source zone meetings; as have‘their serialAnumbers, 80

z'a fourth column in the table gives the serial number of the corresponding zone

from figure 3 of Algermissen and others (1982, p. 17) In Table II a rough

.calibration method. groups the geological estimates into four categories and

‘averages the historical Fecurrence estimates for.thevfour;categories.

'This method does not give rates for intermediate geological estimates

. which the workshops participants indicated by using + or — values or by
. intermediate'specifications (e.g., A-B or C—D),ﬁbecause there is not enough
" rate information available to group at these values. A natural next step,

then, 1s to assign numbers to these distinctions. Figure 2 shows a plot of

the natural log of the area—normalized zone rates vs one possible numeration
of the qualitatiVe estimates. " The. numeration was purely arbitrary.> It places"
A, B C, and D at 9 6 3, and 0, respectively, and provides ‘unit. differences
between A—'and B+ and between A and A-, etc. The log of the rates was taken

becauSe a plot of the unlogged rates appeared to be exponential. The figure

: also shows a line indicating the results of a linear least squares regression
. of the logrrates on the numerated -qualitative estimates.n The regression line
'.gives values for the intermediate qualitative estimates and also provides

’ values for the groups located at a single qualitative estimator. (In a later
o section we show hazard estimates derived for fOur.source sones, using these -

'<l'estimated normalized rates from the regression line.)‘

It must be emphasized that the numeration of the qualitative estimates is

arbitrary. We ' could havesassigned,to A- and-B+‘the same-number. We might

'A'even have assigned numbers having a ratio relation. 'Furthermore, there is no

necessary reason for imposing a regression line-~we could have just connected

' -cluster,centroids.‘ What is interesting in this calibration is that the




predicted ratés are- values which bear a reasonable relative relation to the

.S
]
5

.‘quantitativerrelative estimates made by the workshop participants. The

‘regression rate values for A, B, C, and‘Diare,‘respectively,-19‘4,.6.7, 2.3,

and .57. lIflwe[normalize 80 that the value for B is 10.0, the respective'

values are 29, 10,‘3.5,vand +85, compared with 40, 10, 3 and 1 for the S

)

.-geologists' estimates of quantitate relative rate.

i

Application to Borah Peak Vicinity

An indicator of the reasonableness‘of even the.crude;'first calibration
by grouped auerages.(TablerI) canqhe'ohtained'hnAcomparing several estimates
of the-reCUrrence of‘an}eVent the siae of the 1983 Borah feak, Idaho
earthquake. The earthquake occurred in zone 22. The seismic rate for this
zone, from Algermissen and others (1982), yields a recurrence rate for
magnitude-1 to;7.6 earthquakes of about'one chancelin 5000 per year within the
approximately-ZOOskm,byd160 km area in the vicinity of the.earthquaketf-The
zone containing the Borah peak earthquake was rated in category B by the
geologists.- For- all ‘zones rated B in the northern- Rockies, the average
historical’seismicity rate per-unit area is about tive times the rate for the
zone.containing the Borah Peak earthquake. Simply increasing the zone rate :
estimate by the factor of‘five, we - obtain a recurrence rate of about one
chanCe in a thousand in the 200 km by 100 km area.

Further perspective on these two estimates is provided by Ruppel (1964)
'and by M. H. Hait and W E. Scott (1978 written communication) . Ruppel
investigated the faults in a 50—mile by ISO—mile area in which the Borah Peak

earthquake later occurred, and concluded that“ the major displacements'

Probably were - completed by 1ate Pleistocene time‘.‘wj.:nevertheless,‘some
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movement is more recent « o o o Hait and Scott reported evidence of Holocene

: displacements. The fault near the Borah ?eak‘epicenterf“has experienced

recurrent activity over a period of 10,000 to 100,000 years, the last major .

"event being of*Holbcene,age;” Depending on how.one interprets'these

N-.geological estimates, ‘one. can calculate recurrences-accordingnto the number of

such faults in the 20,000 km? area of interest.

Under an assumption that one fault has a recurrence interval of 30,000
years (a rough geometric mean of Hait and Scott's ten and hundred thousand),
it would take six such faults in the area to yield a recurrence of 5000 years,
about that of the extimate derived,from historical_seismicity.x.It would take
30 such faults to yield_a'recurrence.intervallof 1000 years for the area. It_

seems unlikely‘that:there are as many as 30 faults with Holocene displacements

in the vicinity of.Borah Peak. This would be a higher rate of Holocene

faulting'than that estimated_by Bucknam and others (1980) for one of the more
densely.feulted areas of western Utah.
'Suppose; however, that one fault has a recurrence interval of 5000

years. Then.it.would reduire only one such fault to produce the historical

~fecirrence" interval and*five*such faults--could produce the recurrence interval

derived by calibrated geological estimates. Numbers of this order seem more

. reasonable, The lack of many historical intensity v earthquakes would argue

- for an aréal recurrence interval at the 1onger end of the 1000- to SOOO—year

recurrence egtimate. A recurrence interval of 5000 years for the 100x200km o
area is identical to the recurrence estimate of Bucknam and others for
magnitude 7 to 7.6‘eatthduakes in the previously mentioned area in western‘

Uteh,'characterized by‘numerous,pre—ﬂolocene faults. The area—normalized rate

'.(1x10 -5 per 1000 kmz) for this ‘recurrence interval is - also consistent with the

.....

area—normalized rate (5x10 =6 to 5x10° 5) of faulting (M>7) estimated by Wallace
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(1978) for zones of Holocene faulting in Utah, western Nevada, and eastern

‘California, exclusive of the rupture zones of historic earthquakes.r Thus;~the
tj recurrence estimate obtained by averaging the - historic rates for B—rated zones
7'infthe§northeranocky Mountains~is consistent with recurrences estimated.for-

‘otherfregions”of Basin and Range faiulting.

-‘Recurrences at Four Points in Rockies . S S .

1

I

We used the regression calibration values for the geological recurrence

estimates to adJust the areal rates for zones 19 22, 31, ‘and 38 (Figure 1).

The ratio of - the regression rate to the rate used in the national hazard map,_ -

‘was used ‘to increase the seismicity in those zones. Figure 3 shows the old vs

new ground motion- recurrences for four sites, each central to their respective

zones for four zones in which the calibration produces increased rates. For a

given return period there 18 an increase in ground motion ranging from a

factor of only about 10—25 percent (zone 31) to as much as 150 to 250 percent

(zone 38). ‘Zone.38 'theunorthern Rio Grande Rift in‘Colorado, had’

particularly concerned geologists as “one for which theﬂgeomorphology suggested

*‘much greater hazard than the historic seismicity would indicate.

“Lhazard among the zones.,’? :"""

Examination of figure 2 shows that Just as using ‘the regression estimates

increases recurrence rates at some zones where the historical seismicity rate

s relatively low, using these estimates will decrease recurrence ‘rates’ for

some zones. that have relatively high historical seismicity.' We might be

.somewhat more reluctant to decrease high seismic rates than increase low ones,

if we felt that a high seismic rate could be a precursor to 1arger events. "In

.

R any case, a general use of the regression estimates for all zones would narrow

-the range of recurrence rates - and hence lower the contrast in ground motion
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First it should be noted thatfthereharefother ways to calibrate’

' qualitativefrecurrence‘estimates.: Exact numeration is not needed if we just

i connect cluster centroids and (perhaps)'smooth the connections.' On the other

;hand,*the numeration could have been one which preserved the 40:10:3:1
quantitatiVe relative rates suggested by the geologists. And as far as the

-treatment of ordinates is concerned, we could have taken .the log of the

'shistorical rate estimates one - more time before regressing. ‘Clearly, the more

. one messes around in these ways, -the more subjective judgment is brought to

bear, and the,less COnsistent may be the results from.different analysts

interpretations. However, it is also possible that the calibration process is

relatively~robust. Different calibration methods may produce rates whose

~differences are'not'very'significant in their effectgon probabilistic ground

“

A more important subjective judgment to quantify 18 an estimate of the

- 'relative—weight to*assign to - the geologiC‘and seismicity evidence available<

for each; zone. 1In a regression calibration, individual points might bear
greater weight:the more,one believed the value of the‘historical seismic '
evidenceﬁin Certain zones. However, in assigning a rate to a zone, use of

only the regression estimate would forcefall zone B' s, say, to have the same

l R . N .‘,1

‘ jrate,.unless some further technique ‘were used to balance the regression”

’:;estimate against the historic estimate, on a zone—by-zone basis.

|
“

The use’ of calibration techniques of the sort discussed here stillm'.

‘;depends upon having sufficient seismicity among a number of zones to perform

:ithevcalibration. Ve have presented an . application which ‘uses the seismicity

o »f75'



- of much of the Rocky Mountains. Clearly, ‘in attempting a éimilérAénalysis for
« L .smailer ._S(jurce z_q'nesr for a smaller portionh “of the Rockies, e w:ouki‘:a be -
?presented:with considerably leés'séismicity and-hence,more'scéttér»in the

“ratesfesﬁimatéd,ffbm‘historiqal»daté. '*uﬁﬁl S
Recommendations

1. It would.bé useful to attempt the other techniques suggested above, in

‘, ﬁA - . 6rder;to‘asséss theAfobustness’of’the‘calibration.in the northern Rockiles.

2. To teét-thé reii§ﬁ11it& of our ca11bration; we shodid‘see how the rate

values for tﬁe soﬁﬁﬁefn'Rockieé are predicted by this calibration.

3. We éhpuld attémpg'to find a rationale for weighting‘thé applicatidn of

histo;ical rates not only intrégression calibration'but also ip assigning

raﬁgsitd indi?idual zones.

ﬁe shoﬁld look qu anéppor;unigyi£9 app1y‘sugﬁ';n_ana}ysis to pther

- regiohs and set§.§ffsﬁa1léf‘séqfﬁe zones, Iﬁ_the_onefp#se,{thefe:may be a

vfpooref'geologiédi;gééisffor réﬁe_estimation. In the other #gsq; the
hisforicql-ééismic;ty is more qu£se._ These applications will test fhe :

limits qf‘applicationfof the technique.

!
|
|
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'TABLEAI‘
« ; o Qualitative Estimates of Recurrence...

o : B Letters A through D indicate decreasing rate of recurrence.
"+ For southern Rocky Mountain Zomes A:B:C:D 'is roughly 40:10:3:1.
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TABLE II

-spmlorrespondence between qualitative estimates of source’ zone recurrences and
““area normalized rates of recurrence for related source zones from analysis of
historical seismicity.,

=

. Algermissen

_Thenhaus (1983)
| and others (1982)

Zone No. Relative Area—normalized Corresponding
_from Fig. 1 Rate , . Rate Zone Numbers
32 A+ - 36 40 .
20 A 25 55,57
23 A 55 56
31 LA - 14 . 38 (part).
. - 34 A- 14 38 (part) .
38 - A~B . i 4 43 :
A-Group Average 25 .
16 B T 13 - 64
19 B -3 61
21 B 19 59
22 B -2 58
29 B : : 7 38,51,52,52
B-Group Average 9
15 .+ . . C .2 63
T AT c 2 65
24 c 2 . 58 (part)
26 C 2 45 (part)
27 n N 2 "~ 45 (part)
3300 (ol 2 . 45 (part)
-36 R . 2 45 (part) .
37 “Cc T A 45 (part) -
o C-Group Average 2,2 S
.25 - C-D. 0.7 54 -
735 - . C-D . - 2 45,50
18 D 0.9 16,44 ,45 .
30 D L g © 1.8 49,66 -
T g  D-Group Average 1.4
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\ ' A PLAN FOR EVALUATING

_ o ,, : o | HYPOTHESIZED SEGMENTATION OF THE NASATCH FAULT .
: . by

‘,&- . Russell.L. wheeler

U.S. Geological Survey
Denver, Colorado 80225

ABSTRACT
Swan and others (1980) and Schwartz and Coppersmith (1984) hypothesized
that seismogenic structure along the Wasatch fault zone is segmented, and that

segments tend to rupture completely and independently in earthquakes of

characteristic sizes. - If true, that_wou]d affect.hezard evaluation along the

Wasatch Front urban corridor.-“This report proposes ﬁays.to evaluate the

hypofhesis‘of segmeotation. The most direct evaluation would come from more-

i' . 'trench1d§dg?uzz§>Nasatch fau]t but probability calculat1ons suggest that that

| could . require several ‘times as many sites as have.been trenched thus far.

.‘].. Methods-of tectonic geomorphology may also be used to evaluate segmentation.

So may statistical evaluation of spatial associations of structural and

iggeophysical anopalies}with proposed segment boondaries, end specialized

_L;; rgzﬁtrugtorai;studieswqfxpcoposed;pqyndéries,,

INTRODUCT ION

Schwartz and COppersmith_(1984)1hypothesized‘two things that, if true,

would have much impact on evaldationAof seismic hazard for the Wasatch Front

urban corridor. F1rst they proposed that . the Nasatch fau]t compr1ses 51x

segments that are most]y or who11y 1ndependent of each other structural]y and
L se1smogen1ca11y. Second they proposed that seismic re]ease of energy in a

- given segment occurs most]y as earthquakes of a size that is- character1st1c of
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'that.segment.4 These characteristic earthquakes tend to. rupture the whale

‘ segment but tend not to rupture across segment boundar1es 1nto adJacent

segments. : - . ’
Ne1ther hypothes1s 1mp11es the other, but if the fau]t is not segmented
then earthquakes of var10us sizes may be regarded as occurr1ng more or less
randomly along the fault. Theifault as a whole and any portion of it would be
ldkely to'exhibit the standard behavior that is characterized by a constant
slope (b value)" on a recurrence plot. -0f the two hypotheses, segmentation is
the more fundamenta] for understanding behavior ‘of the Wasatch fault. This |

report outlines a plan for evaluating ‘the’ segmentat1on hypothesis.- |

CIMPORTANGE . R

:'If segmentsdrupture 1ndiv1dual]y'and independent]y, and usually in
earthquakes of a characterist1c Slze. there would be several consequences. '
extrapo1at1on of a’ recurrence relat1onsh1p that is der1ved from h1stor1ca] and'
instrumental earthquakes (Schwartz and Coppersm1th 1984) Such a departure

from constant s]ope of a recurrence p]ot cou]d reconcile the- discrepancy

5:~4ﬂ¥5~—u—between~low<observed frequenc1es of small earthquakes and geologic

S observat1ons of abundant fau]t scarps._ The scarp.observat1ons indicate a .

frequency of large earthquakes along the Wasatch Front that is about- 10 to'30
times that 1nferred from extrapolation of observed small earthquakes (Schwartz
and Coppersmith, 1984, their fig. 13). ‘ |

Second,- Schwartz and Coppersm1th (1984 the1r table 2) suggested that

" scarp form1ng events 1n the past '8, 000 years have been concentrated in the

four centra] and most heav11y populated segments. Indeed compared to
frequenc1es expected 1f scarp form1ng events were d1str1buted uniformly along

“the Wasatch fau]t zone, the1r data 1mp]y that segmentatton could near]y double

LT
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’ the frequency of large events 1n the Sa]t Lake Ctty and Nephi segments. That
‘I." 1ncrease in frequency wou'ld be 1n addit1on to the tenfold to- th1rtyfold o
. 1ncrease 1nferred from scarp. abundances. | ' -
, Thlrd product1on of probabi11st1c maps of seism1c hazard uses est1mates
of three parameters: the magnitude of the 1argest expected earthquake, the A
recurrence interva1 of_earthquakes of that s1ze, and the geograph1c zone over
which those two values are expected to apply tA]germissen and others, 1982;
b ,. Thenhaus, 1983). Segmentation of the Wasatch fault wou]d change estimates of
a11 three parameters, and thus wou]d a]ter the calculated hazard. If the
character1st1c ‘earthquake hypothesis is -also true, it might not further affect
| the zones, but wou]d great]y change est1mates of maximum magnitudes and
' 'recurrence 1ntervals in each zone...

Thus the segmentat1on hypothes1s, part1cu1ar]y w1th add1txon of the

character1st1c earthquake hypothes1s, poses quest1ons whose answers will:

. ;~ ~ greatly affect hazard eva]uation a]ong the Wasatch Front, and particularly in
“the population centers of the ‘central port1ons of the front
 STRATEGY

e e Des1gn of-an- 1nvest1gat1on of-segmentation: 1s governed by cons1derat1on
of—pert1nent t1mersca1es, and of the significance of spatlal assoctat1ons.A_*"
The portion of the. future about wh1ch hazard evaluation attempts to draw

; conc]us1ons is the next decades, centur1es, and millennia.’ Periods extend1ng

success1ve]y further 1nto the future are-of 1nterest for. emergency p]annIng,
~for des1gn of cr1t1ca1 structures, and for storage of rad1oact1ve or toxic |

- wastes. For examp]e, the probab111st1c hazard maps of A]germ1ssen and others

(1982) are ca]cu]ated for the next 10 ‘50, and 250 years. - Thus geo]og1ca1 and

! _‘:" other data are pert1nent to the eva]uat1on of segmentat1on for hazard purposesn
(I. on]y to the degree that those data app]y to the coming decades to mﬂ]enma..

&
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The WasatCh Front3lies 1n‘an extensionaT tectonic regime. So does
northeastern China (Mo]nar and Tapponien, 1975 1977 Zhang and others,
1984) For northeastern China, McGuire (1979) and McGu1re and ‘Barnhard (1981)

" ‘found that seismicity of“a SOﬁyear period" 1s best characterized by . that of the

precedjng 50-years.,,However~seism1c1ty of a 200-year per1od‘1s poor]y
characterized by that of the preceding 200 years, because Chinese Seismicity
exhibits an apparent_cycle with:a period‘of about 300 years. Imp}icattons of'
those findings for:the‘Wasatch Front, for whith Schwartz‘and Coppersmith. -

(1984) estimated a recurrence interval for scarp forming events of about 444

, years, are'that usefu]bgeologic‘records will most probably be those that

formed during, or can be shown to bear on, the Holocene and 1ate P1e1stocene,
a 1ength of t1me over wh1ch ‘any such cyc11c1ty xs kaely to be averaged out.

To 1dent1fy segment boundar1es and to demonstrate their’ éxistence and

j'control on Holocene and late P1e1stocene evo]ut1on of the wasatch fault zone,

3Schwartz and Coppersm1th (1984) sought spatial co1nc1dences of proposed

segment boundaries w1th anomalies in several types of geological and

Ageophys1ca] data along the front. For instance, they examined breaks and

shape changes in the mapped trace of-the Nasatch fault, differences’in ages‘of

the most recent scarp-forming events, saddles in-the;Bouguer gravity field.

‘over the valleys that border the front on7the west, changes in crestal .

e]evat1on of the Wasatch Range, and changes 1n morpho]ogy of young fau]t

scarps. No one k1nd of data clear]y revea1s or conv1nc1ng1y documents

' segments or the1r"boundaries.. However, the argument 1s that (1) spat1a1 i
;co1nc1dence of anoma11es of several kinds is good enough that 1t cannot be

%}attrlbuted to chance, but must ref]ect some common under1y1ng cause of the

'~'var1ous k1nds of anoma]1es, and (2) each type of anoma]y occurs in data of a

gsort ‘that- is l1ke1y to reflect structures that -are probab]y respons1b1e for



‘ sf*blocene seismicity,fso that the inferred common cause:oflthe.anoma]ies may

also affect that seismwcity. -

Th1s is a fundamentally statistical argument, so the subgect1ve

“percept1on of spat1a1 coincidence, and its evaluation as be1ng better than -

would be expected from chance, can be tested obJectwvely. That is fortunate,

‘because there are few enough anoma]1es of few enough k1nds that another

observer might form the opinion that the co1nc1dence 1s a resu]t of chance,

and that there is no underlying common cause. Such a dlsagreement between two

subjective perceptions is usually difficult to sett]e_without either a

properly designed Statisticalftest,5or.more data. The first alternative is

" usually quickeriand-cheaper.f,yQ'-‘"

Thus the strategy will be to seek answers to two questions. First, do

' segments ex1st -along the Wasatch Front or are they artifacts of percept1on

and a small sample, 1nd1st1ngu1shab1e from patterns ar151ng from chance?

Second, if segments ex1st have they affected uplift and sexsm1c1ty-along»the

_ Wasatch fault both 1n the Ho]ocene and far enough back in t1me that they can

be expected to continue those effects for the next decades,’ centuries, and

- m111enn1a? wc}¢r1a~f¢¢¢,~e..~. PR y ;f;‘;fl .
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| INVESTIGATIONS e

-Several llnes of 1nvest1gat1on are proposed below. ‘ijjts on personnel _
and funding make 1t un11ke1y that all can be pursued to completion by the end

of‘fiscal year 1986.» However, all are descr1bed here 1n the hope that other

‘workers may w1sh to fol]ow one or more of them. A fo]low1ng sectlon g1ves A

‘ pre11m1nary resu]ts from some of the 1nvest1gat1ons..

Paleose1sm1cigy and Tecton1c Geomorpho]ogy .

- The most d1rect way to eva]uate the hypotheses of segmentat1on and of 5

' character1st1c earthquakes together wou1d be to exam1ne the record of Ho]ocene

i =



and late Pleistocene fau]ting and upiift, as expressed in‘landforms and'in »

.- alluvial and colluv1a1 stratigraphy. For eiampie, the most djreCt"evidence,;

for segmentatigngof thepwasatch fault comes from the trenches. described by

1 Swan and others (1980) andﬁSchwarti and Coppersmith (1984), andmcomprises

differences, from segment to segment, in the ages of and intervals between
scarp-forming evénts;' HOWever; there is on]y one trenth site per segment,"

w1th as many as three. trenches per s1te, so the present trench data cannot

. determine whether ‘the d1fferences ‘between segments exceed the variability

wvthlnAsegments.¢ More trench sites would solve that problem but would be
expensive and would require careful preparation. " Because of that high cost,

deCisiOnS»about the need for additional trenching of the Wasatch fault and -

identification of optima]llocations~for additional trenches might best await==="""~
results of continuing‘mapping of late Cenozoic deposits aTong the Wasatch®® =2 #== = 7~

~ Front (for example, see M. N. Machette, this volume).

Currey (1982) measured e]evations of Bonnevil]e, Provo, and other

,shorel1nes throughout the ‘Lake Bonnevil]e bas1n of Utah, Idaho, and Nevada. L
: E]evat1ons near the Nasatch Front are few, but D. R. Currey (oral and written -
‘-~jcommuns., 1984) est1mates that many more could be obtained on both hanging and;*

: footwal]s of the Wasatch fauTt. Then perhaps one cou1d determ1ne whether.*‘”' IR

say, footwall elevat1ons of the Bonnevi]]e shoreline differ s1gn1f1cant1y from

one segment to another, or whether pa1rs of elevations that span the fault

Fdemonstrate d1ffering amounts of post-Bonnevi]]e d1p s]ip in adgacent i*_<‘

_ segments.

Mayer and Nentworth (1983) demonstrated that stat1st1ca1 analy51$ of

stream-gradlent 1nd1ces can detect the ex1stence and. sense of recent dip s]1p
| Vacross an 1nferred fau]t. Similar analysis, controlled for the: effects of -

' f]jtho]ogy of_theybedrock,and other factors, may be able to detect differences




in uplift rates between segments, andfcompare such differences to variability
within segments (L. Mayer, 1983, and written communs., 1983).

Other numerical or descriptive characterizations of.landforms that record

uplift may a)so‘be_abie to detect differences between‘proposed segments that

exceed yariabiitty”wjthtn segments,"TheSe include elevations of ridge crests
atop faceted_spurs'(Hamblin, 1976;.Hamb]in and Best, 1980), steepnessgof the
range front (Hamblin and Best, 1980),‘and'determinations of which waT] of the
Wasatch fau]tiremained‘stationaryrwhilevthe otherVWali moved up or down

relative to it (Hamblin, 1984).

Spatial Associationsf‘fc

It shou}d'heistraightforward to design and perform a statistical
evaluation3offthe suggested spatial association of geo]ogtca] and'geophysdcath
anomaliéS‘withTthe inferred segment boundaries. The goal would be to

determine whether-the proposed segment boundaries occur at the same places.

'along;thegwasatch~Front as do anomalies in structunal'and geophysical data of |

types that are. available a]ong'most or-a]]mOf'the front. For each kind of
data used, it must be shown that the klnds of anoma11es selected are those

that ‘would reflect structures that cou]d 1oca11ze segment boundar1es.

L Examp]es include grav1ty and magnet1c data geometry of thrust sheets along

the front and large features that trend across the front such as the little:
Cottonwood stock and the'edges of the U1nta au]acogen. |

If the proposed segment boundaries as a group are s1gn1f1cant]y

assoc1ated with structures that predate the Wasatch fau]t then those o]der

o structures can be 1nterpreted as hav1ng caused segmentat1on of the fau]t
(Zoback 1983) If the assoc1at1on 1s not s1gn1f1cant then e1ther the
ks proposed segment boundar1es do not ex1st, or: they ex1st but represent

, d1stort1ons 1n the late Quaternary evo]ut1on of the wasatch fau]t that are
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random1y"distr1buted a]ong the,front;forvthe-boundaries-exist’and are 1ongj

lasting features of the fault but. have not been ]ocal1zed by older

~ structures. Any of those three 1nterpretat10ns would cast doubt on the.

segmentation hypothe51s, the hypothesis of characteristic earthquakes, or

" both.

Bedrock Structure '

whether or not the proposed boundar1es.as a group can be shown to be ;
s1gn1f1cant1y assoctated w1th older structures, and 1nterpreted as caused by
them, spec1a]1zed geolog1c mapp1ng and structura] stud1es of sma]], se]ected
areas may be ab]e to demonstrate segmentat1on, control by o1der structures, or
both for a single segment boundary.

Structure maps.-JThrust sheets of the Sev1er orogeny reached the Wasatch

: Front from the west in Cretaceous t1me (Armstrong, 1968). There, the complex

of thrust sheets is 1nterpreted from well, seismic reflection, and

strat1graph1c data to be 5 to 10 km th1ck (Stand]ee, 1982; Smith and Bruhn,

1984). The Wasatch fault cuts that complex. Abrupt, a]ong—str1ke changes in

~ the geometry of the thrust sheets could have caused 1nterrupt1ons, bends, or

en eche]on steps:in- the Wasatch.. fau]t zone. - If- that - happened wthe ‘result.

- wou]d be segmentat1on of the fau]t.

F1gure 1 111ustrates a way in which the shape and 1nterna1 structure of a

‘thrust sheet cou]d cause segmentat1on of a. zone of normal. fau]ts that cuts

it.. F1gure la shows the footwa11 of an east d1rected thrust sheet. On the .

flats’ the sheet r1des on bedding-p]ane fau]ts. At the 1ongitud1na1 ramps the

thrust fault cuts up section as a reverse fau1t., Common in thrust complexes

_are. transverse ramps (buried tear faults), where the ramp loca11y has a
‘d1fferent strlke and experiences ob11que or str1ke s]1p. Atop the

. _1ong1tud1na1 ramps, units that are cut by the ramps are dup]1cated

i R
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structura1iy.‘ This dup\ication and re\ated processes form hang1n94wa11

mt' 3 anticH»nes (f'ig. 1b) Because 11tt1e or. no duphcatwn occurs above the

transverse ramp, and because the" 1ongitud1na1 ramps do not a11ne, the
- E,ant1c11nes plunge past each other (fig. 1c) v P
'If instead the two longitud1na1 ramps of f1gure 1a represent two thrust
faults that lose d1sp1acement past each others t1ps (f1g. 1d), then no

_ transverse ramp’ need form. The result is a transfer zone (Jones, 1971), 1n

which.sTip is transferred en echelon from one fault to another, so that all
east-west sections through'figure 1d experience the same netzshortening.‘
Transfer’zones‘and'transverse ramps can occur together, and complexities)
abound in natural examp]es (Boyer and E111ott 1982; Harr1s, 1970)

The port1on of the thrust sheet above transverse ramps and transfer zones
P s structura]]y disrupted. Where severa]ytransverse ramps or transfer zonesv-
| “occur in.rough alignment across strike, and are not yetuexposed by erosion,
their expression in‘the~over1ying thrust sheet is a CSD (cross-strike
o structura1 discontinuity) (wheeiér,'1980; ﬁheeler‘and others; 1979). The
[" o rocks exposed in CSD s of the Appalachians d1ffer in various ways from rocks

of the same-units" that are exposed a]ong str1ke, outs1de the’CSD s (Whee]er

B

!.-§ and~others, 1979)'» The var1ous structura] geophys1ca1 geomorph1c,

strat1graph1c, hydrolog1c, and meta]]ogen1c anoma11es that can be d1str1buted
a]ong a CSD allow: 1ts~recogn1tion, and can be 1nterpreted 1n‘terms of. 4
under]y1ng, concea]ed transfer zones and transverse ramps. Some CSD s can be
f f inferred to have formed above causat1ve basement faults, but - genera]]y that

N 1nference ‘cannot be tested because the rocks that contain the CSD have usua]]y

‘been thrust away from whatever port1on of the basement they m1ght originally

have over1a1n {Whee]er, 1n press)
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If a thrust comp]eﬁ, complete with trahsverse‘ramps.,transfer zones, and

5perhaps overlying CSD's, such as the Sevier thrust comp1exgﬂsmith and Bruhn,

1984), is extended in a direction roughly sfmiiar to the oider'direction of

“thrust transport. norma] faults that nucleate between CSD’s wi]] propagate

along strike and encounter a CSD. If the propagating normal fault stops,
bends, spTits, changes to strike slip, or is replaced en eche]on by another,

it is most 11ke1y to do so 1n the weakened disrupted rock of a CSD other

things be1ng equa]. Thus CSD's may partly decouple portlons of the extending

‘mass from each other, resu]ting in segmentat1on. . 'f+'

Prospecting forﬂCSD s-can be time consuming, so fieldwork will be

confined to the area at and around the‘boundary between the‘Provo and' Nephi

- segments,. near Payson. There, structure and strat1graphy are simpler than at

other segment boundaries. Maps usefu] in detecting and def1n1ng CSD's include
strike-line maps, maps of contours of values of bed dip, and structure contour

maps (Wheeler, 1980; laCaze and Wheeler, 1980; Wheeler and others, 1979, and

'references cited there). Most data needed for product1on of ‘such maps have '

been obtained from comp11at1ons be1ng prepared by 1. Jd. w1tk1nd and B. “H.

o

'Bryant"(oral and-wr1tten_communs;,31983-84), and from bed or1entat1ons plotted
on numerous pub]ished and~unpubtished maps, most]va.S.‘theses from Brigham

<Young Lhiversity.

Geologic mapping. --Inspection offthe geo]ogic and structural compilations

JUSt ment1oned reveals severa] small. areas where deta11ed remapp1ng may aid

eva]uat1on of ‘the proposed boundary between the Provo. and Neph1 segments. All:
are.Jn,or~near the Payson~Lakes.quadrang]e (f]g. 4). . In and adjacent to the

northwestern'pOrtion of that quadrangle, the Wasatch fault of the Nephi

segment extends northeastward along the weSt»edge of Dry Mountain. East of
p}y Mountain,fthe'fault of the Provo segment extends southwestward; its
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southmestern tip ouerlaps the northeastern tip of the. fault of the Nephiv

segment (fig. 4). Between the two fault tips, Dry Mountain exposes

'Precambrian t0~upper Paieozoic rocks. . Mapping of young fauTts between those

two fau]t t1ps should: aid in evaluat1ng the proposed segment boundary.
In the north-centra1 port1on of the Payson Lakes quadrang]e, Metter
(1955) mapped. exposures of Flagstaff Limestone throughout}aboutpone-fourth of

a square ki]ometer. _The Flagstaff -Limestone is Eocene iniage (Maclach]an;

".1982),-and Metter mapped the Bear Canyon thrust fault at its southeastern

contact. The thrUSt fau]t is probably a splay within the~Char1eston-Nebo

thrust‘comp]ex. If. remapp1ng ver1f1es that it cuts the F]agstaff L]mestone, _
then some thrustlng cont1nued as 1ate as’ Eocene. L n

In the central portion of the Payson Lakes quadrang]e are two bas1ns
defined by concentric belts of outcrops of severa] Tertiary units. In the
centers of the basins occur expOSUres'of volcanic and sedimentary rocks of
Jate Eocene to Oligocene age (Dav1s, 1983). The few available bed
or1entatlons from the baswns, together with bas1n or:entat1ons and pos1t1ons,
are con51stent w1th the hypothes1s that the bas1ns represent synclines .

separated by- an - ant1c11ne, a]] formed above a b11nd thrust that is part of the

'Charleston-Nebo thrust'system.g If-remapplng ver1f1es that hypothes1s, the

. bas1ns would constitute further ev1dence of smal] amounts of thrust1ng as late‘

as m1dd1e Tert1ary t1me. 'fE_' iﬁ“
Demonstrat1on of middle Tert1ary thrust1ng wou]d be pert1nent to

evaluatlng segmentat1on 1f the same Tertlary un1ts are also exposed northeast

'_.of the Payson lakes quadrang]e, on the other side of- the proposed segment

. boundary and about on strike w1th the exposures just descr1bed. If such rocks

can be found,rand it they.are not folded, that would demonstrate at least

-



- locaiiy; Thus, outcrop abundance and distribution require that the proposed

e
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r" I
partiaivdecoupiing of the'thrust complex across the Segment QOundary, and
wouid support the 1nference of a CSD at the location of the segment boundary.

Jointing history and intensity.--doint fabrics of thrustlsheets ‘can ‘"

change into’and across CSD's. Dixon (1979), Wheeler and Dixon (1980), and
laCaze and wheeler (1980) found that systematic J01ntS are more closely spaced
inside Appalachian CSD's than outSide them. Both greater size and greater
abundance of joints produce smaller spacings (Wheeler and Dixbn, 1980). if a
CSD and its causative'structures partiy decoup]ed adjacent portions of a
thrust compiex during one or more episodes of Joint formation then jointing

history may also change into or across a CSD and. so may he]p to detect and

~ define it. JOinting history can be worked out by using JO]nt shapes, .

fil]ings. and abutting relations, and delicate structures on JOint faces such

as plumose structures. Interpretation of such joint features.to elucidate the
) e

‘Levolution of sing]e joints and of intersecting joints fo]]ows:the principfes
-of fractography, which were deve]oped by ceramicists and app]ied to rocks in

* the field by Ku]ander and others (1979), Barton (1983), Verbeek and Grout

(1983), Grout and Verbeek (1983), and R L Wheeler (unpub. data, 1978-84)
Examination of Jointing history and intensity w111 be concentrated at and

near the inferred boundary between the Provo and Nephi segments, near - )

Payson. There, the most Widely exposed rocks are the interbedded sandstones_'

l

with some sha]es and-]imestones of the Oquirrh Formation ofrPennsylvanian and

.~ Permian age. Synorogenic~c1astic units of -Cretaceous age and postorogenic

P

lacustrine and voicanichsedimentary units of Tertiary'age'are exposed

1
1

*

1
jointing studies begin with the Oquirrh Formation, but appiication to inferred

segmentation of. CenoZOic structures reqUires that resuits be- carried into the

i
Cretaceous and Tertiary units., Rocks of the UQUTPPh Formationrhave a long . and

12



complex structural history. At least the1r older Jo1nt setSImay predate

Cretaceous thrust1ng or at least Tertiary extension, and SO may be useful only
|

for 1dent1fy1ng w1deSpread joint sets and CSD's. On]y Jo1nts in Tert1ary

rocks are 11ke1y to bear direct]y on evo?ut1on of the. Wasatch fault.

PRELIMINARY RESULTS - |

l

The sect1ons of this chapter are organ1zed to match those of the
preced1ng chapter on 1nvestigat10ns. | y

. |
Pa]eose1sm1c1ty and Tectonic Geomorpho]ogy S - ,I

" How ma;y trench sites?-JThe impact of the resu]ts of Swan and others

(1980) and Schwartz and Coppersm1th (1984) demonstrates the va1ue of data

obta1ned from trenches across fault scarps a]ong the Wasatch Front. The -

l

_ 1mportance and cost of_such data make_jt worthwhile to est1mate the number of

~ trench sites that would be necessary to test the existence otlsegments. The

~ following hypothet1ca] examp]es 111ustrate that such a test wou]d require more

sites than presently exist, The examp]es also illustrate cons1derat1ons and
J

calcu]at1ons that may be useful in opt1m1z1ng future trench1ng operat1ons.
I
Swan,-Schwartz and . coworkers actua]]y trenched only‘the,four central

"segments:of*the Wasatch Front but surface observatiOns in the two end

segments ‘allowed them to obta1n 1nformat1on svm11ar to that wh1ch could have

been obtained there by trench1ng. Because they obta1ned most of the effect of4

| .

“i’s1x trench s1tes, the fo1lowing d1scuss1on is phrased in terS of six s1tes.

|
The quest1on to be answered is whether the recurrence 1ntervals of scarp~

form1ng events differ more between segments than they vary w1th1n segments.

' we w111 cons1der trench s1tes like the s1x “of Schwartz and Coppersm1th (1984),

.not1ng that a s1ngle s1te may conta1n more than one trench. For each example

be]ow, we use the random1zat1on test (Conover, 1971 pe 357 364 Moste]ler and
Rourke, 1973 p. 12-15 S1egel 1956, p. 152-157). _In that test the P—va]ue, ’
N , CER N 1 .
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or descr1pt1ve 1eve] of sign1f1cance P is the ratio of the’ number of ways in.

ar..

wh1ch the observations can be arranged to give a result at least as extreme as
the one observed, to the total number of ways 1n wh1ch ‘the Jbservat1ons can be

arranged. Let s be the number of trench s1tes, b be the number ‘of segment

boundar1es, t be the recurrence 1nterva1 1n years that is determ1ned for

scarp-form1ng events at a given trench site, and.d be the d1fference between t

‘values obta1ned from two adJacent s1tes. _For example, for the data of

<Schwartz and Coppersm1th (1984), s = 6 and b = 5. L i

t

In each of the fol]ow1ng examples, we ca]cu1ate the sma]]est value of S
for which it is p0551b1e to detect segmentat1on at the convent1ona1

significance level of 0.05. We cannbt guarantee that having;more sites than

the minimum number will detect segmentation if it doesfnot exist or is very

i

subtly expressed, but we can be certain that having fewer sites will preclude .

detecting any segmentation that might be there. . ~ ~ |

Suppose we obtain only one va1uefof t per site. That m1ght occur because

the structura) and stratigraph1c re]at1onsh1ps and the amount of carbon

’recovered for-that site a]]ow only one va]ue of t to be determ1ned. It might -

also_occur because.we obta1n severalet vaJues from a site but w1sh to average

)

" them in order to decrease var1ab111ty. F1gure 2 111ustrates th1s examp]e. We

cou]d then: 1nvest1gate whether ‘the average of the va]ues of t obta1ned for
B

severa1 sftes 1n one segment d1ffers sign1f1cant1y from the average from -

several sites 1n an adJacent segment. However s1tes suwtable for trenchxng
6

'5v might not be concentrated within two -adjacent segments. It would be safer to
"~u;assume that su1tab1e s1tes will be found in. severa1 different segments.
aAccordingly we examine va1ues of d, not t, and- ask whether the va]ues of d

© that . span segment boundaries are s1gn1f1cant1y 1arger than those that occur

I
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"_and d6 are s1gn1f1cantly 1arger than d2 and d4. L a

‘two va]ues of d is the larger..

[
u i:
i

within indiVidual segments. Forvfigure 2, we would ask whether d1, d3, ds,

In the most c]ear cut case. the b segment boundar1es w111 be spanned by

the b 1argest values of'd., How many trench sites are needed for it to be

' possible to achieve signif1cance at 0. 05? In terms of the random1zat1on test,

l/C(s-l b), and we wish to so]ve for the sma]lest va]ue of s for which P
does not"exceed 0 05. For the segments of Schwartz and Coppersm1th (1984), b
= 5 SO S must be at least 8.
If some of the boundary spann1ng va]ues of d are small, ‘they will over]ap

some of the d values that do not cross boundar1es. Then the resu]t is less

‘clear and more s1tes are needed to test s1gn1f1cance. For examp]e, suppose

that the boundary Spann1ng values of d are not the b largest | 1n the set of .s-1

~ numbers, but are on]y among the 2b 1argest. Then we- ca]cu1ate s such that -

0 05 equa]s or exceeds P = C(2b b)/C(s-1, b) We find that we need at least 19

s1tes. b 5 , B S ' | . L

- Note severa1*things about these'exampTes. The t values%wi]l have

o . . . ‘ ‘ . . e it
uncerta1nt1es, and we would need to consider these uncerta1nt1es when

comparing values -of °t. and.dv Corre]at1ng ‘scarp -forming: events between sites

(

" is not- necessary for the ca1cu1at1on but if” 1t can be done’ 1t wou]d a1d in

eva]uat1ng the uncerta1nt1es of the t va]ues, and in- determ1n1ng wh1ch of any ‘
_ . vi,-f
A]so, 1f we obta1n severa] t va]ues at a site and average them to

‘ decrease var1ab111ty, the averages w11] be more stab]e and re]1ab1e est1mates

[

‘of t than are the 1nd1v1dua1 values, but our sample s1ze w111 be smaller.

. Stab]er est1mates 1ncrease our ab111ty to detect s1gn1f1cant dlfferences ”

| : .
between segments, but sma]ler samp]e 51zes decrease that ab111ty. It-is not

i

~ clear wh1ch effect w111 dom1nate the other, 'S0 the ana]ys1s shou]d be

oy
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zelevat1ons at 39 points a\ong the range.

’ ‘-Edifference betwfen the two groups. S

’
L
|

- . . : s
performed both with and hnthout averaging. If. we averaged a]l t va]ues from a

! l

'site, then probably we would have few enough sites 1in each segment that we

l

wou]dvhave to work with~d-va1ues, ‘as described‘above. If-we did not average t
‘values at a 51te, then we. might have enough t values that we cou]d work -

I
d1rect1y w1th them. In that case. we could ask whether the severa] t values

in-one segment d1ffer significant]y from those 1n an adJacent segment. The

,better approach of the two will be the one that g1ves the sma]]er P-va]ue.

The- upshot of these ca]culat1ons is that eva1uat1ng the segmentatlon
hypothes1s with more trench sites .might be done with only a. few more sites

than have a]ready been obtalned by Swan and others (1980) and Schwartz and

Coppersm1th (1984), perhapsgas few‘as,e1ghtﬂ3n'a11. However. eva]uat1on could

require~severa1}timesfthat[many. for example at least 19. f
% 1 . |

CreStaT'elevations of the Wasatch Range.--Schwartz and Coppersmith (1984,

‘their fig.'lO) nOte that elevation of the crest of the Wasatch Range appears

- to change between segments, with some large changes occurr1ng across segment
'rboundar1es. They ‘suggest that those changes support the notion that the range

is segmented -and that the segments have been uplifted 1ndependent1y._ That

suggest1on can be tested as fo]lows. “For both tests be1ow, we use the = -

| Kruska]-Na]]is tESt (519991, 1956) because the ca1cu1ations for the
":'randomization test become long and tedious for a11 but very - sma]] samples or -

‘special cases. F1gure 10 of Schwartz and Coppersm1th (1984)|shows cresta]

I

_ o

1 .

First we ask whether the largest changes in cresta] elevat1on, as
{.

}

measured between two adJacent po1nts, span segment boundar1es. They do not:

1 the f1ve e]evation changes that span boundar1es exceed the other 33 changes

on]y at P 0 36. A histogram of the two groups of numbers shows no obv1ous

I
t
!
b
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Next we ask whether adjacent segments differ signiftcant]y 1n l
elevat1on. The northernmost (Co]]inston) segment is s1gn1f1cant1y lower than
the adjacent Ogden segment. with P°= 0.01. However, no other pair of adJacent
segments dlffer§1s1gn1ficantlv 1n e]evation. the other fourlP-values exceed
Thus for the Nasatch Front as a whole, and for the: popu{ous central

segments, these cresta] e]evation data are con51stent w1th the segmentat1on

, hypothes1s, but: can nefther support nor deny it. *However,.there are on]y

| about six e]evat1ons per segment, and cresta] elevation at s1ng]e po1nts may

- be affected by 11tho]ogy and structure.. Other measures that cou]d yield more

values, or that could average over larger areas m1ght detect d1fferent1a]

uplift between segments. For 1nstance, more va]ues cou]d be: obta1ned by .

: determ1n1ng med1an e]evat1ons of squares measur1ng 10 km on a s1de, over the-
’ ent1re range. larger areas cou]d be averaged by est1mat1ng total rock volume

- that lies above, say, 6,000 ft, w1th1n strips 10 km wide and,spannfng the

Ped1ments atqp faceted spurs.--Hamb]1n (1976) and Anderson (1977) mapped

and corre]ated ped1ment surfaces along.the. western face of: the Wasatch Range
in and near the. Provo segment from the Traverse Mounta1ns southward to Payson

Canyon. Can the ped1ment data of Anderson (1977) address the segmentat1on

- question? Several assumptions are needed for the fo]low1ng ana]ys1s. Flrst,‘

. we' accept Anderson s (1977) 1dentif1catlon and morphologfc corre]at1ons of

pedfment surfaces between r1dges and across canyons.. Second we assume that

' ped1ment surfaces represent per1ods of little or no up]1ft andjthatjthe‘

'm;‘slopes between pedlments represent per1ods of comparat1ve1y raptd uplift
- (Hamb11n and Best, 1980) s |

~.\ "

L
t
|



,‘the next few m111enn1a the t1me period of most 1nterest here.

Lo ' . l
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The s]ope between two vertical]y adjacent pediments cannot represent a

.scarp formed by a sing]e event, because the s]opes are. typically 200 to 300 m

hxgh (Hamblin, 1976) Schwartz and Coppersmith (1984) est1mate typical: rates
for up11ft produced hy scarp-forming events along the Wasatch Front at about 1
mm/yr, and typ1ca1 -scarp heights for sing]e events at about‘2 me G1ven those
estimates and the range of data about them, each 1ntraped1ment s]ope may
represent tens to hundreds of scarp-forming events that occurred over a few
hundred thousand to a few million years. " Thus if ped1ments reflect

segmentat1ona1n any way, that segmentat1on wou]d act on t1me sca]es much.

1onger-than the‘HOTOCene. Such segmentat1on would be 11ke1y to continue for

. If a s1ng]e ped1ment is fo]]owed north or south -along. the range front, it

may branch. 1nto two ped1ments that cont1nue at d1fferent e]evat1ons (Anderson,
1977, fig.'3). vBranch points can bevrnterpreted as the ends;of porttons of
the range that underwent periods of uplift more or less as coherent blocks.

¥

If segments and their boundaries controlled that uplift and defined those

b]ocks, then branch po1nts should concentrate near segment boundar1es.

. I

Branches do not open preferent1a11y to either-north or south (P = 0.26 by

the b1nom1a1 test), so we seek departure from a un1form d1str1but1on of branch

A‘p01nts along the Wasatch Front, rather than from a un1form northward or

southward 1ncrease 1n numbers of branch po1nts. S B

Anderson (1977) mapped 29 branch poxnts in 5% linear k11ometers of

ped1ment a]ong 76 km of the range front. Pedwment preservat1on ped1ment

' detect1on, and range he1ght vary along the front,: 50 we norma11ze the number'.

of branch po1nts by k110meters of measured ped1ment 1ength. Because branch.-

t'p01nts are few, and because 1ocat1ons and w1dths of segment boundar1es are

, .

uncerta1n, we' d1v1de Anderson s (1977) 76 km traverse rough]y 1nto northern

!
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- and southern'quarters and central hai?. We ask whether-thefnumber of branch

points 1n:the two end quarters.-taken together;-sign1f1cant1y exceeds the -

_number in the centra] half normalized for the fraction- of the 59 km of

o

ped1ment length that falls 1nto each of the two parts of the traverse.
The b1nom1a1 test gives a value for P between 0.4 and 0t5. Ne conc]ude
that e1ther Anderson s4(1977) mapped branch po1nts contain no evidence that

segmentation operated at the time scale of ped1ment format1on, or we have

~interpreted the pediments and branch points incorrectly, or,both.

Spatial Associations -

o suggest that the ramp may d1p north (fig. 5)

No work has been done on th1s topic yet beyond cons1der1ng wh1ch types

of data to use, and co]lect1ng maps of such data.

Bedrock Structure . ms Lo

Structure maps.—-Pre11m1nary 1nterpretat1on of part]y comp1]ed data

suggests that a CSD may exist at or near the 1nferred boundary between the

Provo and- Neph1 segments, east of Payson (fig. 4) - The structure'defined by

: the contact between Permian rocks and the under1y1ng Oquirrh Format1on, and

~~the d1str1but1on of bed or1entat10ns in the outcrop area of the Oqu1rrh

Format1on, are con51stent w1th the ex1stence of a transverse ramp under the

.~ central port1on of the Span1sh Fork Peak quadrang]e, and a f]atten1ng of
"southeastward d1ps in areas northeast of there. Southeast d1ps -and upr1ght

' .or1entat1ons throughout the area sketched 1n f1gure 4 1nd1cate that the area

lies. on the front 11mb of a large hang1ng wa]] ant1c11ne, the Nebo ant1c11ne

_of ear11er workers (for examp1e. Eard]ey, 1934) The 1ower e1evat1ons of the

base of the Perm1an un1ts to the northeast of the 1nferred transverse ramp

j
‘
l

Geo]og1c mapp1ng.--No work “has” been done yet,’ beyond co]]ect1ng and

comp1]1ng ava11ab1e maps and structura] data.

oo
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Joint1ng history and 1ntensity.»-Two large roadcuts abour 3 km apart in

;;Spanish Fork Canyon expose sandstone beds of the Oquirrh Format1on (c1rc1ed S

ffin f1g. 5 Bakep, 1972) There, four sets of ca]c1te-f111ed Pystemat1c Joints

exhibit abutting and other re]ationships that def1ne the order 1n which they

formed crysta111zation of joint fi)]ings need not have occurred at the same

' tfme'or in 'the same order as did Jo1nt1ng itself. Scatterediobservat1ons

elsewhere 1n the southern wasatch Range indicate that this Jownt1ng history

may be recognizable e1sewhere in exposures of the 0qu1rrh Formation. Planar
|

Jo1nts many filled W1th ca]cite, occur in some roadcuts expos1ng synorogenic

clastic unlts of . Cretaceous age, and in natura] exposures ofithe F]agstaff

- j
’VL1mestone;owaocene.age. Thus 1t may be feas1b1e to-deve1op[Jo1nt1ng
histories for those rocks. In and around the Payson. lakes quadrang]e appears

to be the best area to do that, and to attempt to relate Jo1nt1ng histories of

younger rocks. w1th that of the widely d1str1buted and we]]-exposed 0qu1rrh

Format1on. 'Then,301nt1ng history and 1ntens1ty-cou1d be compared across and"

1nto the segment boundary that is inferred to occur near Payson.
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F1gure 1.--Sketches showing geometries of strictiires that mqy occur in or
~ under CSD's -in .thrust complexes. (a) Block-diagram of footwall of a
thrust fault. Open arrow shows direction of transport of hanging wall
(not shown).over footwall. F shows flats, LR shows longitudinal ramps, -
. and -TR shows transverse ramp. (b) Block shown in (a), with addition of
. hanging wall block. Transport over -distance D,  in direction shown by
arrows on front faces. of blocks, produces ‘hanging wall_anticlines shown
~on top surface of block. (c) Geologic map of top surface of block shown .
~in (b), with arrows showing trends of hanging wall anticlines and plunges
of their noses. (d) Shape of bottom surface of a hanging wall block that
has been cut by two thrust faults whose tips overlap.and which die out
past each other, en echelon. Sawteeth identify 1ead1ng edges of both
fau]ts.~ S ‘

F1gure 2. -Schemat1c d1agram of hypothetical example for one value of t per
site (see text). View is to east. long horizontal brackets identify
segments, from-north to south along Wasatch Front. Circles enclose
segment numbers, and squares enclose boundary numbers. Arrows po1nt to
locations of trench sites, at which t values are obtained. Here, in
notat1on def1ned 1n text, s = 7 b =4, and d(1) t(1+1)—t(1)

F1gure 3. --Schemat1c d1agram represent1ng view eastward toward range front in
. Provo segment and adjacent ends of adjoining segments. Horizontal lines
represent ped1ment surfaces. Dots on them represent branch points. S]opes
between pediment surfaces represent. per1ods of uplift, ranked
approx1mate1y from youngest (circ]ed 7)fto o]dest (c1rc1ed 1)

Figure 4.-- Sketch map summariz1ng pre11minary ev1dence for a CSD at or near

. the segment boundary at: Payson (circled P). 7.5 minute quadrangles shown
are Spanish Fork (SF), Spanish Fork Peak (SP), Billies Mountain (BM),
Santaquin (S); Payson lakes (PL), and Birdseye (BE). Line with single
‘hachures represents approximate locations of portions of the Wasatch

- fault that enter SP from the north, as the Provo segment, and S from the
south, as the Nephi segment (after Davis, 1983). West sides are down.
Line w1th double hachures represents the contact between the Oquirrh
Formation and older.rocks (Po) with overlying Permian and younger units
(P), a1l upright and dipping southeasterly (after Davis, 1983). Double
hachures show generalized directions of bed dips at and west of that
contact. In BE, elevation of contact is mostly above 8000 feet, and in
eastern SP' and BM, mostly below .7000 feet. Numerous bed orientations (not

-, shown) in SP, PL, and BE are from Harris (1954), ‘Metter (1955), Rawson

,(1957), H1ntze (1962), Baker (1972), and Dav1s (1983)

qju“Circ1ed S 1n center of SP shows" locat1on of road cuts of Oqu1rrh
- _Formation in Span1sh Fork Canyon, where systemat1c Jo1nts have been
,Manalyzed (see text)

T t
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Figure 5.--Sketch maps show1ng 1nferred structure of bur1ed footwal] block - (a)
and exposed hanging wall block (b) in area surrounding Spanish Fork :Peak

. 'quadrangle of figure 5. Tn (a), strike and dip symbols show dip -

" directions of inferred longitudinal "and transverse ramps. In (b),

..~ denotes exposed upper portion of Oquirrh Formation and older rocks, and P
denotes exposed Permian and younger rocks. Hanging wall anticline in (b)
overlies the southern of the two ‘Tongitudinal ramps in (a). Structure .fn
northern portion of area: shown is specu]ative, as-. 1nd1cated by dashed
.11nes and question marks. v _ o -
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'NEAR-SURFACE rAqulne"Assoclnmo’uxrn HOLOCENE FAULT SCARPS,
" WASATCH FAULT ZONE, UTAH: A PRELIMINARY REPORT .

by
Anthony J. Crone and Samuel T.fHarding

3 S .  U,S. Geological Survey,
o | ‘Denver, Colorado 80225

_INTRODUCTION

Abundant geolog1ca11y young, fau]t scarps are clear evidence of recent. =
maJor vert1c£] d1sp1acements on the wasatch fault zone in Utah (Swan and

others, 1980;»5chwartz and,Coppersm1th, in press). Earthquake hazard x

. assessmentsiassume that the formation of these scarps was associated with

earthquakesfof magnitude 7 or greater (Bucknam and others, 1980). However,'it
is uncertain how these'scarps relate to subjacent near-surface fau]ts and toda

deeper faults that may be. the source of damaging earthquakes. Understand1ng

~ ‘the relat1onsh1p of the scarps to deeper structures formed 1n h1gh strength

rocks and to the reg1ona1 structura] framework can provide a better basis for

i l
(

,'rea11st1c earthquake hazard assessments.

x“'

Dur1ngwthe past two years ‘we have collected h1gh resolut1on seismic

_' reflectronidata w1th a MINI SOSIE1 system across Ho]ocene fau]t scarps at

1 TR
'f’ g
r&r‘r .

st ".;-—* RAN

m ,

.hl Use of th’ hame is for descr1ptive purposes on]y and does not cons1stute an

‘ endorsement by the U S Geo]og1ca1 Survey.
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sxmultaneously,Operat1ng tampers were stacked for each VP, ﬂ”?-

’1ncluded tape

severa1 locations along the Wasatch Front (Fig. 1). These profdles clarify

_ the relationsh1p between the scarps and the ‘stbjacent faults, and reveal the
Ad1str1bution of near-surface buried fau1ts. From these data~we~can 1dent1fy
. the areas adJacent to the scarps where ground rupture may occur’dur1ng future

‘1arge earthquakes. Where avai]ab]e, deep structural Informatlon from

convent1ona1 ref]ect1on profi]es can be used to relate the sha]low buried
faults and. the scarps, to deeper structures and to the reg1onal structural

T

patterns. . |

‘ BATA CDLLECTION AND PROCESSING ,

The MINI SOSIE (MS) system is. a sma]], versat11e, h1gh reso]ut1on
reflection techn1que that uses earth tampers as energy sources. The foot of
each tamper . 1§ fitted w1th a source sensor that triggers with each impact of
the foot. Tﬁme breaks for the 1mpacts are transmitted to a recording truck by
radio. The*tampers have a peak energy input at about 45 Hz but- they also
supply a cons1derab]e amount of higher-frequency energy above about 100 Kz

that 1mproves the resolution of shallow reflections (Wiles, 1979)

“Input s1gnals and - t1me breaks from the tampers are cross- corre]ated in

. the field witn the s1gnals received by the geophones. - The cross-correlated

data are elechronica]]y stored whi]e data from succeeding 1mpu1ses are Cross-

i

corre]ated.‘ V1brat10n point (VP) spacing is 16 m. -For each vibration po1nt

sufflcient cross correlated data were stacked to yield a good s1gna1-to noise

”u-

ratio- 1n'these surveys a tota1 “of 1200 to 2400 impulses from three :

\l ]

|
'l The fieldsdata were processed with a standard sequence of process1ng

steps at the UIS. Geo]ogica1 Survey fac11it1es 1n Denver. Processing steps

t

i

re- format and ga1n recovery, demu1t1p1ex common depth point

g
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Figure 1. --GeneraHzed geolog'lc map of the Nasatch Front and env1rons, north-
. qf: o -
centrali) Utah and 1ocat10n of M1n1 Sos1e profﬂe s1tes. -‘ jwasatchc'< fault
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zone 1s‘“1nd1cated by "w"l' Modi fied from Zoback (1983b)‘.
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trave] time of 12 fold CDP data.

| (CDP) sort, veloCity analyses normal moveout correction, datum and residual

statics corrections band pass’ fi]tering, finai cDP stack, and wave

migration. The resulting record sections consist of one- second two-way
The MS technique has several distinct advantages over conventionai “ﬂ”
refiection profiiing methods. Because of . its small size, the system can be

eas11y transported into remote areas with poor access. This‘advantage is

particuiariyuusefui along some parts of the Wasatch Frontlmhere access is

Timited to ste%p; rugged roads and traiis. The system is a]soicapable’of

collecting refiection data in seismicaliy noisy areas, a usefui feature when

()-
‘i

working in urban areas. Where cu]tura] noise is a probiem, the number of
impacts stacked for each VP can be increased until the reflection Signal is

strong enough’to be distinguished from the undeSireable n0ise.‘ Another

advantage of the MS is that it can operate in popuiated areas vnthout the

threat of Vibration energy damaging nearby structures.‘ Thus, the MS can fi]l

gaps in conventional ref]ection data that are caused by cu]turai development.

' . REFLECTION PROFILES

b U
To date, seven MS refiection profiles have been co]]ected at Six

t 1ocations a]ong the Wasatch Front (Fig. 1). A]] of the times Cited in the
'fo]]oWing discussions are two-way travel times as shown on the figures. Depth

'h}estimates and diSpiacements on fauits were caicuiated from the stacking

. n,i 4

*velocities used to process the profi]es. Because of the uncertainties in the

;ve]ocities, these va]ues should be regarded on1y as general estimates.

. !

‘Kaysvi]le Site.f':“’ii; o o u”;; __" ' : %1“;;

v ;

. Two para]lei east-west 1ines about 0.3 km apart were. run across the

~ large fault scarps iocated apprOXimateiy 3 km southeast of KaySViiie (Fig 2)
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F1gure 2. V1bration po1nt (VP) map of Kaysvi]?e 1 and Kaysv111e 2 MS profiles

p]otted on the Kaysvi]]e 7 5-m1nute topographic quadrang]ed .Genera11zed

locat1on:of ma1n fau]t scarp from Cluff and others (1970) shown by heavy 4

.” I

5}11ne bar and ba11 on downthrown Slde.; Ant1thet1c fau]t west of main

3e fault scarp not shown., Kaysvi]le trench discussed by Swan and ‘others

e T I
roo ~e?;(1980)»was 1ocated at the - scarp approx1mate1y midway between the two MS

I
G

prof1les.° D1stance between VPs is 16 m. N SR fm' L ;{
- g g S {
Do . L :
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’ ant1thet1c fau]t scarp 11es west of the ma1n scarp. . ..?1_ *

‘wide (16 m/VP x 6 V). T O
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Here an approximate]y 22-m-high west fac1ng scarp marks the 1ocat1on of the

most recentlw active major strand of the Nasatch fau]t a 1 to 2 5- -m-high

f

Exp1oratory trenches and ‘detailed mapp1ng by Swan and others (1980) have

A;documented severa1 ep1sodes of Late P]eistocene and Ho1ocene surface faulting-

at this site. The strat1graphy in the trenches 1nd1cate at 1east three’

- surface fau]ting events in the past 6,000 yrs producing a net vertica]

d1sp1acement of 10 to 11 m.: Each event resu1ted in an est1mated 1 7 to 3.7 m.
of vertical d1sp1acement. Swan and others (1980) est1mate a recurrence »
1nterva1 of about 1000 yrs. for late Ho]ocene for surface fau1t1no.

The 0. 75 km 1ong Kaysvi]le 2 MS 11ne (Fig 2), located about 150 m south
of trench A of Swan and others (1980), crosses the ma1n fau]t scarp at VP 1029
and an. ant1thet1c scarp at VP 1023 L1ne “Kaysville-1, 0.61: km 1ong (F1g 2),

y

crosses the ma1n scarp at VP 925 and an 1 to Z-m-high ant1thet1c fault scarp

' at VP 919. At both 11nes the graben formed by the two scarps 1s about 96 m

|

On Kaysvi]le -2 (Fig. 3), a strong, ‘two-cycle (doub]et) reflect1on between

"f'.,do 1 and 0 2 ssextends across much of the prof11e and shows the amount and

’ d1str1but1on of near-surface fau1t1ng in this area. Beneath and‘east of the

' scarp, a continuous doub]et ref]ection at about 0.095 s between VP 1027 and VP
~1031 1nd1cates that the fau1t associated with the scarp- cannot be vert1ca1.

"Just west of the ma1n fault scarp a s1m11ar doub]et ref]ect1on 1s at about

“, 'K .
P
\

0. 15 s. "As w111 be discussed later, 1t 1s doubtfu1 that these reflect1ons

or191nate from the ‘same stratigraph1c horxzon. Nevertheless‘ the d1splacement

between the two doub1ets (t40 m) does 1dent1fy the 1ocat10n of the main
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_F1gure 3. Kaysvﬂ]e 2 MS profﬂe. Main scarp crosses the pfofﬂe at
" .v1bration po1nt (VP) 1029 and. ant1thet1c scarp (not shown) at VP 1023.

Di stance between VPs is 16 ' m.
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" fault.; If the'western termination of the shaTTow doub]et at VP 1027 is.

proaected upward to the scarp, the inferred neédr-surface d1p of the fault is

; about 62° to’a depth of 76 m.

The doubTet west of VP 1027 is broken by a series of fauTts that form a T

broad graben. .Down-to-the-west fau]ts between VP 1023 and 1020 d1sp1ace the

~ doublet about 37 m to the Tow point of the graben.f West from the lTow point,

there are ant1thet1c fauTts at VPs 1017 and 1014. The totaT d1spTacement

between the Tow po1nt and the shaTTOWest reflect1ons west of the graben is

‘about 72 m. The subsurface graben is about 250 m w1de, approx1mate1y 2 5
7

times as w1de as the graben on the surface., S

Data from ‘a water weTT Tocated about 0. 6 km south of the west end of the

l

"~ Kaysville-2 T1ne combined w1th crlter1a developed by Arnow and others (1970)

l
in Salt Lake! VaTTey to the south suggests that the doubTet refTect1on west of .

the main fauTt may mark the base of the unconso]1dated Quaternary sed1ments on
the MS-T1ne.T In Salt Lake VaTTey, Arnow and others determ1ned that the

Quaternary Tertiary contact (i.e. base of the Quaternary sediments) is marked

by a d1st1nct1ve carbonate cemented horizon, 1nterpreted to be the remanents

of the soi] that formed on the Tért1ary sediments pr1or to bur1a1 by

' Quaternary sediments. The well penetrated a, sequence of unconso]1dated sands,

clays and graveTs and, at of 88 7 m, 1t penetrated 3 m of cemented gravel in

the bottom of the weTT. A ref]ector 88 7m deep woqu generate a refTection

at about 0 13 s, a traveT time essentia]]y the same as the doubTet at the west

- end of the Kaysv1TTe 2 Tine.

o There are no weTT data to identify the strat1graph1c hor1zon responsible

wvffor the doubTet at 0 1 s beneath and east of the fauTt scarp but 1t probably

,‘S generated by.the contact between the bedrock and the over1y1ng Quaternary

and/or Tert1ary:sed1ments., If th1s doub]et is correlated w1th the faulted




.prof11e is a minimum va]ue.

wide, aboutt1d8 t1mes wider than the surface graben. f
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.t doub]ets west of the scarp then ‘the net d1sp1acement across thefentire fault

- zone on the prof11e is on]y ‘aboit 5-10 m. However the trenches}of Swan and

)

others (1980) 1nd1cate a net Holocene d'isplacement of 10 to w11"m.' Also, the .

net d1sp1acement across scarps formed 1n late P]eistocene Lake Bonnev1lle .

sed1ments 1s about 20 m. This 1mpl1es that the doublet ref]ect1on east of the
fault (VP 1027 1031) must correlate with a horizon that 11es beneath the

,doublet west of ‘the fau]t and that the net displacement ind1cated by the MS

7

}

The ref]ectlons on line Kaysvi]le 1 (F1g 4) are genera]]y poor but there

is a strong doub]et ref]ection at ‘about 0. 2's between VP 917 and 909

(F1g 4) Tb the east, there are few coherent reflections a]though at about
:

0.15 s at VP 925 there is some strong ref]ected energy and d suggest1on of a
weak doub1et.} Further east coherent reflect1ons are absent.' If the eastern'
términation. of the doublet (O. 21 s at VP 920), assumed to be the 1ocat1on of
the fault at a depth of about 240 m, is progected up to the scarp,Athe fault
has an apparent d1p of about 729, o

- West of the strong doublet near VP 907, there is also some strong but

incoherent ref]ected‘energy. A]though very‘speculative, 1f[th1s energy and

the doub]et are correlat1ve, they 1nd1cate a maJor down-to-the east ant1thet1c

fau]t w1th about 35m of vert1ca1 disp]acement.1 Th1s ant1thet1c fault would

be the western boundary of a subsurface graben that 1s a m1n1mum of 176 m

i !

.;. \'.

| The doub1et reflect1on on Kaysvi]]e 1 has an apparent west d1p whereas d

the reflect1ons on Kaysv111e -2 are essent1a11y horizontal or have an east

d1p. The"stack1ng ve]oc1ties for Kaysvi]le 1 show that theJapparent west dip

3

i

s resu]ts from a westward decrease in the veloc1t1es across the prof11e. Depth

.g A

' est1mates show that the doublet actua]ly has an est1mated 10o to 15° east d1p.L -

‘.1,4 f-: :~
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The two-way travel t1mes of the doublet reflect1ons on Kaysv111e 1 and
Kaysv1]1e 2 are noticeably d1fferent. Part of the difference may be real but

much of 1t resu]t from 1atera1 ve]ocity changes between the prof11es and

\‘
[L

possibly variat1ons in statics corrections. _7‘.-“' fﬁ;s LR

. “*‘,

There«js a major difference 1n the number of fau]ts on the two Kaysv111e'

profiles. The doub]et ref]ection on Kaysv111e 1is essent1a11y unbroken

across muchxof the 1nferred graben whereas -numerous faults d1sp]ace the
\='

doublets on Kaysv111e 2. This suggests that 1arge variat1ons 1n the number of
1nd1v1dua1 fau\ts can occur within short d1stances a\ong the strlke of the.

fau1t zone. “" A;V

RN

L1m1ted geologic information suggests that the East Bench fau]t scarp, a

prom1nent topographic feature that extends through Salt. Lake thy and lies

~ west of the ma1n rahge front -.escarpment, may be the major. structure separat1ng
. the Jordan Nalley graben from the Nasatch Range. East of the fault but west

.« of ‘the range front a bedrock p1edmont lies close to the surface, buried by a

veneer of younger depos1ts (Marse]] 1969) Nest of the fau]t in the Val]ey,

' the bedrock 1s severa] thousand feet below the surface (Matttck 1970)

Loca]]y the scarp is as much.as 49 m h1gh ~and geolog1c stud1es show that some

movement has probably occurred along the fault 1n the past 5 000 'yrs (VanHorn,

_1972) A11 of these data comb1ned suggest that the East Bench fault may pose
: a s1gn1f1cant,earthquake hazard w1th1n Sa1t Lake City. »'Lﬁffff_
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'ref]ectwons'between 0.1 and 0 3s (Fig. 5).

‘1). '
M
ul‘
- ";l

1
Figure 5 in erstate 80 MS prof11e and v1bration point (VP) map Fau]t'scarp

B e :"3—7;::::*-7—:

) [ .
crosses the profile at about VP 736. D1stance between VPs is 16 m. VP -

.‘lh
map is: p]otted on the Sugar House 7. 5-m1nute topograph1c quadrang]e.
;$au1t scers from VanHorn (1972) are shown as heavy 11ne dashed where
J.concea1ed bcr and ba]] on downthrown side. Sma]] sol1d dots are VPs in

1ncrements of ten.

A 1. 44 km-long MS 1ine was run across the East Bench fault along

'Interstate 80nbetween 1300 East and 700 East to clarlfy the: re]at1onsh1p of

' ’1 n

the scarp to subJacent faults.r Desp1te the extreme]y noisy: cond1t1ons for

- f
record1ng se1sm1c data, the record section shows a series of strong
}

. 0
At several p1aces on the record sect1on, 1atera1 var1at1ons in the
. ‘tl !

coherency of the ref]ectlons locally resu]t in poor d1scont1nuous v

jreflect1onsa lThe area of poor reflections between VP 716 and VP 730 is

‘d

. general]y co1nc1dent wnth the 1200 East Overpass and is thought to be related.

- to.a decrease?in fold near the overpass. Correlation of ‘the strong

‘\,

'_ reflect1ons‘at about 0.2 s on e1ther side of the poor data are not definitive.

: but one reasonab]e corre]atlon suggests no vert1ca1 d1sp1acement._

w\

The EastﬁBench fau]t scarp crosses the prof11e at about VP 736 (F1g 5)

i

'and westwardifrom this point to about VP 760 the coherency not1ceab1y

|

",decreases and‘the character of the reflect1ons change. W1th1n th1s 1ess

- : H ‘“
'-flcoherent zone, there is a ‘suggestion of essent1a11y hor1zonta1 reflectlons but

b

:1nd1v1dua1 reﬁ]ectlons seem to. be laterally d1scont1nuous. The strong

‘ethe east and to the west cannot be traced 1nto the zone. There
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west of this ~poor signal qua]ity ‘Zone 1s a series of coherent reflections

“at'0. 1 0 3 s between VP 760 and VP 770. The strong, two-cycle reflection at

\jt . ‘

0. 25 s 1n'this‘area is sim11ar to a reflection near VP 734. Corre]at1ng these

H

: two cyc]e reflections across the low coherency zone sxggests ‘a vertical

"- d1Sp1acement of about 85 m.‘ Construction has obliterated the scarp along the

_u
h1ghway but on the go]f course directly to the south (Fig 5), 1t is

consp1cuous and about’ 3- 4 5 m high (Marsell, 1969). N fﬁ

‘ The wePl data near the MS line helps 1dent1fy some reflect1ons on the
. x; -

profile. A water wel] 0.9 km east of the east end of the- 11ne drw]]ed a
r

|
,sequence of 1nterbedded grave1s and clays- w1thout encounterIng bedrock (Iorns

\‘Ll
and others, 1966) but from a depth of about" 94 m to the bottom of the hole

at 175 m, the dri]ler s log reports that the grave]s are cemented. These

" cemented grave]s may be part of the Tertiary Salt Lake Group. The. 94 m depth

I

' converts to about 0.12 s,-a trave1 time s1m11ar to that of the first strong

;([[
reflect1on on the. eastern part ‘of -the prof11e. The series of" strong
“ ’fl

_.reflections on; thlS part of the proflle may be generated. w1th1n the upper part

;ﬂ
of the Salt Lake Group and ‘the shallowest reflection may corre]ate with the
L \4

base~of the Quaternany sed1ments. If~1dent1f1cat1on of the ref]ect1ons and
R N

' the correiations are correct then the MS prof11e 1nd1cates about 85 m of

vertica] sl1p on the East . Bench fault during the Quaternary. tff,j

n ( |

) _ _
EstimatesE of 1ong-term s11p rates on the East Bench fau]t are very poor]y

constrained because the age of the base” of the Quaternary sednments 1n the

H "i 4

"Salt Lake Cityﬁarea is not we]] known. Quaternary sed1ments 1n the area are a"‘

i)

';mxnimum of 600“000 yrs o]d (Scott and others, 1982 p. 24). The age of the '

b

I

e upper part of the 'Salt Lake Group is generally cons1dered to be P11ocene. ~J~
;Mc[bna1d (1976ﬂ Pe 306) reports that a wel] ‘north of Sa]t Lake C1ty (T. 3N.,

- R. 1w ) 1s be]feved to have dr111ed 1nto upper P]iocene sed1mentary rocks. On




b
R

the bas1s of this 1nformatlon, we wlll use a max1mum age of about 2 million
yrs for purposes of this discussion. The long-term slip rates calculated
us1ng these ages are a maximum of 0.14 m/ka and a m1n1mum of 0.04 m/ka. These

est1mated rates are much smaller than the fblocene sl1p rates (Swan and

‘others, 1980 Schwartz and Coppersm1th 1n press) but s1m1lar to the pre-

Bonneville rates of Machette (this volume)
A water well located less than 0. 5 km north of VP 755 penetrated 147 m of
interbedded Quaternary gravels and clays (Mar1ne and Pr1ce 1963) This depth

converts to a travel t1me of approximately 0.2 s, shallower than any strong

. reflect1ons on nearby parts of the MS line.

. lbbble Creek Site

The Hobble Creek MS site, located about 12 km southeast of Provo Utah
(F1g. 1), exam1nes the relat1onship between near- surface structure and
faulting, and a deformed late Quaternary (Provo lake level) terrace that has

been backrotated by movement on the Nasatch fault. A topographic‘profile

parallel to but about 250 m to the north of thelMS llne shows that the

originally west lep1ng Provo terrace now slopes to the east for a distance of
385 m from the fault (Profile L-L'; Swan and others, 1980)

Deta1led mapp1ng and trench stud1es near the }bbble Creek s1te by Swan

and others’ (1980) 1ndicate six or seven surface faulting events in the past
12,000 to 13 000 yrs resultlng 1n a net vertical d1splacement of 11 5 to 13. 5
"~ m. Less preclse data suggest movement on the Wasatch fault has vert1cally

'-~d1splaced Like Bonnev1lle sed1ments 18.5 to 38 5- r

The Hobble Creek MS l1ne is 1 66 km long and crosses the west fac1ng ma1nr

fault scarp at the extreme east end (VP 397 Fig 6). *A two- to three cycle

fgreflect1on occurs at about 0.14 s (150 m) below VP 397 and cont1nues unbroken E
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Figure 6. ;Hobble Creek MS profile and vibration point (VP) map. Fault scarp
; crosses the profile at the east end at VP 397. Distance between VPs is
| vloﬂm. VP map is plotted on the Springville 7.5-minute topographic |

quadrangle, Fault scarp generalized from Cluff and others (1973) is
. heaVy line; bar and baTl-on downthrown side. Small dots are VPs in .

bincrements of ten.

with a gentle west dip for nearly 100 m to VP 403. West‘of VP 403, the

reflections appear to be downdropped, however calculations indicate that the

reflections to the east and to the west of VP 403 are at similar depths;

“differences in stacking ve]ocities are probably responsible for the apparent

verticai disp]acement. However the difference in stacking velocities for the

_ref]ections east and west of VP 403 suggest that there may be an important

structural boundary,in this area. There are insufficient velocity analyses to
determine'if the west dip of these reflections is apparent or real. |
 The reflections between VPs 397 and 403 constrain the near-surface
geometry of the ‘main strand of the fault. If the fault lies east of the
reflections, it is nearly vertical; 1f it lies west of the reflections, it has

a ‘shallower dip. Although 1nconc1u51ve, the MS data favor a nearly vertical

fau]t'interpretation. ,The slmiiar depths of the ref]ections east and west of

- VP 403‘arguesvagainst extending thé'main strand of the fault west.of the
"reflections especia]ly considering the’ 1arge amount of post- Bonnev111e

.displacement._

~The MS profiie shows that warping of the Provo terrace is not swmpiy a -

"surface phenomena but - occurs in the shallow subsurface. Westward from VP 403,

a weak multi- cycle ref]ection is distingUishable to VP 410 where it becomes

continuous and coherent.toHV? 423.A~This-reflection-has~a ‘distinct eastward

Ci7



dip and -an 1nf1ection point that coincides with the inflection pOint of the
{A,overlying warped terrace. This backrotation is similar to the "reverse drag"
'beiieved to be assoc1ated with- listric normal faults (Hambiin 1965) but the
h‘small size of the backrotated block (i.e. distance between the 1nf1ection

.  point and the ‘end .of the east- dipping ref]ections) suggests that a listric

fau]t responsible for this backrotation would probabiy flatten at shallow
boundary of this backrotated b]ock wou]d be the main strand of the range-
bounding fault

An inflection point in the reflections at VP 474 suggests that a large

backrotated’ block may extend across much of the prof11e. From VP 474 east to

'.VP 403, all of the reflections have a gentie but obvious eastward d1p. The
. east-dipping reflections are broken by several fauits between VPs 452 and 472, .

.none with any obvious surface expression. Some of the fau]ts have as much as-

1

-----

is small. A 1istric fault respon51b1e for this broad area of backrotation

would extend to greater depths and perhaps be tectonica]]y more significant
“than a listric fault associated with the inflection,point of the-warped Prove

' _terrace. "f*

A series of strong, unbroken, flat reflections extend westward from the

'“» ‘1nflection point at VP 474 to the end of the profi]e. The genera] continuity
H’, of these refiections 1nd1cates 1ttle near-surface faulting aiong this part of
' the MS line. fﬁ', A ' IR

we11 contr01 in the vicinity of the Hobb]e Creek profi]e is sparse. A

~drillers log of a 93-m-deep well 1ocated iess than 200 m north of VP 420 shows
o prominent 1ithoiogy changes at depths~of 29'm and 73 m but these ‘are shallower
o ;than a]] of the distinct reflections on the MS 1ine. About 2 2 km south of VP

‘ 465 a 205-m deep we]] (Cordova, 1969) drilled through a sequence of c1ays,




gravel ‘and sand that are probably Quaternary in age. The 205 m depth converts

to about 270 ms trave] time on the MS proflle suggesting that all of the

o reflect1ons on the profile are from Quaternary sediments. The lack of

: spec1f1c agev1nformat1on prec]udes estimates,of 1ong-term slip rates.

Willow Creek'Site

There is_more than 2.1 km of topographic relief between the crest of the
" Wasatch Range and the floor of Juab Valley (Figll)'near the town of Mona.
Displacenent on the Nasatch fault zone has probably produced much of the
vrelief although preextsting topography may have contributed to the total
(Eardley, 1933).4ATrenching studies and the morphology of the youthful fault
scarp along this part of the.rangeusuggest that the last major displacement
may have been only 300 to 500 yrs ago (Schwartz and Coppersmith in press).

To 1nvest1gate the near-surface structure assoc1ated with this young -
fault scarp, we col]ected MS data along a 1.47- km 1ong Tine extending
generally westward near Nil]ow Creek Canyon, about 2. 7 km southeast of Mona
(F1g 7) At the mouth of the canyon at VP 109 the prof11e Crosses an
_approximately 6 -m-high scarp (Machette, th1s vo]ume) In the canyon east of
the scarp,_Pennsy]van1an Permlan 0qu1rrh Formation (H1ntze, 1980) is covered.
‘by a veneer of stream a11uv1um. In Juab Val]ey west of the fau]t locally as
~Amuch as 610 m of basin-fil] overlies the downfau]ted bedrock (Eard]ey, 1933)

‘ The part of. the prof11e in the canyon has few coherent reflections but
west of the scarp, there are a series of ref]ections between 0.1 and 0 2 s
_i (85-213 m) from with1n the bas1n f1l] 4 From the scarp to westward VP 140,
,correlat1on of the reflect1ons shows a gent]e westward d1p of about 2.50

- toward the-va]ley,‘,Th1s is 1nterpreted as a pr1mary dep051t1ona1 dip.

19
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B Neghi Site

_ Figure 7. 'Nillow Creek MS profile and vibration point (VP) map. Fault scarp

»crosseSIthe prof1le at the mouth of Willow: Creek Canyon at VP 109,
: . ' i
;,bistance:between VPs is 16 n m. The VP map 1s p]otted 1n the Mona 7. 5-

.1,;_ﬁinute.topo§raphiciquadrangie. Fault scarps genera11zed from Cluff and

| hothers (1973) are heavy lines; bar and ba]l on downthrown s1de. Small

' dots}are VPs in 1ncrements of ten. T

}.
i
[

'iThe'quaﬂ1ty of . the ref]ections from the basin fill c]ear]y deterlorates

“at “two 1ocations west of the scarp. a zone between VP 120 and 126, and near VP

140.' The zone of poor ref]ections between VP 120-126 is perp]ex1ng. Good

quality ref]ect1ons to the east and west at 0. 15 0.2 s abrupt]y d1sappear and

L

w1th1n the zone, a d1st1nct doublet 1s present at about 0 25 S. The

cont1nu1ty of the doublet shows that there are no large fau]ts within the zone

but does not e11m1nate faults at e1ther edge. Corre]at1onlof reflections

across the zone suggest 1itt1e net d1sp1acement; Near VP'f40 the character of

3 the ref]ect1ons gradually .changes westward mak1ng it d1ff1cu1t to confidently
e corre\ate'ref1ections to the east with those to the west. A]ong the western
" part of the'line, changes 1n,wave amplitude and frequency siggest that facies

‘changes may occur within the basin-fill.‘ The poor correlatdons caused by the

vd1scont1nuou? reflect1ons makes it d1ff1cult to recogn1ze poss1b1e small
fau1ts, but there is sufficient cont1nu1ty across most of the prof11e to

'f‘demonstrate the absence of any maJor near-surface faults other than the fault :

associated with the scarp. Q}T

Near the town of Nephi (Fig 1), a maJor change occurs 1n the range-front

ﬁphys1ography and 1n the’ distribut1on of Pb]ocene scarps., North of town, the

 range crest towers over Juab Va]]ey, and mu]t1p1e surface fau1t1ng events have

. .‘ : :' ‘ . . \. 3t
I H . N . > K .- - H jdbd f '.
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produced large Holocene scarps. South of Neph1, the rel1ef between the range

crest and valley is much less and there 1s -a17= km 1ong gap in Pb]ocene

scarps. where present south of the gap, the scarps are smdl], s1ng]e event

f scarps (Schwartz and Coppersmith 1n press) ~These changes suggest that Neph1

1s 1ocated near a‘segment boundary of the Wasatch fau]t zone and that the
1ong-term behavior of the two segments is very different (Schwartz and
Coppersm1th in press)

The deep structure at this important boundary has been stud1ed by Zoback
(1983a; 1983b) using conventional seismic reflection and gravity‘data, but N
these data db_not clear]y“revea] the location or'distributipn of near-surface.
faults. Specifically;'the conventional.reflection profile'has‘no data in the

upper 0.2 s and a 1arge "drop-out" of "deep" data in Nephi.ﬂ To fi11 this-

'critica] gap}‘we col1ected 3.97 km ovaS data a]ong'the route of the

conventiona] reflection 11ne from east of - the Wasatch fault in Salt Creek
Canyon to beyond the west edge of town (Fig. 8)
l :

~ An additiona] obJective of the Neph1 MS 11ne was to 1dent1fy the

locations of potentia] surface faulting in town dur1ng future earthquakes. The

" scarps to the north die out before they reach Nephi (F1g 8), thus the surface

1
fault1ng hazard is uncerta1n. ) | o oy

The genera] att1tude of the reflections on the MS prof11e (F1g 9) and

the stack1ng ve]oc1t1es both suggest that there is a boundary between the

ﬁ bedrock in the range and bas1n -fil1 at about VP 340., From the east end of the
"-11ne 1n Sa]t Creek Canyon where bedrock 1s exposed to about VP 340 (F1g 8),'
:-the reflect1ons at 0 1 0 2. s are locally fau]ted but have a un1form westward

_,d1p, and stack at velocities of 1981 3048 m/s. From VP 340wto the west end of:

4

h the 11ne, all of the reflections at about 0.2 s are subhor1zonta1 or have a

l.sl1ght eastward d1p and stack at velocities between 1372 1676 m/s. - The

(R

3 .
! o L L
|

b
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FigUre?B.j'Néphi MSQprofile vibration pointl(VP) map. Map is mod1f1ed from

sheet 10 of C]uff and others (1973) Fau]t scarps are. heavy lines,

dashed where approx1mate.i'F1ne IlneS-are poss1b1e surface fau]ts with

!
VPs 1s 16 m. Small dots are VPs 1n 1ncrements of ten.‘,

i
4 S D 'A-‘

i

relattve]y high stacking ve]ocities east of VP 340 1nd1cate that these
. reflect1ons Are probably assoc1ated w1th the 11th1f1ed Mesozo1c and early
' Tert1ary sed1mentary bedrock and the 1ower ve]oc1t1es to. the west suggest%:
that the ref]ect1ons are assoc1ated with bas1n f11] sed1ments. The record :

sect1on fa]se]y 1mp1ies that the reflect1ons east and west of VP 340 are

ol L T I B - R L

%

t
11tt1e or ho, vert1ca1 re]ief dashed where approx1mate.‘ D1stance between



h.vertica11y d

'1nterpretat1o

A (VP‘34b) and |

" .parallel to t

»'est1mated dep

:'»vthere has bee
- possible faul

northwest-tre
. appearlto be
“about 0.2 s a

-def1ne a narr

i
Co
o
t

I
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sp\aced both sets of reflect1ons have est1mated depths of about
i .

s

!

The bedrock and basin-f111 boundary at VP 340 most 1ike1y c01nc1des with

the loTation

|
occur where t

fault (F1g 8).

d1srupt1on an
»The fau]
questionable |

these 1ineame

Corre]at

of a buried fau]t.s A broad zone of 1ncoherent no1se and weak

- .reflect1ons between VP 340 and 380 on the MS prof11e supports th1s

n. “The no1sy zone WIth poor reflect1ons starts at the boundary
I

cont1nues to VP 380 where the ref]ections become strong and

-d1st1nct.- The part of the profi]e with the poor ref]ections trends

- northwestward, subparal]e] to the 1oca1 trend of the range and essent1a11y

helexpected strtke of a fault. The good qua11ty reflect1ons

he 1ine turns westward, away from the range and away from the
The zone of weak reflections and noise is probably related to
d “out of-plane" ref]ect1ons from the fault zone.; The s1m11ar
ths for the’ ref1ect1ons on either side of VP 340 suggest that
n 1ittle recent vertical d1sp1acement on this fau]t.

tt 1nterpretation for this boundary is also supported by the
t-related lineaments (Fig. 8) para\lel to and adaacent to the
nding part of. the MS 11ne (Cluff and others, 1973)

Small fau]t on the MS prof11e at VP :383 may a]so be re]ated to

nts. A 11neament that ‘Crosses, the MS 11ne at VP 440 does not

1 ‘
R

fau]t re]ated

1ons of the strong, continuous two- to three cyc1e ref]ect1on at

probabTe faul

a net,d1sp1ac

oo T
Al

cross the centra1 1. 66 km- of the MS prof11e (F1g 9) 1nd1cate
ts at VPs 468 473 and 478, The faults at VPs 468 and 473 .

ow graben the vertical d1sp1acement of about 46 m on the down-

- }
:,to-the-west fau]t at VP 468 and 35 m on the antithet1c fau]t at VP 473 y1e1ds

ementvofvabout 11 m across the graben.. A sma\] down-to the-westA-:

o
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- 340,

Figuretg.:
- ‘between

dTSCuSST

fault at VP 4

AT P

NephTAMS proffle.

WY

Profile {s broken into tuo»SegmentSTthat overlap

VPs 423-425. Distance between VP$ is 16 m. See text for

on. of the prof1Te. . ’.j - ‘1’ .x];fif ,Tf[ o

. b

78 has about 9 m of displacement.

From . these fauTts to the west end of the T1ne, the quaT1ty of the

vis1bTe down

4-'refTections %aries, in the areas of good data, subhorizontaT refTect1ons are

no about 0 4 s, The subhorizontal refTections at about 0.3 s on

the MS Tine probabTy correspond to a strong reflection at a s1m11ar travel

"t1me on the conventional refTection profiTe.«

Gravity

show that the

Wasatch Range“

A two-d

--“maXTmum of 1.

veTocitTes‘fo

deeply bur1¢d]

~.the presence

of the east 's

..probabTy 1dent1fy the Tocat1on of this eastern boundary.

"veTocities ‘sh

they occur wh

~ of the easter
,'tMovement on t

'ffisubJacent bas

Some areas of poor MS data are

'probabTy relared to Junctions with. maJor roads and bends in the T1ne.

data comb1ned with the MS and the convent1ona1 refTect1on data.
major fault zone separat1ng the basin in Juab Valley from the
is probably Tocated'near VPs 468-478, not.neargthe fauTt at vp
1mens10na1 modeT of the grav1ty data shows Juab’ VaTTey contains a
2 km of bas1n-f111 Just west of Nephi (Zoback, 1983b) Stacking
r the conventional reflection profile show that bedrock is not

ron the downthrown side of the fault at VP 340, Th1s requires

of another fauTt -zone west of VP 340 that 1s the major boundary
%de of. the basin.‘ The near-surface fauTts between VPs 468-478
The MS stack1ng _
OW that the near-surface fauTts are. formed in the bas1n fiTl, but _‘w
=re the convent1ona1 refTect1on prof1Te constrains the Tocat1on
n: margin of the basin (M. L. Zoback 1984, oral commun ).

1e near-surface fauTts 1s probabTy controTTed by movement on the

1n margin fauTts.‘ The conf1gurat10n of this part of Juab VaTTey

1nd1cated from aTT of these data is a bedrock bench bur1ed by a comparat1ve]y'




1340) to the

: th1n cover of basin-fi]l

AeaSt edge of

“that extends westwardxfrom"near the range front (VP
eastern bas1n-margin fau]t ‘zone located near VPs - 468-478. The

the bedrock bench 1s probab]y bounded by a fault that has 11tt1e

recent vertical movement.

The near-surface fau1ts at VP 468 478 are general]y onistrike with but .

(1973).

They dlsp]ace ref]ections as shallow as approximately 150 m.

Vabout 0 3 km south of the prom1nent scarps mapped by Cluff and others

Based

on the MS data, it seems 11ke]y that the faults associated with the scarps to

the north extend southward 1nto Nephi.

th1s part of

A]though-the most recent movement on

the Wasatch fault zone apparent]y did not produce’surface

,fau1t1ng w1thjn,Nephi;_our.1nterpretation indicates that the near-surface

faults in Nephi are probab]y continuous with the faults that have recently

fonned-scarpsAto the north and are aSsociated,w{th;deeperffau]ts‘that have a

long history: of movement.

Scip1o Vallef

Thus, during future earthquakes;ﬁdisplacement on .

the near-surface faults'might produce surface ruptures in town.

Profile

'Bas1n.

Sc1p10

~and 11es wit

'def1ned grad
‘wev1dence of

" and Anderson

' The 0. 7

1,‘.

nefault z0ne;

'»-'of t69°E.“ s

Valley is 1ocated about 55 km south- southwest of: Neph1 (Fig. 1)

h1n the transit1on zone between the Co]orado P]ateau and the Great

Theqe are numerous scarps in the Valley, some w1th assoc1ated we]]-

ens. A prominent scarp near the northern ‘end of the: Va]]ey shows

Ho]ocene movement superimposed on a pre-Ho]ocene scarp (Bucknam

1979)

5 km-]ong Sc1p1o Valley prof11e (Fig 10) shows that an-

"approx1mate1y 5-m-high scarp represents a young d1$p1acement on a subjacent

The fault most d1rect1y re]ated to the scarp has an’ average d1p

=gnmnts of coherent reflect1ons on]y occur 1n the upper 0. 5 s

) 275."-;:, o
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providing no\data on the fault geometry below about 400 m.‘ Thelvar1ab\e

*®

-qua]ity of the\reflect1ons makes corre]ations atross the 1nterpreted faults

-tenuous. Ret]ections c, east of the fault zone, do not have any correlative

I
ref]ections to the west but if the corre]at1on of ref]ections D 1s correct

1

)
one strand of the fault has a vertical displacement of about 68 m. Th1s
}

suggests mult1ple ep1sodes of movement.
In Sc1p10iVa11ey, the North Horn Formation and F]agstaff L1mestone of

Late Cretaceous and early Tertiary age, underlie the a]]uv1um, and 1oca11y,
l

‘ sinkho]es and col1apse features form where acce]erated groundwater dissolution

’ |,
occurs tin fau1ted and fractured carbonate bedrock (BJorkland and Robinson,

1968),, It‘seems unlikely that this .process would produce recurrent movement

on theélong, high scarps described by Bucknam and ‘Anderson (1979) or produce
. |
the different1a1~movement on a moderated]y dipp1ng fau]t as 1nterpreted on the

MS profile. Scarps in Japanese Valley, about 12 km to the east have been

- !
,attributed to sa\t diapirism (Witkind, 1982) but lack of deep data does not -

permitsthis possib]e mechanism to be evaluated at the Scipio s1te.

, l
| k ;
t x . . . T . ..
’ [ s . - | I
; . . . - - . ‘ . T
I
|
» ' kY
b l '
L T
. | L
s 1 .
| BE 1
| N T
! i
3 ! . W
[
i
i i !
. . .
| T . S
', ‘ Sy
S P R R
8 I | L
. L - . B
boorey Lot e
T g ‘
PR e N . A
' i T ;
4 ,‘ T :
] ot .
; . ¢
) : b . . : . e
¢ . : . K LY . T D
T I D AR
; S ‘
) L ‘
] . Ve
¥



TWO - WAY TRAVEL TIME (SEC) -

" TWO - WAY TRAVEL TIME (SEC)

SCARP
‘830
|

" VIBRATION POINTS

EEAT 7Y-) SR

T

séO‘

b’ bn

A (o

81130

b n)u'. .’| p '||
}n' l»g- My
3y Wy

¢ *W&w»m L AR

AL
: S
ﬁ%‘bx" N :"s\"

~VIBRATION 'POINTS o
'SCARP -

>p »»v’,'- ’ S "

h - g |
) T
-

o L

[F'y L,

Q i

() e :

w AT

. ’::' J :

350 ;

. ’P"- y

[72] v ar

S w Lo

“'0

[ -."J"';'

tocgtion of
ph«lu Profils i'

'

. EAST

a?o'

EXPANATION .
e vt e e

143

* seans spcec v
—idperee .-
-—gnecs

. T ey er

~ 350

ESTIMATED DEPTH (M)

F1gure 10

map.

SC

Fau]t‘

1

l
S
o4
Ref]ectlons t

,p1o Val]ey MS prof11e

carp crosses tha prof11e at v1brat1on

|

_ S
650 Lk

, |

P S
S
b
. f‘
o
P
[N o
$ .
‘e
L
P

11ne draw1ng, and genera11zed location

po1nt 843

C an d D are d1scussed 1n the text. o ,F'g ; %
f, T | " .
N 129



"Front.i

',investigate

~intra-basin

1) The

zones of incoh rent noise or zones of weak reflections.

,‘L

‘Jf : i
R T T S L L
| i',-;l’ oy mEmeav' CONCLUSIONS ~* '+ '
systém is an effective means of examining the near-surface
. l F

_5'structhre;and faulting associated with Holocene fault scarps along the Wasatch

:fUture studies will examine the near- surface structure at proposed

l

‘-segment'bourdaries such as at the- salient north of Salt Lake City, and

|

the potential for surface faulting 1n urban areas from movement on

faults. To date, important observations on the profiles include:
(I | ‘ | b
ma nﬁfault scarps overlie either vertically displaced reflections,

The MS profiles show

L

thatﬁmany-anfe red faults or fault zones, some Wlth substantial vertical

!

displacements, are not assoc1ated scarps. ‘

2) The

commonly more

R
P
S
. -

el of faulting and deformation in the shallow subsurface is

1
B

g

xtensive than expressed at the surface by young fault scarps.
1

a

Defining the areas of potential surface faulting on the ba51s of Holocene

scarps ‘may Lndfr stimate the surface faulting hazard.

3) The

the number of

i

I

i

| g i
strike of the Iault zone. ., f »~-si;. u;‘.‘”{' : ; 21% i%
i

f

e
T
4) The

much as 85 m.of

l

flipoorly constrain
‘ ‘igfor the fault’ 1s

wJ’frun trenchihg;

l

L
i !

l
]
i
f
|
1
e
|
r
l
l
i
!
!
|
zon
e
|
;
l
e
|
n
0

two

|
e
‘l
adJacent profiles at Kaysv1lle show that large variations in
i
d

n 1v1dual faults can occur w1thin a short distance along the

v ‘,“

St ‘ . - : 1

r
i

T ‘

Ea ttBench fault at Interstate 80 1n Salt Lake City may have as
|

vertical displacement during the Quaternary.

\ Although very

d the available data indicate that the Quaternary slip rate -

Lo

con51derably slower than the Holocene slip rates estimated

studies of other parts of the wasatch fault zone.
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"5) At }bbbpeereek a broad area of backrotation in the sha]low subsurface

extends -west

»backrotation

others (1980) The backrotation may be ev1dence of 11str1c faults in the area.

of'the scarp for more than a ki]ometer. A more ]oca] area of

co1ncides with the’ warped Provo terrace descrlbed by Swan and |

-

l

I

. : . : | ¢ P v
R o

o e _
6) At Néphi [the combination of gravity data, the MS ]1ne and

‘convent1ona1

near-surface |

...not-]ocated dt thL range front but, to the west, within the town. MovementAon

fau]ts associated with the fault zone may produce surface

I
P N
~faulting in the'town during future earthquakes. . P
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NTRODUCTION

"‘i,

Intensity of ground shaking during an earthquake is determined in

‘l
|

' I
~part by local near-surface geological conditions. Intensity differences

of three to four units on the MM scale at. sites no more than a few

kilometerf apart have*been_well established for nearly a.century (Lawson .

V

et al., #908) Because of these"differences;,prediction of individual_

site resppnsewis an important part of earthquake hazard reduction.

To help with urban earthquake hazard evaluation, we are developlng

V

and testing shallow P- and S-wave reflection techniques that will allow

|
.

»

. direct in situ measurement of engineering properties of materials within: -

& i

a few hundred feet of the earth s surface. Medvedev (1965)'showed that

t
fimpedance A(the product of density and S-wave veloc1ty) can

J . S

_ be used to make estimates.of relatlve.ground response. The potential

E b

. for amplification of shaklng increases as’ the impedance contrast between

o j' : ‘
layers 1ncreases, provided other parameters are constantJ
l
\l .
It ﬁs rapidly becoming feasible . to produce shallow B—wave and S--
wave.refﬂection profiles along .the same surface line. This'Will'allow

I

' interpretation .of far more geological information than use of'P—waves or
. o s

A
“,S—waves dlone?i In addition to determination of velocities, it will be
X E o
!
g
l

to determine Poisson s ratio as a function of depth.

L
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_needed.’ Since?direct resolution of "thin beds"‘is practically limited

. resolution in the approximate dimension of one foot. Typical veloc1ties

b
I
|
|
l
s

! e Bt . . . - c . b
' cL LT e e Lo . - - o
‘Technigue :E ' j B S o , , S

Seismic reflection techniques have been used in petroleum prospect-
1 , e
ing for about‘a half century. Although examples are occasionally cited
B l . : . {
in the literature, shallow reflection techniques in engineering and

groundwater applications have met with only 1im1ted success because of‘
I 1\

the difficulty’encountered in identifying reflections from 1ayers at

*shallow d?PthSk The shallowest reflections (other than our work) docu-

mented inithe literature appear to be those at 30 meters,by Hunter et
- f : ! . v !

al. (19815. HThehgmplitudes of‘the reflected waves_at commonly recorded

! ;l

: .frequencies, when present, are smaller than the amplitudes. of unwanted

waves, particuﬂarly ground roll composed of Rayleigh waves and Love
. T A . o o
waves. Furthermore, the generation and recording of frequencies much

above 100 Hz has not been possible on land, or at least has not been

i Lt
’ § . -

adequately recorded in the 1iterature.
1 ! i
Typical energy sources that have been tried 1nclude sledge hammer

(Hunter eé al., 1981, and Meidav, 1969), weight drop- (Doornenbal and

} <"7

Helbig, 1983),*and small explosive charges (Pakiser.and Warrick 1956).

' These energy sources produce seismic waves with dominant frequenc1es of

'less thanrlOO Hz.‘ In order to provide better resolution.Cboth‘preclsionr

and accuricy) OE shallow reflective interfaces, high‘frequencies are
o S : o ' : S A

Sl
i . :

|
to about 1/4 wavelength of the seismic energy (Widess, 1973), the’

improvement in“resolution (and imaging of shallower reflectors) can be
|

obtained directly by increasing the frequency of the energy that is’

R

i
8
recorded.)
3!

) A wonthy goal of shallow reflection surveys 1is to provide bed

| .
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of near-surface soil and/or alluvial materials.range‘f%oh%about_l000 td
.about 4060 per second. Using*the:l/4 wayélength.criteriod:’We can

obtaim, the dominant P-wave frequency needed from the fact that velocity
is directly proportional to both wavelength and frequency.f The desired

one—foot'resolution ‘caninot be obtained with a frequency less than 250 Hz
Do |- j
: for a P—wave velocity of 1000 feet/second. If the P-wave velocity is as

high as 4000‘feet/second dominant frequencies higher than 1000 Hz are
i & :
requiredffor;one foot bed resolution.

,:Dur%ng éhe’past two years,‘we have made substantialprogress in
improyinig'shallow f—wave'reflection ,techniques. We hav,e b_teien able to
detect'rhflections-in the depth_range of 5 to‘bo ﬁetersfinﬁalluvial
valleys hyuusing projectile impacts from ordinary hunting rifles as

l

energy sources, We have built a gun mount that allows rifles to be
.. inr .

safely fired.vertically into the ground without danger to personnel and

equipment.. We have test-fired a 30.06 high-power rifle‘onto a one—inch

' t, v

thick steel plate lying on the ground beneath the mount*with no escape
Vo

of particulate debris. we designed' built, and tested a gun mounted at

about 50° from vertical as-a source of shear-wave energy in August of

1
\ A
| i
| o
b s
P
]
o
e
k.

FIELD EXPERIMENTS o R ', R M

[
}
1983,
!
!

Early iﬁ 1984, the USGS and the KGS entered into a”cooperative o
agreement toldevelop capability of obtaining shallow P~ and S-wave |
reflection d;ta along the same seismic profile. "The work discussed in;lf
. the remainder;of this paper reflects results of the first few months~

: R o

effort on the projgct, - S - ; B g'.~$.}j.
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'Geological Field Setting,of Test Site R L

! B . . .
L o . , L R [ - -‘}‘Z

.J'V

record length of 1000 samples per channel. High-cut filter

1 : : ‘ TE
The area selected for ‘our initial field experiments was“examined
P l

»geophysically previously by Steeples (1970) and 1s located in the Kansas

ﬂ
[

‘River valley near Manhattan, Kansas.~ Bedrock beneath the valley £111 is

composed of alternating beds of Permian-aged 1imestones and shales

‘E, . j .
ranging in thickness from ‘a few inches to a few tens of feet. The
: 1} .

t
‘.alluvial fill is clearly of Pleistocene age and it varies in thickness

; w
from zer0§at the valley walls to ‘as much as~35'meters at theydeepest
C = o
part of the bedrock valley. : - : T
{ } ) - ’ . it
o B o
Field Methods i :

" We use an Input/Output Inc. DHR 2400 seismic recording system with

24 channels to. amplify, filter, and digitize the data (word size 11 bits

- plus sign) in the field and to record the data on digital tape. Our

). ;|

-amplifier;gains'can~be adjusted from 42 to 120 dB, 'dependingfupon the

distance from the shot point to the geophone for the individual chan-

. ; ‘r ’ “‘
nels.’ The upper 1imit of amplifier gains, to avoid clipping of signal,

is lhnited by digital word size rather than by the amplifiervgains

3
¢

available. Our low—cut filters have 24 dB/octave rolloff to ‘decrease

. ( '

the amplitude of'ground roll. Data sample interval on each channel is

N j
1

1/4 msec for P—wave studies and 1 msec for deave studies with a total
l

Mare used to
: S it

attenuatetenergy at frequencies above the alias frequency ‘»"1*

‘[ . s' L
Relatively severe low-cut filters have the beneficial effect of
B

eliminating substsntial amounts of cultural noise. Cultural noise in |
.,urban sreas is relatively severe at frequencies below 50 Hz,.but vehic-r

",ular traffic and other vibratory noise sources do not produce much

; “.‘ .

energy above 100—150 Hz. The noise that is produced at these high

\
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. the low-pass nfture of the earth's transfer function.

R
)
SR
'v
E

Data Procesaiq% ‘ r"f . o o L : i

~ . - P . <.: .

J

Data shown in Table 1 indicate the type of processing that we have

; applied to the P—wave reflection data. The processing is very similar

\
(

to that used in the petroleum industry, except that spec1alicare is’
[ . .k . L I

§
-0y

exercised in Juting non-reflected energy. - o
oL o . {
. ; . c - b
S-wave processing is similar to P-wave processing, ekcépt that an
| o ' Lo
.extra step iS‘added to combine two separate data sets that are obtained
P , r

1

by our S—waveireflection field procedure (as’ explained later) The two

data sets are“differenced (multiply one set by -1 and then add) to
- ‘r. . ) 1
enhance S—waves ‘and to cancel P-waves,‘ ‘ , ' : gﬂ

q N . . E ‘«}
j

ACCOMPLISHMENTS TO DATE ' : 2 SRR

!

We have succeeded in recording P-wave and S-wave reflections along

i t
l

the ‘same seiSmic profile near'Manhattan, Kansas.‘ A typicaIAfield record

" of P-wave data with no processing is shown in Figure 1. In Figure 2, a
, , ,

12—fold common depth point (CDP) stack of the P-wave data 1s shown. -

Note that the}prominent reflector at about 60 msec on the stacked sec—
tions (Figure 2) is also visible on the field record of Figure 1. These
data were recorded with single 100 Hz geophones using 220 H;jlow;cut o
recording filters and single 180 grain 30 06 rifle bullets fired ver—.‘f}
' 'tically into the ground.‘ Split spread geometry was - used.uith geophone :““
g-interval of four feet and shot point to nearest geophone distance of
'eight feett _?- .l A ," .&1. ‘;' - .i-$?
_ ' ! _ R . o
Figure 3§8hows a typical field record of the S-wave reflection

data..fThe S-wave survey ‘was ‘done using single 100 Hz horizontal geo—
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?Sdrf%ce‘statics and geometry specification .
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TABLE 1

ICAL COMMON DEPTH POINT PROCESSING FLOW FOR.

. VERY SHALLOW REFLECTIONS

ing
i first b;eaks and other linear arrivals
! :

iinto CDP gathers

Préliminary velocity analysis

:Spec

‘Deta

‘; R . .
Fral analysis (determine bandpass)
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iled velocity analysis
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‘Brut? stack (preliminary velocity function and fil#ering)
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Determine automatic statics .
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. Apply: a. Final velocity function, i
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Figure 2.
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phones with identical geometry as that discussed in the previous para-

rgraph Source energy was obtained by firing a single 180 grain 30.06

9!

‘rifle bullet into the ground at approximately a 45 angle fFom vertical.

t L

.Figure 4 shows a. 12-fold CDP stacked section of records obtained from

the horizontal geophones along the ~same seismic profile as that shown in,

i
. o

J
o b
The 100 hz geophones that we use are omnidirectional in the sense
“ Ty .
!

B
!

B that they are sensitive to motion along their long axls, regardless of

I : ,
their.orientation relative to vertical. This allows the‘phones to be

used in either the vertical mode or the horizontal mode;'provided they
j |

are mounted with their 1ong axes vertical or horizontal respectlvely

We have builtEgeophone holders that allow these geophones to be easily
changed‘to horlzontal (S—wave) mode in the f1e1d. W |
One mith ask why we believe ‘the data in Figure 4 to be primarily
S-wave refledtions.: In addition to the data in Figure 4 that were
obtained by s&ooting the rifle 45° downward pointing north{ we repeated

the same~1ine shooting 45° downward pointing south (dataunot'shown).
b . ‘ » 1‘»
This-processﬁshould.reverse polarity of the horizontal component of S-

waves;‘but not of P-waves. The two data sets were then Subtracted from

b , : o
one another, Etrac;‘e—‘for-'-trace.. This procedure should tend T;:o ca.ncel P-
waves-while'éending-to'enhance S~waves. . In Figure 5, the data from this

¥ J
.subtraction stack are shown as a pseudo—24 fold CDP profile Note
that the dat; in Figure 5 show reflections somewhat better{than the data

‘of Figure 4. ? If the reflection events were primarily P—waves, the

subtraction stack would tend to degrade rather than enhance the quality

. i A !

' of the- reflectlons._ We therefore conclude that a substant1al portion of

I : : < 1

,-'.,",H I . oo

the reflected events shown on Figures 4 and. 5 is composed of S-waves.
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‘ﬂ~different times (i e._60 msec for P vs 260 msec for S)

; .conclusion is still speculative.
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Note in comparing Figures 2 and 5 (the P—wave section and the deave

A‘

4

‘t_section, respectively) that the reflections come in at. substantially

o

While the difference between P— and S—wave velocities for solid

p
1

rock is roughly a. factor of 2 it nay approach a factor of 7 for uncon-

solidated materials-(HaSbrouck, 1982). If the reflectedwenergy is

coming. from the,same horizons for both P and S, then a factbr of 4

difference in P and S velocity is implied. It is not yet ciear that we
are observing the same horizon, but note a synform‘structure exists on
both Figure 2 and Figure 5 between CDP's 222 and 242. Thisfsuggests

: . . ) . A '

that the5two'sections may be observing the same structure; though'thisb'

Field experiments have been ‘conducted at another 1ocation in north-
3N :

central Kansas, but data processing is incomplete at this writing.

F

RECOMMENDATIONS FOR FURTHER RESEARCH

l
!
(
{
!
1.
¥
4
i

There are several improvements in technique and additional experi-

" ments that need to be performed in order to reach our objective of in

!
L Lo L
situ. determination of Poisson B ratio..g AT

l N N

.l. We need to improve the accuracy ‘of our shot time-break so that -

'.ltfhigh frequency components in theé data are not attenuated ‘This can
“ .

Th be done by optical or opto—electronic means.' We preseptly'use a

-geophone attached to the rifle to provide a time—bresk voltage.‘
. The time—bresk errors of two to three milliseconds areiunacceptably
large

+

_2. The 100 Hz horizontal geophones we have been us1ng

!

1 v
; .
iu
'are perhaps
I

not of low enough frequency to obtain Sﬂwaves at some localities.
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'50 Hz' natural frequency range. nft“ .Qi' R e F .

bility.

Experiments should be done with horizontal geophoneq ln.thu 20 to
: ';'l.

T

‘ f3.' Air blast has been a major problem, particularly with the P-

. wave experiments. We have built an air—blast containment device.

o q S 1‘

(ABCD) that eliminates at 1east 36 dB of air blast n01se. Further

development and refinement is needed including 1mproved porta-

i
i
!.

1

b, e’ need to establish that the P—wave reflections and S-wave '

L
v
1

reflections are coming from the same horizonm. ThiS‘entails careful

;choice of a new experimental locality where the geologic-section is

o -vr :
extremely well known, and/or the performance of experiments such as

,'up—hole checkshot surveys to determine both the P—wave velocity and

I‘

the”waave velocity. :
‘ . _ |

;

5. We need to perform additional experiments to determine the
. .4
4

important parameters of bullet selection for S—wave reflection
surveys. The use of 150 grain bullets occ331onally results in poor-

energy generation caused by lack of penetration 1nto the earth.

‘.
i

The .bullets occasionally shatter on impact or ricochet into a steel

safety plate. It is likely that the use of 220 grain bullets w111
. g - 7 ) . .. PR . ;o -
alleviate’much of’ this problem.p T iﬁﬁ R ?;"

,T\,‘.

6. At this writing, the subtraction stack of S~wave-reflections

must be*done in the computer process1ng. We are"in-the process of

i

obtaining hardware to reverse polarity in ‘the field during data

(

- recording. This will allow more flexibility in recognlzing S-wave

reflections on the field records. - A I
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GURE 1.;<Unprocessed seismic field record" showtﬁg prominent P—wave
g - reflection at 60 msec. " . . gu‘
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"'-xj'_' o

2;.'Processed 12-fold CDP stack ‘in alluvial valley near

.| Manhattan, Kansas.‘ Data from Figure 1 was 1ncluded in this

' -i seismic section. Note prominent reflections in the 50 to

' .70 msec range and. apparent stratigraphic variations. Domi--
i mnant frequency is 150 to' 200 Hz.
: I

3. Unprocessed seismic field record showing préminent S-wave
" reflection at 270 msec and subtle reflectors at later

e arrival ‘times. - : ) ,jp

X ot . . ‘I i

‘4; Processed 12—fold CDP stack of S—wave data at same CDP

L points as Figure 2. : _ ‘ﬂ ’

s

-,5; ‘Processed pseudo 24-fold CDP section obtalned by subtraction
stack of section in Figure 4 and data obtained -at same CDP,
© with rifle fired in opposite horizontal dinectlon.
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, Earthquakes in the Utah region have been recorded digitally by the

University of Utah seismic network since January 1981. To date, digital

r 4 )
‘

_seismograms from more than 2000 earthquakes have been archived on ‘magnetic

!

’tape.. Together with colleagues at the University of Utah, we have begun to

systematically*test and apply techniques for extracting information on source

properties of small earthquakes from these data.~ Our goa is to try to obtain '
Sl ey 5

a better understanding of how these earthquakes are related to cycles of

.‘ i ¥

strain accumulation and release on major faults along the‘Wasatch Front. To.
'; | . . ﬂ 4

illustrate the!type of research we are pursuing, we present here a study ‘of an

M H 3, earthquake that occurred approximately 10 km. west of downtown Salt Lake

City, Utah, at 112 57 GMT on Ootober 8, 1983 (Figure 1) This earthquake

occurred within a region of the western Salt Lake Valley'that has been charac-

' ’ (.

instrumental
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'al., 1980).. Pait activity in this region has included an ML 5 2

:.was obtained“by

£ Ta ]
H :
l

i

1

I
|
SR I ‘ . L |
location of Utah earthquakes was begun at the University of Utah (Arabasz et
n
?

rthquake

"located approximately 8 km . northwest of - Magna, Utah, on September 5 1962, and

an earthquake swarm several kilometers north and northwest of Magna during

February and March of 1978 (largest event M 3. 2) (Arabasz, 9t al., 1979,

[

.Cook, 1979) Earthquakes in this region are of particular interest because’ of

their proximity to Salt Lake City and the possibility of an association with

the Wasatch fault which dips westward beneath the Salt Lake Valley (Figure 1).
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MAINSHOCK LOCATION AND FOCAL MECHANISM = o i
0GAl o e
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The ML y, 3 mainshock on October 8, 1983 was located using the computer

program HYPOINVERSE (Klein, 1978) and the velooity model in TableiI. This

velooity model is from a refraction line extending southward from the Bingham

;Canyon copper mine 35 km southwest of Salt Lake City (Keller et al., 1975). A

7.9 km/sec half space at 42 km depth has been added in order ‘to fit observed
B

“travel time-data from earthquakes at distances greater than‘aboutsZSO km.

. . A
The constraint of the arrival time data on the source depth was carefully .
M 1

H.« '

fexamined.j For our initial looation, we used stations out to a, distance of 300

",.u
i ‘ By v

km. Figure 2 demonstrates that the velocity model rits thexobserred travel-

time data from the earthquake very well even at 1arge distances.@ The hypocen-

tral depth obtained, 4 km, is constrained primarily by the ﬁg crossover dis-
’ : 5 v ‘ :
tance whioh is well defined by the data. The aoouracy of this depth determi-
(T ]

o

nation depends on the aocuracy of the velocity model in particular the oru-

stal thickness.
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‘1northwest—striking fault that dips either 68° -80 east or 10;

Ve
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northeastward from the Bingham Canyon mine., If the depth of‘the;moho is
ol _
| :tﬂe earthquake
I {

changed from 25qh km to 28 km in the velocity model in Tabl

|

3locates at a deﬂth of 8 km. CIf stations beyond the P crossove distance

‘(120—130 km) are nmt used in the 1ocation a hypocentral depth of 11 km is

obtained. ‘In this case the depth control comes from the arrival time at the

i 1
closest station RBU, which is 15 km from the epicenter. If a less reliable

’I |
P—wave arrival time from the Wood-Anderson instrument at SLC, 12 km from the

epicenter, is added to the data set the depth of 11 km remains;unchanged.

However, because even the closest stations are more than one5focal depth away
I

from the epicenter the arrival times at these stations do- not provide a strong

constraint on focal depth., We conclude that the depth of the ML 4 3 mainshock.

probably lies between N and 11 km, but it is not possible to constrain the

l
1

H i
A "
,
s
|
1
!

depth anygmore>accurately than this with the data at hand.

%
j
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The focal mechanism obtained for the mainshock is shown<1n Figure 3. The

! , ;‘~¢ J
two sets of nodal planes illustrate the range of -possible solutions. The

e
LR 4

takeoff angles used for this mechanism are for a source depth oflu 2 km.
l

"Despite the uncertainty in focal depth we are confident that*these takeoff

vy
angles‘are realistic because of the excellent agreement between the travel
time data and the model (Figure 2) If a focal depth of 8 km and a crustal

thickness of 28 km are used to compute the takeoff angles the mechanism

l !1.11; ; l I

vFigurev3.t Note that both nodal planes are very well constr ined*by the data.A g

west. OQur
i'[ ‘ h"‘ L4 . )

E knowledge of.the subsurface geology is insufficient to" choose between these -
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" two possibilities.'

‘, 1ty that this earthquake occurred along the Waeatoh fault canno

stations of a parameter designated 11/2, the time between the

'neerly oonstant with deoreaeing msgnitude for aftershooks less
nitude 2, as wae found by Frankel and Kanamori (1983), O'Neill
'O'Neill and Healy (1973) for earthquakee in California.

to signify that the waveforms of the events smaller than magnit

| are subtraoted from thoee measured for the mainshook at eeoh\st

. (see Frankeb and ‘Kanamord, 1983). S }i _

' radius r using

,,1:
)

fm ‘ - .‘,‘(l
. ‘:1

If the westward-dipping plane ie the fault(

o

the Wesatoh fault beneath the Salt Lake Valley is listrio, then'

v a

However, there are undoubtedly other faults in ‘this region alon

earthquake oquld have ooourred.
. L; ) o - . .
» ‘ ‘ ‘ - i

ESTIMATION OF SOURCE RADIUS AND STRESS DROP

} . . s X I
. o - .

”.a

m __‘_-’,';_;;_.‘_’._‘_..‘

pl ne and if

t e possibil-

tl ruled out.

5, hioh the :

_‘l.'_;ae;s. el ‘t“' . c._lt‘_ _._,.,ls: -

‘The method‘of Frankel and Kanamori (1983) was used to estimate the source

radius of the ML u 3 nainshook. This teehnique involves measur
/

H“‘
1/2 waa measured at four statio
Jx,\

and the rirst zero orossing..

i A
ement at nearby
) .

{

i

P—wave onset

ns'for the

mainshook and eleven aftershooke. At each station, T4/2 was'found to remain

the oombined impulse response of the path between the souroe@an

the inetrument itselr. ‘When’ the valuee of 1 1,2 for the emalle

r«\'

efreot deoonvolved), the oorreoted values or T 1/2 show exoelle

from one atation;to another (Table II). These oorreoted values
s w“
estimatee of! the halr-duration or the source time funotion for

»].

Lo T
e
1

The oorreoted 11/2 measurements are converted to estimate

(
than about mag-

(1@8&3; and

This is interpreted

ude 2 represent
d reoeiver and

st aftershooks

eﬁion (in

nt agreement
°f T 172 '%4”.3
the mainshock -
?
e
s of source
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angle between the normal to the fault plane and the outgoing

| ‘km/sec (Keller et al., 1975)

1sm»in Figure 3,.

"The calculated stress drops are 43 and 21 bars, depending/on
1. u “km istused for the source radius.

for earthquakes, neither unusually high nor unusually low.(

E .;{," } fe B o ““,;rj"’
, '{di - r= ’1/2 v/ Q- (V’c) sin B) :

«
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where ¢ is the P-wave velocity, v is the rupture velocity, an?
s

0 denotes the

!
eismie ray (sato

[

and Hirasawa, 1975). We use 5 9 km/sec for ¢ (Table I) and assume that the

w . -1’
1
¢

rupture velocity v is 0.9 times the corresponding shear wave
'H
3

Values for 8 are taken from

'

The value obtained for r is either 1.1 on<
on which plane is chosen as the fault plane. This estimatepf

the, fault plane is comparable to the size of the aftershock*a
H H:

- earthquake;(Figure‘1).~ - ‘ - MP

N o 3 |
1}‘

We estimate.the-momentzfor'this_earthquake from the Wood

tudeuand-a?moment~magnitude relation for Utah earthquakes det

‘and Smith (1982): U%f1‘}
IFE " o ;?' b
I A A T
;H . ’ ' . r y

The moment obtained is about 1. 3 X 1023 dyne-cm. The stress
M

ﬂ

velocity of 3. 5

) j E

the focal mechan- .

)km, depending

or'the size of

l

rea for this
E
1
N
1

Anderson magni-

ermined by Doser

1
)

drbp Ao can be

calculated from this moment and the fault radius determined above using the

(1957) and Keilis-Borok (1959)‘:v

B S 47*- 'f_dﬁii'(7716);M;7r3w{i*I;”:'V'
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moment was not determined directly for this earthquake and

solution for a circular crack in an elastic medium determined gy Eshelby

l

A
‘@
o
-

3

whether*1 1'or

These are typical ;tress drop values

However, since the °

i
(

since all stress



Mop estlmates a(e mudel dependent uautum must Le used in ool

‘ stress drop with those reported in the 1iterature fcr other ea

‘clustering of activity centered 12 km northeast of the mainshock
- during the three year period preceding this earthquake.

";_earthquakes in this cluster and for aftershocks were examinedfat

“"tions.

“‘Mueiler,.1980y in this case within about~1so-2oo m.

' trolled by str as: concentrations on fault asperities.

: waveform dataiis continuing. o . : Cr

pa
I'

O
. ! . . !
n«) : . ' s . o ) s v
ol .

a. 0
;

,D erte . . e . . .
i e

tive to the mainshock using the master event technique of Johnsor

(1976) with the computer program HYPOINVERSE. The results (Figur

"~r mlmes - :
i

r

i
Figure H shows the seismograms recorded at a typical stat

His |
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) ' . .. > ) . iy ) .
b

ui'
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thquakes.

' WAVEFORMS oF Pﬁzséockszub1AFTEnsaocks T f’fig‘«f\;
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and Hadley
‘1) show a

epicenter

g -
|

Waveforms for the '

(
several sta-

ion, MOUT

1:'-

s
The clear difference in P/SV amplitude ratios betwee

‘.r‘;

(Figure 1.

-‘(
n, the

‘
N

!

"preshocks"'and the aftershocks suggest a systematic difference in:focal

I J N .‘ {

mechanism, The waveforms of all five preshocks are very similar to one another

i
n ‘

. over the entire record.
‘ \

This suggests that all of these events had similar

l

mechanisms and occurred within about 174 wavelength of each other (Geller and

1,

it §

The waveforms of the -

aftershocks are not all the same, although groups of similar earthquakes can

( '

be identified within the aftershock sequence.:

The tight clusﬁering of the

preshock hypocenters and some. of the aftershock hypocenters implied by the

il
i

waveform dataﬁsusgests that the location of small earthquakes{
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may be con-

Analys%s of this
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CONCLUéIONS IR

“constrained focal mechanism for this event indicates normal fau

An earthquake of M 4.3 occurred on October 8 1983, within

active region of the western Salt Lake Valley.
TP‘
is problematic, bu, probably lies within the range of M—11 km.
1-!"} ( ]

i
i

gently to the west. The method of Frankel and Kanamori (19%3)
fully applied to determine a.source radius of about 1 to 1 1V2

drop of a few tens of bars.

'

1

-

.d seismically

1

The depth ofuthis earthquake

A well-

lting on a

Anorth-northwest striking fault plane that dips either steeply to]the east or

; .
Was success-
;

1
km and a stress

Similarity of waveforms for a group of preshocks

1ocated 12 km northeast of the mainshock epicenter suggests clustering within

It
“ o
M
i

wave

i

a source volume-less than 200 m in extent. The aftershock

'gests that some of these events are tightly clustered -as well.

rf ‘ 1‘ . ' : ’ ‘“

8

form data sug-

Groups of similar earthquakes have also been observed elsewhere in the

world and may be ‘related to concentrations of stress such a

along fault asperities (see Pechmann and Kanamori, 1982)

‘ Cont

g
spmi
l

lfor using small earthquakes as indicators of potential for mhde

‘earthquakes.y-*

M

1

earthquakes using digital network data will hopefully lead ﬁc 8

| 1
standing of earthquake tectonics and perhaps to the development

i T

ght be expected

1

14ued study of

ﬂetter under-
o

cf techniques
i . .
r#te-to-large
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Table I. Wasatch Front Velocity Model
- (Modified from Keller &t al., 1975)
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. _Figuré 1. Map showing epicenter of the 4.3 earthquake at 11:57 on October

-8, 1983 (large octagon) and relocated epicenters. c%f all events

 within a 20 km radius of. this ear'thquake during the period January
- 1981 up until the time of this earthquake (open’ circles) and from
,immediately after the earthquake through ‘November . 1983 (solid cipr-
cles) Triangles are seismic stations and squar'es are cities.
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' Figure 2. Reduced travel-time plot for the mainshock. Solid lines show .- .

travel times calculated from the veloecity model in Table I.-



Figure'3, Lower hemisphere P-wave fault piane“sdlutioh.: C's
‘ ‘compressions and dilatations, respectively. Pluses and minuses
.indicate less certain compressional and dilatational first-motion
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NEAR-SOURCE CHARACTERISTICS OF .. .

STRONG GROUND MOTION FOR MODERATE TG LARGE EARTHQUAKES—— -

AN UPDATE AND SUGGESTED APPLICATION TO THE WASATCH FAULT ZONE
OF NORTH-CENTRAL UTAH

. . ‘
- . . . !
i

!

. . |
| . . o : ' Kenneth W. Campbell o li

B . S . U.S. Geological Survey, Golden, Colorado

P | o - ABSTRACT
E | The near—source .scaling relationships for peak- horizontal acceleration
and velocity developed previously (Campbell 1981a,ol982 1983) have been °
revised to incorporate the results of further investigations into the near-' .

‘ source'characteristics~of>strong ground motion. Although preliminary in

tl 1. a -nature, these revisions .are significant enough- to warrant presentation at this
ﬁ : time in hopes that they will stimulate further discuseion and research on

; -theae important‘issues. Major revisions have included changes:in the

# definition of source-to-site distance and'building'size and emhedment
P . ‘ : : : . ;

[ i

':'« o variables, as well .as the way in which local site geology«is treated. These .
preliminary results indicate that both peak, acceleration and peak velocity
oo become independentvof earthquake magnitude (i.e., saturate) at the source of
h' _ antearthquake,%consistent with geophyeicists interpretations pf rupture
1 , o o e

“ _ ”*mechanica.' Although preliminary,>the'scaling relations arefcohsidered stable
. 2

.source region of moderate—to-large earthquakes on the Wasatch fault zone of

A o
' ' northcentral Utah_for,purposee~of zoning or planning. :

r ‘ “ﬁaenough to warrant their use in estimating strong ground motionlfor the near-
| :
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" INTRODUCTION . ' , o _ ‘

|
_L,
" Previous studiea-(Campbe11!;1981a, 1982, 1983) have investigated the

I
|
!

: (
near—source scaling characteristics of peak‘ground motionrparametera through

Vthehrelationahip“."' . : S [

InY = a+bM-dln [R.+‘c1exp(c2M)] + EeiKi-i:e (1)

! |
| i
’ J

' where Y is the peak ground motion parameter to be predicted M is magnitude

|
defined as ML for M<6 . 0 and M for 6.0, R is’ shortest distance between the
l

recording site and the fault rupture surface, Ky is ‘a.set’ of variables

representing the effects of fault mechanism, building embedment, etcs., and €
{ \
is a random‘error ‘term with.mean of zero ‘and standard deviation equal to the

standard error of the regression. The data base was compriSedrof strong

|
motion data tecorded within 50 km of a set of worldwide earthquakes with
M>5.0. The coefficients a8 through e were determined from weighted nonlinear

regression analysis, where weights were used to control the‘influence of well-
.
SRR

recorded earthquakes.

While only minor revision of the data base used previously:hashbeen made,

|

further investigationa have indicated that several -of the variables require

modification to bettet represent the near-source characteristics of peak

ground motion parameters. Theae modifications are summariaed‘below. _

f

Distance,h‘The distance measure used.previously was defined as the
. . " . ).. ){ J N

“'shortest’distance between thefrecording station and the fault rupture

S )
‘surface. While found to be Superior to either epicentral or hypocentral

distance in modeling the near—source attenuation characteristics of strong
. . l
ground motionnfor moderate-to—large earthquakes_(Campbell 1981b), its
. _ .2. S , y
. ¢

o T . - J T
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|
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application to. predicting ground motion from earthquakes of magnitude 5.5 and

' greater is. complicated by ambiguity as to the appropriate value for the depth

,q

to rupture. For very small earthquakes one can reasonably assume that fault

rupture is'restricted to,the basement rock beneath the sediments. However, :

Y

'for events of M>5.5, rupture may or may not propogate into the sedimentary

J

deposits., Even for larger earthquakes for which rupture clearly extends to

Kthe ground surface, it is unlikely that the small stresses associated ‘with

rupture within the sediments can contribute any substantial,energy to ground
motions recorded at the surface of the earth.

Taking this into consideration, the distance measure was revised to more

A'closely represent(the distance to that part of the rupture surface believed to -

. contribute significantly to the strongest shaking recorded,at a site. This

revised distance 1is defined as the shortest distance between the site and the

seismogenic zone of rupture,*determined from either.the depthfof aftershocks
. o SRR ‘ ' T ’ o
associated with an. earthquake or the depth to basement rock. Use of this

revised distance measure was found to reduce the standard error of the

i

regression on peak horizontal acceleration. o : Lo
. » EEE
Site Geology. .Previously it was found that shallow soil sites, sites

with 10 m or less of fill or soll over rock were associated with higher

. accelerations than either,deeper soil sites or rock. Onceithese sites were

b
removed no significant difference was found in accelerations recorded on soil

or‘rock. A preliminary analysis of peak velocity indicated that basement rock.\

sites were, associated with velocities approximately 50 percent less than soil

.o.,. 1

'_sites and that shallow soil sites behaved as rock sites.‘

i

Because of complexities assoclated’ with many of the- rock sites in the
‘ ;

‘data base, it was decided that the revised analyses should include only soil

_sites. This restriction eliminated only a small percentage of. the sites,

1

3
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mostly thoserﬁocated on the abutments,of;dams where there'is a potential for
substantial nodification of the'ground"motion b} grOund toéography_and :

. P . . _ Co .
response'Of”ﬁhe;dam. -Having‘remoued,rock sites, it was fo&nd that peak
horizontalfvélocityiwas significantly;influenced bp the depth of the~sediments
beneath the site.; Veloeities.were_found todincrease:with sediment depth.up to
a-gepth of apprbximately 4 or 5 km after which little additional increase was
observed. Tnisieffect'has been reasonably modeled nith a éyperbolic tangent
function. A%similarvdependence on sediment depth was obsenved for moderate-

to-low frequency components of Fourier amplitude spectragbj‘Trifunac and Lee
. . ¢ W e - . ‘1 .

978y, AT

‘Building Effects. iInAthe.previous'analyses, large emﬁedded buildings

.(buildings'of three stories or greater'in height) were found to be associated

with peak horizontal accelerations approximately 24 percenu lower than non-
embedded instruments. Embedded buildings of less than three stories in height,‘
were found td be associated with accelerations approximately,ll percent lower

than non—embéddéd instruments. Large buildings, whether embedded or not, were

_— ! .
found to havel peak horizontal velocities approximately 20 percent higher than
s ; , A ,

: R . {
. small buildings‘and-freefield sites., : ' T I
S _ A

Further investigations on peak horizontal acceleration have indicated
J

that the effect of building embedment is distance dependent, with reductions

“inm, acceleration due to embedment decreasing with increasing distance. . This

.,,.

: apparently reflects a shift to. 1ower predominant frequencies as distance

i :
increases.‘ In addition, this effect was found to be a function of building

'asize, with buildings -of ten stories or greater having larger reductions at all
"distances as compared to three to nine story buildings. Embedded buildlngs

'less than three stories high were not observed to have accelerations

o
o

significantly lower than non~embedded instruments. Becausetthe‘Observed
S RS Lo



. distances and approach some limiting value at larger dists

'depth remains relatively constant, the larger buildings ex

to the fundanental frequencies of-the”structure and the gr

: located on'deep sedimentary deposits and situated along,tt

; “hGRDUND MDTION MODELS

reductions wdre found to decrease more rapidly with distan

.tangent function was used to model these embedment effects

Further investigations on peak horizontal velocity in

size affectsjthe‘rate at'which velocity increases with sed

buildihgs (buildings greaterlthan four stories in'height)

ce'at'short
nces, a hyperbolic
dicate that building

imentfdepth. Larger

_eXhibitjvelocities

that increasé faster with depth than smaller buildings and freefield sites.
; : ‘

However, foridebths‘greater than ‘about 5 km, for which the

l

velocities only ‘about 10 percent larger than other recordi

difference may-reflect the effects of soil—structure inter

Source Directivity. While the effects of source dire

been fully investigated -a few sites exhibited such strong

effects for peak‘velocity that their observed values fell

standard errors above their median predicted values.
| C ‘ . ) -

i

unilateral'fault'rupture.

effect.

scaling variable in the regresaion analysis to control the
other variables. While not as strong, a similar eﬁfect wa

horizontal'aCceleration.
- St Mo

g

f'Campbell (1981a) was used to establish the coefficients ar

.1
T

analysis technique

effect of sediment
hibit peak
ngs.  This
action'as it relates
ound motion.’ |
ctivity.have not
amplification

more than four

These sites were all

e direction of

'This may represent an extreme'amplification

his bias was so severe that these sites had to be represented by a

ir influence on the

S‘found_for peak

% The weighted nonlinear regression

described by

through e and € in




.that expected\on a deep'sedimentsry'site (D>5.km).

Equation (1) for both peak acceleration and peak velocity.
horizontal acceleration (PHA), thé.resulting scaling relatic

the expression .

t

_1n PHA = -2.817 + 07024 - 1.20 In [R + 0.0921 exp(0.584M)] + Te,K,

R
o

(=1

For peak

nship is given by

(2)

where PHA is the mean of the two horizontal components of pe

units of g (fraction of gravity).

84th—percentile value of PHA that is 35 percent higher than

" For peak-horizontal velocity (PHV), the resulting scali

| given by the expression_v‘

‘1n PHV = - 0,798 + 1.02 M - 1.26 In [R + 0.0150 exp(0.812M)] + Ie,K,

where PHV is the mean of the two horizontai components of pe
i

2ak acceleration in

The coefficlents ey are given in Table 1.

‘The standard error associated with this relationship is 0 30, representing an

the median,

ing relationship is

(3)

2ak velocity in

cm/sec and the coefficients ey are given in Table 2.

The standard error

associated with this relationship is O, 26, representing an 84th—percentile

<_va1ue of PHV. that is 30 percent higher than the median.

-The near—source behavior of PHA and PHV is Summarized i

median values are given for fault distances of 5 10, 25'anc

magnitudes of 5 5 6.5 and 7.5. These values represent the

recorded on a freefield instrument from a strike-slip earthc

' the recording 1s that expected on a soil site, while for PHV,

"Table 4

n Tahle 3, where
g 50 km and for
ground motion :‘:
uake. ‘For PHA,v

¥ the recording is

.giveS‘a similar




‘ (Campbell,

near—source distances of,concern»in.this study.

toaamplify the‘motions.

summary for a site located on basement rock., For these es

'assumed that near-source values of PHA are similar on soil

1981a).{ifor-PHV, sediment depth'was assumed eq
km) . o 3 o |

o Equation (3) indicates that PHV attenuates more rapid
than does PHA. This results in ratios of PHV to PHA that
with distance for fixed magnitude. This trend is inconsis

investigations-(e.g..McGuire, 1978‘ Joyner and‘Boore, 1981

Herrmann, 1984), -and may be a result of source directivity

The relat
frequenciesvassociatedvwithl?ﬁvlmake it strongly'influence
directivity. .
ofvrecordings near the fault are situated where:source'dir
”AcCOunting for this would 1owervt
predictions'Of'PHV relative to those at further_distances,
the effective rate of attenuation. The relatively high fr
with PHA would make it less susceptible to source ditectiv

the net effect of including source directivity effects in

be to reduce the rate of attenuation of PHV with respect t

-more compatible with other investigations.

Setting aside the possible bias associated with  sourc
possible to assess the reasonableness of the predictions o

(2) and. (3) by comparing them with the: results of past stu

,comparison is presented below.

. uPper bounds..

magnitude at the fault rupture surface (R-O).

Preliminary inspection of%the data‘indicates

tim‘ates it was
-

and basement rock

ualfto zero (D=0

1y with‘distancel
decrease slightly
tent.with past
%‘Nuttli'and
effects at the
ively low

d by source
lhat‘the majority
sctivity‘would tend
he(near—fault
therebv decreasing
equencies assoclated
itv effects. .Thus,

the analysis would

o PHA, making it

e directivity, it is
(

Efered by Equations

ﬁies. A brief

Table 4 indicates that both PHA and PHV saturate with

As defined in this .study, the

fault rupture surface represents that portion of the rupture confined either"

. 1
B e e e L

N
‘1
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to basement rock or the seismogenic zone of rupture as deter

distribution of aftershocks. ‘The median values of PHA and P

ﬂvalues of 1. 05 g and 88 cm/sec, respectively, at R=0.
.%estimated from these values by taking some multiple of o, th

error. If we may approximate the upper bound of PHA and PHV
value, then upper bounds for these parameters are estimated
l 9 to 2.6 g for PHA and 150 to 190 cm/gsec for PHV.
reasonably consistent with those estimated independently by
(e.g. McGarr,,l982). |

Magnitude Scaling.

distances is given by the coefficient Db in Equation (1). Eg

(3) indicate this magnitude coefficient to be 0.70-and 1.02

The magnitude dependence of PHA and

respectively. :

mined by the depth
i‘
HV saturate to

Uppeﬁ bounds may be

e standard

by a2 to 3 c.
Ty
tqlbe in the range

§

These values are

geOphysicists

|
l
PHV at far-source

uations (2) and

for PHA and‘PHV,

5

These coefficients mayvbe compared_directly with values of 0.89

for PHA and 1.07 for PHV-as determined by McGuire (1978),and‘with'values of -

0.58 and 1.13Ldetermined for PHA,and'PHV'by'Joyner~and Boore:(l981).

spectral'scaling studies; Nuttli and Herrmann (1984) establi

mb magnitude:scaling coefficients.for PHA”and PHV assuming

frequencies of 5 and l Hz, respectively.

Fronm

shed theoretical
o

!
predominant

Since their values‘represent mb,

they cannot be directly compared to the coefficients: of Equations (2) and -

However, they do give a relationship between m, and Mi:

8"

which may be used‘

to convert their coefficients to a more compatible scale (Nuttli and Herrmann,

1982)
and 1 15 for PHA and PHV, respectively.'

‘ source recordings

investigators. %

" 8.

I
~So doing, their theoretically derived magnitude coefffcients are 0 58

: ‘;iw

Considering our restriction ‘to near—

the far—source magnitude scaling charactirtétics of

Equations (2) and (3) are quite consistent with those proposed:by other



McGuire used-hypocentral distance and Nuttli and Herrmann u

» *associated with velocities approximately 88 percent higher

- ::.?i-‘.“

McGuire as wellkas Joyner and BoOre assumed magnitude'scali

- (3) cannot be'compareduwith‘either of the previously referenced studies.

I
e

SRR
ng to be

independent of distance, thereby restricting their results

far-source distances representing the majority of their dat

distance as‘their'measures of distance, measures found to r

substantially different near-—source magnitude scaling chara

1981b)
J

fault distance ‘measure used in this study (Campbell

, i“‘ . -
tofthe moderate-to—
L

a.: In addition,

sed epicentral

esult in
j

|
1cteristics than the

l
'

These

differences also make it difficult to compare the near-souﬁce distance

attenuation characteristics of the various relationships. |

Site Geology. Table 2'indiCates“that PHV is strongly

depth of the sediments beneath the ‘site.

underlain by very shallow sediments.

I

ki
b

affected by the

i,

Deep sites were found to be

;.‘
[

than sites

While Trifunac and Lee’ (1978) have found

-a similar depth dependence for Fourier amplitude spectra, 1

H
I

available for PHV.

o{similar study 1s

%

We can, however, roughly compare diffe%enées in PHV

i
!

between soil and rock established by other investigations with the results “of

u
this study.

[
4

For ‘example, Joyner and Boore (1981) found that soil sites

exhibit peak horizontal velocities approximately 50 percent higher than rock

sites, while Seed and Idriss (1982) suggest differences of

two .

ab0ut a factor of :

; |

Both results are reasonably consistent with the resuLts!of this study.

McGuire (1978), on the other hand finds that PHV is relatLvely independent of

site geology, but the small number of rock sites in his da_a;base makes his

results" for rock subject to error.
1

PHV/PHA ratioss_

sites ‘are . summarized in Tables 3 and 4,
' |
suggested

. . : ' . ~ .
.o . . . I 0
Cod 9 Lo c [N

by others to assess the validity of the results.y

i
¢

T
v b

[
¥

Ratios of PHV ‘to PHA for deep sedimeht and basement rock

. l

These may be compared‘with ratios

Seed and Idriss
L

'
!
[
(
NN
(s
(
(
'
{



'consistent with PHV/PHA ratios of 55 cm/sec/g for rock and

"and 125 cm/sec/g for basement rock and soll, respectively,

S McGuire), the ratio from McGuire 8 relations is again 100

i

t

for soil. If we approximate the conditions representative

o
,:‘
J"
i

.(1982) indicate that recordings obtained within 50 km of the fault are

110-135 cm/sec/g

oftthese ratios as

an average of the ratios for R-S 50 km and MFG 5-7 5 in Tables 3 and 4, then

we obtain corresponding ratios of 62 and 118 cm/sec/g for gasement rock and

J
deep sediments, respectively, in close agreement with those suggested by Seed

and Idriss.

Newmark and Hall (1982) suggest PHV/PHA ratios of 92 a

|

ﬂ

}

.
!

d '122 cm/sec/g for.

rock and soil and Mohraz (1976) finds values of 65 and 85- l33‘cm/sec/g for

rock and alluvium, respectively.

‘general agreement with the average*values*given_above.:

While it is not. clear for which magnitude

3

and'distancetranges these values”arefappropriate, they are?found to be in

E?Campbell.(1984) has

estimated the'ratios?of PHV to PHV for a freefield site located approximately

15 km from a-7.5 M; earthquake by several methods and suggests ratios of 70

with ratios given in Tables 3 and 4 r

= :
in; close agreement
o

i

T
‘

Finally, ‘the -scaling relations of McGuire (1978). may be used to estimate

PHV/PHA ratios to ‘be compared with this study. Using R=25/

means of comparison (this is near the centroid of data usg

McGuire 8 predictions give a ratio of 100 cm/sec/g for sié
whereas this study (Table 3) gives a ratio of 97 cm/sec/g.

M=6.0 as a means of comparison (this is near the centroid

sites, while that estimated from Equations (2) and (3) is

the two studies are found to be in reasonably good agreeme

limited number of rock sites in McGuire s data set,’ratiosx

considered'unreliable;and no‘comparisons were‘made. : j qa;

e . {
¥ i
!

10

791cm/sec/g.

_kmuand M=6.5 as a

ol

d in this study),

founded on soil,

1
{
t
4

Using R=40}km and

rl‘ ]
of’the‘data used by

l

cmAsec/g for soil

Agaln,

|
f Because of the

fo r rock are

o

o
i
i



CONCLUSIONS .

.

Strong—motion data recorded on soll sites in the near-source'region of

moderate- o—large earthquakes have been used to update scaling relations for ,

peak horizontal acceleration and velocity. These models may ‘be used to-

: predict ground:motion parameters from earthquake magnitudej distance to the

L . y
seismogenic zone of rupture, and other source, site and’ structure variables.

For peak acceleration, such variables as fault mechanism, fource directivity,
R

'building size, and instrument embedment are fOund to be 1mportant. For peak

‘ 1

' velocity, important variables are fault mechanism, source Hirectivity,

building size,»and depth to' basement rock. Both acceleration?and velocity are
found to become independent of magnitude at the source of M>5.0 earthquakes,

attaining median values of 1.05 g for peak horizontal acceleration and 88

cm/sec for'peak horizontal velocity. Median plus 2 to 3 ﬁ values for these

[

parameters are found to agree with upper bounds suggestedyby geophysicists ‘as

e

interpreted from simple models of rupture mechanics.~'l

a]
14

I ¢ JUN
m .
=]
ct

A comparison of this' study with the’ results of other _

investigations indicates that the scaling relations develcped in this study
are quite consistent with these other—studies with respect to magnitude

:

scaling, site geology, and ratios of velocity to acceleration. One‘area of

disagreement involves the relative attenuation rate of peak acceleration and
B \‘i
peak velocity. Although not statistically significant, this“study has found

acceleration to’ attenuate at a slightly lower rate than velocity, ‘whereas

other recent studies have found velocity to attenuate at either the same or at

. S
v |

a slightly lower rate than acceleration at similar distances This

0,,_,

discrepancy may result from the effects of source directivity in the data
: . S

11




which tend to bias near—fault values of peak velocity to hi
resulting in .a greater rate of attenuation than would othen

' Because-of the provisional nature’of,the distances and]
used in this7study, the scaling!relationslpresented in this|

to -some revision in the future. Howevér, no substantial mo

gher}values,‘
vise be found.
sediment depths
pa?er are subject
S

iification is
s

anticipated and any revision would probably be no greater than that resulting

f

it
from a periodic revision of the relations as new data becomL available.

RECOMMENDATIONS. FOR APPLICATION TO THE WASATCH REGION

generally applicahle to the prediction of ground motion paé

I I
¥
4
L)
;
I L
!
1
{

- The -scaling relations presented 'in this paper are believed to be

ameters in the

near-source reglion of moderate-to-large earthquakes assocla

|

Kl

Wasatch fault zone. The attenuation characteristics of the

region have ‘been found to be similar to that of California

tedfwith the

il

ndrthcentral Utah

CKing and Hays,

1977 McGuire, 1984) from which the majority of the strong—motion .recordings

used in this study have come. In any event,

attenuation are not 1mportant at these near-source distance

Of, some concern s the fault mechanism of earthquakes
fault zone. Geologic investigations-indicate that the pred

faulting is normal or normal—oblique.‘ McGarr (1982) sugges

differences inu

anelastic

su,

on ithe Wasatch
N .

ominant mode of
,‘Av -

ts from stress

considerations ‘that such events are associated with lower amplitudes of ground

motion than those from. strike-slip faults, and still even 1

than those from reverse or thrust faults. This study offer

‘justification for differences in the later two fault mechan

versus reverse) but . the cutrent data are not sufficient to

j\
establish differences between normal mechanisms and either

Wi

ower amplitudes

8: empirical
g

isms (strike—slip

empirically

,xy
v’l'
‘

strike—slip or




" equivalent to those for soil.

reverse mechanismsf This will have to await the addition oflnc

l

For the time being, it is recomme

recordings to the data base.

make predictions usingta strike*slip mechanism‘with the underst

- these estimates may be somewhat higher than actually observed.’

% .

While rock records were specifically excluded from this st

| "

for,rock may_be obtained using the following guidelines,

| . : ‘ 1
results of Campbell (1981a, 1983, 1984) and Joyner and Boore (l

C%nsi

rmal fault
nded that one -

anding that

udy, estimates
stent with the

981), freefield -

I(
predictions of peak horizontal acceleration for rock may beﬁaSSumed to be

i

In this case, Equation (2) shou]

K4<through KG set equal to zero.‘
Cod
may be used for both soil .and rock by using an appropriate valt

1

depth to basement rock (Table 2). Predictions for basement droc
|

For soil and sedimentary rock sites,

obtained by setting D=0.

For peak horizontal velocity,,

d be used with
Equation (3)"'
le‘for D, the

k. may be

freefield

predictions of peak velocity may be- estimated by setting D equal to the depth

of sediments for the site of interest,’ setting K3 and K4 eq%al

tO ZE€TX0e

|

Since near—source scaling relations for response spectra ‘are not yet

; available, it is suggested that the procedure recommended by Newmark and Hall

.

= (1982) for developing spectra from peak ‘acceleration and velocity be used when

i
[

estimates of pseudo¥relative'velocity are required (see-their}Tables_l and 2

'

and Figure. 5).

1

To establish the 1ow~frequency portion of'the‘spectrum; an

B

estimate of peak horizontal displacement (PHD) will be . required.

ﬁsing .the.

recommendation of Newmark and Hall, this parameter nay be eftimated from peak

I
acceleration -and velocity from the dimensionless ratio (PHAH'PHD)/(PHV)2

Newmark and Hall (1982) suggest a value of 6.0 for this ratio,

t

site geology, whereas Mohraz (1976) suggests values of 4 0 for

5;0‘£orjrock.“ ,.f"'i,.

P 'L
1

J
i
BN R
i
i
f
i

independent of

alluvium and
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bl SR . |
i 4 - . ~ TABLE 1 |
* !
‘ Summary of Coefficients ey 1n: Equation (2) !
; (Peak Horizontal Accelerations) ‘i.
s Indéx CE | Yériable - Function . - i' Coefficient
L W) | | (ep)
ii. | |
ﬁ 1 Fault Mechanism K;=0 (Strike—slip) _ | 0.32
v © K;=1 (Reverse & reverse oblique)
P : : . !
" 2 Shallow Soil K,=0 (Soils >10m deep) | 0.41
ji S . -+ -Ky=1 (Soils <10m deep) L
i . . . = o
ﬂi” 3  Source Directivity Kq=0 (Other rupture configuratﬂons) 0.52.
}{' (Deep sediments) Ka=1 (Rupture towards site) ;
1! ' V . : ' '
' 4 Small .Embedded .- K,=0 (Other recordings) ! -0.85
P Building K,=1 (Basements of 3—9 story. bldgs.)
: '3 Large Embedded N :KS-OA(Other recordings) “ - -1.14
ol ' Building = = ~ Kg=] (Basements of 210 story bldgs.)
1 c o _
0 S ) Small & Large Embedded K6-=(K4+K5) Tanh(O 068 R) _ | _ 0.87
T Building .(Distance: _ : f
iy.: : Variable) L _ o |
i ;‘ B " . l .
o |
[
| |
P i
ol ;
o ' -
|
B ,
S i
Sl |
L 1 i
; { .
. .
| |
|
.l
|
{
)
|
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|
; .
TABLE 2 |
% o o - Summary of Coefficients e; in Equation (3)
e o ' (Peak Horizontal belocity) ,i
K . , .
_:‘f i
. Index Variable @~ . Function Coefficient
1 @) Ry ' P (eg)
R :
r" + " - . l'
k 1 Fault Mechanism Izo (Strike-slip) y 0.47
‘ﬁ 3 . , K;=1 (Reverse & reverse oblique)
P |
P 2 Source Directivity K,=0 (Other rupture configurations) 0.95
ﬁ 4 . (Deep sediments) K2-1 (Rupture towards site) |
L 3 Bullding Size K3=0 (Buildings >5 stories) | 0
R ' o " ' K3=1 (Freefield ‘and: bldgs. <5 ftories)
NN L . L
. 4 Sediment Depth = K,=K4 Tanh(0.39 D) - E 0.63
o - (Freefield & : |
- . Small Bldgs.) I
- ' ‘ . . , X
' 5  Sediment Depth . Kg=(1~K4) Tanh(0.75 D) j 0.72
‘ (Large Bldgs.) . - i
] ) t
- i
;] I8 » - il
P ?
P
lr’ i
i v
1& -
11 Ilv
i .
a‘;’ |
| :
| : |
| |
|
I
|
.
{
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. TABLE 3

V

_ Median Predictions of Peak Horizontal Ground Motion for
Freefield Soil or Deep Sediment Recordings of a Strike-Slip Earthquake

e e T RS e - -,

Distande(b) . Magnitude PHA PHV . | PHV/PHA- .
(km) , < (M) (g) (cm/sec) ' (g/cm/sec)
5(0) 5.5 0.26 23 | 88

6.5 0.41 47 3 115
' 7.5 0.57 - 81 142
1009) 5.5 0.14 1 79
| 6.5 0.24 26 108
7.5 0.38 52 137
, : : T .
25(24) 5.5 0.054 3.8 70
6.5 0.10 9,7 97
7.5 0.18 23 128
50(50) 5.'5 ,__(8) -(a) : __(a)
6.5 0.047 4.3 9
7.5 0.089 o 124
(a) There is no data at this distance. E;

(b) Distance to the seismogenic zone of rupture. Value in parentheses
represents the corresponding distance ‘to the surface trace of a-
vertical fault with 5 km of sediments. ' ‘

y
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_ TABLE 4

shy
v

E

i
b
|
“
!

- Median Predictiona of Peak Horizontal Ground Motion for

Freefield Basement Rock_Regordings of a Strike5811p Earthquake

| biétaﬁce(b) Magnitude . PHA PHV . PHV/PHA:
(km) - (M) (g) (cm/sec) . (g/cm/sec)
0 5.5 1.05 88 I 84
- 65 1.05 88 P 84
7.5 1.05 88 84
50 5.5 0.26. 12 . 46
~ ‘ 6.5 0.41 25 § 61
7.5 0.57 43 » - 75
. ‘ i'
'10(9) - 5.5 0.14 5.8 1. 41
6.5 0.24 14 3 58
7.5 0.38 28 L 74
25(24) 5.5 0.054 2.0 ! 37
: 6.5 0.10 5. 51
7.5 0.18 12 67
50(50) 5.5 - --(a) —(a) i - __(a)
6.5 0.047 2.3 49
7.5 0.089 5.8 ] 65
. _ _ . |
(a) There is no data at‘this-distanéé. .
.J
.(b) Distance to the seilsmogenic zone. of rupture.. Value in parentheses

represents the corresponding distance to the surface trace of a’
vertical fault with 5 km of sediments. :

20
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RPPLICATION OF GROUND FAILURE MAPS TO EARTHQUAKE HAZARD REDUCTION

[EEENEACTN A

Byb .l : .

T Leslie- Youd
u.s. Geo1091cal Survey |
: Men]o Park, CA 94025
and
"Brigham Young University

 Provo, UT 84602

INTRODUCTION

TheQNational Program for Earthquahe Hazards’Reduction stipulates that regional
.earthquake hazards assessments be conducted in urban areas "identified as
“having moderate to‘high risk, including analyses of potentia1 ground shaking
‘and ground failure on a regional scale and the demdnstratioh of specific
hazard assessment teohniques unique to each region., (This does not include
block-by;biock analyses (microzoning); which are more properly performed at
the State and ]oca] leve] )“ In response to thlS requlrement techn1ques have
1 been developed for complllng maps of llquefactlon and ground failure potent1a1
"on a reglonal scale and maps for several reg1ons have been comp]eted

jMethods for app]yIng these maps by state and local governments, financial,
‘;1nsurance and other prnvate groups to reduce earthquake hazards, however, are
still largely in the deve]opmenta] state. The purpose of thls paper is to
examlne some appllcatlons and beneflts that are presently belng der1ved form

these maps.% "'f : S L ]‘fg'
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© ~AVAILABILITY OF LIQUEFACTION AND GROUND FAILURE. MAPS FOR UTAH
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- Utah‘State‘University and Dames and Moore Consulting Engiheers (Anderson, this -
‘voiume)'are preparing a series of liquefaction potential maps for several

~counties in the State under sponsorship of -the U.S. Geological Survey. A map

for Davis County has been completed and maps are in preparation for Salt Lake:
and Utah Counties. Contracts are being prepared for compi]ation.of liquefac-
tion potential maps. for additional counties in the northern part of the state

and also for eva[uation of regional landslide hazards along theésteep WaSatch

~ Mountain front. These maps are regional in scale and are more valid for com-

" paring the relative hazard in one area or zone versus another than for making

decisions about the hazard at a particular site. Site specific geotechnical

studies are required to make the latter determination.

“APPLICATION OF LIQUEFACTION AND GROUND FAILURE MAPS

Considerable progress has been made,in compiling maps showihgfareas subject to
liquefaction; application-of»these maps, however, to reduce or'mitigate lique-~
fact1on hazards is StI]] in a deve]opmenta] exper1mental state. There'are-

3

three general areas. where effort 1s being made to use these maps - 1and use o

-p]annnng, bu1]d1ng code prov1svons, and bases for 1nsurance rate and other

financial dec1s1ons.,'

';fv Land use p]annlng.--The broadest attempt to date in th1s country to m1t1gate

_ earthquake hazards through ]and use p]anning is the requ1red 1nclus1on of a

o

.seismic safetytelement In the,general_p1an ofveach»county and‘communlty in the



i 5 state ofACalifornia. Each seismic safety element conSiders liquefaction and

#I‘ 'v ‘ground fa'ilure along~w1th other earthquakye,hazards. Nlth respect to liquefac-
e ‘tion andﬁbround failure the elements generallyldefine the processes and
assoc1ated hazards, give general 1nformat10n on ‘areas in the community where
susceptlble materials might lle, state general plan requirements for poten-
x ; tially hazardous areas, and suggest zoning and engineering measures to miti-
I - gate the hazard. A statement from the Fremont, CaliforniaJSeismic Safety
| Element 1s given here as an example.

The areas subJect to general ground failure presently. have General Plan

,i' o des1gnations ofiindustrial use, pub]lc Open‘space,use, medimum denSity

‘residential use, and:transportation~facilities,rincluding portions of the
Fremont Airport. Theselareas are located in the westernmost portion"of
the Northern Plain, in the Baylands, and in the industrial area. The
most westerly of these lands are classified by the U.S.fSoil'Conservation

Service as Land Capability Class VIII. Such lands will be designated

'Upen Space when‘the Baylands'Area plan'is amended to implement the Open
S * Space Element of the General Plan. The remainder of the soils in this

A - area have a Land Capability Classification of’III and would not be

E i S disignated Obén7spaéé. Development need not .be totally prohibited in

{ E éither oftthese~areas. However thorough testing of the liquefaction ‘
o ’_"'potential of any proposed development Slte should be required In
*l,- - gereral, these areas wull _be more approprlate for light low structures

R "and for low intenSJty uses than for tall structures and 1nten51ve uses.

ff"% . Seismic Safety Elements are being used as a valuable aid toucalifornia'com-
‘ B munltles - for understanding their earthquake hazards and for. 1mplementing

_ planning and regulatory measures to mitigate the consequences. Examples of

Ch
oy
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planning measures that’ have been 1mplemented based on informatlon produced for

“the elements are set- backs from act1ve fau]ts and lmproved bu11d1ng code

provxslons., Add1t1onal benef1ts and more conc10us use- of the avallable

1nformat1on will ]1kely deve]op ‘as more experience 1s ga1ned

Buildfng codes.--The influence of soil conditions on the response of buildings

"‘pay for the expense of an engineering 1nvest1gation.

to earthquake shaking has long:been‘recdgnized and criteria incorporated into
some building codes to account, at least in part, for that influence. Code
provisions to consider theueffects of liquefaction and ground fai]ure, how-~ -
ever, are.only'now“being’developed. A pioneering effort fn}this area is
occurlng in the C1ty of San Dlego, Ca]1forn1a. A tentative code e]ement has
been drafted and approved by several key comnittees and flna] 1nc1u510n in the
clty bulld1ng code and city approval is expected (ora] communc1at1on, Andrew
Dawson, Noodward-Clyde Consu]tants, March 1984)., The San D1ego element (see
appendiw to this paper) primari]y requires specific.engineerind‘investigation
for varlous classes of construct1on where thése deve]opments are to be located
in potentlal llquefactlon areas as del1neated in the Selsm1c Safety E]ement of
the General Plan. In th1s 1nstance the Bu11d1ng Code and the Se1sm1c Safety '
Element are comp11mentary. Th]S element m1ght.serve a as. mode] for other
commdn1t1es, 1nc]ud1ng those ln Utah with potentlal 11doefact1on prob]ems. If
adopted and 1mp1emented th1s element should s1gn1f1cant1y reduce the rwsk of
damage from llquefactlon to maJor new constructaon in San Diego, wh;]e al low- .

1ng wavers for relatively low-cost low-occupancy construct1on, such as

residential - housnng, where the owner s w1]11ng to accept the PISk rather than



E L Financial and Insurance Cons iderations

Although 11quefact10n and ground failure potent1a1 maps appear to be we]l
suited for use by lnsurance compan1es to set rates based on risk and by other
f inancial companles as a factor in the dec151on making processes this writer
- - knows of very llttle applicatwon in these areas.‘ Possib]e incentives from

a ) favorable: flnanc1a1 decisions and insurance rates and fananc1al requlrements
L for safe s;t1ng»of constructed works could have considerable‘beneficia] impact
for earthquake nazard'mitigation. Such measures could élso‘prOVide means for

; { - local property owners ‘and commun1t1es to repalr or reconstruct damaged fac111-
(- \

SR ties w1th out ca]llng for emergency help from state and federal governments.

Ly ' -
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| ) ' Appendix - Code Element on quuefact1on
) : :
“ K Tentatively Approved For: San Diego, Cahforma Buﬂdmg Code

ﬁ f‘ , : Jfl(condensed and. slightly reworded by the author)im

Soil Liquefactionﬁ These requirements are anplicable to "potential

h |
ﬁ e Tiquefaction" areas as‘identified in the Seismic Safety Element of the
1l . General Plan for the City of San Diego.

Exception: An evaluation of the liquefaction potential and miti-

gation measures if necessary are required for any'site, regardless

Lo . of lacation, if an, essentlal fac111ty is to be ]acated at the s1te

(see 1tem 1. A., be]ow)

- _
ﬁ‘g 1. Investigations: . An investigation conformlng to Sect1on 2905 shal] be
- .

}

i

! ~ made of subsurface 50115 to evaluate their susceptibility to 11quefact1on

! , from earthquake-lnduced ground shaking for theAfo]lowrng structure or

5, ‘ occupancy categor1es.

iy A. Essential fac1l1t1es. T . B R

?‘ Essential_faciiities are those structures or buildings which must be

. ' V safe and usable for'emergency purposes afterAan earthquakeAin order'

”’ii‘ , - ' to preserve the: hea]th and safety of the" genera] pub]1c. "SUCh

":i: | . ffac1]1t1es shall lnclude but not be llmited t0"

1. Hospitals and other med1ca1 facilities hav1ng surdery or emer-
gency treatment areas, i,‘ B g i ”‘ﬁf‘ '

I 2. Fire and po]1ce~stat1ons. | | ' o

P 3. Municipal government disaster operation and communication centers

RO deemed to be Vital in emergencies.

* *""B; Bu1ld1ngs w1th an lmportance factor greater than 1 0 as spec1f1ed in the '

tabu]atnon below

i
L




Type of Occupancy - . | o Importance Factor -
Essential fac1]1t1es Au._ ‘h'%%:‘- f} 1.8
Any bu1ld1ng where the przmary occupancy ”11.25 g
f.1s assembly of more than 300 persons : o
1(jn one room)

AI1 others . | 1.0

- A1 buildings ovér two stories in height.

All bu1]d|ngs conta1n1ng the fol]ow1ng occupanc1es

1.

Any’ bulldwng w1th an assenb]y room and a stage or w1th an assemb]y

room with an occupant load of . 300 or more w1thout a sfage 1nclud1ngﬂ

such buildings: used for educational purposes. |

Any building used for educational purposes through the‘iZth grade by

50 or more persons for more tha 12 hours per week or four hours in

any one day. '

a. Bui]dings for storage, handling, use, or sale of hazardous and

| higly flamable or'exp]osivelhaterials other than flamable

11qu1ds. b. Bu1]d1ngs for storage hand11ng, use, or sale of
”Classes I ‘T1, and III-A Tiquids (includes dry c]ean1ng plants,
pa1nt stores w1th bulk handllng, pa1nt shops, Spray pa1nt1ng
rooms and shops) ‘

A Nurseries for the ful]-time,care_of children under the age of six
aCconodating more than five persons. - . | | |

'o} Hospitals, sanitarfums, nursing homes with nonambuiatory patients-

: ,and s1m1]ar bu11d1ngs (each accomodating more . :than five persons).

cQ‘Menta] hospltals, mental san1tar1ums, Ja1ls, pPISOﬂS, reforma-

torles and bu11d1ngs where personal 11bert1es of 1nmates are-

v
Cu
PR

51m1larly restralned



with an occup&hflibad‘of more- than 300 (as determined from

R

A buﬂdiﬁgs
Tab]e 33 A of the bu11d1ng code). A
Tanks of more than 20 000. gal]ons capac1ty intended for sterage of toxic,
hazardouS«or f]ammab]e contents._

Tanks over 35 feet hygh.

Towers ovér 35 feet high,

Other structures not .included in categories A through H, except
vconstruct1on of a minor nature as determined by the Bu11d1ng Official,
must elther have an lnvest1gatlon made to evaluate if hazards are posed
by the effects of l1quefact1on, and if so, to 1ncorporate measures to
m]tigatehphe;pazards‘or pbta1n*a waiver from the Bu11d1ng Official. The
waiver, thch:shall be exeedtee‘by the legal owner, appf6yed,by.the _
Buildinngfficial ane.recorded by the4County'Re¢order shall state the -

appllcalble facts relatlve to potentlal ]1quefact10n and shal] attest to
the lega] owners's knowldege thereof. i

1
|
]
i
0
i
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Ul Paper Number 11

“3" LEGAL ISSUES RELATED TO'HAZARD MITIGATfoN'PourciES

S James E. Slosson, Ph D. ". I
0. . .. 'SLOSSON AND ASSOCIATES, INC. . i
w0 0w . 14046 Oxnard Street - o o o

e . Van - Nuys, California 91401

e
Professiona]s'invoived in desién,_constructidn§ and maintenance'
of structures, facilities, and graded areasAhave becomezthe target of :
]itigation withtn the past decade when failures and 1055%5 have occurred;
Recent out of—court (or pre -trial) and Superior Court dec1s1ons in
Ca11forn1a 1nd1cate a recogn1zab1e trend toward h01d1ng the profess1ona1
respons1b1e when there is an 1nd1cat1on of neg]1gence and/or work that
falls behow that wh1ch a prudent and respons1b1e profess1ona1 wou]d do.

b
Pr1or to‘th1s change in philosophy by the courts, the profess1ona1 had

Y

only to reach the 1eve1 of quality common]y attalned by other members of

“the prescr1bed d1sc1p11ne in the geograph1c area in wh1ch the profess1ona1

e‘-worked that 1oca11y appllcable 1eve1 of qua11ty has been called “standard

L.'

pract1ce"..' R

Some Judges have suggested 1t may be poss1b1e for 'standard

pract1ce" in a given geograph1c area to be substandard relat1ve to

profess1onal standards elsewhere. A profess1ona1 who - uses a 10wer standard
!

‘jAadopted by a lax’ governmenta1 3ur1sd1ct1on for a proaect;w1th1n that

I -
"Jur1sd1ct1on but who meets or ut111zes h1gher standards‘e1sewhere can -

,‘

"*j[be he]d respons1b1e for a fa11ure or loss resulting from the use of the -

‘\

'110wer standards, even though the lower standards are accepted by ]oca]

e

¥
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1know1edge that fai]ure and 1oss of life might occur?

. the California Board of Registration for Geoiogists in 1979

’It:wiilwbe interesting to monitor the course of the'Utah courts
: v N 2
during the next decade as they determine whether profeSSionals and/or

their firms, which offer service in both Utah and California, are a]lowed

to ignore the higher standards (re]ated to Site anainis and deSign

: e _
_criteria) to yhichgthey are compei]ed to adhere in California in order

A o _ ki
to use the 10wer requirements acceptable in Utah. In cases invoiving

'severe damage to structures and loss of life, will the profeSSiona1

be able to argue that he or she know1ngiy dropped profeSSionai standards

.to address on]y the Tower standards of care accepted in Utah with fu]]

i .
3

ii

It is the opinion of the author that the courts Wi11 hold the

~— - I

profeSSionals responSibie for the highest standards that they meet in

strict Jurisdictions such as the City of Los Angeies or the State of

J
Ca]ifornia Furthermore, the engineering geo]ogist w111 most 1ike1y be

he]d responSible to. meet or exceed the standard of care outlined in the
gu1de11nes for reports deveioped more than a decade ago by the Association

1

of Engineering Geo]ogistS'(see attached). These guideiines were adopted by

. the California Division of Mines and Geology in 1973 (CDMG Notes #37) and

o N2REE
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ALIFORNIA DIVISION OF
INES AND GEOLOGY |

'DIVISION HEADQUARTERS
- RESOURCES BUILDING
ROOM 1341

1416 NINTH STREET

. SACRAMENTO CA 95814

NUMBER 37

o o e

" GUIDELINES TO
GEOLOGIC/SEISMIC REP.RTS

E "
~ .
! - | i

~:-}‘ ‘

1
i : o : ’ - ‘ i
L The following guidelines are taken from “Geology patible with the type!of development and geologic
b and ecarthquake hazards Planners guide to the seismic complexity. The mvesngauon should include the
following:

safety clement™ prcparcd by Grading Codes Advisory
Board and Buijlding,'Code Committee of the Southern
California Section, Association of Engineering Geologists,
July, 1973. They are reprinted here courtesy of the

-Association of Engineering Geologists.

.. Introduction ]
This is .a suggesied guide or format for the seismic
section of engincering geologic reports. These reports

may be prepared for projects ranging in size from a single -

lot 10 a master plan for large acreage, in scope from a
single family I’CSIdchc to large engineered structures,
and from sites localcd on an active fault to sites a sub-
stantial distance from the ncarest known active fault,
Because of this w:de variation, the order, format, and
scope should be flcxlblc and 1ailored to the seismic and
geologic conditions, nnd intended land use. The following
suggested format is interided to he relatively complete,

and not all items would be applicable 10 small projects or
low risk sites. In addmon some items would be covered .

in -separate reports by soil engincers, selsmologms or
structural cngmecrs

II. The Invesrigatiop

A. Regional R}view

A review of thc sensmnc or eanhquake history of the
region shcmld cslabhsh the relationship of the site 10 .
known faults and " epicenters. This would be based .

primarily- on review of existing. maps .and lechmcal
© nerawure and would lnclude o

. - 1‘ PR - Lo - ..
| Mn_.or cnnhqu.lkcs dunng historic time nnd
epicenter locations n_nd magnuudes. near lhe
‘site. “; .

o we

2. Locauon of any major or regmnal fault traces
. affcclmg lhe site being investigated, and a
- discussion ?f the tectonic mechanics and other
“relationships of sn;mﬁc.mt.c 10 the proposed con-.
slrucuon B :
. 3
- B S_ile lnveSligalibn o
A review of the gc'ologic conditions at or near the site
that ‘might xndlcalc rcccm faull or seismic activity.

The degrec of delaxl of the study should be com- -

i

1. Location ‘and ‘ch‘ronology of local fautts and
the amount and wype of displacement estimated

from historic records and stratigraphic relation-

ships. Features normally related to activity such
as sag ponds; alignment of springs, offset bed-

ding, disrupted. drainage systems, offset ridges,
. faceted spurs, dlssccted alluvial fans, scarps,

alignment of landslides, and vegetation patterns,
to name-a few, should be shown on the gcologlc
map and discussed in the report. . :

2. "Locations andﬂ chronology of other ecarth-
quake induced features caused by lurching, set-

tlement, liquefaction, etc. Evidence of these

features should jbe accompanied with the
following: -
a. Masap showmg location relative 1o
proposed construction.

b. Description of the features as to length,
width and depth of disturbed zone.

c. Estimation of the amount of disturbance
relative to bcdrock and surficial materials.

3. Distribution, depth thickness and nature of
the various unconsolidated earth .materials, in-
cluding ground water, which may affect the
seismic response a,"ndqdamage potential at the site
should be ade_quai(cly .described. '

Methods of Site Investigation

e
1.7 Surface investyigalion
.a. i Geologic, x'n.lpping
: ’b.l Sludy of . acrml phmographs
¢. Review of' local ground water data such
- as. water level' fluctuation, -ground water
barriers or anomahcs mdscanng possnblc
faulls T
- -
2. Subsurfacc_ i‘n’vcstigalion'

'
Ve

a. Trenching across any known active

faults and' suspicious, zones ‘10 determine

location and recency of movement, width of

diswurbance, physncal condition of fault zone

- materials, type of displacement, and
geometry. .
.

{over)

;
. . S
N e ! !
0

T

L) b -
N 1 . Address mai) orders to the C-Movmq Dms-on ol Mines and Geology. Post Ollice Box 208G, Slcumenlo Calilornia 95812 Checks and Money Orders should be made .
j i3 payablo 10 the Califormia Dwvision of: Mines and Geology Please do noi send snmps in paymeny. Publications may be purchassg over-the-counter 3t the three District Othices:
‘:E Sacvamemo Room 118, Resou:ces Fu:ld,ng 14‘6 leh suoo\ San Funcm:o Room 2022 Fany Bmldmg Los Angeles. Room 1065, Junipero Seua Buitding. 107 South ¢
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b. Exploraiory borings 19" determine depth
of unconsolidated materials and ground
water, and to verify fault-plane geometry. In
conjunction; with the soil engineering
studies, obtam samples of soil and bedrock
material for -laboratory testing, :

¢. Geophysical surveys which may indicate
types of materials and their physical proper-
ties, ground water conditions,” and fault
dlsplacemems

Conclusions and R:ccommendan'on:

.At the completion of the data accumulating phase of
the study, all of the pertinent information is 'utilized in
forming conclusions of potential hazard relative to the in-
tended land use or dcvelopment Many of these con-

" clusions will be revealcd in conjuncnon wuh the soil
'engmccrmg study. ,h

A. Surface ‘Ruptu““n Along Faults

f .
1. Age, type of surface displacement, and
amount of reasonable anticipated future
displacements: of any faults within or im-

. .| .
mediately adjacent to the site.

2. ‘Dcfin'ixion;}‘ of any arcas of high risk.

3 'Rccommc‘ndcd building restrictions or use-
‘limitations within; any deslgnated high risk
area. . .

b - !
Secondary Gréund Ej]'ects

1. Esumatcd magnnudc and dlstance of all ~

relevant canhquakes _
2. Lurchmg and shallow ground rupture
3. bqucfacuon of. sedxmcms and soils.

4 Senlemcnt of soils. -

5. Potential for ‘earthquake induced landslide.

IV. Presentation of Data

VlsuaI aids are desirable in dcplctmg the data and

may mclude ) e

A

B.

VY. Other Essential Data

A.

General data o

A L

1. Geologic map of regional and/or local
faults.
2. Map(s) of cnrthq‘unke epicenters.
3. Fault strain: and/pr ¢reep map.
- Local or site data.
I A

' b
1. Geologic map. - L
2. Geologic cross-sections illustrating

displacement and/or: rupture.
- i

" 3. Local fault pattern and mechanics relative to

existing and proposéd ground surface.

4. Geophysical survcy data.

V5. logs of exploratory trenches and bonngs

Sources of data

|
1. Reference malenal listed in _bibliography.

2. Maps and other source data referenced.

"‘3. Compiled data, haps. plates included or

C.
“registered in California - | .

i

referenced. o
N [

3

Vital support data ._“ \
"1. Maximum credible éarthquake.
2. Maximum probable earthquake.. -

. 3.. Maximum expected bedrock acceleration.
sxpesee. _

Signature and license number of geologist

"JES 8/73



: resource to a wide variety of user. groups.. A ‘ih

element Accomplishing these objectives will requireL' 1)-inventory1ng

pﬁaper'Number 13
Clef

toa

... WASATCH FRONT HAZARDS INFORMATION SYSTEM

o . . L . A P h . [*,l .i"‘ ‘
‘?: Arthur C. Tarr, U.S. Geological Survey- Denv?ﬁ: €O 80225 ’
| o
é and e

3 Don R. Mabey, Utah Geological and Mineral;Survey,‘

[

Ly
. i
v Salt Lake City, UT 84108 ; @

1
R ,|

If data are- to be widely used by a diverse group of»users, .the data

_should be organized in a fashion that permits easy udentification and

)

access. - The Information Systems componentvof the "Regional and Urban

J\ . H &

Earthquake Hazards Evaluation- Wasatch Front, Utah" addresses that

~requirement A large but unorganized amount of data,relating to the
b

b

earthquake hazard along the Wasatch Front already exists in published

A mapsp reports, and computerized data sets. As research studies continue

b

and mature, the data base will grow. If these data\are properly
1 . i

organized the resultant data base would be an extremely valuable

b g } };

t

}

The objectives of this component are: - 1) to make quality data readily

4“ n

Aavailable to meet the needs of researchers and policymakers, 2) to :

)
1 : e

J,ﬂf,create an information system that assures that new data will be

ey 3h

;ﬁavailable in the form most useful to meeting program objectives, 3) to

"\

_devise a system whereby potential users will have easy access to data in

-media, scales and formats thatdwill be .most useful*to them, and 4) to

1 . I
iz

provide continuing information -on objectives and progress of - the program

by
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7hazards data are. available to the user community. A i;?
; ‘ ) : |

 IMPLEMENTATION

- existing data sets, 2) developing data standards for critical data Bets,

"3) identifying user groups and their needs, }) developing 7trategies for

1

1
data management and data dissemination, and 5) assuring QhAt pertinent
1 . [

'i
T

>l\

Accomplishing the above objectives will require the concerted efforts of

many individuals and institutions. We realized that establishing a kind
f ‘ »\

of informaﬁion "eclearinghouse™ early on would provide a ﬂocus for the

Information Systems component and further, would expedite;accomplishing

{
i

the more difficult objectives.' One initial manifestation"“of.'the

clearinghouse concept is the Inﬁgzmatign Qinggtgny ‘an informally-
:,.‘r
produced and regularly-updated guide to all kinds of resources:

1'.}
personnel, publications, computers and other tools, data bases, and

software. The Information Directory is intended in parﬁ to be the

' repositoryJor lists of existing data sets, computer programs, base

)! .
materials,\and project personnel. The Inﬁgnma&ign,ﬂingg&gny_is also

. ft
|
|

ﬁintended to provide access to key contacts, people who can ‘answer

. . };‘ "
i’

questions easily and fast, and access to procedures that'can provide a
needed item (such as,a,base,map) rapidly; ‘ vi-"N?

L

oy

\ k ; i ‘3, .

‘: ‘ . L ) T '[“ R

‘ L ) . ‘ " I‘ i

Another manifestation -of the clearinghouse concept is the Neuslg_t_r
i i

that will be prepared and published quarterly by the USGS and UGMS.. The

A
ugualg;tgn‘will contain ephemeral and newsy items of interest to

Iw
b

participanﬁs and associates in the form of brief - progress reports of

)
I

m’

1 .
"’scientific*studies, lists of new publications, an event calendar listing

l Ex kfi :

Tm‘technical meetings and conferenees with abstract due datesﬂ short -

i‘

‘~'.articles written by participants and descriptions of new=projects The
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ﬂewsletter and Informatign Din_gtgny are intended to be - complementary in

« Il

‘their scope of information_dissemination; , lfjf
S o L Lo S ¥

i “@
[4 oY i
1

H
l

The inventory of existing resources has identified two areas of

particular interest For example the UGMS supports a computerized

‘ bibliography of geotechnical literature about Utah that potentially '

( ’
could be extremely valuable for literature searches. 'The bibliography
“v ’ ’,
is, however, not as comprehensive or complete in the geophysical
Fy

literature as we believe desirable for the. Urban Hazards Evaluation.

Fl
b !

The UGMS has targeted the upgrade of the bibliography as a priority task

Hr

this year. Another example is the need for a Single,laccepted

earthquake catalog of Utah The absence of a standard catalog
h s

perpetuates confusion and the appearance of disagreement when no
substantial disagreement may actually exist, We believe a committee of
experts : should be convened to resolve the conflicts among the existing

Utah earthquake catalogs, -and the resultant catalog and ‘an accompanying

map published i
Lod “k‘
s
Progress has been made in developing data management and dissemination

\ } !
strategies. Procedures for accessing bibliographies of Utah geology and

,'Wasatch Front base materials have been incorporated into the _nﬁgzm_tign'

1=L
\‘ i

;ninggtgny.‘ An upgrade of the UGMS computer system to increase its

‘}., .L,

bcapability for data communications and advanced data processing is

h

-underway. Following completion of the upgrade, communications tests and

\

N

v‘,"other experiments are planned to expedite exchange of data sets and

.1; : i ‘

softwareﬂbetween computer centers, - s
6
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d‘ I. INTRODUCTION - ' L : y %
s ) . . ‘ 3‘ P
i *‘ ~ ol
'é f" The 1mpressive topographic break at the base of Wasatch Range east of
F ' Salt Lake City marks the location where colonizer Brigham Young said in 18&7
L
3 N . l r‘
ﬁ . "This is¢the place.“ The mountains to the east rise 2000 m above the densely
ii . PR 1 4: l -
T ;populated valley floor to the west and indeed mark the place where large
1]‘ . ) ] R \ .; '.,
ﬁ ; ’ 'earthquakes have played a prophetic role in the structural evolution of the
% | Wasatch Front. . - ? 4:* - " . i"
P :
f - L Crustal uplift during the past 15 million years hasiproduced HSOO m’ of
| : e
| ~tota1 displacement along the Wasatch fault, no doubt accompanied by large
i o Rl
‘% .prehistoric earthquakes. The youthful Wasatch fault is con51dered tectonically
{ I «w.»..-» ~ : A
.ﬁ ij o active today. Thus, residents of the Wasatch Front shouﬂd recognize that they
,‘;‘: - - .: i !
L‘ .live in: an active tectonic environment where contemporary mountain-buildlng
: : : : : o ‘lt.
. } i ;‘
a'- ' l:i“
\1 J"A 5: l‘ :
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" recurrence intervals provide estimates of earthquake potential.

processes produce a continuing state of readjustment and concimitant earth-

:quakes. The geologic symbiosis between the development of fentile'valleys on._

1 o

ts in a unique
' 1 N L

location for a major urban oenter,ibut it'also necessitates a.thorough evalua-

\
the west and the spectacular Wasatch Mountains on the east resul
| \

tion of its attendant earthquake hazards. i'ﬁﬁ
. . o ) ) ' ' ke "1"
H ) i ' :[Y

Much of our new information on earthquakes in Utah has been gathered by

l .

the University of Utah Seismograph*Stations, a modern computer-recorded 76~

station radio telemetered network that monitors the active fault zones of the
. | . { |

southern Intermountain Seismic Belt in Utah and surrounding areas, but focuses
Ao ;“;

on the Wasatch‘Front urban corridor. Utilizing seismologicalJ geodetic, ‘and

b oL

. geologic data we will review the tectonic framework, structuralgstvle, geol-

ﬂ Tt I x R

ogy, and temporal—spatial variations of seismogenic. zones.- Fault zone charac-
r R -
teristics inferred from mapping and analyses of active faults: combined w1th
\ 1‘ ,‘: "
geophysical andxgeological information provide a tectonic modelhfor-potential

large earthquakes. New studies of fault segmentation, maximum magnitudes

N g
i

- .
expected, inversion of seismic moment tensors, and statistical evaluation of
I iR

‘Ultimately,
t 5
N \wuﬂ .-

these data taken toéether with engineering_requirementsland,plans for urban, -

1‘ 'i‘,,

development can*provide the fundamental information for delineation and

it
evaluation of earthquake hazards in the Wasatch Front urban region. Our prin-

cipal focus will be on ‘the Provo-Salt Lake City~Ogden urban corridor, but willu

I

%
include information from the surrounding areas in Utah and inineighboring

states where earthquake hazards are similar. o [”,31‘
P . - . T i - ‘11
R . - » : . 44‘[

oo . : o St . ‘
In the past decade, we and our colleagues at the Universityﬁof Utah have

investigated4maﬁy‘aspects of seismicity in Utah. Many of ourfdiscu851ons here‘

1
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rely upon our oombined research efforts for which we apprec iate the collabora-‘

k‘

ﬂ

'tive contributions of our colleagues. The paper presented‘here also relies -

|_

heavily upon seismic reflection data, geometry of the fault
. ¢

wt . .
zone,'and general-

'%'

' conclusions’ on‘potential’earthquake nucleation on normal.faults that were
g A

[ . .
. defined by Smith and Bruhn (1984).

Lk

Earthquake hazards of the Wasatch Front were first recognized by G. K.

h

Gilbert, a pioneering geologist of the 19th century, who in»a-letter to the

i [

- Salt Lake Tribune on September 16th, 1883 (Gilbert, 1883)jgescribed the loca-

; {
’ i . - I
- tion of fault scarps along the Wasatch Front and warned of(impendlng large

!

earthquakes’ s

i
1‘
.
It
l

[
!
r

i

"It is useless to ask when this disaster will occur.l Our occupation of
_the country has been too brief for us to learn how fast the Wasatch
grows;i.and, indeed, it is only by such disasters that we can learn. By
the time experience has taught us this, Salt Lake City will have been

shaken down." L
‘(

i

i

v

Wasatch f‘ault, o T o ¥
IY

t
Gilbert further reoognized the location ah&, hence, the_impértance of the
. ¢ l I
l&

"When the earthquake comes, the severest shock is 1ikely to occur along
the line of the great fault at the foot of the mountains.

_Gilbert s astute observations on the geometry and structuraljstyle of the

b "

Wasateh fault Wwere summarized in a U.S. Geological Surveyﬁ rofessional Paper-

- titled "Studies of Basin-Range Struoture" (Gilbert, 1928)
. | ?

!l

i

I
it
b

Following the work by Gilbert, many geophysicists and geologists of

i {

{

—University, U S. Geologioal Survey, and private consultant affiliations have.

‘l‘,

k
.

T studied earthquake hazards and aotive faulting throughout«the Wasatch Front

and Utah. Their results will not be repeated here, but the dnterested reader

s referred to a summary of "Earthquake Studies of Utah 1850 1978 " edited by

.[ .
.
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: i ‘_ ’ - '
i f e ot J o ,
O ; ) ﬁ o -
; l Arabasz, Smith, and Richins (1979) f‘or a detailed documentati‘cr :of earthquake
. »!‘» I ¢ .
] information for the state of Utah ocurrent to 1978. Subsequent earthquake
b ¥
oy catalogs are available for the Utah region in Richins et al. ﬁ(1981) and - ' o
| oy 4 ‘ :
| . .
1 + I+~ . Richins et al.' (198llb) Estimates of possible earthquake losses’ in the Salt . :
- ‘; o . .
Coh Lake City area(were investigated by the U.S. Geological Survey (1976) _ , ;
i ]'1{ ‘ Further assessment of earthquake hazards of the Wasatch Front is contalined in - Co
I ( . (( j > ;.
! I X . y
oL the USGS Open-File Report 80-801 (1980), that includes discussions by Bucknam’ ‘ l
1 | ’ {r . . i
| . v b
f El et al. (1980) and Hayes et al. (1980) regarding probability of‘ ‘exceedance of
3 ' ‘ ground acceleration and’ empirical scaling of strong ground motion. Results
‘|| ° from trenching 'and mapping of individual segments of the Wasatch fault were ' b
R ] ! ‘ Co
. 13 . b . . ;.
P sunmarized by Swan ét al. (1980). | ? ; : - -
o . | ; R
| “ Y Current interest in understanding and mitigating earthquake hazards of : ‘i‘
Lo | g - ‘ '
i i the Wasatch Front by the U. S. Geological Survey, Earthquake Hazards Reduction ‘::
. i . o Cod
|« . !
i q’ Program is focused on the Salt Lake City-Ogden-Provo urban corrlidor. This !
‘ | ! i e :
! lj ; national program places highest priority on delineation of earthquake hazards - ’
' i[. . \
"ﬂ ‘ and risk assessment. Discussions in this paper will focus primarily on ‘the o
b b ) T
I . tectonic framewbrk, source zone characterization, and mechanis‘mi'Of normal L
5 P 4 ) ,ﬂ Y ‘j"
it , .
‘ 1 ' - fault earthquake nueleation on the Wasatch Front--properties required to _ ;
i ::L s 4 I - } t
Lo assess earth_quake nazard. and risk. ;"'I : ' 3.
Nt “ T i
e L N .
o - P !
' |l ° II. PARADIGM AND PARADOX gl |
T | _ IR | | RN
S A A ‘ RN
< 1% " The occurrence of‘ the H7 3 Borah Peak, Idaho, earthquake*,; Jctober 28
ff 1‘ by ’
L 1983, not-only shocked our senses regarding ‘the potential of lgarge magnitude !
N E , b b .
| 8 :
P earthquakes in the eastern Basin—Range environment but provided important :
) : : lt '
iy ‘ o 1ncent1ves and lessons f'or evaluating the potential f‘or earthquake hazards for o
‘7" 4 “,- i - 1» ’ . l
; O the. geologically similar Wasatch fault. This important geologiéal event not ;
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o - stal deformation and ground shaking that could accompany ai

‘nucleation that may be applied to the Wasatch fault (Richin

'geodetic methods (Snay et al., 198”)

.nucleation process of normal fault events.

_ framework for evaluating normal faulting earthquakes.

I»
‘ i
\ - l
§ f
[
! |
‘ by

only stirred our scientific curiosity, but reminded us oflt

j“ . —1~ & I
i

- A . J

l

the Wasatch Front as’ well as providing new scientific modeil

l
0

Doser, 19840 ;

The past half decade has been a period of renewed stud

‘
AN

»
(

:H
i .. 5
4

e o

he potential cru-
\ .

|

1arge earthquake on

|
!‘ f earthquake

s, et al., 1984a;

l‘
|
3
|
i

iés of earthquakes
B :

in the Intermountain region accentuated by new techniques such'as-determining

15“
strain rates from the seismic moment tensor (Doser and Smith

Detailed evaluations

Hebgen Lake earthquake, Montana, (Doser, 1984). and the MT. .3
earthquake (Richins et al.,.1984a) provided important insig
| Detailed microe
in central htah‘by McKee and Arabasz (1981), investigation

‘ l

potential of rniormal faulting by Smith and Bruhn (1984), and

of faults using gravity by Zoback (1983) provided important

earthquake generation process of the Intermountain regio
4‘

- The recent 1nvestigations incorporating early findings

| o e ;.é'
answers to important issues, but raise several new questibn
several of the important paradigms and paradoxs below: '

;.J‘,‘,7
l‘ L

1. . In the past 30 years, the three largest earthquak
United ‘States were associated with normal faultin
the Basin-Range environment (1954, Fairview Peak;

[
i
b
;

Hebgen Lake, Montana, MT7.5; 1983. Borah Peak, Idaho, MT7.3).

large earthquakes nucleated at depths of V15 km} n

' :the seismogenic layer on planar 40 -65 dippingtfaults that are dis-

Crot
,l
!

They|

-jfg

is

1982) and from'

~1
I

of the MT7.5, 1959

il

L .1983 Borah Peak

hts into the
arthquake studies
of the seismogenic

detailed studies

insights into the

[

|
{
provide a new

;dot only provide

oo
S

sS. "~ We suggest
R .

!
v !
i

,;11‘.

)
i

as in the western
g that occurred in
1Nevada, M7 13 1959
These
ear the bottom of

placed laterally 10~15 km from the surface rupture. Will large nor-

‘mal fault earthquakes on the Wasatch Front be of

the same form, i.e.

w111 large earthquakes nucleate beneath the populated central and
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Wasatch Front? L

western areas of Wasatch Front valleys? o

New seismic reflection data, regional tectonics, and ! rkeologic
models suggest that large normal faults in the eastern Basin—Range '
have planar to listric geometries with near-surface steep dips in

unconsolidated sediments but moderate dips of MO -65 at depths of U4

tO 10 km. .l . Lo -y o ],1

The temporal behavior of individual fault segments along the Wasatch -

Front may not be necessarily random and independent of adJacent
zones, Are individual segments active for hundreds to tens of

.thousands of years while adjacent segments remain qu1escent? Will
-future large earthquakes of M7+ occur along segments of*known '

Quaternary-Holocene displacement on the Wasatch Front?[,

1 .

‘Contemporary strain rates from cumulative seismic moment tensors and

geodetic measurements show general E-W extension at maximum rates of
order 1 mm/yr in the Hansel Valley region of northwest’Utah, but 1-2

'orders of magnitude less on the Wasatch Front. Strain rates associ-

ated with prehistoric faulting inferred from Quaternardeeformation

based on mapping and trenching, however, are significantly greater.

Will areas of seismic quiescence be interrupted by large earthquakes
equilibrating ‘the long-term strain accumulation? R

Empirical measurements of peak ground accelerations from normal
faulting earthquakes may be 2 to 3 times smaller than‘accelerations
from equivalent magnitude thrust-type earthquakes (McGarr, 1984).
Does this conclusion apply to earthquake hazards assessment on the

i ‘fl :
Asymmetric back—tilt from hypothetical M7+ normal- fault .earthquakes
along the Wasatch Front can produce a heretofore uninvestigated
hazard; inundation from adjacent .bodies of water, i.e.] 'the Great
Salt Lake, Utah Lake, and Willard Bay. Flooding could encroach east~
ward several kilometers into developed urban, commercial and agri-

,Aculture lands. This hazard is accentuated by high water stands.

’ [ ‘ : ]
The Intermountain Seismic_Belt (ISB) is the general zone of,

o III. WESTERN UNITED STATES PERSPECTIVE ' SRR J?%;

I . P X
i : . . . . To. L
I . R

seismicitv

[l . . " . ) - f

that extends from southeastern Utah, through eastern Idaho, western Wvoming,

T

il . and. Montana and: marks an intraplate boundary of the North American plate

"

L .(Smith and Sbar 197”) It is clearly less seismically active than the San

Andreas fault, a major transform boundary, and relatively less active than the

( I

Walker Lane, central Nevada seismic zone (Figure 1) The map (Figure 1) of

; 1'.

B K

1

|
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1

1




(taken from Smith, 1978) demonstrates intense activity along the San Andreas

u

i
|
o
?
modern instrumentally recorded earthquakes for the western United States
|
1
é

nitude 7+ earth-

fault in California where one magnitude elght and several m

quakes have«occurred 'in historic time. In comparison, four magnitude T+

earthquakes have occurred in the central Nevada seismic zone, and ‘two magni-
tude T+ earthquakes have occurred in the Intermountain region, the M7. 5, 1959

Hebgen Lake, Montana, -and the M7.3 1933 Borah Peak, Idaho, earthquakes._

o » : : ‘l‘ t
|

‘""

The largest historic earthquakes in Utah were the 1934

Hansel Valley

event of ML6 .6 and the 1901 Richfield earthquake, ML6 5 (Figure 2). Only the
t “r l[ :
Hansel Valley earthquake produced surface faulting with a 50!cm maximum verti-

" ecal displacement along a north-south fault at the north end‘of Great Salt

v

Lake. Six M6.0;6.5 earthquakes have occurred throughout thelﬁtah region but
apparently none have produced surface rupture. ' f »}
i T ! o ' : i_ .

o ".V‘
i

In general,‘the seismicity of the Intermountain Seismic éelt is charac-

[
u b

terized by occurrence rates of magnitude 7+ earthquakes on' tge order of hun-

[

»dreds to thousands of years compared to tens to hundreds of years for the San
Andreas fault 'Makimum:magnitudes are not expected to exceéd MT 3/4 for the

Utah region,jbut may exceed" magnitude 8 for the San kndrea;'fault.

T | ' K

An interesting observation from historical seismicity‘iglthat more 1arge

earthquakes (magnitude 7+) have occurred in the past 30 yea;s‘in the Basin-

, Range envirogment1of normal faulting (M7. 1, Dixie Valley ea:thquake, 195M~
. ' tﬂc?

- M7. 5 Hebgen Lake, Montana, earthquake, 1959, and M7.3° Borah ?eak, Idaho,

h

|
b earthquake, October 1983) than have occurred during the same time period along

N [ a .9 I
1 111 . ! \

Lol the San Andreas fault. Prior. to 1954 Only three M7+ occurred in the Great

, P Basin in the '19th century and early 20th century.
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On a regional scale, Figure 2 shows that at least 17 historic earthquakes

' ‘?:1 f’\
‘of M 26 have. occurred in the Intermountain region, notably at ]ocations were

general changes in direction of this maJor interplate seismicitm zone. oceur.

Ve
v i

Arabasz and Smith (1981) noted that the Intermountain Seismio Belt extends

! t

1300 km, but is segmented into several~sectors with divergentttrends. The
larger M6+ earthquakes were generally located near the sector‘boundaries.
The ISB is difficult to define as a linear zone of earthquakes such as

1
along the San Andreas fault. Rather diffuse seismicity extends'across 100-200

v
v“

km-wide zones with focal depths generally shallower than. 15 km (Smith, 1978).

o

A rather 1mportant conclusion noted by Smith and Sbar (1974) and since by
{.

several investigators is the poor correlation of earthquakes with major active

E

faults. %1
. b
l

The paucity of large M7+ surface- faulting earthquakes in historic time,
despite abundant lake Quaternary and Holocene fault scarps, further compli-
cates the problem of earthquake evaluation using the seismic and‘geologic

information independently. This makes it difficult to assess earthquake

\

hazards on the basisﬂof epicenter locations alone or by the presence of active

fault zones alone.\As will -be described later, hazard evaluation'?equires the

integration of information on assessment of the fault geometry W1th depth, its

l
l

relationship toilaterally displaced seismicity, and the relationship to timing

l N
An important observation from Figure 2 is the location of the Borah Peak

.,\ ‘fimA.

; 1M7 3 earthquake that occurred along a maJor northwest trending LfSt River
b S o - A

‘iﬁ i Afault, with Quathrnary—Holocene displacement but for which no earthquakes had
(o : 1 - b

‘P, been;recorded 1nwhistoric time, even by sensitive local microearthquake
|

: . . ;f r
and distributiod of surface faulting.,jv - : o @31}
. . , L

L
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surveys. Hait (1978) noted several Holocene displacement events along the

segment of the Lost River fault that broke during the Borah Peak earthquake

with a maximum vertical displacement of m2 5 m. This earthquake occurred in
1|#} B one of three apparently active segments of the Lost River fault zone, with. the f
| southeastern segments having displacements 30,000 years and older. This obser-

NI vation suggests that Basin—Range normal faults may have temporal properties

where individual segments are active for thousands of years with several
scarp-forming events, while adjacent segments remain quiescent for tens of
thousands'of years. Ir this property is valid'for the Wasatch Front it has
important ramifications for evaluating earthquake hazards along the defined

segments of the Wasatch fault.

III. EARTHQUAKES IN UTAH

‘The pattern of early historic earthquakes and Late Cenozoic faulting in
Figure 3 (taken from Arabasz and Smith, 1979) shows the generally broad N-S
trending zone of seismicityfin Utah. Note that Cenozoic faults capable of
generating earthquakes-oocur throughout most of the oentral and western por-
tion of Utah; not only along the Wasateh fault. ln this figure the'largest
earthquakes for the period 1850-1978 of approximately magnitude U or greater.
are shown. Epicenters for the early historic data .are based upon personal
felt reports and were not recorded instrumentally, thus the.error in epi— .

" centers could be as large as +10-20 km. ' Nonetheless, the epicenter patterns

"clearly delineate the active belt of diffuse seismicity characteristic of the

southern Intermountain Seismic Belt.;,x_’

A depiction of the past 22 years of instrumentally-recorded and computer

" located earthquakes in Utah is shown in Figure y, In'thls diagram earthquakes
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'of magnitude 2.5 or greater were plotted from the University of Utah data

file. Also, superimposed on the map is an outline of the Wasatch Front study

area. Several papers have discussed the general trends, magnitude distribu—

tion, and relationship to geology of earthquakes in the Utah region and w111 L

‘not be repeated here. However, the reader is referred to the papers by Cook

~and Smith (1967), Smith and Sbar (197#), and most importantly to a volume pub~

lished by the University of Utah Seismograph Stations titled "Earthquake Stu-
dies in Utah; 1850—1978"'by‘Arabasz, Smith, and Richins (1979). The later
document describes in detail the earthquake distributions as‘a functionlof
time, methodologies for locating and calculating earthquake epieenters and

magnitudes, and general:studies,of individual earthquakes.

Three géneral zones of seismicity in Utah are apparent from the detaiied
epicenter map‘(Figure ¥): (1) a southwest—northeast.trend 100-200 wide zone

that extends from St George to the vicinity of. Richfield, (2) a central to

_northern Utah diffuse zone of earthquakes that trends generally north-south

along either side of the Wasatch fault but with 1limited earthquake activ1ty
except at its northérn and southern boundaries,and (3) a change to a northeast
trend at the Utah-Idaho border including the two areas of significant
activity; (a) the Pooatello Valley earthquake at the Utah—Idaho border, and
(b),earthquake swarms‘near Soda Springs in southeastern Idaho. Induced

seishicity reiated~to extraction of coal in eastern Utah is clearlj‘visible as

;" - three clusters of aetivity 100 km southeast of Provo. An important observa- -

-

tion from the seismicity map is that practically the entire state of Utah has

had earthquakes of magnitude 2 5 and greater in- historic times demonstrating

the on-going‘tectonic significance of this major intraplate region.



. quakes as a function of time. To

1

A rather important property of seiﬁmiCityfis the time variation of earth-

©4* quake occurrénce. For example, the seismic behavior of the Wasateh fault.

1

north and south of Salt Lake City since at least 1962 shows persistent zones
of seismic quiescéhce or gaps in seismicity. Yet, we know>verj little about“
the timing of large'earthquakesiin Utah because none haveé occurred during his-

toric time. Thus, the cyclic nature of eérthquakes in terms of mainshock and

-aftershock distfibutions and their relationship to surface faulting is poorly

understood for the Wasatch Front.

It is.poésible,~however, to examiné'ﬁhe'spatial distribution of earth-
view the spaée-time patterns of earthquake;
in Utah a computer-generated movie has been produced with the help of Einar
Kjartansson, Assistant -Professor of Geophysiecs, University~of’Utah. In this
production, earthquakes are plotted on a color-graphics CRT where earthQﬁake
epicenters are located on a background mép and magnitudes are scaled in color
from tﬁé cool, blue;greeh cqlofslfor low magnitude to warm, orange-red colors
for lafgerAbagnitudes.' Two peridds are presehted: (1) tﬁe<early historic
recordwfrog“December, 1853 through'dune, 1962; and (2} a modern historic
record from July, 1962.throﬁgh Décémbef; 1983. Discgssiéns of ;he,sbace-time

variations from aftersﬁock distributions and possible precursory manifesta-

tions will be discussed during:the‘movie to be shown durihg the WOrkshopron

"Evaluation of Regional and Urban Earthquake Hazards and Risk in Utah,"

Augus;,‘198u; ﬁgeting‘in Salt Lake City.

V. WASATCH FRONT: SEISMICITY AND FAULTING

©7 A detailed epicenter and faultvmap-of_tﬁe general Wasatch Front region is

~ shown in Figure 5. Here earthquakes from 1974 through 1982 are plotted on a
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generalized tectonic map with bedrock. geology, Laramide-~Sevier thrust faults,

and Late Cenozoic. normal faults to examine the'reiationship between earth-

 quakes and tectonic features. The most notable earthquake activity during theh

" 1974-1982 period occurred in the Pocatello Valley-Hansel Valley area of north-

ern Utah-southern Idaho where a magnitude 6.0 event occurred‘in'March 1975

" (Arabasz et al.,'1979).

" .The most continuous zone of earthquake activity extends southward beneath

the Bear River Range on the east side of Cache Valley terminating 20 km east

of Salt Lake City. Earthquakes then occur along an east-west zone across the

J'-Salt Lake City-Magna area, in the'vicinity of the MS,Z 1962 Magna earthquake.

This zone also has had prominent occurrences of earthquake swarms. Concen- -
trated zones of activity estend across the Traverse Range south of the Salt
Lake -Valley and at the southern end of Utah Lake. A magnitude 3.9 event in
1982 occurred near Orem and near the Wasatch fault. Activity continues south
as a notable trend along the»Juab Valley displaced west of the Wasatch fault.

Activity east of Ephraim is primarily mining induced activityw

.

The Wasatch fault, shown by a heavy line, extends frou near Malad, Idaho,
southward 370 km on the west side of the Wasatch Range (Figure 5). The not-
able quiescence of earthquakes along the Wasatch fault north of Salt'Lake‘
City, on the east side of the Salt Lake Valley, and south of Provo have been
earlier recognized as seismic gaps by Smith and Sbar (1974) and Arabasz and
Smith (1981), i.e. areas of seismic quiescerice that otherwise would be

expected to have. earthquake activity along an active fault segment.. One

' 1nterpretation of the zones of low seismicity is taken from an analogy with

plate tectonics where averaged.over centuries or more, movement can be
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expected at all points along the intraplate boundary.A Thus, gaps in the

- -seismic activity could be developed along a boundary such as(the Wasatch fault

as a result of the past occurrence of . large earthquakes. Eventually these gaps

- will be filled in by future earthquakes. If this interpretation is valid,

A‘then areas of unusually low seismieity and areas of previous faulting may be

regarded as having a higher probability for future large earthquakes.

Other possible explanations for the apparent low seismicity along the
Qquiet zones of the Wasatch fault are: (1) release of strain energy by aseismic-

creep and by crustal rebound of Lake Bonneville, and(2) the return rate for

large earthduakes is sufficiently large that the'time window of the past ~100

years or recording was too small to sample the long-term seismicity. An

important hypothesis to be tested, suggests that earthquakes occurring along )

.the west side of the Wasatch fault, for example at'Salt Lake City near Magna

and along the Santaquin-Nephi-Levan area’may reflect earthquakes associated

with' the westward extension of the Wasatch fault zone at depth. This topic

will be discussed later.r

To examine the role of pre—existing structures on the origln of the

Wasatch fault Smith and Bruhn (1984) hypothe81zed that the influence of pre-

‘~; existing Laramide thrust sheets correlate in a general way with the surface

delineation of fault zone segmentation as proposed by Schwartz and Coppersmith

'(198u) In Figure 6 a map of the distribution of thrust sheets and the

Wasatch fault shows an interesting correlation of the segment boundaries with

.Vlateral terminations of the thrust sheets.

"To examine the hypothesized westward extension of the Wasatch fault

B
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profiles across the East Cache fault, the Wasatch fault, and adJacent fault
zones in the’ Great Salt Lake. Figure T shows two seismic reflection profiles,
one across the East Cache Fault near Logan where seismic reflections dipping
westward beneath the Cache Valley may be interpreted as a low-angle listric
fault that flattens at depths of approximately 4 km beneath the valley fill.
Eastward stratal tilt of Quaternary and Tertiary sediments suggests the val-
ley fill has rotated along this active fault zome. ,3‘

A seismic neflection profile across the mouth of the Weber Canyon, south
of Ogden (Figure 7),'shoas a'lack of reflection trunoation‘beneath or west of

the'projected location of a steeply dipping Wasatch fault. Rather a very low -

i

‘angle zone of reflection truncations begins'nearithe fault-and»flattens-to

‘zero dip at 12 km beneath the valley. Whether this'reflection represents a

fault can not be equivocally'interpreted, but it is clear that the Wasatch

fault is‘not_imaged‘as a steeply dipping major through-going structure.

Additional seismic reflection profiles discussed by Smith and Bruhn
(1984) and unpublished reflection data for the Brigham City area, the Great
Salt Lake, the north Salt Lake City area, and near Levan show that the Wasatch

fault zone varies in dip from values as steep as ~60 to as shallow as WHO -

H

" all suggestive of westward projection beneath the populated Wasatch Front.

Thus, while the seismic reflection data do not provide a unique interpretation

‘of the attitude and extent of faulting, it is clear that ‘We must recognize

that this structural style of normal-faulting may characterize M7+ earthquakesl

in an extensional~environment,-1-' '
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VI. LESSONS FROM THE M 7.3 Bon‘AHsPEAK, IDAHO; EARTHQUAKE | ' -

On October 28, 1983 an M7 3 earthquake occurred along a segment of . the'
Lost River fault - zone, central Idaho. This major earthquake produced a 3u-km_.

long fault scarp with up’to 2.5 m of near-vertical displacement along a known

Quaternary fault. The Borah Peak earthquake was extensively instrumented by

the University of Utah, the U.S. Geological Survey, and other collaborative

investigators with up to 50-portable stations and provided extensive data for

" analysis (Richins et al.;'198ua; Doser, 1984). The importance of the Borah

Peak earthquake to the Wasatch Front is that 1ts age and structural style are
51milar to that-of the Wasatch Front. D ’}

'

Primary results of the Borah Peak earthquake analysesfshow thatjthe main
shockvnucleated-at‘a depth of 16 km, but displaced 10-15 kin laterally SW from
the end of the surface rupture. Aftershocks‘ertend along a zone parallel to
the surface rupture, but displaced -10-20 km SW of the surface fault. Cross-
sections of accurately determined foci of aftershocks show’ that they define a

zone that dips southwesterly at‘N45 (Richins et al., 198ha) ‘A plane passing

through the aftershock cluster intersects the hypocenter of the. ‘main shock

~ whose fault plane solution (Doser, 198&) indicates a 49 southwest dip. Thus,

N

it appears that the Borah Peak earthquake occurred'on a moderately dipping -

planar fault zone where the main shock nucleated at the base of the seismo—f“f

genic structure and propagated both upfault and northwestward along at 1east a

»3u km segment. | j ;‘ vi-"f | '_..'. -‘- R ) ‘ .‘ . /

An interesting observation from the central portion oﬂ the Borah Peak

S scarp near’ its point of maximum displacement is the attitude of the hanging-'

wall bedrock surface that dips at WHS and projects southwest along the e

a7 A“_
A PEI

. ?-».“"’ o .{: B 5:7: 'frlf~-.ﬂ’f§ LT
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subsurface extension of the fault plene mappedﬁby_the_aftersh&ck hypocenters.

" On the:east side of the Salt Lake Valley; Gilbert (1928) noted‘that the ad ja-

cent hanging-wall blocks of the Wasatoh fault had HS W dips that he suggested
proJect westward on the main Wasatch fault surface. Although Gilbert's (1928)'

interpretation of the shallow dip of the Wasatch fault has been controver31al,
1 \
the 31milarities of structural geometries between the Borah Peak earthquake

]

and the Wasatch Front are astriking.
: . ! \
' :

VIiI. GEOMETRY OF FAULTING AND 'LIKELY' LOCATIONS OF FUTURE LARGE WASATCH FRONT

EARTHQUAKES - L - N %J‘
. : . : . o tm ?% ‘ |
~During the past decade accelerated research on the Wasatch fault princi-

¥
pally by trenching and detailed mapping (Schwartz and Coppersmlth, 1984) have

i

noted several important features: (1? the Wasatch fault can be divided into
\ \ ‘
segments that appear to break as independent -zones, and (2) indlvidual seg-

ments have statistically different repeat times and displacement histories.
Smith and Bruhn (1984) noted (alsozsee Figure 6) that the"Wasatch’fault seg-"

mentation also correlates with the lateral termination of major Laramide

4 ‘1

thrust structures that disrupt fault plane continuity. We' regard ‘the current”

1 -
% i

delineation of fault segmentation as preliminary with ‘need for additional ‘sta- -

tistical and geological conformation they can provide a ba313vfor'a worklng-

model of Wasatch Front earthquakes. C N . - A

l

. . : . l_wl,
By definition a segment 1s a sector of a major fault zonegthat may break °

‘1

1ndependent of adjacent segments with each segment hav1ng its own dlsplacement

rate characteristics and history. Thus, one segment may become-active while
. . . . . ., . - . “ q

”adjacent segments remain quiescent. The Borah Peak earthquake apparently

occurred on one ‘of approximately three segments that Hait (1978) showed. has
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"had repeated displacement in Holocene time while the adJacent segments have
been quiescent for the past 30,000 years."»If*these arguments are valid for
the Wasatch fault- then the segments themselves may be a starting point. for

_estimating the 1ocation of likely future 1arge earthquakes.

!
|
Ly
To compare the structural geology of large normal faulting events in the
i

Basin-Range, Figure 8 shows cross-sections through the fauit zones of three

large, M7+ earthquakes, their inferred fault planes, faultgplane solutions,

‘u

and fault plane dip: (1) the 1954 Dixie Valley, Nevada, M7 1; (2) the 1959
J* ‘
Hebgen Lake, Montana, M7.5, and (3) the 1983 Borah Peak, Idaho, M7.3. These:

t
large earthquakes have occurred in the same intraplate extensional stress

regime as the Wasatch Front and on planar faults with- from 40° -65 dip and
‘ «
nucleation depths " 15 km.

]

A hypothetical working model for large Wasatch Frontlearthquakes 1s one

in which a westward-dipping fault zone could nucleate a large earthquake at a

depths of m15 km beneath the adjacent valley. This model ﬁas important: impli-

y
3
f

cations because it suggests that the major earthquakes would occur beneath the
populated centers of" the Wasatch Front. Note that the histograms of aft- -

) 1
ershocks and . on-going seismicity for the three major earthquakes in the Great

Basin, including aftershocks. as large as M6+ oceur in the shallower seismo-
‘,\

genice layer from the near—surface to. the maximum depth of}the major event
L ¥y
(Figure 8. . S o R I ‘"iv'

T

\

by

\ '<
a‘«

Smith and Bruhn: (1984) hypothesized that large M7+ shocks may nucleate at

, 1
“the base of a brittle layer perhaps in the upper part of a ductile layer where
\q J
’ shear stresses are at a maximum.' Thus, the intraplate extensional deformation.
. . ;,- :
of the Basin—Range could drive the energy system to maximum values of a few.'
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hundred bars. This energy isnthen released by a maJOr earthqu%ke at the base -

of the seismogenic layer that~propagates to the surface as a major surface
faulting event.x Aftershocks and inter-event seismicity in th% upper-crust may
reflect antithetic normal faulting and a homogeneous strain release in the

. . . i
deformed volume. o . . : i
1\

A plot of space-time seismicity from 1962 through 1978 along the Wasatch

Front clearly demonstrates the development of zones of seismih quiescence or
1

seismic gaps (Figure 9). The sector from Parry southward through the Ogden

area is clearly aseismic at the M3+ level. -AAdistinct 1ncrease in the seismi-

city oceurs north of Salt Lake City along the east-west -zone of the Salt Lake

salient and in the Magna area where persistent earthquake swarms and*a-magni-—

tude 5.2 earthquake in 1962 have occurred. This zone seems to‘mark the north--

ern edge of the Salt Lake segment where most of these earthquakes occur 10 to
20 km west of the WaSatch fault. The south end of the Salt L%ke segment is
marked by activity along .the Traverse Range, but seismicpquie%cence is
apparent from Orem southward to approximately”Santaquin at'théinorth*end»of:

l
the Nephi segment. Notable activity occurs near the Wasatch: fault and west— EA

ward beneath the Levan segment beneath the Juab Valley (McKee and Arabasz, -

1982).

The question then arises, are the zones of seismic quiescence truly '
I
seismic gaps ‘and at what magnitude level are -they significant? If one applies

1[' :
the westward—dipping hypothetical Wasatch fault model (Figure 10), earthquakes

occurring west of the Wasatch fault such as near Magna, the Traverse Range,

I

and the extensive zone south of Santaquin may represent down-dip act1v1ty

J» . .
associated with past 1arge Wasatch Front events. While this hypothesis cannot

. J[]
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be tested without detailed seismic reflectionfprofiling and“accurate earth-
‘l 5

quake monitoring, 1t nevertheless prov1des a plausible explanation.'

Pl

' - T - Sk
Also, note that the Traverse Range and Salt Lake City-Magna earthquake

; .

A zones occur near bedrock salients that extend westward fﬂom'the main fault a

few kilometers and’may further act as streas concentratoﬁs or asperities at

the ends of ind1vidual segments. Here the seismicity may be related to addi-~

tional stored energy from stress heterogeneities. ﬂ
VIII. EARTHQUAKE PRODUCED FLOODING - ' o A QU:
o y o i

An important result of faulting associated with large normal-fault earth-

quakes is the asymmetric back—tilt of the footwall block.} This property was
i .

well developed in the,M?.S Hebgen Lake earthquake where ajmaximum of 6.1 m
displacement occurred at the surface fault, with back—tilt‘extending 18 km in
width and 30 km in length at the top of the footwall block. Recognizing that

large bodies of water occur in close proximity to the Wasatch fault, eastward

tilt in response to a large earthquake on the Wasatch fault could introduce an

i

unrecognized hazard."For the purposes of comparison we have superposed the

, .

observed: subsidence from the M7 5 Hebgen ‘Lake - earthquake and calculated the
‘\
ground deformation for ‘this hypothetical event at three lccations along the

Wasatch fault, ats (1) Bountiful, (2) Salt Lake City, (3). Provo;Springville.'
The effect of the backward‘tilt is flooding into the zones‘of subsidence (Fig-
ure 10)‘ Selecting the high water mark of uzog feet for the Great Salt Lake

I

. J
i
allowed inundation eastward into the Bountiful area with flooding extending

eastward to the Interstate 1‘15', ‘In the Salt Lake City example, flooding

1
l

' extended southeast from the north end of Salt Lake City to(approximately 6th-

} .

West. _In'central Utah, Utah Lake at a undeformed level of,ﬂﬂ94 feet could
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Ainundate areas east of the Interstate I- 15, between Provo and Springville.

Note that these hypothetical models are simply a hazard scenario that, hereto;>

ll

?j fore, has been unrecognized and cannot be applied to the Wasatch fault'without

1'

-} . more. 1nvestigations. For example, the extent of inundation depends upon loca~

tion of faulting, dip, and total displacement, parameters that are‘not ‘yet

known accurately {or the Wasatch Front. - : ﬁ

IX. RECOMMENDATIONS - - - | J
B [ : - l

W

S

The above discussions highlight data and new concepts of earthquake

!

nucleation for the Wasatch Front principally focusing on recent seismicity, '

fault -zone geometry, explanations of Wasatch Front seismicity,ipgssdble loca-

1‘.. wit

K .
"' tions of future large earthquakes--all ingredients of an accurate assessment

o
M
o

of earthquake hazards. Based on our investigations we would l#ke to recommend

g

to the U.S. Geological Survey and the National Science_Foundatyon for incor-

poration_into the National Earthquake Hazards Reduction Program and to the

coordinated USGS-UGMS program the following considerations:

1.

Detailed investigations of major Quaternary-Holocene :normal fault
zones emphasizing information from adjacent bedrock exphsures,
mechanlcal, and chemistry properties of fault zones,qgeometric and
geomorphic information on inferred fault zones, and most importantly -

~ incorporating geophysical information such as selsmic reflection,

refraction, and gravity techniques to map the fault thh depth
beneath: adjacent valleys. : : .

M

ﬂ

At. least three, deep penetration seismic reflection profiles :
designed to image dipping structures should be: recorded across all
major segments of the Wasatch fault and adjacent fault .zones to pro- .
vide high-resolution information on fault zone geometry, strueture,

- style, depth, etc. This research effort will complimént borehole

and fault zone evaluation. B : .,;,
N Lo . R L .;

Detailed evaluation of fault zone segmentation is reqhired to exam~

ine with statistical uncertainties- segment lengths, end—points,

fault geometries. etc. Deep boreholes should be drilled in each of -

the segments of the Wasatch fault to penetrate the fault for
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purposes of determining Quaternary-ﬂolooone strarigraphy, borehole
properties,’ geoohemical/geopressure information,uin situ stress,
ete. .

R . i '
Expanded efforts in trenching of at least two touthree sites per .

fault segment is necessary to establish statistical certainties,

areal distribution of recurrence rates, slip ratesL displacement
histories, and maximum magnitudes. U

Increased research on probabilistic and deterministic models of tem-
poral and spatial occurrence of earthquakes to incorporate all of
the existing information on dating, fault area, recurrence inter-
vals, fault geometry, stress, etc. o [

Cw
i

Expanded geodetic (horizontal ‘and vertical) networns across major
fault zones should be implemented with more frequent reobservations
to assess pre-seismic, co—seismic and post- seismic deformation.
Theoretical modeling and implementation of a strong motion network
to predict and evaluate peak ground accelerations‘a33001ated with
active segments of the Wasatch fault will be an important contribu-
tion to engineering assessments of risk. jf ‘ :

[.,
Long-term stable funding is required for effective operation of the
southern Intermountain Seismic Belt regional seismograph network

- with the addition of three-component broad-band seismographs at

selected digital stations and ancillary seismoloéieal studies of the
dynamics and kinematics of normal faulting. Emphasis on normal

fault mechanisms including precursory phenomena,imodeling of ground

- motion, modeling space-time histories, etc. are needed.
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' Figure‘l. Epicenter map of western United States with data
' ‘ 1950 through 1976. Taken from Smith (1978).

P "
i . . \l

prinoipally_from'

. il
Figure 2. Epicenter map of the Intermountain Seismic Belt with largest his-

toric earthquake high lighted by large dots (modified,from Smith,
1978 and Arabasz and Smith, 1979). - ' ‘

- Figure 3. Epicenter map of 1argest historical earthquakes:in Utah, 1850-1978
(from Arabasz and Smith, 1979) : FT : :

K ’ {l
| .

Figure 4. | Epicenter map of Utah' 1962-1983. Wasatch Front study area shown

by black box; solid 1ines show locations of the| asatch fault
(west) and the East Cache fault (east). ' $‘
i

— . ‘ ' ' i
‘Figure 5. . Epicenter and regional tectonic map of the Wasatch Front (taken

from Smith and Bruhng 1984). Epicenters from University of Utah
files for period: 191uf1982. ' .

' . . 1‘
| "
* .

- " Figure 6. Tectonic map of Wasatch Front and adJacent mountaLn ranges illus-
s . trating the Quaternary normal fault segments proposed by Schwartz
and Coppersmith (1984). Figure taken from Smith and Bruhn (1984).
“Figure T. Seismic’ reflection profiles and 1nterpretations across: a) East

C Cache fault, south of Logan, Utah and b) Wasatch fault, south of .
. Ogden, Utah. : 1
, P
o . : , b . .
- Figure 8. Cross—sections across fault zones of tbe three 1argest historic

‘ . Basin-Range type earthquakes with hypothetical model for a large
earthquake on the Wasatch Front, Salt Lake City\area.. 1959, M7.5,

- Hebgen Lake, Montana:earthquake data from Doser, 198“ 1983, M7.3
- Borah Peak, Idaho earthquake data from Richins,yeq al. (1984a) and

1954, M7.1 Dixie Valley, Nevada earthquake data ?rom Okaya and

‘Thompson (1984) T o . ﬂ
. R R '»f”"cf, S 5 '
. ‘Figure 9. Space—time‘distribution“of earthquakes within 10‘km of the Wasatch
S fault, 1962-1978 (from Arabasz, Smith, and RichinsL 1980).

!‘ :;

‘ofEigure”10.,'Hypothet1cal model for nuoleation of large earthquakes that could
SR ]plausibly occur on the main westward dipping Wasatch fault and
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wp~Paper No. 3
FAULT BEHAVIOR AND EARTHQUAKE RECURRENCE ALONG - .

; " THE WASATCH FAULT ZONE

D. P. Schwartz, F. H. Swan, III, L. S. Cluff. =
Woodward-Clyde Consultants
100 Pringle Avenue

Walnut Creek, CA 94596

INTRODUCTION

The Wasatch fault zdne is an active intraplate ﬁormal fault ghat extendé for
approximately 370 km élong the western front of the Wasatch réﬁge. The
ma jority.of Utah's poéuldtion lives along the Wasatch Front ;A& all of the
principal urban areas and wmost of the'large; towns are 10cé£éd adjacenﬁ to the
'~ Wasatch fault zone and associated faults such as the East Caéhe fault.
Paleoseismological studies.of these faults show they have beén the sources of
_ repeated past large magnitude earthquakes in the range of:M 6—3/4 - 7-1/2
(Swan and others, 1980, 1982), although no surfaée faulting earthquakes have
' 6ccurredr3;.these faults since settlement of.the area in 1847: Because of
this, an understanding.of the future.behavibr of,these fadltg; especially the
size of future earthquakes, the.aﬁount of surfécé displacémgﬁ; and style of
ground deformatién associated with the evgnt;; the probébie,location and
timing of the events, and the ground motions produced duriﬁg-the earthquakes

is critical to the’mitigétign,of seismic hazards along the Wasatch Front.

M
:

In 1977, the first trenches were excavated across the Wasatch fault zone at

the Kaysvillé<site (Figure 1) fdr the specific purpose of quégtifying

1
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earthquake recurrence. Slnce then, investigations have been conducted at the
Hobble Creek Little Cottonwood Canyon, and North Creek sites along the
Wasatch fault zone and at Logan along the East Cache fault. (Figure 1) These
investigations have yielded information on slip rate, recurrence intervals for
past surface faulting earthquakes, displacement per event' for‘past
earthquakes, and fault segmentation, and they provideja basis for evaluating
the late Plesitocene-Holocene behavior the Wasatch fault zone;‘ Results from
these investlgations have been presented by Swan and others (1980), Schwartz

and others (1983)’,?“d Schwartz and Coppersmith (1984). The present paper

summarizes the data collected at all sites and discusses the implications of

.
.o

these data to fault behaVior and earthquakevrecurrence.
SLIP RATE

Slip rates provide a means for comparing relative behavior of different parts
of a fault zone.. In addition, slip rates can be used to nodel?earthquake
recurrence. Slip rate data for the Wasatch fault zone are summarized in Table

1. Late Pleistocene-Holocene rates for the Wasatch fault zone range from
essentially >0 along the segment of the fault north of Brlgham Clty to 1. 36
mm/yr along the Nephi segment. The rate for the East Cache fault is 0 1-0.2

mm/yr. These slip rates were developed from topographijprofiling of

~displaced geomorphic features, including surfaces that grade to the Provo

L

- shoreline, glacial moraines, alluvial fans, and stream terracées. However,

" rates based on different-aged datums may not_bexexactly comparable., Also,.

care must be exercised in extrapolating rates calculatedfatWa‘point fOr long

distances’along the trace of the fault. Con51dering these factors, we view

the slip rates as representing a generally constant rate of strain



TABLE 1

FAULT BEHAVIOR DATA
WASATCH FAULT ZONE

T ~ y.8 Displacement per Event (m) Recurrence
Segment Site Slip Rate (mm a ) Measured Average Interval Average (yr) Elapeed Time gxr)c Reference
Collinston - >0 ' - - - - 2 13,500 Schwartz and others (1983) B o
(13,500) .
Ogden _Kay‘éville 1.3 (40.5, -0.2)% 1.6 . - - 2 (sfter 2000 .< 500 Swan and others (1980)
o . (8,000; +1000, -2000) 1.7 e - ©1580)
Salt Lake City  Little Cdttonﬂood 0.76 (+0.6, -0.2) - 2 - 2400-3000 - Swan and others (1981);
Canyon (19,000 + 2000) (2) Schwartz and Coppersmith (1988)
_Provo ’ o Hobble LCreek 0.85 - 1.0° 2.7 1.6-2.3  6-7 1700-2600 > 1000 Swan and others (1980)
i {13,500) : (6-7) (after 13, 500) )
Nephi X North Creek - 1.27-1.36 (5 0.1) _2.0-2.2 2.3 2 (between 4580 1700-2700 300-500 Schwartz and Coppetsmith (1934{
T : (4580) 2.0-2.5 3) and 3640) :
2.6 | -- 1 (after 110{])d
Leven Deep Creek < 0.35 40,05 2.5 - 1 (after 7300)° - 750t Schwartz and Copperamith (1984) '
. (7300) : : ’
_ Esst Cache Logeﬁ o . 0.1-0.2 1.35 - 1 (between 15,000 ' - 6000-10,000 Swan and others (1982)
(14,000-15,000) 1.4 - and 13,500) '

a Age of dlsplaced datum (y
b Number of events on which average
c Time in yeats since the moat recen
d .

' TAge in 14

R yr B.P. .-
e -Modified from Swan et als: (1980) e e e e

1 (after 13,500)

earﬁ B’P ) on which slip rate is based is shown in parentheses.

is based is shown in parentheses.

t surface faulting earthquake.




Brigham City during Holocene time. This rate of strain_accumulation is one to
two orders of magnitude greater than the rate for faults.in qther parts of the

Basin and Range province.

DISPLACEMENT PER EVENT

+

Information on the amount of displacement per event for past surface faulting

earthquakes is important for assessing the magnitude of nast‘earthquakes, for

developing models  of earthquake recurrence, and for developlng estimates. of

the amount of displacement that might occur ‘where- llfelined such as ‘water andn‘~

gas pipelines cross fault traces. The thickness of colluvialrdeposits

(cdlluvial wedges) adjacentlto the fault observed in trencnes;.profiling of
fault scarps, and measuring the heights of tectonic terracesfinset into the
upthrown blbck'of‘the fault aré the methods generally usedgror evaluating the
size of naleodisplacements. |

P
I

Displacement per event data are summarized in.Table.1.‘»In6estigationsnof

historical surface ruptures on normal faults in the Basin and ‘Range, such as

| r

the 1915 Pleasant Valley and the 1983 Borah Peak’ earthquakes, ‘show systematic

1 k .

varlatlon in displacement along the surface trace of the'fault.- ‘For the
Wasatch fault zone, we do not know where indlvidual trench sites are located

with respect to past surface ruptures, and there is_some‘uncertainty as to

. . : e . -
whether an individual measurement represents a minimum, an‘average, or a

maximum displacement for that surface faulting event. Desplte this,'the data

clearly show that displacement per event has been consistently large. The

measured values range from 1 6 to 2.6 m, and the average displacement per



. o o R
event is about 2 m. The data also indicaté-that displacements at the same
location along the fault have been essentially the same dprihg‘sucgessive

b

events.,

EARTHQUAKE RECURRENCE INTERVALS

Factors that affect the evaluation of earthquake recurrence:at a specific
location along a fault include the comﬁleteness of the stra%igraphic record;
the local erosional and depositional environment, and thévthréshold earthquake
magnitude that produces recognizable surface-fault rupturé.fwkécurrenge

t

estimates at individual sites along the Wasatch fault zoqéiﬁéye been based.on

i

.a cdmbination of‘trenching and mapping. Trenching of nprmaI‘fault scarps has

showi theiusefulness of scarp-derived colluvial deposits‘inyQuantifying the

number of past surface faulting events. In trenches, thesei#re commonly seen
as stacked uniﬁs dtiwedges grading away from the main fault:scarp. ~Mapping is
especially important because it helps establish many'stratigraphiC'and

structurallrelationships that clarify observations made in tréﬁches and it

aids in identifying secondary features such as tectonic.teriacés and segmented

alluvial fans that also provide evidence of recﬁrrence. IR

4

Data on the recurrence of surface faulting earthquakes at-iﬁdividual sites

along the Wasatch fault zone are shown in Table 1. Recurrence intervals

cleérly vary along the length of the zone. Average interQﬁis are shortest

~along the four. central segments of the zone betﬁeen Brigham City and Nephi,

where they range from 1700 to 3000 years. 1In contrast,“fhéténas are less

active. A ninimum interval of 5000 years occurred‘albngﬂﬁhéisouthern segment

b
v b
D

~of the zonevpfior to its most recent event, and the northérﬂ[segment does not

Voot
vt
. gy
e
" ¥



- Schwartz and Coppersmith (1984) haﬁe.rgviséd'the’estimate

N

NN

appear to have had_a‘recogniiabié scarp—fﬁiﬁiﬁg evenf du;iné-ﬁhe paét 13,500
years. Where~radioqérbon’dates coﬁsgrain_theiactual inte:yaigétween ;Qents,
it is evident that the'actﬁal recurrence ié not unifo£m éﬁdﬁmay véry from the
average by at least a factor of'two. At the North Creeklgife, for example,
there hgve been three surface faulting earthquakes duriné‘the past 4,580 14C
yr B.P.; two of these occurred between 4,580 and 3,640 IAC y£“B.P. and the
most recent event is estiméted.to have occurred within tﬁe pas£ 300 to 500
years. At this location, the interval between successive‘e;ents was not
uniform and varied from SOﬁewhat less than 1,000 years between the oldest and
middle eventsjto longer_than 3,000 yeafs between the middleiand most recent

events. This nomuniformity of earthquake recurrence isftybical of faults in

intraplate environments.

|

Swan and others (1980) suggested an average recurrence inteﬁﬁalﬂalong the

entire Wasatch fault zone of 50 to 430 years. This was calcuiated by using
minimum (500 yr)'and maximum (2600 yr) intervals estimated at.the Kaysville
and Hobbié‘Creek sites, réspectively, and assuming that these‘were

rep;esentative.of 6 to 10 independent fault segments. Additional

. investigations have shown that the fault zone is most likely composed of six

segmehts;'the recurrence interval can differ significantly between segments,

and the recurrence along a given segment can also be highiyﬁwatiable. Based
on these additional data, and the behavioral variability 'they:indicate,

~of the average
S P ;- .
recurrence for the zome by using the number of events observed or estimated in

the geological'reéord.éidng each segment of the fault over a particular

interval, which in this case was selected as the past 8000 jeafs on the basis

of availablé radiocarbon dates and the ages of displaced détﬁhs.» Using this
: ) ' L -




approach, they calculated a range of 400 to 666 and a preferred value of 444
years for the average recurrence interval for a surface féulting'earthquake

along the entire Wasatch fault zone. This is similar to thé' longer intérﬁal

suggested by Swan and others (1980), and we feel it is presently the best

estimate of the average recurrence for the zone.

The occurrence of successive large and similiar displaceménﬁ?eﬁents along the
Wasatch fault zone'couﬁied with thé variability in timingibégﬁéen these‘events
and the lack‘bf evidencé éf small—diéplacement e?ents, haé:iedito-the
development of tﬁe characteristicAearthquake recurrence modéngSchWartz and

Coppersmith, 1984). This recurrence model suggests that:' a) linear

frequency-magnitude disﬁributions over a full range of eaﬁﬁquake magnitudes

3

- may not be appropriate for individual faults dr-fault segments and moderate

magnitude events smaller than the characteristic earthquake;may be relatively
less likely to occur than the liarger event, b) the magnitudé:bf the
characteristic éarthquake may ‘approximate.the maximum earthquake (M 7 - 74/2

for the Wasatch fault zone) and, c) stress ?pplication aﬁbéaxsfto be non-

- uniform andlfaults ﬁay fail in response to locélized; rébidﬂinéreasezin

_ stress. Similar behavior appears to characterize other Basip‘and Range normal

[
[

faults.

SEGMENTATION

A normal fault as long as the Wasatch fault zonme (370 km) w&l1"on1y rupture
. ) ) ) . L ] X o . Ly ", “»“. . .
along part .of its total iength during a surface faulting baﬁtﬁquake. A major
question‘is‘does rupture occur randomly albng'the fault or ére'there distinct

rupture segments, perhaps controlled by the geometry of théﬁ@apiﬁ and by older



!
"
|

structural trends, that behave consistently thrdugh timeéj Quantifying the
- number of potential rupture segments is a key factor in evaluating recurrence

. “ vu'ﬂ‘ .
for the entire fault zone and in estimating where the next rupture is most

\ I
i

" likely to occur. , ‘ b

t
v

Swan and others (1980), on the basis of rupture lengths of historical Ba51n
and Range surface faulting earthquakes with M >6 14 <71/ suggested that the

Wasatch fault zone consists of 6 to 10 segments, although:the individual
segments were not specifically identified.' Based on'additionaltdata, we now
believe there are six major segments. Selectionjof éachfsééﬁéa; is based to
varying degrees on fault geometry, scarp morphology, sliéwrate;'andtiming‘the

most recent event, gravity data, and geodetic data. TheipropoSed fault

segments are shown on Figure 1. From north to south, the segments and their

length and orientation are: 1) Collinston, >30 km, NZOW;JZ) Ogden, 70 km,
N1OW; 3) Salt Lake City, 35 km, convex east N20E to N30W§‘4)_Provo, 55 km,
N25W; 5) Nephi, 35 km, N11E; and 6) Levan, 40 km, convex westi The Collinston

segment has had no identifiable surface faulting during theipast'l3 500

b

years. The Ogden segment has experienced multiple displacements, including

two within the past 1580 Yac yr B.P. and with the most recent of these within
o
the past 500 years. - The Salt Lake Cityvand Provo segments;have each had ~

‘repeated Holocene events; the timing of the.most recent event‘along the Salt

Lake City segment is not known, and the youngest event on the Provo segment

' appears to have occurred more than 1000 years ago. Along the Nephi segment

one event has occurred within the past 1100 l4g yr B P. and possibly as-
recently as 300 years ago, two earlier events occurred on this segment between

4580 and 3640 14C. yr B P.A The Levan segment has experienced'only one event



- (Snay and others, 1984).

during the past 7300.14C yr B.P.'and‘this event‘occurre&'lessfthan 1750 l4c¢ yr

B.P. ago.

Proposed segment boundaries are not.sharplv defined.;.The'héundaries may
represent structurally complex transition zones a few tofmore'than ten
kilometers wide. To varying degrees, boundaries selecteu,onfthe bssis of
paleoseismic and geomorphic observations are coincident vithfchanges in the
trend of'segments; major salients in the range front; intersecting east-west

or northeast structural trends observed in the bedrock geology of the range’

(Smith and Bruhn, 1984), saddles, cross faults, and transverse structural

.trends interpreted from gravity data'(Zoback, 1983); an@,geodétic changes - -

WHERE DO WE GO FROM HERE? o

Two aspects of the investigations undertaken to date deserveﬁespecially close

attention in future studies for evaluating seismic hazards.’ These are
refinement of fault zone segmentation and development ofitighter constraints
on earthquake recurrence with emphasisbon the timing of :the: most recent

surface faulting earthquéke along each segment. | ;f“

The delineation of segments and evaluation of thelr past behavior through

several seismlc cycles has a maJor .impact on the. evaluation of seismic hazards

along the Wastach Front. The segments may provlde a basisrfor constraining

the-location and length‘of rupture during single events. The potential

"ll‘:.‘

rupture length is an important parameter for estlmatlng max1mum earthquake

magnitude and it can be combined with displacement per event and fault width
S
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0 . data to estimate the most realistic maximum €arthquake for that segment.
I " R
| ; AT
I Lo
S . N .
h !- The elapsed time since the most recent event, the average recurrence interval, .
KPR . B X
N | , N .
o and the standard deviation of recurrence from the mean cén be used to -
;: calculate real-time probabilities of occurrence of the next évent on a segment
j during a selected interval (e.g., the next 50, 100, and ZOOiyeérs). ‘With
; ' B - A '
d , better constrained, systematic data on elapsed time and average recurrence
| along the zone, it is possible to identify the segment of the fault that has
;;” the greatest likelihood of producing the next large earthqugke; For example,
I; . , o ‘ R
Q the elapsed time since the most recent event along the proposed Salt Lake City
. 'ﬂ and Prbvo'segéénfg,'which lie astride the largest populagioﬁ'centers, are not
| . o T .
: QE constrained by radiocarbon dating, although geomorphic obse§Vations suggest
' ' .
i that the elapsed time since the most recent event on at 1ea$£‘the Provo
: . L o
» segment is significantly longer than on the adjacent Nephi segment to the
| , =4

south or on'the.Ogden segment north of Salt Lake -City (Téble*l)._ Therefore,
.elapéed time data are extremely important, and these two‘seéments deserve

close attention in this regard.
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" LIQUEFACTION POTENTIAL
'AND SLOPE. STABILITY i
WASATCH FRONT AREA =~ . . SRR

by , o

Loren R. Anderson .
‘Utah State University L
_ Logan, Utah 84322 ' C

Introduction ;4ﬁ H
i, . “ "‘

R R

- The effects of‘earthquakes‘can cause loss of‘life.and costly property

|
TR g g e e T ', u l

damage; therefore, in ‘areas of hlgh seismic act1v1ty, earthquake hazard

P ‘iw“

reduction must be an 1mportant con51deratlon for 1nte111gent land use
. ' ( ‘ -
planning. Damage during earthquakes can result from surfaee ﬁaultlng, ground

. : o Lo
0' shaking, ground failure, generation of large waves (tsunamies' and seiches) in
P ‘ ' ' o .

' . s . . R

bodies of water, and regional -subsidence or downwarping. All'iof these causes

I ‘of damage need to be considered in reduoing.earthquake_haz?rdea>

et

i .
P . - .
L Ground failure associated. WIth earthquake—lnduced 3011 llquefactlon has
i Ty

caused major damage in varlous.parts of the world‘durlng paetﬁearthquakes.>

A | S ‘ . : f‘ : .
R [ The seismic hlstory of the Wasatch front area’ in north-central Utah clearly

x«‘j
fy

@ ‘f_,< indicates that ground motlon of sufflcxent 1nten51ty and duratlon to induce

. “ln
’ R

11quefact10n of suscept1ble 30115 is- very 11ke1y to occur 1n<the telatlvely

near future., =~ . - . 7 . T T. L
. - Lo . .. . i ) 1“

wob ' Dep051ts of loose flne sand, h1ghly susceptlble to llﬂu

i
El
i
;
efa

lv
{
|
action, exist -

along the'Wasatch front. Areas of shallow ground water arkwa so w1despread
Iy
: . L

In addltlon, evidence of 11quefactlon was observed follow1‘g e 1934 Hansel

"iﬁn ;V‘ "—d.:ca

‘c .
Valley earthquake in Box Elder County, Utah-and agaln follow19gfrhe Cache

. N . (
. Valley earthquake“of_l962.-f”A . S l i"
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The seismic history, subsurface.soil and ground water
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p

S U
“conditions, and

evidence of 1iquefaction in Utah indicate that liquefaction isfa'significant

hazard which must be assessed as an important element ‘in seismic hazard

reduction planning.

« . ‘L“'
-

oo

In addition to earthquake hazards a number of other geologic hazards
f .

o

exist along the Wasatch Front and should also be consideréd iﬁ‘land use

planning. During approx1mately three months in the Sprlné of 1983 the state

u
I

of Utah, with a populatlon of about 2 m11110n people, sustalne ,direct damages

-k

e

from landslldes, debris flows, mud floods ‘and flooding Ain

'

C

H 4
: E

ekéé S - of $250 ..

i F

o

.million. These disastrous events were-so w1despread and ex e?s

lve that 22 of

the 29 counties in the'state'were-declared;nationalfdisaster areas. ... ..

C o
St
i

K

1

Considering all of these geologic hazards in a rational‘manner will

require using a risk analysis framework. It is important that this framework

be defined as soon as possible 50 that the format for'iudﬂv1dhal hazard

mapping programs can be adjusted to accomodate combining the results of

several different studies. L T

o Liquefaction Potential Mapping

. As part of the U.S. Geolog1ca1 Survey s Earthquake Hazard Reductlon

'program "quuefactlon Potentlal Maps ‘have been prepared for Dav1s, Salt Lake -

and Utah Count1es and a study for the Northern Wasatch Frcnt ls pendlng. '

T

o

" Liquefaction potentlal was evaluated from ex13t1ng subsurface data and from

" supplementary subsurface 1nvest1gatlons performed durlng thekstudies.

. SRR I N T
For thls reglonal assessment, liquefaction’ lmplles llquefactlon—lnduced

ground fallure. -The’ llquefactlon potentlal is cla531f1ed asfh

5
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!
|
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low and very low depending on the probability that a critical ‘acceleration
: - » . N : - "_'vl-“: i

‘a‘givea location .

will be exceeded in IOO,years. The critical acceleratidh.fpk
b LN e , . X + . j

is defined as the lowest value ‘of the maiimum ground suffacefgceeleration
required to induce liquefaction. .The catagories of high, moderate, low and
. - ' . o i . o

s

very low correspond to probabilities of exceeding the cniticaf aeceleracion in

the ranges of greater than 50 percent, 10 to 50 perceat, 5 to 10 percent and

i
s
C

‘ H‘r
‘I ¢t
oy

The Liquefaction Potential Maps that were developed sﬁowﬁohet for a
_ - . Con
significant portion of the Wasatch Front the probability.ofwe#ceeding.the

less than 5 percent, respectively.

critical acceleration in 100 years is greater than 50 percent; "Hence,
. . L S - P
. : . -‘\‘.‘.‘4‘..:{ - . .
. . . g S SR
liquefaction induced ground failure is a significant seismic’ hdzard.
. . . : )
oo

Ground slope information, as well as the subsurface c?ﬁdﬂtﬂousvdocumented
: ‘ . i ,
on 8011s and Ground Water Data Maps, can be used in comblnatlon‘yith the

quuefactlon Potentlal Maps as a means of assesslng the type of ground failure
. . ol
P S
likely to occur. Three slope zones have been identified from the

!

characteristic failure modes 1nduced by llquefactlon durlng hlstorlc

R ey F
& S

earthquakes (Youd, 1981, personal comm“31C3tlon),“, . ‘{ ‘J
>

At slope gradients less thad about 0.5 percent, loss of bearlng capacxty

is the type of ground failure most likely to be induced by$501
liquefaction. Stratified soil conditions, which exist 1nfpheﬂstudy‘areas,-

Lo

 provide vertical oonfinementffor liquefiable layers and may tend to reduce.the

. ’ ' L L : B X - ‘ » EF" T
probability of bearing capacity failures. Buildings imposingﬁlight loads on
L ,

the subsurface 50115 may not. be affected by loss of bearlng capac1ty durlng an

earthquake..~ﬂeavy bulldlngs on ‘the other hand, mlght be severely affected
Additionally, during earthquakes, heavy bulldlngs subJected tg movement from

. 'v k




. by lateral spread landslides induced: by s011 llquefactlon

“about 5 percent. e S ; ,‘if

.

Paper No. 4

‘deformation of the subsurface solls:might cause damage to/adJacent lightly-

loaded structures. = S R ;

Buried tanks, even- those full of water or gasoline, coub '"float" to the

surface if the soils surrounding them were to liquefy. Fbr this to happen,

ot

however, the tanks wOuld have to be buried 1n very thick dep051ts of sand,

The statified nature of the soils in the study areas genefally tend to reduce
S

the likelihood of this type’of failure, ‘ % :T

Slope gradlents ranging from about 0.5 percent to abfut 5 O percent tend.

to fail by lateral spread processes as a result of 5011 lbquefactlon.

‘:l ; PO SN '[ J,‘l g '_ .

4 SF

Evidence exists in Dav1s County for flve large lateral spread landslldes.
.t‘ l ¢ - o

Consequently, it appears that these kinds of failures have occured in response

' Il

vl
[

!

¢
to earthquakes within the past few thousand years. !
: I,

| '
Lateral spread landslides present the greatest concern because of the

l

potential consequences. A small amount of movement can do a;great deal of

l‘ J:

~dalnage. Llfellnes (burled ut111t1es) are, partlcularly vulnerable. A large‘
L

. area along the Wasatch Front area falls within the slopetrange characterlzed

. - : RS ; \.
L -
N ?

I
Do
e

Slopes steeper than about 5 percent tend to fall as}flow slldes 1f the

mass of soil comprising the;slope liquefies. In the study area, the -

i

" stratified nature of ‘the’ geologlc materlals suggests that flow-type failures

1 “F‘
-are llkely to be relatlvely rare. Instead, translatlonal 1andslldes ‘or

1ateral spreads are llkely to result from’ llquefactlon on sropes steeper than

v

q

~ The results of our research on theiliquefaction‘potent‘1l7along the
l,l-qi e

o !.r:‘
Wasatch Front leads us. to. conclude that lateral Spread landqlldlng is the type
. . . . . . . P I
4 it

i

|
P
{
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The probab111ty

ol of- ground failure most likely t¢o accompany s6il. quuefactlon.,

r\\”

L . of extensive damage due to this type of ground fallure is | very h1gh All -

1 §
'“‘ |

types of structures could be damaged by llquefactxon—lnduced ground fa11ure°
G
lifelines are especially susceptible to damage. '

i
I

L

!

Landslide Potential Research

,
b,
[ )

During the unusally heavy spring snowmelt perlod of 1983 ‘over ninety'
R
‘ landslides occurred along the Wasatch Front between BOuntTfuL and Kaysv111e,

Ut ah. Many of these landslldes, commonly referred to as "deprls slides" or

' . I ,v 4

! "soil slips", came to rest only a short distance downSIOpe from the zone of

i
. i . '
i ; « i ! -

<« . initiation. However, some of them mobilized into debris flows yhlch

transported large boulders up to‘five miles. One debris low inundated nine

B 'L I
P

i
£
0 square blocks of the town of Farmington with over 90,000 o:::ubic \fyarcls of debris
{
b

and caused extensive damage.

|

)

i i
[

!

1

|

4

b

)

!
Readings on open stand-plpe plezometers whlch were lnstalled near five of
| H \\‘j‘
_the landslides- shortly after slope failure show complex groundwater behavior

Y
¥

w1th sharp fluctuatlons’Ln_pleZOmetrlc pressure, Arte31ah pore water__.“ -

e pation g

pressures were observed on a ‘slope with a gradient in echss of 30 degrees
’ -1

indicating a strong Lnfluence of confining layers within thef3011 strata.
N

b

Visual observatlons by landsllde hazard warnlng teams durlng{the height of

landslide act1v1ty and photographlc documentatlon shown thana'tlme delay

[}
¥‘7‘

. exists between 1n1t1a1 ground cracklng and subsequent groundwfallure and
f :

:

1

j

l

i“{ E ,

v L. debrls £low moblllzatlon. PR o S e ﬂ

§| s E oo . L i j "..j‘?
l S

! In response to the 1andsllde act1v1ty during 1983 a number of research

e ‘;~_\

prOJects were 1n1t1ated that will lead to a better understa d‘ ng of the
| i Db “ .
_landslide hazard along the Wasatch Front, These prOJects‘are ﬂlsted below.

5

5

‘J
(‘1.

t
¥
s
!



AT T T T

o

T e e T,

" Davis and Salt Lake‘Counties : o Cohn

which could mobilize debris flows.

Servxce for follow—up investigation and appropriate action.tu

Project ' . ‘ ‘Research CroupA “'Sponsored by
Seismic Slope Stability Map
of the Urban Corridor of

Dames & Moore ‘., UsGS
Utah State University . 't .-

NSF

‘Debris Slide Initiation Utah State University
Probabilistic Landslide Utah State Universtiy | “ysFs, USU,
Potential Delineation : . .l* NSF
. . TE : .
Potential for Debris Flow U.S. Geological Survey.| ! ; USGS:
Along the Wasatch Front E} e .
' o ' l’ -+
Landslide Surveillance University of Utah “oueMs,
' . ' | 'Utah CEM
RN o i I
. Numerous Landslide_f _ Utah Geological and ‘;g$v1 UGMS
Reconnaissance Investigations ' Mineral Survey 7 AR
Numerical Modeling of Utah-State University lf‘l usuy
Debris Flows o
X - - SRR
Monitoring Debris Flows U.S. Geological Survey! | USGS

Photographic docunentation and eyewitness accounts during ‘the spring of

1983 indicated that landslides which triggered debris flows were often

preceded by ground cracking on steep mountain-slopes. 'Whentthe cracks were

identified the time lag bétween initial slope cracking ahdrbubsequent

complete slope failure sometimes provided a reaction period during which

M‘II
i

threatened residents could be either evacuated orvput on alert.

Ant1c1pat1ng further landslide act1v1ty in the spring of 1984

i

Ter
[

reconnaissance aerial photography program was 1n1t1ated w1th the support of

f“ ;!11?“

the Boxse Alr National Guard to systematically identify incrpient landslides

The program emphaSLZed a quick turn~around
I

time of 3 to 4 days from the date of photography to the interpretation of the

thg potential hazards.
;

photographs; When s1gns of instability were identified, }

_.were reported to the . Utah Geological and Mineral Survey andtthe USDA Forest

R
!

The program

¢

6
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successfully identified several areas on thé basis.of ground

subsequently failed and mobilized into debris flows.

"In addition to the aefialfphotography coverage that was

4
4

!

|
)
*
!

|
1 | |
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- :i o t
; !

cracking which

[P

P

obtained from the

Lo
@

Boise Air National Guard other coverage of the Wasatch Front [has been obtained

L

and is available for landslide studies. o
‘ L]
.

iy
‘Conclusion rﬂ?‘
R
There are numerous geologic hazards along the Wasatch ‘fbht that must be

b
considered as part of intelligent land use planning activipiés, Three studies

. « . S
sponsored by the U.S5.G.S. Earthquake Hdzard reduction prdgraﬁ:;ndlcate that

| I

there are significant areas'in Davis, Salt Lake and Utah:Cou%ties with high

proso

liquefaction potential. Furthermore, the events of l983{ih§§ééte'that

landslides, debris flows and floods are of significant cqhéé
' |

¥

"

t
v

Pio )
rn, An important

step must be taken soon to coordinate hazard mapping studies! so that they can
: 48
e . . . P
be integrated in a Risk Analysis Framework. '
¥
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o
i
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THE GROUND—SBAKING HAZARD ALONG THE WASATCHR FAULT ZOKE, UTAH
. ; IR ‘ W. W. Hays (1) .
;e e T oo . KJWe King (1) :

. SIMMARY T e o

This paper combines probabilisitic estimates of bedrock ground motion
and empirical soil-transfer functions for sites in the Salt Lake City,
Ogden, and Provo area to evaluate the earthquake ground-shaking hazard
along the Wasatch fault zone, Utah. The Wasatch fault zone, which has the
potential for generating moderate to large earthquakes, could cause peak
bedrock accelerations of and velocities of as much as 0.28 g and 16 cm/s,
respectively. The ground-shaking hazard in the Salt Lake City, Ogden, and
Provo area is greatest for sites underlain by thick, fine-grained silts
and clay because they amplify ground motion in some period bands by as
much as a factot of ten. .

INTRODUCTION

Salt Lake City, Ogden, and Provo are located adjacent to the Wasatch
fault zone, Utah (Fig. 1). The Wasatch fault zone has the potential for
generating moderate to large earthquakes which could cause serious social
"and economic disruption to approximately
900,000 people (about 80 percent of the
pupulation of Utah). Moderate and large

earthquakes would cause damage from f.¢rplfw 'w; o -

&y
ground—-shaking, surface fault rupture,.
earthquake—induced landslides, and : , v an
. ] aul -numc
liquefaction. e : ; , %um
N i H LARE CITY
|

Evaluation of the earthquake WASATCH ’””‘

. hazards of ground shaking, surface fault ' g%ﬁg oo
rupture, and earthquake-induced ground
failure along the Wasatch fault zone is
a complex research task, as illustrated
in Fig. 2. - Evaluation of the ground-
shaking hazard in each urban area
requires: 1) identification of the o o
seismogenic zones, 2) definition of an . = .:;M .-
earthquake~occurrence .model for each - - . : ' . '
seismogenic zone, 3) formulation of a SR § I O S
regilonal seismic-wave attenuation model, e S e
and 4) evaluation of the site—specific S R S
effects of soil and ‘rock on ground motion. ‘Figure l.—Map showing Salt Lake City,
. : ' Ogden, and Provo, and the Wasatch '
fault zone. !
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- . o : System Response Pradiction
. Ground Motion Prediction - v , A :

—A N
r . e . .‘: Al i
" | EANTHABANE e | . 1 smmseroan
? | eeomnee| | s | [ emrs| s s Lun Fioad et
‘ L : Y ‘ . B N ' '
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System Dnign Appllcatlons

Figure 2.-—Schemat1c illustration of the ateps involved in evaluating
the earthquake hazards of ground shaking, surface fault rupture, and
earthquake~induced ‘ground failure. Evaluation of the ground=-shaking
hazard requires consideration of the first four steps. -

THE RESEARCH PROBLEM

The fundamental problem in the evaluation of the ground-shaking
hazard in Salt Lake City, Ogden, and Provo is the lack of scientific and
‘engineering data. Only one strong motion accelerogram, recorded in the
1962 of earthquake of magnitude 5.7 in Cache Valley, exists in Utah. No
strong ground-motion data exist to define regional seismic~wave attemu-
ation relations and -site response. Because of these significant gaps in
data, evaluation of the ground-shaking hazard requires an approach that
combines probabilistic estimates of the bedrock ground motion and ,

.. empirical estimates of the gite response. The following sections briefly
! describe the information used to evaluate the ground-shaking hazard in the
' Salt Lake City, Odgen, and Provo area, emphasizing the evaluation of site
response.

\ Earthquake Occurrence = Although the Wasatch fault zone, a 370~km-

| long north-trending zone of young, active, normal faulting has produced
many earthquakes, it has not produced an earthquake as large as magnitude
6 since 1850 (Ref. 1). The geologic and geomorphic records clearly show
that individual faults in this zone have been active for millions of years
(Bef. 2.) and have the potential for generating an earthquake of magnitude
7.5. Exploratory trenching and analysis of scarp morphology and scarp-
derived colluvial deposits at two locations along the fault zone suggest
that the recurreunce interval of moderate to large earthquakes ({i.e.,
magnitudes of 6.5 to 7.5) for the Wasatch fault zone ranges from about 50
to 430 ;years (Ref. 3). : A

Maps of Bedtock Ground Motion -~ Maps of the ground-shaking hazard for

bedrock have been prepared for the United States (Ref. 4). 1In terms of

peak bedrock acceleration, these maps show that the Wasatch front has a
significant_ground-shaking hagzard compared with other areas of the Nation
(Pig. 3). 'For Utah, historical seismicity and -geologic information were
integrated to define seilsmogenic zones (Fig. 4). - Using these zomes, an
aasgméd attenuation function, and a probability of nonexceedance of 90 -
_percent during an exposure time of .50 years, values of 0.28 g and 16 cm/s

" were calculated as the maximum values of peak horizontal bedrock ground

acceleration and ground velocity along the Wagatch front. (Fig 5.).
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Figure 3.—Curves comparing the bedrock ground-shaking hazard in various

geographic areas.
nonexceedence (from Ref, 4),

Because empirical data showing
the characteristics of ground

ground shaking are lacking along the
Wasatch fault zone, a special effort,

was -made to quantify the physical
properties of the uncongolidated
materials along the Wasatch front and
to define their respomnse .to ground
shaking. Sites underlain by uncon-
solidated materials subjected to a
peak acceleration of 0.28 g and a
peak velocity of 16 cm/s are -
generally expected to have larger
values of ground shaking due to = .
amplification of ground motion (Ref.
5). Some researchers (for example,
Ref. 6) disagree with this conclusion
when the peak bedrock acceleration
18°0.2 g or greater. . _-

Each curve represents a 90 percent probability of

_nre i
‘°%h%ns1

L bgd./n . ﬁ o .
'Salt Lake City

Figure 4.—4Aapbshbwinngeiémogenic.
zones in Utah (frommRef. 4).



Figure 5.—Maps of the probabilistic bedrock peak horizontal ground .
acceleration (left) and peak horizontal ground velocity (right) for
Utah. Each map represents a 90 percent probability of. nonexceedance in
a 50 year exposure time. The maximum values of acceleration and
velocity are 0.28 g and 16 ca/s (from Ref. 4).

- Phsyical Properties of Unconsolidated Materials - The surficial
materials underlying Salt Lake City, Ogden, and Provo (Ref. 7) |are related
to the -deposits of several lakes, (the last being Lake Bonneville) that
filled the Great Salt Lake Basin during the Pleistocene Epoch.| Salt Lake-
City, Ogden, and Provo are founded on several different types of uncon-
solidated materials which have been classified in terms. of depositional

. environments. onshore, nearshore, and offshore. . -

‘Salt Lake City is founded on several different types of nearshore _
deposits which have been studied fairly extensively. The deposits range
in thickness from about 100 to 900 m, have shear-wave velocitles that
average about 200 m/s, and have a natural moiature content by veight of
about 43 percent. S A o - |

In Odgen and Provo, less 1nfotmation is available' howeven the - .
available data suggest that the physical properties of the unconsolidated

" - materials underlying these cities are similar .to those underlying Salt

Lake City. A borehole in the Provo area indicates a shear—wave velocity _'.

. of about 155 w/8. - These two values (155 m/s and 200 m/s) compare with
: values ranging from 55 to 310 m/s for soil types 'in the San. Francisco Bay
region (Ref. 8), suggesting that the shear strength (at failure) of -the

unconsolidated naterials in the two geographic areas’ is roughly the same.

. ) !‘«
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Ground Motion Measurements — Ground motion from nuclear| explosions at

-the Nevada Test Site was measured at 40 locations in Salt Lﬁke City, 13
locdations in Ogden, and 11 locations 1in Provo using potrtatbtle broadband

velocity seismographs. These data were used to derive empirical site-
transfer functions. - Some of the recording sites in each city were located
on the Wasatch front" and underlain by rock (for example, limestone, shale,
sand-stone, and quartz monzonite); the others were underlain| by uncon-
solidated materials. ' The recording sites satisfied the following criteria:
1) they encompassed all of the depositional emnvironments (onhhore, '
nearshore, and offshore), 2) they exhibited a wide range of physical
properties, and 3) they were located within about 30 km of tPe Wasatch
fault zone. Measurements at. some sites were duplicated to verify the
transfer functions.

Soil Transfer Functions - Soil transfer functions derived from
nuclear-explosion ground-motion data recorded in Salt Lake City, Ogden, and
Provo, show that the consolidated and unconsolidated materials underlying
these three major cities have distinctive charscteristics of ground

_response. A transfer function (which is defined as the average ratio of

the 5-percent damped, horizontal, velocity response spectra for a pair of
sites underlain by soil and rock) correlates with changes in*thickness and
type of unconsolidated material (Refs. 9-15). Empirical data suggest that

‘a reliable transfer function can be determined for some soil|types from

either earthquake or nuclear-explosion ground-motion data inispite of
differences in thelr ranges of peak ground acceleration and dynamic shear
strain. The level of dynamic shear-strain is defined as the ratio of the
peak particle velocity induced in the soil column to the shear—wave
velocity of the soil. Past studies (Ref. 12) indicate that the response of
some soil types remains linear under levels of strain of about 0.5 percent
(i.e., the ratio of 115 cm/s and 200 m/s corresponding to the peak particle

-velocity observed in the 1979 Imperial Valley. earthquake and!|the shear-wave

velocity of the near-surface soil). The value of 0.5 percent is the
greatest level of dynamic shear strain represented by the current strong-
motion data sample. The maximumn level of shear strain expected along the
Wasatch front in a 50 year period would be about 0.08 percent (the ratio of
16 cm/s and 200 m/s) Ground motions corresponding to higher levels of
shear strain than 0.5 percent- (1.e., produced in’ laboratory measurements)
have not. been recorded. . ‘ ' , i :
The transfer functions for the Salt Lake City area (Figé. 6, 7) show
that the site response varies markedly. The response for sites underlain
by thin deposits of gravel and coarse sand is about a factor |[of 2, relative

‘to a rock site on the Wasatch front, across most of the spectrum. However,

the response for sites underlain by thick deposits of siit and clay is as
much as a factor of 10 in some period bands. , .}

The transfer;functions for the Odgen and Provo areas sh&w features
similar to those in the Salt Lake City area. Por the Provo area, the

" response for sites underlain by unconsolidated materials reaches a factor
. . of -about 8, in some period bands, relative to a rock site on [the Wasatch
»lfront. The relative response is about 3 ‘in ‘the Ogden area.’
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‘THE GROUND—SHAKING HAZARD

19, 24, 25) relative to a rock site Gstation 7)
Salt Lake City area.,A .

Combining the probabilistic Eaps of bedrock ground motion and the
empirical data on site. response indicates that a significant gt&und-shaking

hazard exists along the Wastach front (Figs. 8, 9).

~The most significant

implication is that site amplification of as much as a factor of 10, in the

For Salt Lake City, the map of . site response (Fig. 8)

_period band that coincides with the natural periods of vibration of 2-7
. story buildings, can occur in the Salt Lake City, Odgen, and Provo areas. -



Figure 8.;ﬂnap of estimated horizontal -

‘the transfer functions.
- band corresponds to the matural

site response for the period band
0.2-0.7 sec., Salt Lake City area. -
Values on contours were taken from
This period

period of vibration of 2-7 story
buildings. Recording stations are
shown by solid circles. Corporate
limits of Salt Lake City are dashed.
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Figure 9;-—Gtaph showing the estimated

ground-shaking hazard in Salt Lake
City, Ogden, and Provo based on the
asgsumption of a: magnitude 7.5 earth—

-quake occutringlon the Wasatch fault
~zone and producing a peak bedrock

acceleration of 0.2 g. The varia- -
tion shown corresponds to differ-
ences in the siqe response indicated

by the site-traﬁsfer functions.

shows that the respongse of sites underlain by unconsolidate& materials

increases as distance from the Wasatch fault zone increases'and is greatest
in regions of thick, fine-grained deposits of silts and clay near the

center of the Jordan River Valley.
response is oot clear.

The effect of water saturation on site
The data suggest that a broad area in each city

would be exposed to about the same level of ground shaking and expected to

undergo extensive damage.

Although the strain dependence of soils along

the Wasatch frout is unknown, some empirical data (Ref.. 10) |suggest that

1.

. studies 1in Utah,
-Department of Geology and Geophysics, 552 Pe
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EARTHQUAKE BEHAVIOR IN THE WASATCH FRONT AREA: ASSOCIATION

WITH GEOLOGIC STRUCTURE, SPACE-TIME QCCURRENCE, AND STRESS STATE

by
Walter J. Arabasz
" Dept. of Geology and Geophysics
University of Utah;

Salt Lake City, Utah 84112-1183

INTRODUCTION

The potential in Utah for a large disastrous earthquake?-notably along

s

the Wasatch fault--has been recognized and documented for more'than a century.

.Geological observations, the record of earthquake activity since 1850, and

modern methods of probabilistic analysis firmly establish a 51gn1ficant level

' of earthquake risk. This risk relates not only to the occurrence of a large

(magnitude 6-1/2 to 7-3/4) surface—faulting earthquake but also to cumulative‘
l . ’
exposure to moderate—size (magnitude 5 to 6~1/2) earthquakes, perhaps below
. i
the threshold.for surface rupture. Distinction between these two threats is

: l

useful because they appear to require ‘attention to separate aspects of the

tectonic framework of the Wasatch Front area-—and different,lalbeit complemen-
‘ A

o . . i
' The purpose of this invited contribution is to stimulate discussion of

'specific risk-related issues raised by organizers of this workshOp. Some of



these issues amenable to a seismological perspective include' historical

' seismicity versus tectonics, seismic cycle, characteristic earthquakes,

seismic gaps, and mechanics of the Wasatch fault .zone, For convenience, these

. issues will be discussed within the context of three general topics~ (1) the

'~association of seismicity with geological: structure, (2) space—time patterns

of earthquake occurrence, and (3) stress state. Because the Wasatch fault
itself during historical time has had.no large earthquakes and few (perhaps

no) moderate-size earthquakes,‘consideration of earthquake experience within a.

' broader region is inescapable.

S N

ASSOCIATION OF SEISMICITY WITH GEOLOGICAL STRUCTURE

A fundamental obstacle'for understanding fault behaviormand earthquake
generation in the Utah region is the problematic correlation of diffuse

seismicity with mapped'Cenozoic faulting (e.g., Smith, 1978-xArabasz and oth-

ers, 1980, Arabasz and Smith, 1981' McKee and Arabasz, 1982) Problems

include: (1) uncertain subsurface structure, which typically 1s more complex

along the main seismic belt than apparent from the surface geology, (2) obser—isyx

vations of dlscordance between surface fault patterns and seismic fault Sllp ‘;
at depth (Arabasz and others, 1981, Zoback, 1983), (3) a paucity of historic
surface faulting, and . (4) inadequate focal-depth resolution from regional

< )
seismic monitoring (discussed 1ater) Investigations of diffuselseismicity

_ should also con51der the possibility of depth-varying stress orientation (for

which there is no good evidence yet in the Intermountain area), and variations
in seismicity patterns with earthquake size ‘or stress level (see McKee and

Arabasz, 1982)¢ o ‘-'f P -f;. : 'iw f ot
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' The characterization of subsurface structure will not be .pursued here.
|
See - Smith and Bruhni(1984) for a summary of seismic—reflection data that indi-
cate the widespread presence of 1ow-ang1e and downward- flattening faults in-

the subsurface, and an intimate relationship between pre—Neogene thrustbelt

'structure and young normal 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 fault‘segments with

moderate (>30°) to high-angle dipT(Arabasz, 1983;(Zoback; 1983).

There has»been only one instance of historic surface faulting in the'Utah

region--the 0 5-m vertical displacement associated with the M6 6 Hansel Valley

C earthquake of 1934 The occurrence of seven other historical earthquakes of
- magnitude 6.0_3 ML < 6.6 without surface rupture (see Arabasz and others,

[ 1979).suggests,a relatively high threshold for such faulting‘in the region.

Bucknam and others (1980), summarize data on documented surface faulting in

. the Basin and Range province and note that all historic earthquakes in the
'Great .Basin of M 6.3 or greater (7 earthquakes) have produced surface rupture.
~The two smallest earthquakes in- their tabulation, ML 5. 6 and 6 3, had maximum

| displacements of* 0. 2 m and 0.1 m, respectively, earthquakes of M 6 8 or less

(5 earthquakes) all had a maximum displacement 1ess than one, meter.

T

iy Rigorous efforts were not made to search for evidence of surface faultlng

; immediately following many of Utah's 1arger historical earthquakes, say ML > .
‘5, 80 ‘the threshold for small surface displacementsvup-to a‘few tenths of'a ,

‘jfmeter is debatable Moreover, the minimum magnitude for surface rupture
‘;depends on variable parameters of an earthquake source,- 1nclud1ng focal depth,

3fau1t geometry, stress drop, seismic moment, rupture—propagation dynamlcs, and'



.»:.'11'. R ) N “‘
. .

P - the like., No evidence was found for tectonic surface faulting, uccompanying
}
t

the M 6.0 Pocatello Valley earthquake in 1975, but observationf were made of .
non-tectonic surface cracking in frozen snow cover in the’ alluviated valley,

\ .
and up to 13 cm of,localized'subsidence in the valley may have;been coseismic

(see Arabasz and others, 1981, p. 819f). ‘ g
Given the relatively high thresholdiof surface faulting.and observations
. - noted earlier of discordance between surface fault patterns and seismic slip'

at depth, one can argue that--with the sole exception of the 1934 Hansel Val-'

ley earthquake-—no other of Utah's 15 historical earthquakes of M 5.5 or

1

‘

v greater (Arabasz and others, 1979,-p. 9) ‘can be confidently associated with a
j mapped surface fault. Further, our present incomplete understanding ‘of the .

I

association of seismicity with geological structure-in the Utahwregion allows

b
" the following assertion. Within the domain of Utah's main seismic belt,
| future seismicity below the threshold of surface. faulting (M agpfox. 6 to 6-
-1/2) cannot be confidently precluded by knowledge of the surface geology
'alone. Where subsurface. structure is complex, moderate sxze earthquakes mav

‘..74

occur on "blind" subsurface structures that have no direct surface expression.

Crustal structure along -the eastern Great Basin. is nOW‘knownjtolinvolve

. . . . s
. . 1
| «. . - ) i

vertically stacked'plates separated‘by 1ow-angle detachmentSfresulting from

relict pre—Neogene thrustbelt structure and/or ‘Neogene” extension (Allmendinger
ko h

}cial earthquake studies in the southern Wasatch Front area, neighboring parts

\
"of central Utah, and southeastern Idaho, the following working hypothesis is

“offered to explain observations of diffuse background seismicity. Background

'{’m_qiiseismicity is fundamentally controlled by variable mechanical behav1or and

i, -and others, "1983; Smith and Bruhn, 1984; Standlee, 1983).. On the basis of spe- o



N vl =
TR B . .

AR _internal structure of individual horizontal plates within the;seismogenic
f upper orust Diffuse epicentral patterns result from the superposition of
bl . . ‘\

: . seismieity occurring within individual plates, and also perhaps ‘from favorable
A S
1 .conditions for block interior rather than block-boundary microseismic slip. '~

i
4ai

C ' : To illustrate this hypothesis, Figure 1 summarizes evidence for a spa-
tially discontinuous distribution of seismicity with depth, above and below -
about 5-6 km below datum, in the vicinity of the Sevier Valle& near Rich-

field, Utah. Aftershock foci of a magnitude , 0 earthquake onythe eastern
‘.‘ l 1
- side of the valley (lower right Figure 1) abruptly terminate at this level;
ffoci of background earthquakes along the western Slde of theivalley (lower

. I

s left, Figure 1) decrease markedly in frequency below thiSrlevel.
' . . . ; ‘ 1

ot ‘ o -

% ‘ . A schematic diagram in the upper part of Figure 1 shows that the depth-

‘. discontinuities in seismicity approximately coincide with aniidentified Jump

in P-wave velocity, Nearby drill- hole data, local geological information, and

evidence from both COCORP (Allmendinger et al., 1983) and industry seismic
T . 'v
‘ reflection data (Frank Royse, Chevron, U.S.As, personal communication, 1983)

1

f

{ i

f suggest that the seismicity dlscontinuities 001ncide w1th a regional near-
I » ] ? g '

l horizontal detachment faultrat that 1evel. One outstanding 1mplication is the-
| .

|

- o
possibility of decoupling between surface faulting (and shallow seismicity)
1 1

; t .~ and deeper extension (e g., see Cape et al., 1983) Because the Richfield
A R C J§
. area has been the site of some of the most significant magnitude 6 to 6-1/2

_earthquakes in the Utah region, the critical question arises whether ‘such

,strain release was related to very shallow or deeper extension”

};;.l ; ',‘. Results of a special field study of earthquake swarm actltlty (M < 4 7)




N N
‘) 1‘;

"suggest the.influence of a low-angle structural discontinuitv”upon seismic” .
f 4:deformation within the upper crust Comparison of accurately located earth--
: quake foci from that study (Figure 2) with subsurface seismic re%lection data
R from that same area (Dixon, 1982) indicate (1) that seismicity is not 31mply
.‘.identifiable with late Cenozoic faulting (the earthquake foci define ‘a Nw-
& k‘.f, trending high-angle structure within and not simply bounding,a‘major range

fiﬁ' ' block), and (2) that an apparent discontinuity in the frequency distribution

‘ 1

" of earthquakes with depth coincides with the pre—Cenozoic Meade rhrust fault.
Abundant seismicity above 7 km in Figure 2 occurs within the Meade thrust
- 1 :

B plate subjacent foci lie within the Absaroka thrust plate. Focal mechanisms

1ndicate a predominance of strike-slip faulting ‘on Nw-trendlng steeply-dipping

is some mixing of normal-faulting mechanisms in spatial compartuent 3, but no

|
\
J
‘\
g
0' " indication of seismic slip on a low-angle plane.

One important point of these examples is that precise hypocenters, ade-

;\-

f
b : . . . ’ : ) - ,
PR -quately concentrated seismicity, and abundant single-eventufocal mechanisms
[ " . — L
/

fh:- are required to. unravel the association of seismicity with structure. Our

e e [t R

[
‘ * . : i d T
to ;k‘ fixed—network station spacing is simply inadequate for the critical resolution
. - ‘ . l_ , " . .
4 ‘achlevable w1th supplementary short term efforts with portable seismographs. -
' ) ) “ S

A second point is- that precisely resolving the focal ‘depth of background

i ;J;; ' seismicity may be crucial for effective surveillance in the,ISB. Because
. '_large earthquakes expectedly nucleate at the base of the seismogenic 1ayér
’ L

- (Sibson, 1982, Das and Scholz, 1983), at about 10-15 km in the Utah region

.?(Smith and Bruhn, 198&), the pattern of background seismicity‘at this depth

'fmay in- some cases be masked or blurred by greater flux of - smallgto moderate—

' size earthquakes within an overlying plate. Such an hypothe31s{requ1res

(’,

fault segments--both above and below the near-horlzontal thrust fault. There- ... - . . .-
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,}posed here as relating diffuse seismicity to vertically stackec

‘ upper crust.

mlinkage" or some rupture pathway between the deep nucleationy

earthquakes and existing surface:fault”scarps. 25Pﬁﬁ§

oints of large

¥ .jl‘ "«

Figure 3 schematically shows some aspects of the working hypothesis pro-,i_v .

(
.‘,

rd

These aspects (by no means exhaustive) include. (

predominance of background microseismicity within a lower plate

. T-12 km- depth in Goshen Valley, southwest of Provo, Utah (McKee

plates in the
a) local
sy such as at

and Arabasz,

blished rupture pathway to a major surface fault;

ALake Valley.

1982), (b) nucleation of a 1arge normal- faulting earthquake near the base of

‘L it

the seismogenic layer, on an old thrust ramp, and with 11nkage‘or an esta-

(e) occurrence of a
I

moderate-size earthquake within a lower plate—-manifesting structural discor;

[

Vol

|
| !

dance with surficial geology, and with surface rupture inhibited by no esta-

[w

(d) occurrence of a moierate-size

earthquake and aftershocks on a secondary structure ‘where an underlying

1

blished linkage to a shallow structure°

: detachment restricts deformation to the upper plate, (e) diffuse block-

:I _4,1‘

interior microseismicity predominating within an upper plate--perhaps respond- -

ing to extenSion enhanced by graV1tational backsliding on an underlying
L §

detachment' and (f) diffuse block—interior microseismicity witﬁin a lower
i‘ PR

'V.plate where frequency of occurrence is markedly lower than;in! the overlying

v, i
plate. In the case of location (b), note that focal depth resoﬁution would be

A1

critical to discriminate background earthquakes associated with the deeper
w; l W .
nucleation zone from background seismicity associated with an“overlying shal-

- low structure. This situation may be analogous to’ that 1n the vestern Salt :




SPACE-TIME PATTERNS QE EARTHQUAKE OCCURRENCE - . -,

.cycle.

' _ary pattern of
‘i ::vthe"seismicity

A 1chnters in the:

Observations have earlier been published regarding space time patterns of

earthquake behavior in the Utah region. These include discussion of per81stent-

|
)‘

' microseismicity gaps along the Wasatch fault zone (Arabasz and others, 1980),

I’\

and extended discussion of a systematic examination of the Utah earthquake

record for foreshock occurrence, precursory quiescence and CluStering, migra-

‘1

tion of mainshocks, and seismicity gaps (Arabasz and Smith, 1981°1see also

rGriscom, 1980). The intention here is to provide an up- dated perspective'on'-’

_ seismiclty gaps associated with the Wasatch fault zone on a local\and regional

(

‘ | , :
_basis. The same data allow comment on characteristic earthquakes and<seismic .

Coat L
) ::“, _ ,%_, ol F emen, -

;
e

R

Figure 1, reproduced from Arabasz and others (1980), 1nd1cates two .

elliptical zones of anomalously low seismicity along the Wasatch fault that

have been described as seismicity gaps. It should be emphasizedvthat the

boundaries of these. zones, located to the north and’ south of SaltILake City,

- J

were based direotly on. observations of Smith (197“) of pre-197u SE1smicity--:

.not on the post-1974 seismicity shown in Flgure y, Nevertheless,‘the zones

I

demarcate a remarkable paucity of microselsmlcity w1thin the broadly active -

|
'earthquake belt of the Wasatch Front The 3 75~yr period of Figure y

;represents the initial period of modern instrumental monitoring Figure 5 is an -

_‘updated S;S-yr sample of. seismicity of the Wasatch Front area’ sub>equent to

1

fthat'of Figure u. Comparison of the two figures suggests a ba31ca11y station-

"In terms of C



-in the region. Only a single microaftershock was located by t

' . X o N
work. . ' : S “:;x

~’198u)
"‘acter south ‘of’ Nephi..

‘rocks involved in complex structure (see Standlee, 1983)

magnitude 3 9 occurred on February 20, 1981, near -the town of

of Provo. A distinctive aspect of this earthquake was the rela

’ 1

Orem, northwest

tive 'absence of

aftershocks compared to sequences associated with other comparable mainshocks .

A&
3 \

A
e g
v

he local net—

Arabasz and others (1980) discuss the depicted seismicitygaps along the .

Wasatch fault, including their initiation and considerable uncertainty in -

i

relating them to sectional behav1or of the fault. Indeed, one need only recall

problems raised in theppreceding section.

specific features of small-earthquake occurrence - in the vicini

, \
Wasatch fault are open to investigation. “These notably 1nclude
l

clustering along- the fault trace north of Brigham City, (2) ep

‘quake activity west of the fault beneath ‘the Salt Lake Valley

'~ Goshen Valley southwest of Provo, and (3) diffusely scattered

It is apparent however, that

ty of the
(1) epicentral - -
isodic earth-

and beneath

seismicity in

the viecinity of the southernmost Wasatch fault (see Pechmann and Thorbjarnar-

: dottir, this volume; McKee»and Arabasz, 1982; Arabasz, 198&,“r

relevant special studies). . e : ' ' ﬁ;

egarding

There 1s minimal microseismicity along the 20- to 30-km long segment of

the Wasatch fault north of Nephi, p0831bly associated with the
yr?) surfaoe rupture anywhere on the Wasatch fault (Schwartz m
Relatively intense but dispersed seismicity to the sout

correlation w1th the. southernmost Wasatch fault, which markedl

Preliminary results suggest predomlnant

youngest ( <300‘
nd Coppersmith,
h belies simple
y changes'charf

background

' seism101ty shallower than about 7 km- within Jurassic and younger sedimentary
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TEEFETL

- will next be updated and examined. '_ ' ';;; i

. Despite backgroundvmicroseismicity‘(e.g.,.Figure'u), the hachur

 occurred from 1968 through March 1980. Figure T gives an update

iearthquakes within the WF compartment above-magnitude threshoid

‘ 1 :
, southeast extremity is in an. area of known mining—related seismLc
: Justlfiably excluded ) The 1argest event had a magnitude of

,“tigated by McKee and Arabasz.(1982)

"~ As argued by Arabasz’and.Smith (1981),.the-microseismicity

‘of -a late (1. ey pre-earthquake) stage of a seismic cycle.

include the timing of the last surface-faulting event and the

Figure 6,
T

observation of a 300 km by 100 km N- S trending seismicity gap kML
o

I
|

the main axis of the Intermountain seismic belt between 38 9 N
tude.
hereafter referred to as the Wasatch Front (WF) compartment,
No mainshock larger than

percent of the»Wasatch-fault zone. Mod

intensity VII, or about magnitude 5-1/2, has occurred in thisuar

-

compartment_in'Figure 6 shows that only one mainshock of ML3J

: ;mx‘u

S .a‘;‘_fi‘_‘m_iﬁt_o.i,;-b

t

As shown in Figure 7b four independent mainshocks of M

occurred in the WF compartment during 1980-1983

. l <

The next largest eventlof

4
HE
Y
4

|

b
I
b

!

|

[

i

|

R
of

"microseismicitylgaps are encompassed by a more extensive regionaifzone of

(Only independent mainshocks are considered.) This spatial

R DY - Y ;;Hi_

.10

;gaps along the
VWasatch fault north and south of Salt Lake City are not necessariiy.indicative '
Uncertainties )
jvariation“of?

“interevent times at sites-within the gaps. They ohserved, howéier, that the,

- anomalous seismicity for.earthquakes of ML3.5 or greater. Thoée70bservations

I

reproduced from Arabasz and Smith (1981), summa;izes the

i

> 3.5) along -

1
d 41.5N lati-

compartment,

.encompasses 80

fied Mercalli_
a 3ince 1915{
space-time
greater
v1ew of

of 2.5 and

7 or greater

(& fifth shockrgear*its

ity .and is

?.4 and was inves-
i

b S
magnitude_u.3




"volume)

_within the part of the WF compartment north of 40°N 1at.-fsim

~‘partment was. re-examined using two approaches.

equlvalence between I and M )

'all earthquakes °f I IV or greater since 1950 and ML3 5 op”g

1

. e ‘
is the subject of a companion report by Pechmann and Thorbjarnardottir (this.

occurrence throughout the main seismic belt during the 5 S-yr

‘The WF compartment does not appear to be anomalously quiet in;

Epicentral distributions in both. Figures Ta and 7b‘suggest random

1
iample period.

;W

either sample.,

*

Inspection of Figure Ta, however, shows that seismic flux is relatively low

tive flux seen in the epicenter map of Figure 6 for a 13nyfﬁ

."".
1
b

ilar to the rela-

oeriod.
I

I
1

In view of its location within the densest part of the University of

Utah's seismic. network, it is noteworthy that the northern pa
partment exhibits minimal clustering compared to neighboring‘
'7 ). The possibility that some source zones in this area may
suppressed aftershock behavior--perhaps indicative of high st

Kanamori, 1984)--13 the subject,of current investigation.

With updated information in hand, the earthquake record

First, a homo

~time sample with a reasonable number of events was establishe

‘all independent earthquakes (aftershocks excluded) of Modifie

~t of the WF com-'

‘w
areas (Figure
(

éxhibit

ress (Sanders and

f the WF com- -
geneous space-
d by considering

Mercallilepi—

central inten51ty (I ) v -or greater, or M y, 3 or greater, complete since’ 1950
‘

(see Arabasz and others, 1980 regarding thresholds of complet

[

The instrumental record begin

'confidence in completeness at least for M 3. 5 and greater.;;ff*

The cumulative.distribution‘for'theAselected'sample of?é

the lower- part of Figure 8a. For comparison, the . cumulative*

i -
1
‘N
|
|
l

. o

eness ‘and

A
f‘

s:in 1962 with

vents is shown in

istribution for

|

reater since 1962




,”homogeneous. One reason for plotting it: is that the change i

'finstrumental and instrumental earthquake

':boring parts of the seismic belt.le V,-L

)
[r
1, {‘
ll

former sample lies. suspiciously close to the juncture between the

| ‘L ,.
icatalogs. In. either“case
: . M 1

,appears to be a significant decrease in rate of seismicity during

, 1

Changes in rates are apparent in 1963 for M :>u 3 and in 1968 for
1

1
|

12

Lte for the-

non- .s.x ..
’ there
the 1960's.

ML>3 .5. The

significance of differences in the mean rates before and after'fhese two

|‘ \w

respective points was' tested using the normal deviate (z) test (e
. ‘ ‘.,. i \

|

8oy Haber-

mann, 1981). In both cases, the compared. sample means can be con51dered dlf—

‘ vwwh
) . ' e I
ferent with 99 percent confidence. 1 IR 1

. - . . ‘ ‘ .‘. 1‘ L

A second approach that -was taken was to 1ook critically atjthe'worst-case

sample for ML >4, 3, which includes interevent times as. longwas‘V.

years, to test whether the associated time sequence“of events was
, . o " T I

Assuming the mean rate of'occurrence from the 3H—year sample“forj
‘ « \

7 and 9.2
non-random,

the WF'com-

partment application of the Kolmogorov-Smirnov test, shown in b'gure 8b,

1nd1cates that we cannot reject at the 95-percent confidenceuleve
, . | l*
hypothesis that the observed distributioh is non—Poisson..Neither

.ple for ML >3.5 similarly be shown to be non-Poisson. In other wo

4 |
I

. occurrence of only a single shock of ML3 5 or greater during1thel

period, as shown in the hachured space-time compartment of Figure

$ .

l the
can the sam-
rds, the.

1968-1980

6, can be o

argued to have been due to a random P01sson process. Arabaszwand Smlth (1981)

4

argued that the anomaly was non-Poisson by considering the average rate of

- occurrence throughout the main seismic belt in Utah The criticai
. 1‘._ B

o 'whether the WF compartment has a long-term rate of flux for small

i

,moderate-size earthquakes that is different--and lower-—than that

1ssue is
to

for4neigh-



and others, 1980), 0.95 events per century'of MS.S-qugneater‘wouldbbe

Sy ."--_ T . - L o o . - . 13

The issue of characteristic earthquake occurrence~dn the Wasatch fault is

wor;h'examining in the context.of flux of moderate-size earthquakes{ Schwartz

and Copperémithl(lQBH)'UBe the paugity-of moderate-size earthquakes in the

historical record to support the idea that the Wasatch faulfrtends to gehéraﬁéA

-

'*essentialiy same-size. or characteristic large earthquakes. We can use thé“‘A

average recgfrenpe’interVal of Uil years estimated by them for surface- “
faultiﬁg eérﬁhquakeé on the Wasatch fault and compare it with the historical
recbrda buring the last 100 years,.thé humber ofAmoderate-to—large earthquakes
(M 2_5.5) that can be»associéted with the Wasatch fault is 0 to 2 (Arabasz and

others, 1980).

Assuﬁing (15 a Poisson procesé, (257that surfacejfaulting earthquakes of
magnitude 6-3/u.or éreater>occur once e;ery U4l years on the Wasatch fault, |
and (3) that the miniﬁum number qf observations ié 18--£he nuﬁber»of}probéble
surface-faul£ing;events'upon which the recurrehee interval of Huh-years was

based, we can compute-the'prébability of haﬁing no earthquakes of ML5'5 or

. greater on’the‘Wasatch fauit during the last 100 years (see, fdr example, Ben-
_jamin and‘Cbrneli,'1970); For a low b-value of 0.5, the lowest pﬁblished

_Value for,a'histbricgl catalog in the Intermountain seismic belt (see Arabasz

expected,;ahd witﬁ Qs_percept confidénée the‘pf;babilityfof'having'no such
earthqﬁakes in‘100 yéabs would bei0.50.'Altérﬁative1y, for a b—valué of 1.0,
4,01 evgﬁts bér ééntuf§‘of,ML S.S érvgréatef wouldjbe expectgd and the
corresponding.probability of no suéh earthquake ‘would be 0.06. Assignment of
two histbricalj@gderate;size éarthqﬁakes.to the Wasatch fault alters the argu-
ment consi.qexjably.,f.ir_;:.'sdm,_ -implica'tions of the historical i':e:éorg for the |
chéractgbistic1eartﬁqh;ké,h&botﬁe§is shdhld be_cénsider;d.ﬁith éaré; .

Co e
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It is arguable whether space-time patterns of earthquake occurrence in-

the Wasatch’Front area'can be used as indicative of stage within‘a seismic

,?eycle. Relatively low seismic flux, compared to active plate boupdaries, and

the absence of a complete seismic cycle in the historic record diminish our

statistical and scientific confidence.' Temporal decreases in seismicity ambi- .

‘guously characterize both the early post-aftershock'stage and the late pre-
' mainshock stage of a seismic cycle (e.g., Ellsworth and others, 1981).

Nevertheless,'the microseismicity gaps along the Wasatch fault and the seem-

ingly.anomalous behavior of the broader Wasatch Front spatial compartment

deserve serious attention,'They provide inyestigative targets for geodetic

monitoring and forﬁstudies of'the characteristics of small earthouakes to test

for indications of;potential forrmoderate-to-large earthquakes.

STRESS STATE

The focus of this final section is a summary of results presented'by Ara-

basz '(1984) from a case study of "Swarm seismicity and"deep hydraulic fractur-

ing within 10 km of the southern Wasatch fault."'The,information allows induc-

tive reasoning about the orientation and magnitude of principal stresses in
the v1cinity of the: Wasatch fault——directly relevant to understanding its

mechanical behaV1or.

~ In June-July 1982 during the course of a 7—week microearthquake field

“experiment in the vicinity of the southern Wasatch fault, two earthquake

;swarms (ML < 2 1) vere recorded originating within a few kilometers of a- deep
‘exploration well - (Chevron U S A.,#l Chriss Canyon, TD 5 344 m), 001n01dentally f}
located within a temporary 10-station network. The well penetrates a section

:of'Jurassic and younger sedimentary rocks (Standlee, 1983). On April 16, .



‘maximum horizontal compressive stress S

S b ‘ - 15

1982, an "acid breakdown hydrofrac" had been made in the wellbore at a depth

'of 5 070 m. A causal connection between the observed swarm seismicity and

'pore-pressure changes due to the deep fluid injection 2 to[3imonths'earlier is-

v

suggested by: (1) hypocentral clustering in the vicinity of the wellbore, (2)

: distance-delay times consistent with fluid diffusion, (3) significant timing

of the swarm seismicity compared to the record of continuous monitoring by the

.University of Utah's permanent seismic network (3 stations within 25 km), and

.

(4) near-criticai stress differences for frictional sliding inferred from the

hydrofrac results..

On the basis of the instantaneous shut-in pressure measured for the

hydrofrac and corrected for depth, an in situ minimum horizontal compressive

6

stress S of approximately 750 bars (75 MPa) is estimated at the hydrofrac

‘depth of 5,070 m. Figure 9a shows the value of Sh in stress depth space

together with the lithostat (assumed to correspond to the maximum vertical

stress S ), the hydrostat, and the domain of S associated with a critical

"maximum stress difference appropriate for incipient frictional sliding on a

pre—ex1sting fault (e.g., Zoback and others, 1978) Also‘shown,in Figure 9a
are a range Of'ValueSMfOP Sh determinedvby’Zoback_(1981)“ﬂrom:hydrofrac tests

in a shailow well about 90 km to the northgﬂand the'average'gradient for‘Sh-'
determined by,McGarrAand Gay (1978) for sedimentary basins§in‘the U.S. The

H.

between the values of S and S, (discussed‘beiow);

is inferred to iie midway.orimore o
T . .

v

Figure 9b shows a Mohr-circle stress plane in which S and Sh fpom the

",;deep hydrofrac are assumed to represent extremal principal stresses--following'

K '?’;the usual assumption that one of the principal stresses is vertical (e. g.,



'orthogonal to S

. 3 B . [

Zoback and Zoback, 5980, P. 6113) and given normal-faulting mecﬁunisms for f

nearby seismicity. Accounting for hydrostatic pore pressure,jmaximum devia~-

.toric stress is 213 bars. Options for failure to "drive“ thelMohr 01rcle into

1

. a failure envelope for frictional sliding on a pre- existing fault (following

.Byerlee s law) include' (1) decreasing the mean stress (i e.,~increa31ng ‘pore

?

" pressure) by about 70 bars, (2) decreasing Sh by about 50 bars, or (3)

decreasing the coefficient of static friction to about 0.5. There are obv1ous‘
uncertainties in. the various parameters, but if the observed earthquake

activity was indeed causally related to the fluid injection, then the maximum"

- and minimum principal stresses have probably been reasonably‘estimated to

within tens of bars.

i
1

Figure 9c¢ illustrates additional information on stress'State near the
southern Wasatch fault that can be inferred from the observed.swarm earth-

quakes. Corresponding focal mechanisms based on both P-wavefpolarities and

SV/P amplitude inversion indicate° normal faulting, a consistent northerly—

"trending nodal plane dipping steeply (72°-86°)E, and near-hor1zonta1 T-axes

J

ftrending WNH—ESE Assuming that one of the principal stresses is vertical S

I .

then corresponds tO S, the maximum principal stress, and the direction of. S3
the minimum principal stress will be in the horizontal plane and 1ts azimuth
should be estimated by the average direction of T~-axes from’ the focal mechan-'

isms. . The intermediate principal stress S will also be horizontal and .
.4@ o ‘
3‘ % '

Angelier (1979) ‘describes constraints on the geometric range of allowable

fi;slip on a pre—existing fault if the orientation of principal stresses is

“known. Further, the slip direction on a pre-existing fault isruniquely deter-

v

o o

V

+
i
oy
P P

vt
1 L
i



mined if the relative magnitude of.the principal stresses

i
b
)
B
i
I
i

'Information in the lower-right part of Figure 9c - illustraU

allowable slip on the rault plane plotted as a continuouswli

ol

i

" )

| :
| i
|
i
|
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1130 prescribed.

-..

r

Further,'

i

'a

{

%he range of -
1e
RN
y

whether one selects the northerly nodal plane or its auxiliar plane, the

‘focal mechanisms 1mply a value of 0.5 to 1 0 for the parame er

¢ ,, defihed. in

Figure 9c, for the specified stress orientation. Note that

shape of the stress ellipsoid. The southern Wasatch fault|

Basin and Range—Colorado Plateau“transition where eastward

the parameter ¢

describes on a scale of 0 to 1 where 82 lies between S3 and“S1 and defines the

ies W1thin the

H

with S is demonstrated by abundant strike-slip focal mecha isms in the. Sev1er

Valley area (Arabasz, 1983; Julander, 1983)

i

|

o
‘interchange of S,
d

A

I

1

(

A final point illustrated in thelupper-left part of Figure-9c is that the

it

specified stress orientation prescribes the range of. allowable slip directions

on the southern Wasatch fault. For the three planes aligned with the strike

i

direction of the Wasatch fault west of the Chriss Canyon well and with arbi-

' trary dips of 60°, 30°, and 10°, allowable slip is constrained to be nearly

14

* purely dip sllp. Given the specified stress state, faults oriented NNE perpen-~

ik
[

dicular to S3 and with 60 d1p should have optimal susceptigility ‘to slip.

1

2 Fault slip triggered by the pore-fluid diffu31on dld not occur on optimally-

3

oriented faults within the southern Wasatch fault stress field _There would
}

appear to be variations in strength and/or pore pressure of

of bars between, say, the optimally oriented upper part of

dr ‘ ~
J’the ~order of tens
1\

the Wasatch fault

and less favorably oriented block-interior faults that accommodated ‘the swarm

seismicity, ,i;ﬁ: IR

i 1

) K
[




..., .+ - _ . : .. REFERENCES

Geology, v. 11, p. 532-536 et e e e
L . vi‘ “1
. Wl ‘

18

| Allmendinger, R.W., Sharp, J W., Von Tish, D., Serpa, L., Brown, L., Kaufman,
‘ S., Oliver, J., and Smith, R.B., 1983, Cenozoic and Me39201c ‘structure
- of the eastern Basin and Range from. COCORP seismic reflnction data-

Angelier, Jey 1979, Determination of the mean principal direction of stresses

for a given fault population: Tectonophysies, v. 56, p. T17- T26.

i

L
I

Arabasz, W.J., 1983, Geometry of active faults and seismic deformation within

the Basin and Range-Colorado Plateau transition, central and SW Utah

(abs.)i_EarthQuake Notes,‘v. 5“, no. 1, p. 48. I

km of the southern Wasatch fault: Earthquake Notes, v. 55, no.. 1, p-

130-31. - s ¢ L

Arabasz, W.J., Richins, W.D., and Langer, C.J., 1981, The Pocatello Valley
(Idaho border) earthquake sequence of March to April 1975 Bulletin of

the Seismological Society of America, v. 71,'p.'803-826n

1

|

“Arabasz, W. J., 198M Swarm seismicity and deep hydraulic fracturing within 10

Arabasz, W.J., and Smith, R.B., 1981, Earthquake prediction 1n1the Intermoun-

tain seismic belt--an intraplate extensional regime: infEarthquake

Prediction—-An International Review, American Geophy51ca1 Union Maurice

. Ewing Series, v. 4, p. 248-258.

dies in Utah, 1850 to 1978 Special Publication, Univer
Salt Lake Clty, 552 p. s :

for Civil Engineers. McGraw-Hill New York 684 p. :

- -
.

Yot

"

Bucknam, R.C:,. Algermissen, S.T., and Anderson, R.E., 1980, Patterns of 1ate
Quaternary faulting in western Utah and an application‘to earthquake
: hazard analysis. in U S. Geological Survey Open-File Report 80~ 801, pPe

 Arabasz, W. J., Smith R. B., and Richins W.D.” (editors), 1979P‘Earthquake Stu— )
) sity of Utah, St

Arabasz, w J., Smith R. B., and Richins, W D., 1980 Earthquake,studies along
the Wasatch Front, Utah: Network monitoring, seismicity,‘and seismic
‘hazards: Bulletin of the Seismological Society of America,;v; 70, pe
1&79 1“99. o . . . T s

B e B i B . . . ' ‘u ] .

BenJamin, J.R., and Cornell, c. A.,’ 1970 Probability, Statisthfs,3and Decision

ol



e

B

I R W R T TR R T T

L

LT e LT =

) ‘a‘ L o R i ) R

. 299-314. ©

S g e @ o

Cape, C.D., McGeaby, S., and ThompSOn, G. A;, 1983, Cenozoio normal faulting
" and shallow structure of the Rio Grande rift near Socorro, New Mexico'
Geological Society of America Bulletin, Ve 9&, P. 3-1“

ST

Das, S., and Soholz, C., 1983, Why large earthquakes do not nucleate at shal-
Llow depths. Nature, v. 305, p. 621-623.

‘Dixon, J.S., 1982, Regional structural synthesis, Wyoming”salient of western
overthrust belt: American Association of Petroleum Geologists Bulletin,
Ve 66, po 1560-’15800 d .

Ellsworth, W.L.; Lindh, A.G., Prescott, W.H., and Herd, D.g., 1981, The 1906
San Francisco earthquake and the seismic cycle: in Earthquake

Prediction-~-An International Review,- American Geophy51cal Union Maurice
" Ewing Series, v. 4, p. 126-140. -

Griscom, M., 1980,.Space-time seismicity patterns in the Utah region and an-
evaluation of local magnitude as the basis of a uniform earthquake cata-

log: M.S. thesis, University of Utah, Salt Lake City, 133 p.

' Habermann, R. E.; 1981, Precursory seismicity patterns: Stalking the mature

seismic gap: in Earthquake Prediction--An International Review, American
Geophysical Union Maurice Ewing Series, v. 4, p. 29-}2. '

Julander, D. R., 1983, Seismlcity and correlation with fine, struoture.in the
Sevier Valley. area of the Basin and Range-~Colorado. Plateau transition,
south-central Utah: M S. thesis, University of Utah, Salt, Lake City, 143
p- .- . y 'x '

-

Julander, D. R.,'and Arabasz, W.J., 1982 Seismlcity and correlation‘w1th fine
structure in the Sevier Valley area of the Basin andLRange- Colorado

Plateau transition (abs.): Eos, Transactions of the Amenican Geophysical
Union, v. ‘,53, p. 1024. 1 ' o S TP

~ McGarr, A., and Gay, N. C., 1978, State of stress in the earth's crust: Annual o

Reviews of Earth and Planetary Sciences, v. 6, p.. HO? 436.

» 'McKee;'M E., andFArabasz, W, J;, 1982, Microearthquake studies aonoss the 3381n‘

-and .Range-Colorado Plateau transition in central Utah‘-in Utah Geologi-.‘
cal Association Publication 10, p. 137-1&9. 3




Rlchins, W. D., Arabasz, W.J., and Langer, C.J., 1983, Episodic earthquake
. .. swarms near Stda Springs, Idaho, 1981 82 (abs.): Earthquake Notes,.v..
"+ 54, no. 1, p. 99. : _ ! L

Sanders, C.0., and Kanamori, H., 1984 A seismotectonic ana1y51s of the Anza

gap, San Jacinto fault zone, southern California: Jourdal of Geophy31cal

Research (in press). _ s . L~‘; o
. -,"E -
Schwartz, D.P., and Coppersmith, K J., 1984, Fault behavior and characteristic
earthquakes: Examples from the Wasatch and San Andreaslfaults. Journal
of Geophysical Research (in press) : i

rf o
Sibson, R.H., 1982, Fault zone models, heat flow, and the depth distribution

of earthquakes in the continental crust of the United State3° Bulletin
of the Seismological Society of America, v. 72, p..151 463.J

:'([c‘

Smith, R. B., 197M Seismicity and earthquake hazards of the Wasatch Front
Utahs Earthquake Information Bulletin, v. 6, P 12-17.J_

’

' }
“l

Smith, R.B., 1978, Seismicity, crustal structure, and intrapiate tectonics of
the Western Cordillera: in Geological Society of America Memoir 152,
111-144, . : T

. - . R 5

f
ot :

: . S L ' ol

Smith, R.B., and Bruhn, R.L., 1984, Intraplate extensional tectonics of the

' eastern Basin-Range: Inferences on structural style fro?fseiSmic reflec-
tion data, regional tectonics and thermal-mechanical models of

brittle/ductile deformation: Journal of Geophysical Reséarch (in press).
. _ ‘ . N TR

‘Standlee, L.A., 1933;'Structure and stratigraphy of Jurassic ‘rocks 'in central

Utah: Their influence on tectonic development of the Cordilleran fore-

land thrust belt: in Rocky Mountain Association of Geologists
Gu1debook-—1982, p._357 382. o N

Zoback, M. D., 1981, Hydraulic fracturing stress measurements and fracture stu-

dies in Hole DH-103, Fifth Water Power Plant Site, Central Utah Progect-
Report to U.S. Bureau of Reclamation, Contact No.. 0- Oi-ﬁq -51580, 42 p.
33§‘L;

‘Zoback, M.D., Healy, J.H., Roler, G.S., Gohn, G.S., and "Higgins, B. B., 1978,

Normal faulting and in situ stress in the.South Carolina coastal plain
.near- Charleston' Geology, V. 6, p. 1&7—152.




S et e =

; G
ERE 21
- R ’
‘ Zoback, M.L., 1983, Structure and Cenozoic tectonism along: the Wasatch fault
o ) _ zone, Utah' in Geological Society of America Memoir 157, p. 3-27.
b Zoback, ‘M.L., and Zoback, M., 1980 State of stress in the' ‘conterminous United
Pl . States: Journal ot‘ Geophysical Research, Ve 85, p.‘ 6113-6156
i?; St Co . . . i ‘\ : p
. | ¥ i
e O
e
.
e
‘ . t\ j
| - L. ¢
i S )
|
|
|
;I
) ‘i
il
}:[A ‘ . .
N i L
24*» b ’ b
} , {0
At g : £
SR a
;w " ' : ‘., !
NS ] L)
ix" & - " g




ESETE
R

Figure 1.

Figure 2,

Figure 3.

Figure 4.

Figure 5.

-.Figure '16. ‘

" ”3?f*.*a?“*39“‘~~FIGURE CAPTIONS - ‘r -

Results from detailed studies near Rlchfield Utah

(Julander and Arabasz, 1982 Julander,” 1983‘ Arabasz,

'f1983) Spatially discontinuous seismicity with depth

appears to reflect local structural control; ' Dy' a ‘low-
angle detachment, rather than a brittle—ductile transi-
tion (see text for discussion). Local P-wave’ velocity

22

structure determined from nearby quarry blasts as refrac~"""-

tion sources and by analysis of local earthquake data for
multilayering using both the minimum—apparent-velocity
technique and a simultaneous velocity—hypocenter inver-

: sion technique. o :

o t“‘?
T

B K [
R

,Epicenter map (upper left) and cross-sectional ‘views of
earthquake foci from special study of an earthquake swarm
sequence (M <}4.7) near Soda Springs, Idaho; October 1982
(adapted from Richins and others, 1983). Apparent discon-
tinuity in the frequency distribution of earthquakes with
depth coincides with the pre-Neogene Meade thrust fault.

W ;

Schematic geologic cross-section of the upper, crust illus-
trating complex association of seismicity with geological
structure in the Intermountain seismic belt. . Starbursts

- indicate foci of moderate—to—large earthquakes' ‘small
circles, microseismicity, lines in subsurface, faults.
Arrows indicate sense of slip on faults- two -directional

"faults possibly formed as thrust faults. Letters identify
examples referred to in text. Base of seismogenic layer
is approximately at 10-15 km depth. : .

o
PR
[
s
.

i Eplcenter map of the Wasatch Front area for“dctober 1974

through June 1978 based on seismic monitoring by the
University of Utah (reproduced from Arabasz and others,
1980). Dashed elliptical areas outline seismlolty gaps
defined on basis of pre-1974 seismiclty and,dlscussed in

‘text.

Updated epicenter map of the Wasatch‘Front ‘aréa for a
5.5-yr period subsequent to that in’ Flgure u -Dashed -
elliptical areas as in Figure i for comparison.

Epicenter map (above) and space -time plot (below) of
earthquake activity in the Utah region (reproduced from

-Arabasz and Smith, 1981). The hachured space-time

‘ arrows, extensional backsliding on pre—ex1st1ng low-angle:
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compartment in the lower figure indicates a seismicity gap 1denti-4;."

Figure 7.

Figure 8.

Figure 9.

. .Figures 6 and 7. I and VN

- 'sity for shocks prior to July 1962, and the

fied by Arabasz and Smith (1981) and discussed 1n text here.

i [N
. “

4

«z*t

Epicenter maps of the Utah’ region, July 1978-December
1983, based on seismic monitoring by the University of.

Utah, for all shocks greater than or equal t
.tude 2.5 and (b) magnitude 3.5. The dashed r
correspond to the spatial compartment of the
- gap defined in Figure 6. Sizes and dates of

are specially indicated for the larger earth

that compartment since July 1978.

(a) Cumulative seismicity, January 1950~Decemn
"within the Wasatch Front spatial compartment;
specify, respecti
'sample thresholds of ModiXied Mercalli epice

¢ : !

0 (a) magni-
°ctangles
‘seismicity
oceurrence
quakes in

i

ber 1983,
outlined in
vely, the
ntral inten-

.local Richter

‘magnitude for shocks after that date. Vertical arrows

indicate changes in rate of occurrence. (b):
Smirnov test of the cumulative distribution:
‘times associated with the sample for I_ >V, M,
indicated in (a) above. The maximum abSolute
between the observed distribution and the co
‘tribution, F(t), predicted for a Poisson proc

(olmogorov-
Df interevent
> 4.3,
&ifference D
ntinuous dis-

ress is less

than the critical value required to reject, at the 95

percent confidence level, the hypothesis tha
observed distribution is non-Poisson.

Results presented by Arabasz (1984)" relating

| 'fi

t the
KURE

"

tosinferenees. .

of stress state in the vicinity of the southTrn Wasatch
fault. These include: (a) the location in stress-depth ‘

- ‘space of a value of minimum horizontal compressive stress -

of 750 bars (75 MPa) determined at a depth of 5.1 km

from an "acid-breakdown hydrofrac";

(b) a Mohr-circle :

.diagram relating the estimated .stress state at 5.1 km

* depth from (a) to criteria for frictional failure on a

pre-existing plane of weakness; and (c¢) key observations, _'
presented in stereographic projection, that allow infer-

|

ences of the orientation and relative magnitude of prin-
cipal stresses from small earthquakes. inferred to have.

"been induced by the deep hydrofrac. See text
e explanation. _ .

'for complete
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" Earthquakes (M{23.5) in the Utah
region, 1850-1979. Pre-instrumental shocks

have Modified Mercalli epicentral intensi- N

ties of IV or greater.
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) Space-time plot of earthquakes, in
terms of Modified Mercalli epicentral inten-~
sity (Ioi4), within the sample area of Fig- '
ure 3 a8 a function of latitude. Vertical
lines are time markers for sample complete-
ness: I 27 since 1896 dnd I 26 since 1938;
shocks 6f I,25 are complete®since 1950, and
‘those of I424 or M 23.5 since 1962 when
instrumental monitoring began. Hachured
area and dashed lines outline space-time -
compartments discussed in text. - :
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