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ABSTRACT

Forty-nine days of earthquake monitoring around the Roosevelt

Hot Springs KGRA during 1974 and 1975 indicates little earthquake

activity and no correlation with the hot springs area. Marked

earthquake activity, however, was located 25 km east within the Cove

Fort-Su1phurdale KGRA. A total of 163 earthquakes were located from

the two surveys. Focal depths for the Cove Fort area were shallow with

75% of the activity less than 5 km in depth. The maximum calculated

depth was 16 km. Composite fault plane solutions in the Cove Fort

area showed normal faulting with generally east-west trending T-axes.

A high b-va1ue of 1.27 and a statistical analyses using the Kolomogorov

model of event occurrence imply swarm-like activity near Cove Fort.

Consistently positive P-wave residuals of up to 0.10 sec. and detectable

S-wave attenuation of ray paths across the Mineral Range are suggestive

of the possibility of an upper-crustal zone of high attenuation that

is perhaps related to the source of heat of the Rooseve}t Hot Springs

KGRA.

. " {
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I.

INTRODUCTION

Many geothermal areas throughout the world exhibit earthquake

activity in the form of swarms (Ward, 1972). Detailed epicenters and

characteristics of earthquake swarms can provide useful information

on stress orientation and the possibility of locating fault zones

that could provide underground conduits for geothermal fluids.

Furthermore,potential earthquakes and related hazards which may

influence a geothermal reservoir can be better understood from a

detailed assessment of local earthquake activity. It was hoped that

an earthquake survey of the Roosevelt Hot Springs and Cove Fort

areas of southwestern Utah (Figure 1) could provide information about

the geothermal potential of this area and the relationship between

the earthquakes and the local tectonic patterns.

Many of the geothermal fields currently being developed are

coincident with Quaternary volcanism (McNitt, 1965) that in many

cases is characterized by swarm-like activity (Mogi, 1963; Sykes, 1970).

Ward (1972) has suggested that the geothermal reservoirs associated

with such volcanism can be located by the use of microearthquake

monitoring. In particular some geothermal areas, such as

The Geysers, California (Lange and Westphal, 1969), Iceland (Ward

and Bjornson, 1971), and the Imperial Valley in California (Brune and

Allen, 1967) have shown correlations with microearthquake activity.

In the intermountain region, Smith and Sbar (1974) found five
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basis of favorable results from these investigations. the two

companies have leased many tracts of land in the area. More note

worthy. Phillips Petroleum Company has drilled several wells near the

Roosevelt Hot Springs. one of which has yielded steam from a reservoir

in excess of 2000 C (Berge and others. 1975) and may be of commercial

value by 1980 (Crosby. personal communication. 1975).



GEOLOGICAL AND GEOPHYSICAL BACKGROUND

The Milford-Cove Fort area of southwestern Utah lies at the

eastern margin of the Basin-Range province at the transition into

the Colorado Plateau. The surveyed area lies in an east-west zone of

thick Tertiary, silicious volcanics that extend from the Tushar

Mountains (Plate 2) across the grain of the north-south Basin and

Range faulting and into southern Nevada. Hot springs and hydrothermal

alteration are closely associated with this zone (Heylmun, 1966).

The north-trending Mineral Range (Plate 1) is the dominant

topographic feature of the surveyed area and is bounded by two

alluvial valleys. The west flank of the range is bounded by the north

extremity of the Escalante Desert or Milford Valley (Plate 1) and the

east flank is bounded by the Beaver Valley (Plate 1).

Milford-Roosevelt Area

Most of the Mineral Range is composed of Tertiary granite with

Precambrian{?) metamorphics and Tertiary volcanics along the west

flank and some Paleozoic quartzites at the north end. Rhyolite domes

and obsidian flows extrude and overlie portions of the granite. Two

ages of the volcanic activity obtained from K~Ar dates by Mehnert

(1975) for the Mineral Range indicate O.77~O.08 m.y. for the older

volcanics and O.42~O.07 m.y. for the younger.

Midway along the west flank of the Mineral Range evidence of

hydrothermal alteration is apparent near the Roosevelt Hot Springs
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(W. T. Parry, personal communication) and along the Dome Fault (Plate

1, Peterson, 1975), which trends north-south. An opal deposit has

been offset by the Dome Fault and is probably an expression of

earlier hot spring activity (Peterson, 1975).

Gravity surveys were conducted in the fall of 1974 and the

summer of 1975 in the Roosevelt Hot Springs area by the University

of Utah (Crebs, 1976; Thangsuphanich, 1976) and indicate the Dome

Fault to be just one of several northward-trending normal faults in

the immediate area. Previous to these latest gravity surveys this

fault zone was only inferred. A density contrast of 0.5g/cc between

the alluvium and bedrock implies a fault with a throw of 600 m, 8 km

south of the Roosevelt Hot Springs and three faults with a maximum

throw of 100 m at the north end of the Mineral Range. A digitally

filtered map of the Bouguer gravity data indicates a northward

trending, elongated gravity low of at least 3 mgal closure over three

volcanic domes; South Twin Flat Mountain, North Twin Flat Mountain,

and Bearskin Mountain (Plate 1) in the Mineral Range (Crebs, 1976).

Mass deficiency calculations for this anomaly (Crebs, 1976) imply the

presence of a low density zone which could be caused by a zone of

partial melt.

Cove Fort-Sulphurdale Area

The rugged Tushar Mountains (Plate 2) southeast of Cove Fort

were the scene of intense Tertiary intrusive and extrusive igneous

activity. Early Quaternary volcanic activity was extensive, but

became intermittent by early Pleistocene time (Willard and Callaghan,

1962). The volcanic rocks of the area are now displaced by normal
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faults of probable Pleistocene age, and the present maj:or structural

blocks are the principal results of normal faulting.

Sulphur deposits, fluorspar, and other base metals associated

with the Tushar intrusives are present along the west flank of the

mountains and also occur northward in the southern Pavant Range

(Plate 2). Lee (1906) implied the definite association of these

sulphur deposits as well as the sulphur deposits at SUlphurdale

(Plate 2), with the north-trending zone of intense faulting along the

west flanks of the Tushar Mountains and the Pavant Range. Hot

springs of low pH and a water well with temperatures of 91 0 C in

eastern Dog Valley (Crosby, 1959; Plate 2) are also associated with

this same zone described by Lee (1906). A regional gravity survey

conducted by Sontag (1965) indicates the fault zone (Figure 15)

parallels U. S. Highway 91 (Figure 1) and extends from Beaver (Figure

1) northward beyond Cove Fort.

The area west of Cove Fort is covered by a variety of Cenozoic

and Paleozoic sedimentary rocks, however, about 25% of the surface

rock are extrusives consisting of Tertiary rhyolites and andesites,

as well as Quaternary basalts, and vitrophyre exposures (Zimmerman,

1961). Minor north-trending normal faults cut through the extrusives

and Crosby (1973) and E. Clark (personal communication, 1975) have

stated that strike-slip components are detectable.

A regionally significant structural zone occurs between the

Pavant Range and the north end of the Beaver Lake Mountains (Plate 1).

Because of a westward offset of major north-trending thrusts apparent

in the two ranges, Crosby (1973) has described the areas as the lIBlack

Rock offset". East-west trends on the Utah gravity map (Cook et al ••
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1975)~ and the Utah aeromagnetic map (Shuey~ 1975), along with a

steep gravity gradient reported by Eaton (1975) are coincident with

this offset zone.

In general the surveyed area has a history of volcanic activity

and complex structure (Crosby, 1973).



HISTORICAL SEISMICITY

The Intermountain Seismic Belt is a zone of pronounced earth

quake activity that extends north from Arizona through Utah, eastern

Idaho and into western Montana (Figure 2). Two secondary easterly

trending seismic zones are recognized in the intermountain region

(Smith and Sbar, 1974). The Idaho seismic zone extends westward

north of the Snake River Plain. The other zone extends from south

western Utah through southern Nevada and joins the north-trending

Nevada seismic zone (Smith and Sbar, 1974). The second zone inter

sects the Intermountain Seismic Belt in an area extending northward

from Cedar City, Utah (Figure 15) into the surveyed area. Seismic

activity of this east-trending zone is coincident with Tertiary age

rhyolites and an east-west zone of calderas, however, it is not

aligned with the regional north-south tectonic grain associated with

the Basin-Range normal faulting.

The Sevier and Tushar fault zones (Figure 15), which are 40 km

east of the surveyed area, have been found to be one of the most

seismic active areas of Utah (Cook and Smith, 1967; Sbar and others,

1972). The historic seismic activity of the Roosevelt and Cove Fort

areas of southwestern Utah shows a relatively low level when compared

to this area. However, five shocks with maximum estimated Mercalli

intensity VI occurred in the Beaver Lake Mountains (Plate 1), 18 km

northwest of Milford in 1908 (Williams and Tapper, 1953). And, as
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late as 1966, an earthquake of magnitude 4.9 was located near the

Milford area (NOAA Historical File of Earthquakes).

The north end of the Hurricane Fault Zone (Figure 15) has

experienced sporatic earthquake activity with intensities as large

as V in both the Beaver and Cove Fort areas in past years (Williams

and Tapper, 1953; Cook and Smith, 1967). As recently as September

10, 1975, the University of Utah seismograph network located a ML
2.9 earthquake 6 km northwest of Cove Fort (W. D. Richins, personal

communication). Based upon 117 reported events (Cook and Smith,

1967) three times as much activity has been reported in the Marysvale

area (Figure 1) 40 km east. This documents the fact that although

sporatic activity has occurred in the surveyed area, a much higher

rate of activity is associated with the major fault zones to the

east (Figure 15).



DATA COLLECTION AND REDUCTION

The survey reported on here was made during two different

periods. The first, a reconnaissance survey, lasted 21 days in

September 1974 and the second, a detailed survey, lasted 28 days

during June and July of 1975.

The data for the 1974 survey were recorded with six Spreng-

nether high-gain portable seismographs. Data were recorded on

smoked paper records with five instruments recording at a rate of

30 mm/min, and one instrument at 60 mm/min. The 1975 portion of

the survey was made using eleven instruments. All records for the

1975 survey were recorded at 60 mm/min.

Timing for both surveys was provided from internal crystal clocks,

accurate to 1 part in 108, and each clock was calibrated at least

every other day against radio station WWV. The displacement magnifi

cations of the instruments ranged from 0.35 x 106 to 1.6 x 107 times

at 10 hz. All seismometers were operated continuously in the vertical

mode.

The 1974 survey had a twofold purpose. First, detailed coverage

of the Roosevelt Hot Springs area was provided with an inner-

tripartite array with 20 km legs. Secondly, a 45 km leg tripartite

array was designed to give broad regional coverage. The outer array

was centered over the inner array to give good multiple coverage and

to also determine the extent of any activity detected from the
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Roosevelt Hot Springs area (Figure 3).

The 1975 survey was designed to investigate areas of activity

located in the earlier 1974 reconnaissance survey. Detailed coverage

was obtained around the Cove Fort area and continued monitoring of

the Roosevelt Hot Springs area was also maintained (Figure 3).

Although cultural noise was minimal, without exception all

station locations were located at least 400 meters away from secondary

roads used for access. Latitude and longitude locations for each

station site are indicated in appendix B.

With the aid of microscopes, initial motions and times of P

arrivals to ±O.l sec were picked. S-arrivals, where apparent, were

also picked to the same degree of accuracy.

Velocity Models

The initial velocity model (Figure 4a) was taken from the Delta

West refraction profile (Mueller and Landisman, 1971), which is 50 km

north-northwest of the Roosevelt Hot Springs KGRA. S-wave velocities

corresponding to this velocity model were obtained assuming a

Poisson's ratio of 0.25. Using both P- and S-wave arrival times,

preliminary hypocenter locations were obtained with the computer

program HYP07l (Lee and Lahr, 1972). A total of 163 earthquakes,

ranging in magnitudes from -0.5 to 2.8 were correlated on 3 or more

stations and located.

Inversion techniques developed by Michaels (1973) were then per

formed to more accurately define the velocity model for the Cove Fort

area. The generalized inverse method used, performs successive
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iterations on both layer thickness and velocity. A systems matrix

involving partial derivatives of travel times with respect to

velocities and hypocenter is inverted using a multivariate version

of Newton's method. Finally a least-squares technique is employed

to minimize the error. Good preliminary hypocenter locations of six

earthquakes appearing on the same five stations or five earthquakes

on six stations is necessary to apply the method.

Eight sets of data appearing on the same five stations were

used from the Cove Fort area. The preliminary hypocenters used had

an RMS error less than 0.10 sec and were determined by using the

Delta-West velocity model. No inversion could be performed for the

deeper layers because of the absence of deep focal depths. The

resulting velocity model consists of the two top layers, determined

from inversion, and the third layer and semi-infinite half space from

the Delta-West velocity model. The final velocity model used is

shown in Figure 4b. The earthquake locations were again computed

using the program HYP07l, and are listed in appendix A.

The hypocenter accuracy is based on both the statistical measure

of the solution (RMS of time residuals) and the nature of the station

distribution with respect to the earthquake. A statistical estimate

of hypocenter accuracy can be defined with a contoured surface of the

least-squares error for P-wave travel time residuals on a plane

containing the hypocenter. Such a contoured surface is called a

solution space.

Using a program developed by Michaels (1973), solution spaces in

X-Y and X-Z planes were computed for several earthquakes at Cove Fort.



17

Typical solution spaces with elliptical shaped contours for an earth

quake located 5 km northeast of Cove Fort (Plate 2) are shown in

figure 5. For the 0.1 sec. contour, the earthquake within the array

was located to within ±0.7 km in X-V and to ±2.3 km in focal depth.
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CONTEMPORARY SEISMICITY

Plate 1 shows the epicenters from the 1974-75 surveys super

imposed on the general geology of the Roosevelt Hot Springs area.

Focal depths have been subdivided into three categories: less than

5 km, 5 km to 10 km inclusive, and greater than 10 km. Three pre

dominant characteristics of the earthquake activity can be observed:

1. Several earthquakes are located along a north
south trend northwest of Milford,

2. Six earthquakes are aligned along the west
flank of the Mineral Range, perhaps along
the Dome fault,

3. The amount of earthquake activity increases
rapidly in the northeast portion of the sur
veyed area, near the Cove Fort KGRA.

The earthquakes northwest of Milford have focal depths ranging

from 1.5 km to 13 km. These events occur along the west side of

the Milford Valley graben described by Berge et al (1975), presumably

along a boundary fault. This graben is filled with 1.7 km of alluvium

(Crebs, 1976), and the microearthquake activity suggests that the

boundary fau1t(s) of the graben may still be active.

The earthquakes located along the west flank of the Mineral Range

coincide with a north-trending fault zone detected by gravity surveys

(Crebs, 1976; Thangsuphanich, 1976). The focal depths for four of

these earthquakes were not resolved, but two earthquakes closest to

the hot springs had shallow focal depths less than 2 km. A histogram

of focal depths showing the shallow extent of the activity in the
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Roosevelt area is shown in figure 6.

The increase of earthquake activity from the north edge of the

Mineral Range east to Cove Fort occurs in a zone of Quaternary basalt

flows. From plate 2 the number of earthquakes continue to increase

eastward of this zone. The number of earthquakes west of longitude

1120 45' W(Roosevelt Hot Springs area) is about a fifth as many as

those in the Cove Fort area (Plate 2).

Epicenters and general geology for the Cove Fort area are shown

on Plate 2. The most prominent characteristic is a large cluster of

earthquakes 3 km northeast of Cove Fort in a zone of high earthquake

activity extending northward. Cross Section A-A' (Figure 8) strikes

N 850 E (Plate 2) and includes all earthquakes in this cluster with

resolved focal depths within 2 km on each side of the profile. The

attitudes of these hypocenter patterns suggests a north-trending fault

dipping about 700 W, with predominantly shallow seismic activity

less than 5 km in focal depth. Sontag (1965) indicated a north

trending fault in the area of highest seismic activity northeast of

Cove Fort. Crosby (1959) also inferred northeast-trending normal

fua1ting to be present in the same area, but gave no conclusive

evidence of the location. Because the epicenters along this fault

have epicentral errors less than 1 km, the location of the fault must

be just west of Sulphur Peak (Plate 2). For comparison, a map

of the epicenters for the Roosevelt Hot Spring and Cove Fort areas is

indicated in figure 7.

Cross section B-8' (Figure 8) strikes N 690 Wthrough Dog Valley

(Plate 2) and indicates a diffuse pattern of activity with no apparent
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relationship to a single fault plane. All focal depths except one

are deeper than 5 km implying that the active zone here is deeper

than the area south near Cove Fort. Cross section C-C· (Figure 8)

shows the general focal depth variation along the west flank of the

southern Pavant Range (Plate 2). In general the activity becomes

deeper to the north.

Diffuse epicenter locations extending northward from Dog Valley

and westward from Cove Fort do not appear to be associated with a

single fault in either locality. Several explanations can be offered

for the scatter of the epicenters. A complex fracture zone linked to

a single fault could relieve stored strain at a distance away from the

mapped surface structure. Another possibility is the presence of

transverse faulting (east trending faults in this case) that could

still be active. W. D. Brumbaugh (personal communication, 1976) has

conducted detailed gravity surveys in the Dog Valley area and indicates

minor east-trending faults to be present. If these faults are active,

the diffuse pattern in Dog Valley area could very well be attributed

to them.

In general, the Cove Fort area is characterized by a high rate

of shallow earthquake activity. Figure 6 indicates that 75 percent

of the focal depths are less than 5 km. The shallowest earthquakes

are clustered together northeast of Cove Fort, while the deeper

events (5 to 10 km) are located in the Dog Valley area.

Earthquake Occurrence and Clustering

The number of located events per day for the 1974 and 1975
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surveys is plotted in figure 9. The average number of located

earthquakes per day is about five.

Perhaps of more interest is the amount of activity measured at

individual stations. A total of 405 earthquakes were detected at

the Dog Valley station, DOG (Figure 10). During three particular

days (June 16, 22, 30, 1975) the Dog Valley station showed clustering

of earthquakes lasting only a few hours (Figure 12). No single event

stood out as a major shock, but rather, general seismicity gradually

increased to a high level and then decreased. These clusters seem

to have a swarm-like nature as described by Mogi (1963). The Ranch

Canyon station (RAN) which was 6 km from the Roosevelt Hot Springs,

however, showed a marked decrease in seismic activity (Figure 11).

S minus P times for the Dog Valley station as well as three

other selected stations are indicated in figure 13. The Antelope

Valley (ANT) and Dog Valley stations indicate a close proximity to

activity, while the Ranch Canyon and North Mineral stations indicate

a correlation of 3-5 seconds or about 21-35 km distance from major

sources of activity. No stations along the Mineral Range indicated

any immediate localization of activity. The RAN station site was

nearest to the Roosevelt Hot Springs, but failed to detect any

earthquakes which were not detected on other stations.

The data presented here do not entirely agree with the suggestion

by Ward (1972), that "l arge numbers of microearthquakes are often

found within, but not outside of geothermal areas". Little activity

during our surveys was found to be present in the Roosevelt Hot

Springs KGRA. There are several possible explanations of this low
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rate of activity:

1. The microearthquakes of the Roosevelt area were
too sma11 to detect by our network. Our net
work recorded events as small as magnitude 
0.5.

2. The recording periods were made during seismically
quiet times suggesting the possibility of
episodic activity.

3. The Roosevelt Hot Springs may not be
seismically active.

4. High temperatures may produce stable sliding
instead of stick-slip movement (Brace and
Byerlee, 1970).

5. A zone of partial melt near the surface may
not be strong enough to sustain strain
accumulation required for stick-slip stress
drops.

Steeples and Pitt (1976) have made similar analyses of microearthquake

activity in Long Valley, California. An analogous situation was found

at the Marysville, Montana heat flow anomaly (Friedline et al., 1976)

for which heat flow ranges from 3.2 hfu to 19.5 hfu (Blackwell and

Bagg, 1973). Friedline et al. (1976) suggest that the marked absence

of seismic activity could be a result of high temperatures of high

pore pressure.

Whatever the explanation, the microearthquakes recorded are

predominently northeast of the Roosevelt Hot Springs, centered near

Cove Fort. It was not possible to distinguish from the small number

of earthquakes the attitude of a possible fault zone that could

facilitate upward movement of steam or hot water.

Magnitudes and b-values

Magnitudes for the located earthquakes were calculated using the
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total signal duration method: M= ao + a1 10gT, where Mis the

magnitude, T, the total signal duration, and ao and a1 are constants.

Because no calibration data were available, the constants ao = -1.01

and al = 1.89 arrived at by Real and Teng (1973) for microearthquakes

in southern California were used. For the located earthquakes the

signal durations for all stations were averaged. The calculated

magnitudes ranged from -0.5 to 2.8.

b-va1ues were determined by the maximum likelihood estimate

method (Aki, 1965) for both the located events and for a detailed

sample of local earthquakes at Cove Fort (Figure 14). The b-value

obtained for the located earthquakes was 0.84+.16 (Figure l4a).

Figure l4b indicates the magnitude-frequency relation for the

localized earthquakes at the Dog Valley station. These events were

generally very small, but a b-value of 1.27~. 18 was obtained. A

smaller value of 1.06 was arrived at by Smith and Sbar (1974) for

the Intermountain Seismic Belt. If the degree of error for the

b-values obtained from this survey is considered, values close to 1.06

could be rationalized.

Sykes (1970) has suggested that high b-values such as 1.3 on the

mid-Atlantic ridge are in general indicative of swarm activity. The

high b-va1ue of 1.27 for earthquakes north of Cove Fort does not

necessarily require swarm-like activity, but it does lend support to

that proposition.

Earthquake swarms can be generated by concentrated stresses and

inhomogeneities in the source rock (Mogi, 1967). Sykes (1970) has

shown that high temperatures and high pore pressure in a small volume
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of rock can produce concentrated stresses which in turn produce

swarms. If the high b-va1ues at Cove Fort indicate swarm activity,

the high temperatures and pore pressures associated with the swarms

most probably produce the hot water wells in Dog Valley and the

sulphur springs at Su1phurda1e (Crosby, 1959).

Fault Plane Solutions

Using lower-hemisphere, equal-area, stereographic projections,

two composite fault plane solutions were determined for the earth

quake activity near Cove Fort. No solutions could be made for other

areas of the survey because of the lack of sufficient activity or

inconsistency of focal mechanisms. Inconsistent solutions were ob

tained until only the most accurately located events with resolved

focal depths and epicenters within a 5 km2 area were used. Two

separate solutions were determined using earthquakes 13 km southwest

of Kanosh and 4 km northeast of Cove Fort (Figure 15).

Figure 16 shows the two composite fault plane solutions for the

Cove Fort area. Fault plane solution 1 was compiled from eight earth

quakes (Appendix C) 13 km southwest of Kanosh (Figure 16). The

solution indicates normal faulting with a strike of N 220 Wand

dipping 640 NE (nodal plane 1), or N 480 E and dipping 54° NW (nodal

plane 2). Crosby (1959) indicates northeast-trending normal faulting

coincident with earthquakes used for this fault plane solution,

suggesting nodal plane 2 to be the correct fault plane. Cross section

8-8 1 shows no specific dipping zone to correlate with this fault plane

solution.

Fault plane solution 2 (Figure 16) was compiled from eight earth-



35

MAJOR FAULT ZONES
AND FAULT PLANE SOLUTIONS

OF SOUTHWESTERN UTAH
GEOLOGY FROM STOKES (1963)

FAULT PLANE SOLUTIONS FROM
SMITH Be SBAR (1974)1 AND THIS SURVEY 2

II = TOWNS
-- = MAPPED FAULT
----- = INFERRED FAULT ~

SCALE ~ ~
10 0 10 MILES T

I »

NORMAL
FAULTING

STRIKE-SLIP

10 0 10 KILOMETERS

I,
I, ,

I

/1

ZONE

N

t

/,/') );:)1ij ) (f 1,\
,I " "l' \ . \

/) \, TUSHAR :: )

/ FAULT ~. ~RICHFIELD

... // I COVE 1 . 2 /~ \ /1 ~f.
, ' I A "1 \ • .J!
~o'OSEVEL T. FORT7 :;' ! / ~

80T SPRING~ \ '~t"'Itlf,l.
• f I,~,'

()

I : ',I i,'
1/. FAULT LOCATED---" ': \ /
V BY SONTAG IilISEAVER :

(1965) :,' /., '
" I I

,', /' ,

I
\

\ \

\ ",

r "· :· .· ., I

,,,,,
I

\,,,
I
I

)..
"
~\

"•:
•·,-,

t,,
,

I
I
I

\
J

I
I
I
1\ i

« I \
o I\
«1«\
> If-- ...

38° ~ lIt=> \ /
.' ) /~ /,/ / ,

I HURRICANE ,( >~ 1/;' / .. .
I FAUL T \ ZONE i't If?! ,,".-
I CEDAR CITy~j/ '/

~~ 1'/ ",'
II~ I ,"
I, \ 1 \ )I ;)(/ r:
I J •ST. GORGE ,'\:: (

1-- -_~LL -_-.1J...I.AH:~ '~l_-l~ _
I ARIZONA

Figure 15
Fault plane solutions and fault zones of southwestern

Utah.



36

N____-.-----r---_
/~''''",

'.
•

•

•

2

N

•
" .•

•

+

•
•

•
••

"
:"

•

•

j

" CUMPRLSSIUN

DILATATIUN

Figure 16
Composite fault plane solutions.



37

quakes 4 km northeast of Cove Fort (Appendix C). The composite

fault plane solution has a steeply dipping fault plane of 800 NW,

striking N23° E for nodal plane 1. Nodal plane 2 indicates a

moderate dip of 140 E striking N 200 W. Cross section A-AI passes

through this area, and suggests hypocenters along a zone dipping at

700 W, thus implying nodal plane 1 as the correct fault plane.

A fault plane solution was attempted for the earthquakes west of

Cove Fort. Only well-located earthquakes with clear first motions

were used. These events (Appendix C) show no consistent focal

mechanism either when they were plotted together, or when groups of

earthquakes in close proximity were plotted separately (Figure 16).

Unresolved focal mechanisms have been encountered elsewhere.

Caldwell and Frohlich (1975) obtained an inconsistent focal mechanism

for the Alpine fault zone in New Zealand. The Alpine fault zone

forms part of the boundary between the Indian and Pacific plates, and

evidence of both right lateral motion and vertical movement are

present (Caldwell and Frohlich, 1975). The area west of the Cove Fort

is not along a major plate boundary, however, evidence of both strike

slip and vertical motion are present (Crosby, 1973, E.Clark, personal

communication, 1976). The unresolved focal mechanism is most probably

due to complex faulting of the area. If the earthquakes considered

for the composite fault plane solution were associated with two or

more faults of different orientation, such a complex would show no

consistent first-motion patterns.

The T-axes of both solutions are generally oriented in an east

west direction (Table 1). Smith and Sbar (1974) have proposed that



Table 1. Data for composite fault plane solutions 1 and 2

COMPOSITE FAULT 1 2
PLANE SOLUTION

LOCATION Southwest of Cove Fort
Kanosh

TYPE OF FAULTING Normal Normal

NODAL PLANE 1 N 22° W/64° NE N 23° E/800 NW
STRIKE/DIP

NODAL PLANE 2 N 48° E/54° NW N 20° W/14° NE
STRIKE/DIP

P-AXIS 197° SW/46° SW 126° SE/54° SE
AZIMUTH/PLUNGE

T-AXIS 110° SE/14° SE 285° NW/34° NW
AZIMUTH/PLUNGE

38
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the Great Basin sUbplate is moving westward with respect to the stable

portion of the North American plate. The composite fault plane

solutions of the Cove Fort area tend to support this westward movement.

Fault plane solutions from Smith and Sbar (1974) for areas east of the

surveyed area (Figure 15) also indicate general east-west T-axes

orientations.

The fault plane solution from the southern Utah-Nevada border

indicate strike-slip faulting to be present (Figure 15) with T-axes

orientation southeast-northwest. Slemmons (1967) has shown that the

faulting coincident with an east-west seismic zone from southwestern

Utah, westward into Nevada, gradually increases in left-lateral

components, which is in agreement with the fault plane solutions from

Smith and Sbar (1974). Because of the east-west T-axes orientations,

the fault plane solutions from this survey are probably assocaited

with the Intermountain Seismic Belt, rather than the east-west zone

of activity extending into southern Nevada. Perhaps if focal

mechanisms could be resolved west of Cove Fort and west of the north

edge of the Mineral Range, a different T-axes orientation would be

found.

P-Wave Delays

P-wave velocities have been found to vary with rock type and

densities (Richter, 1958). However, variations of P-wave velocities

with high temperature zones are not conclusive since densities change

with temperature as well. If a high temperature zone causes a

decrease in P-wave velocity, we can investigate anomalous heat zones
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by examining P-wave travel time residuals.

Figure 17a indicates an average positive P-residual for the Ranch

Canyon station (RAN) of +0.1 sec. for an azimuth of 400 to 600
. The

events showing a positive delay for RAN originated northeast of Cove

Fort, and also show an equally strong positive residual at the Twin

Peaks II station (TW2, Figure 17b). The azimuths for TW2 indicate a

positive residual of +0.1 sec. from 1100 to 1600
. The North Mineral

station (NOM) showed slightly positive residuals from the Cove Fort

events (Figure 18a), however, the positive residuals for this station

are not nearly so prominent as for RAN and TW2. The Sulphur Creek

station (SLF) had a predominance of negative residuals from earthquakes

northeast of Cove Fort (Figure 18b). These negative residuals are

probably a function of the location of the epicenters, since three

stations on the perimeter of the array had definite positive residuals.

The geometry of the positive delays of the stations is indicated

in figure 19. The Mine (MIN), Cinder Crater (GIN), Antelope Valley

(ANT) and Sandstone (SND) stations lie in the region between Cove Fort

and the perimeter stations RAN, NOM, and TW2 (Figure 19). Because no

delays above the RMS were observed at these intermediate stations, the

anomalous low velocity zone is thought to be located between longitude

1120 40' Wand the outer stations RAN, NOM, and TW2. The anomalous

zone must therefore include parts of the Mineral Range, and areas

northeast of the Mineral Range.

The interpretation of P-wave residuals relies strongly upon the

accuracy of the velocity model. If the true earth structure has

dipping layers, the plane layer, non-dipping velocity model which we



Figure 17
P-wave residuals for the Ranch Canyon and

Twin Peaks II Stations.
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have used could produce systematic residuals as a function of

azimuth. The rays used in the residual analyses were primarily

propagated in the second layer. Since the alluvial layer is only 1/2

km thick, a dip on this layer would be negligible in producing

systemic residuals. A dip of the deeper layers, however, would have

a pronounced effect. Also, layer thinning could cause systematic

residuals, so we must interpret the residuals of the anomalous zone

with caution.

Matumoto (1971) has used residuals and P and S-wave attenuation

from microearthquakes to deduce the location of magma chambers at

Mount Katmai National Monument, Alaska. Seismograms from the Roosevelt

Cove Fort area were examined for S-wave attenuation. Weak S-arrivals

were found most consistently at the RAN station. Typical examples

of prominent and weak S-phases for the RAN station are indicated in

figure 20. In figure 21 epicentral distance of weak or no S-phase

events and prominent S-phase events are plotted as functions of

azimuth. Between azimuths 400 to 650
, 24 weak S-arrivals were found

as opposed to 10 prominent S-phases for the same azimuth. Approximately

70 percent of the events having this azimuth were found to lack well

developed S-phases. This coincides with the positive residuals within

50 for RAN (Figure 17). Crebs (1976) and W. P. Nash (personal

communication, 1976) have postulated that the volcanic domes of the

Mineral Range overlie a magma chamber or a zone of partial melt. If

this is the case, the observed S-wave attenuation may be associated

with this zone.

The combined observations of positive P-wave residuals and S-wave
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attenuation seem to support the presence of a high-temperature zone in

the central Mineral Range. If this zone exists, it is most likely the

source of heat for the Roosevelt Hot Springs area.
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STOCHASTIC MODELING

Probabilities relating numbers of shocks in a particular time

period have long been of interest to seismologists (Richter, 1958).

The major problem in applying statistical models is to account for all

the variables which influence the system. Variables such as the

cumulative energy of the system, creep, stick-slip, tidal strain,

multiple events and a variable addition of potential energy can se-

verely alter a model that may apply very well for one region, but not

another.

Two points of view on the subject of the statistical process for

the occurrence of earthquakes have received support. The first of

these assumes that shocks of the same magnitude are Poisson indepen-

dent and that A, which is the rate of a specific magnitude occurrence,

is only a function of magnitude. The probability of n shocks between

magnitude Mo and Mo + ~M occurring in a time interval t in length is:

P[N(t) = n, Mo<M<Mo + ~J=[A~~J n e-At~

This model assumes that a normal earthquake occurrence is stationary

and random with respect to time and that a number of shocks which

occurs in a unit time is distributed in accordance with Poisson's law

(Shimazaki, 1973, Knopoff, 1972). The probability of having a shock

of magnitude between Mand M+ dM in an interval of time dt is A(M)dtdM

(Shimazaki, 1973). In this way we remove the interrelation of shocks
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of different magnitude in the same time interval. A(M) is given by

the Gutenberg frequency-magnitude formula (Richter, 1958):

10gA = a - bM

where a = 8.56 and b = 1.0. Several studies since the proposal of this

model using Poisson's law have shown it not to be highly reliable

(Knopoff, 1964, Udias and Rice, 1975).

Knopoff Model

The second and more popular point of view was suggested by Knopoff,

(1971), and assumes that there is a state variable which is the poten

tial energy of deformation of the seismic region. A successful ap

plication of this model to a volcanic earthquake swarm has been made

by Filson and Simkin (1975). This method has been applied to the

Cove Fort data.

The following brief description of this stochastic model is from

Knopoff (1971). If we assume that deformational energy is a statisti

cal variable, rather than having a sequence of discrete numerical

quantities we will have a continuous function defined for all times t.

So we let P(E,t)dE, be the probability that the energy of the region

is between E and E + dE at time t.

All of the shocks will be considered to be instantaneous, even

though in a real system they are of short duration compared to the time

between events. Let a be the constant rate of addition of energy to

the system; the potential energy is assumed to be derived from tec

tonic deformation along a fault or fault complex. A(E)dt will repre

sent the probability that an earthquake will occur in an energy state
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E between times t and t + dt. T{XIE)dE is the conditional probability

that if we are in the energy state X and if an earthquake occurs the

region drops to an energy state between E and E + dE. Emax will

represent the maximum energy the system can withstand.

To find P{E,t)dE we must find the sum of two terms, i.e. there are

two possible ways to arrive at an energy state E. The first is the

probability that the system is in the energy state E - adt at time t 

dt and passes into energy state E by the elapse of time dt without an

earthquake. The second way is to assume the system is in a higher

energy state X and then by the occurrence of an earthquake it drops

into energy state E. The probability of this situation occurring in a

given energy state X is P(X,t)A(X)T(XIE){dt){dE){dX), Knopoff, (1971),

but of course we must sum all possible states X between E and Emax
thus:

P{E,t)dE = {1 - A{E)dt}P{E - adt, t - dt)dE + ~Emaxp(X,t)A{X)T{XIE)

dXdtdE eq. (1)

The first term in the right hand member of equation (1) can be

expanded in a Taylor series in the arguments t and E, and neglect

ing terms of higher order than 1 yields:

A{E)P(E,t) + a aP~~,t) + aP~~,t) = ~Emax P{X,t)A{X)T{X!E)dX,

eq. (2)

which is the Kolmogorov Backward Equation (Ko1mogorov, 1931).

If we only pursue the study of stationary processes, then P{E,t)

is independent of t (Baht, 1969), and equation (2) becomes:



A(E)P(E) + a d~fE) = ~Emax P(X)A(X)T(XIE)dX.
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eq. (3)

The data that were used in the test of the model consisted of

events detected at the Dog Valley station (Figure 10). Many of the

earthquakes that were considered do not have located hypocenters be

cause they did not appear on three or more stations. However, S minus

P times (Figure 13) indicated that all of these events were within a

radius of 15 km of the station and we assume had the same source mech

anism. Magnitudes for all events were calculated as before, using the

total signal duration method.

Seismic energy release was calculated for each event using the

magnitude-seismic energy relation of Bath(1973):

10910E = 12.24 + (1.44)(M),

where Mis the magnitude and E the energy release in ergs.

Filson and Simkin (1975), in applying the Knopoff model, examined

a caldera block and made the assumptions that seismic efficiency is in

dependent of magnitude, and seismic energy release reflects the rate

at which potential energy was supplied. Although the Cove Fort area is

definitly under a different tectonic regime, skeptically we are forced

to make similar assumptions in order to apply the model.

The cumulative energy release for four week recording period is

indicated in figure 22. and is plotted using a linear scale. It was

desired to exanline a period of time in which a relatively constant ad

dition of energy was being released by a large number of events of near

the same magnitude. This was done to find the linear constant a re

ferred to above. Two large "jumps" in energy release are apparent
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from figure 22, the first occurred on June 30, 1975 and the second

was on July 6, 1975. The July 6 increase was due to three large events

ranging up to ML 2.1; however, the June 30 increase was due to a

cluster of 51 events of almost equal magnitude.

The June 30 cluster was examined in greater detail and the cumu-

lative energy release was plotted both linearly and logarithmically in

figure 23. The period between 0400 to 0500, June 30 GMT was selected

for analysis because the addition of energy was near constant.

Emax was taken to be the energy released from the largest earth

quake of the cluster which was of magnitude 1.6. The minimum energy

was taken to be zero, and the range of energy states from 0 to the

cumulative energy at Emax were divided into 12 levels of 5.0 x 1013

ergs each.

The energy accumulation rate, a, was arrived at by making a

linear least squares regression analysis of the linear cumulative

energy plot (Figure 23a). The value obtained was a = 3.8 x lOll

ergs/sec. or a = 5.7 X 1012 ergs/15 sec.

The energy of the system at every 15 sec. interval was estimated

using
t-l

E(t) = Eo + at - ~ Es I

t=O
eq. (6)

after Filson and Simkin (1975), where Eo is the initial energy at t=O,

t is the number 15 sec.-time periods, and the summation indicates

energy lost due to earthquakes previous to time t.

Each E(t) was then placed in one of the 12 energy levels and P(E)

was calculated by counting the total number of entries in each energy
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level. Figure 24a indicates a reasonably symmetric histogram for prE).

A(E) was computed by examining the energy state for each 15

sec. interval, and whether or not an earthquake occurred. Figure 24b

shows the probabilities computed for A(E).

Normalizing prE) such that:

~Emax P(X)dX = 1,

(Hogg and Craig, 1970) the left-hand side of equation 3 was evaluated.

The highest value obtained (figure 25) was for energy level 5, and the

curve has some degree of symmetry. An entry for energy level 7 was not

possible since A(E) takes on the value of 0 there.

The conditional probabilities T(XIE) were attempted in order to

fully test the right hand side of equation 3. The following difficult-

ies, however were encountered:

1. Since there were only 4 events which caused a change
in energy levels, only 16 of the 144 conditional
probabilities calculated had a value different from O.

2. To compute the normalization of T(XIE) we must have
the condition (Hogg and Craig, 1970):

~XT(XIE)dE = 1.

This caused the 16 conditional probabilities to increase
to levels which made equation 3 not meaningful.

thus, the right hand side of equation 3 could not meaningfully be com

pared to the left hand side.

Fine energy level divisions were considered as a solution, but this

produced an unnecessary bias on prE) because of the small number of

events considered. The ultimate solution to the problem would be to

consider several clusters of events Over a much longer time period.



56

r---

~

. f-- .-..,

...---
l-

I--

~I
'--

~

t-

0.12

0.04

wo.oa
...........
(L

0.00
2 3 4 5 6 7 8 9 10 II 12

ENERGY LEVEL

129 10 IIa1

LEVEL
64 5

ENERGY
2

.

r---

-roo--
~ f---

r-- ,-..--
1-

r---

t----

0.30

0.00

0.10

.......-....
W 0.20
...........
,.<

< Fi gure 24
Probabilities of earthquake occurrence and energy states.

Histograms showing the distribution of P(E) (probability
of being in a given energy level) and A(E) (probability
of earthquake occurrence) against energy levels in
multiples of 5.0 x 1013 ergs.



EVALUATION OF THE LEFT HAND SIDE 0'

EQUATION THREE

0.04

1ft

• 0.03
0

)(

- 0.02. I-U
LLl
(/)

C>
rx 0.01LLl

57

2 4 6 8
ENERGY LEVEL

Figure 25
Evaluation of the Knopoff model.

10 12



58

However, many meaningful conclusions may be ascertained from the com-

putations already made.

The nearly symmetric distribution of P(E) (Figure 24a) indicates

that the system expended more time and was much more likely to be found

in an intermediate energy state. The average magnitude of earthquakes

occurring in energy levels 3 through 8 was 0.6. Larger or much smaller

earthquakes seemed more prone to occur in one of the extreme energy

levels 1 through 3 or 9 through 12.

The distribution of A(E) (Figure 24b), tends to increase with

higher energy states. This indicates that the higher energy levels have

a greater liklihood of earthquake occurrence. The noticeably low value

in energy level 7 may be attributed to the short period of time under

examination.

The approximate symmetry of P(E) and general increase in A(E) are

consistent with swarm activity investiged by Filson and Simkin (1975).

This analysis supports the proposition that this Cove Fort cluster of

earthquakes is swarm-like in nature.

The case considered is for a small period of time only. The fit

of the model is not excellent; however, the tectonic setting near Cove

Fort is indeed complex (Clark, 1976). The inconsistencies encountered

could easily be attributed to the complicated fault complexes, or the

loss of deformational energy through some other means.

The application of the Knopoff model, along with high b-values

supports the implication of swarm activity in the Cove Fort area. Mogi

(1963) showed that swarm activity usually occurs at remarkably fractur

ed regions, so high stress concentrations appear around numerous cracks

and faults. Thus, local fractures begin to appear under low stress and
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no singly large fracture can occur. Mogi (1963) further shows that

swarms occur primarily in volcanic regions because of concentrated

stress build-up in heterogeneous material and complex fracture zones.

Since the Cove Fort area has a history of high volcanic activity, it

is by no means improbable that the swarm activity is closely related

to a volcanic source.



CONCLUSIONS

Earthquake surveys conducted around the Roosevelt Hot Springs

KGRA and the Cove Fort - Sulphurdale KGRA, located a prominent zone

of earthquake activity that extends north from Cove Fort to Kanosh.

This trend of activity is coincident with the trend of the Intermountain

Seismic Belt. Because of high b-values, and the relatively good fit

of the Knopoff model, the activity at Cove Fort was characterized as

swarm-like. Earthquake swarms have been shown to be closely related

to volcanic activity, which could be interpreted to be responsible

for the hot-water wells and hot springs in the area. Larger and

smaller magnitude events were found to be more closely associated with

either low- or high-energy states. The likelihood of earthquake

occurrence was generally greater for high energy states. From

historical seismicity and this survey, the earthquake hazard for the

Cove Fort-Sulphurdale KGRA seems higher than for the Roosevelt area,

and any future geothermal venture for the Cove Fort area must take

this characteristic into account.

Fault plane solutions for the Cove Fort and Kanosh areas indicate

primarily normal faulting with generally east-west trending T-axes. A

focal mechanism for the area west of Cove Fort was not resolved. The

explanation offered for the unresolved solution is the presence of a

complex faulted upper-crust that does not relieve strain in a system

atic manner.

The Roosevelt Hot Springs area was found to be anomalously low in
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earthquake activity, however, during our two recording periods

totaling 49 days, six events were located along the west flank of the

Mineral Range. Four likely hypotheses, stable sliding, episodic

seismic activity, an area of hot rock unable to support stress, and

a quiescent seismic zone are proposed as an explanation for the lack

of seismic activity at the Roosevelt Hot Springs KGRA.

Consistent positive P-residuals up to +0.13 sec. and detectable

S-wave attenuation at the RAN station site closest to the Roosevelt

Hot Springs area, suggest the presence of a low-velocity upper-crustal

layer beneath the Mineral Range. Th'is may be produced by high temp

eratures that would enhance stable sliding instead of stick-slip move

ment (Brace and Byer1ee, 1970). Perhaps the Roosevelt Hot Springs

area is characterized by short periods of episodic activity separated

by periods of quiescence, and the recording period was too short to

sample the true seismic state.

If the recording period was too short at Roosevelt, long-term

seismic monitoring could provide a more definitive test of the

temporal seismicity, and give important information on possible fault

controlled permeability of the geothermal model. If a geothermal

power plant is eventually established at the Roosevelt area, geothermal

fluid injection or withdrawal could significantly vary the strain

energy sufficiently to induce earthquakes, A permanent seismograph

array could give warning of increased seismic activity.
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APPENDIX A

Listing of Located Earthquakes
Units Used in Appendix A

Time: hours, minutes, seconds
in Greenwich Mean Time

Depth: km

RMS: sec



;I C{'
t:

EVENT NO DATE TINE LATITUDE LONGITUDE DEPl'H MAG R}1S

1 740907 1432 19.69 38 34.06 112 43.55 5.006 1.55 .06
2 740907 2055 39'.'26 38 35.42 113 1.55 5.006 1.81 .79
3 740909 1718 22.61 38 43.75 112 22.68 10.00 1.10 .93
4 740909 2132 32.96 38 30.57 112 52.41 5.006 1.84 .00
5 740911 1605 11.. 58 38 34.08 11249.81 5.006 1.12 .27
6 740912 2053 36.10 38 33.99 112 51.96 5.000 .98 .21
7 740912 2128 59.74 38 20.59 112 43.18 .88 l.63 .12
8 740913 148 22.25 38 29.85 112 26.56 10.00 .55 1.03
9 740913 808 16.78 38 3l..0}"t J~2 41.. 37 5.006 1.46 .. 26

10 740913 1541 39.98 38 38.16 112 50.. 71 1.16 1.75 .. 37
11 740913 1819 33.. 69 38 26.. 85 113 4.55 .67 1.34 .09
12 740913 1854 27.64 38 37.20 112 46..39 5.000 .94 .1!.7
13 740913 1915 47.. 86 38 11.78 112 43.13 5.006 1.60 .07
14 740913 2020 27.98 38 39.. 15 112 39.30 5.006 1.60 .07
15 740913 2049 8.. 45 38 23.60 112 46..40 5.005 1.. 27 .30
16 740913 2158 55.40 38 37.02 113 3.. 03 1.80 1.24 .07
17 740913 2159 20.09 38 25.88 113 .44 5.006 1.. 29 .1~2
18 740914 18 54.58 38 25.75 112 44.93 9.91 1.42 .76
19 740914 113 48.45 38 4.95 ill 47.97 10.00 2.23 .14
20 740914 1843 31.76 38 47.l~ 112 49.81 5.006 1.87 l.05
21 740915 1747 57..16 38 27.16 113 1.76 25.58 1.08 .07
22 740915 1824 13.50 38 14.W 113 10.58 5.005 2.43 .00
23 740915 2039 48.40 38 40.. 36 112 49.. 68 5.000 1.. 36 .00
24 740916 1523 9.. 99 38 39.06 112 58.89 . ..11 1.14 .28
25 740916 2252 28.96 38 31.11 ll2 50.95 5.006 1.2l .65
26 740916 2349 14.80 38 29.20 113 1.54 5.005 1.37 .37
27 740917 2006 11.41 38 47.42 112 36.79 10.00 1.95 .37
28 740919 1937 3.76 38 38.06 112 42.29 5.000 1.28 .27
29 740920 1454 39.46 38 35.15 112 16.66 10.00 2.27 .13
30 740920 2340 57.84 38 27.29 113 5.44 5.. 000 1.~.2 .27
31 740922 1012 58.51 38 6.92 112 53.50 5.006 1.69 .14
32 740923 1309 34.86 38 37.64 112 39.81 5.005 1.76 .29
33 740923 2004 56.95 38 27.77 113 7.05 8.37 1.59 .25
34 740924 14 20.54 38 30.62 113 7.74 14.50 1.71 .22
35 750611 2158 25.81 38 38.37 113 4.33 21.13 1.88 .00
36 7506),.2 2044 41.32 38 44.30 112 48.49 12.94 2.18 .06
37 750612 2258 36.97 38 35.17 112 38.57 8.. 06 1.44 .17
38 75061) 255 54.89 38 38.95 113 17.24 18.06 2.29 .24
39 750613 350 59.06 38 37.09 112 34.96 4.78 .77 .03
40 750613 824 48.20 38 46.34 112 46.20 5.005 1 .. 95 .09
41 750613 827 36.36 38 17.52 ll2 39.59 5.000 l.31 .11
42 750613 1744 1~3.93 38 45.32 112 50.50 5.000 2.. 24 .13
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43 750613 2034 59.45 38 36.31 112 36.59 .39 1.40 .08
44 750613 2156 26.62 38 34.82 113 .41 5.006 2.30 .00
45 750614 343 11.25 38 38.83 112 31.88 5.. 006 .91 .00
46 750614 457 7.. 46 38 37.67 l12 30.47 1.02 1.13 .14
47 750614 559 39.97 38 40.72 112 32.20 5.006 .93 .12
48 750614 743 57.97 38 43.02 112 28.67 1.82 .59 .51
49 750614 1031 32.00 38 36.25 112 34.35 5.006 1.95 .09
50 750614 1034 43.80 38 39.15 112 32.07 5.006 .76 .00
51 750614 1039 46.48 38 36.68 112 32.41 3.42 .88 .07
52 750614 1116 28.34 38 36.31 112 34.10 2.29 .88 .14
53 750614 1247 49.78 38 37.22 112 34.45 9.58 1.11 .18
54 750614 l44657.54 38 41.95 112 30.96 .83 .85 .02
55 750614 2214 19.08 35 12.86 112 41.04 5.006 2.50 .31
56 150615 819 18.46 38 13.. 15 112 38.84 5.006 1.75 .01
57 150615 946 5.19 38 36.64 112 33.05 3.38 1.31 .05
58 750615 944 26.26 38 36.49 112 34.10 5.006 1.92 .04
59 750616 33 53.. 96 38 45.75 112 31.. 17 1.65 .31 .10
60 750616 843 47.69 38 40.63 112 33.52 .53 .55 .07
61 150616 1042 49.18 38 40.14 112 32.40 .. 60 .55 .02
62 150616 1313 50.42 38 38.16 112 33.06 4.48 .91 .00
63 150616 2049 15.74 38 42.32 ill 38.46 5.005 2.23 .20
64 750616 2331 38.. 07 38 30.36 112 31.82 5.99 3.35 .82
65 750617 6 27.04 38 15.53 112 52.57 5.005 1.26 .10
66 750611 324 48.38 38 41.69 112 23.90 5.005 1.70 .09
67 150617 330 4.00 38 44.35 ll2 28.10 5.005 1.14 .25
68 750617 331 44.27 38 43.44 112 30.17 1.06 1.33 .02
69 750617 439 39.17 38 44.88 112 28.82 4.08 1.03 .26
70 750617 729 31.89 38 16.76 112 41.. 02 2.57 1.59 .05
71 150617 1339 39.40 38 7.78 112 35.02 1.17 2.06 .07
72 150611 1437 8.27 37 38.14 112 41.95 1.45 2.44 .13
73 750619 1300 42.26 38 25.39 113 7.54 14.33 3.93 .20
74 750619 1320 59.43 38 43.71 112 35.80 5.005 1.47 .16
75 750620 2055 19.40 38 40.35 112 43.06 1.96 2.16 .17
76 750621 825 57.85 38 35.55 112 32.45 5.. 005 1.. 32 .13
77 750621 1639 57.44 38 45.34 112 49.53 5.006 1.42 .03
78 150621 2023 6.54 38 38.53 112 34.03 4.32 1.24 .17
79 750621 2156 21.36 38 39.48 113 5.42 5.006 2.10 .08
80 750622 351 45.00 38 37.25 112 37.49 3.43 .96 .08
81 750622 545 14.25 38 39.46 112 33.03 5.005 1.05 .05
82 150622 554 36.85 38 40.66 112 31.75 .46 1.. 14 .. 12
83 150622 624 9.26 38 52.28 113 2.76 40.15 3.57 .06
84 750622 811 3.28 38 36.83 112 32.85 5.005 .93 .01
85 750622 1043 17.57 38 37.49 112 33.79 5.006 .76 .00
86 150622 1620 22.28 38 42.62 112 39.68 5.006 1.81 .08
81 750622 1918 10.62 38 44.75 112 40.29 5.005 1.16 .17
88 150622 1934 44.11 38 27.62 112 26.62 5.005 1.52 .01
89 750623 655 32.50 38 37.63 112 36.10 1.20 .73 .01
90 150623 1645 31.48 38 31 .. 93 112 21.53 2.14 .82 .07
91 750623 1811 23.56 38 35.64 112 34.15 3.16 1.17 .10
92 750624 29 4.94 38 39.22 112 38.46 5.006 1.59 .58
93 750625 409 10.23 38 39.22 ill 34.45 9.15 1.12 .29
94 150625 758 1.65 38 43.33 112 25.92 5.006 1.85 .19
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95 750625 1938 28.64 38 50.31 ll2 28.16 5.0015 1.70 .94
96 750625 2313 57.50 38 40.60 ll2 58.92 5.00/5 2.25 .09
97 750626 1210 15.11 38 38.17 112 33.04 .30 .85 .02
98 750626 1230 W+.88 38 30.08 113 .04 16.57 4.19 .15
99 750627 141 20.84 38 36.04 112 33.46 5.00/5 .51 .12

100 750628 158 32.45 38 41.11 112 32.62 6.64 .97 .05
101 750628 948 20.79 38 36.03 113 .43 8.42 3.19 .23
102 150628 1603 52.94 38 36.32 112 32.89 5.00/5 1.34 .23
103 750629 213 15.39 38 19.78 112 18.19 5.90 1.29 .13
104 750629 1246 6.75 38 41.65 112 31.22 8.57 .96 .03
105 750629 1445 W+.77 38'39.11 ll2 34.61 .40 .74 .25
106 750630 417 22.24 38 36.15 ll2 33.35 4.75 'l,.43 .13
107 750630 425 39.73 .18 36.08 112 33.29 3.02 1.68 .13
108 750630 429 20.10 38 35.81 ll2 33.28 1.70 .75 .15
109 750630 429 42.45 38 36.29 112 33.24 2.90 1.16 .12
110 750630 431 43.99 38 36.08 112 33.60 4.70 1.25 .14
111 750630 436 18.31 38 36.05 112 33.46 4.19 1.39 .14
112 750630 646 48.67 38 36.05 D2 33.59 2.72 .75 .07
113 750630 1948 24.85 38 15.77 112 37.79 5.00/5 2.02 .I'll
114 750630 2211 6.45 38 42.63 112 33.11 6.55 1.22 .11
115 750701 36 16.76 38 35.51 112 33.58 5.0015 1.40 .23
116 750701 515W+.60 38 35.48 112 31.10 1.73 .56 .25
117 750701 921 36.42 38 41.28 112 29.98 11.07 1.05 .05
118 750701 1717 46.45 38 36.00 112 32.83 .3.63 1.20 .12
1]9 750701 1720 16.20 38 36.28 112 33.42 5.00/5 1.51 .13
120 750702 115 59.92 38 34.30 112 36.65 9.66 1.10 .13
121 750702 201 2.04 38 36.15 112 33.46 .06 1.03 .07
122 750702 517 36.96 38 36.65 112 33.88 .53 .79 .11
123 750702 633 14.61 38 26.47 112 16.81 5.71 1.80 .14
124 750703 245 3.03 38 31.98 113 1.45 5.00/5 1.45 .23
125 750703 430 2.13 38 35.71 112 34.41 5.00/5 .41 .15
126 750703 901 39.61 38 36.37 112 33.70 5.0015 1.17 .11
127 750703 949 9.90 38 40.85 112 30.76 6.02 .63 .11
128 750703 949 22.78 38 38.26 112 30.14 2.92 .43 .13
129 750703 949 47.12 38 35.50 112 36.13 5.57 .78 .06
130 750703 1016 55.54 38 33.26 112 40.01 5.005 .13 .04
131 750703 1305 49.98 38 38.99 112 33.46 .21 .61 .20
132 750703 2046 19.13 39 4.96 112 32.12 5.005 2.08 .13
133 750704 404 34.04 38 36.29 112 32.97 .38 .97 .06
134 750704 650 1.90 38 38.52 112 36.56 8.12 .39 .01
135 750704 803 31.03 38 36.45 112 33.73 1.69 1.33 .07
136 750704 1110 40.07 38 36.48 112 33.63 1.00 .79 .06
137 750704 1124 27.72 38 37.80 112 36.29 3.49 .83 .05
138 750704 1250 31.71 38 41.29 112 31.19 7.55 .40 .12
139 750704 1303 20.61 38 28.76 112 33.95 5.005 1.03 .08
140 750704 1336 37.32 38 36.34 112 33.61 2.73 1.17 .07
141 75070h 2202 43.38 38 41.96 112 33.04 5.005 .72 .07
142 750705 458 49.96 38 36.29 112 32.95 4.44 .25 .05
143 750705 812 52.67 38 41.37 112 33.02 5.46 .61 .07
l44 750705 2107 3.53 39 21.85 112 45.16 .69 2.16 .32
145 750706 106 12.61 38 36.29 112 33.84 3.96 1.89 .08
146 750706 107 40.81 38 36.21 112 33.71 3.43 1.11 .09
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147 750706 246 29.34 38 36.34 112 34.22 3.89 1.02 .09
148 750706 304 18.09 38 36.29 112 33.46 5.005 .63 .00
149 750706 617 4.46 38 42.29 112 32.51 5.005 .76 .05
150 750706 1332 42.85 38 36.18 112 38.95 3.82 .82 .00
151 750706 1621 41.,84 38 44.65 112 33.86 6.72 1.06 .05
152 750706 1639 16.10 38 42.34 112 32.38 8.01 1.74 .09
153 750707 110 19.82 38 36.72 112 34.50 5.005 1.18 .18
154 750707 150 33.52 38 36.07 112 33.03 5.005 .71 .14
155 750707 256 36.21 38 28.84 112 19.85 1.13 1.06 .08
156 750707 422 33.39 38 36.08 112 32.84 5.005 .68 .11
157 750707 947 37.32 38 44.58 112 30.54 6.28 1.27 .12
158 750707 1114 51.80 38 37.46 112 35.28 6.43 .79 .12
159 750707 2323 28.73 38 38.42 112 26.01 5.005 1.41 .04
160 750708 337 29.98 38 41.80 112 34.12 5.005 .70 .00
161 750708 356 4.27 38 35.98 112 33.46 2.50 1.14 .ll
162 750708 1545 15.02 38 35.90 112 33.56 5.63 1.38 .07
163 750708 1730 .09 38 35.59 112 35.63 4.15 .88 .01



APPENDIX B

STATION LOCATIONS



STATION LONGITUDE LATITUDE ELEVATION (m)

Antelope Valley (ANT) 112°38.36 1 38°39.12' 1871 .9

Beaver Lake Mountains (BVR) 113°04.66 1 38°31.89 I 1658.5

Cinder Crater (CIN) 112°38.27 1 38°34.39' 1973.2

Dog Valley (DOG) 112°33.36 ' 38°38.43 1 1964.0

Dry Wash (DRY) 112°28.06' 38°45.16' 1707.8

Lincoln Gulch (LIN) 112°52.22' 38°16.57' 2098.2

Lincoln I I (LI2) 112°51.62' 38°16.59' 2147.0

Mine (MIN) 112°41.27' 38°29.75' 2055.5

Mud Spri ngs (MUD) 112°24.58' 38°32.08 1 2214. 1

Mary's Nipple (NIP) 112°25.69' 38°40.95' 2217. 1

North Mi nera1 (NOM) 112°49.71 1 38°37.91 ' 1762.7

North Mineral II (NM2) 112°50.23' 38°37.64 1 1834.0

Pole Canyon (POL) 112°32.54' 38°25.03' 2409.3

Ranch Canyon (RAN) 112°50.85' 38°25.65 1 1982.3

Sandstone (SND) 112°31. 72' 38°40.75' 1970. 1

Sevier Lake (LAK) 113°02.44' 38°52.90' 1590.0

Sulphur Creek (SLF) 112°33.85 1 38°32.69 1 2098.2

The rmo (TMO) 113°17.62 1 38°15.27 1 1590.0

Twin Peaks (TWN) 112°44.35' 38°46.89' 1622.5

Twin Peaks II (TW2) 112°44.63 1 38°44.96 1 1616.4



APPENDIX C

EARTHQUAKES USED TO COMPILE

COMPOSITE FAULT PLANE SOLUTIONS



Composite Fault Plane Solution 1

EVENT DATE DEPTH (km) RMS (sec)

47 06 14 75 5.00 0.12

100 06 28 75 6.64 0.05

114 06 30 75 6.55 O. 11

" 117 07 01 75 11.07 0.05

141 07 04 75 5.00 0.07

143 07 05 75 5.46 0.07

151 07 06 75 6.72 0.05

152 07 06 75 6.72 0.09

Composite Fault Plane Solution 2

EVENT DATE DEPTH (km) RMS (sec)

106 06 30 75 4.75 0.13

109 06 30 75 2.90 O. 12

110 06 30 75 4.70 0.14

112 06 30 75 2.72 0.07

115 07 01 75 5.00 0.23

118 07 01 75 3.63 0.12

119 07 01 75 5.01 O. 13

120 07 02 75 9.66 0.13
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Composite Fault Plane Solution 3

EVENT DATE DEPTH (km) RMS (sec)

37 06 12 75 8.06 0.17

43 06 13 75 0.39 0.08

58 06 15 75 5.00 0.04

80 06 22 75 3.43 0.08

120 07 02 75 9.66 0.13

129 07 03 75 5.57 0.06

163 07 08 75 4.15 0.01



APPENDIX D

PERIODS OF STATION OCCUPATION
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STATION

ANT

BVR

eIN

DOG

DRY

LIN

LI2

MIN

MUD

NIP

NOM

NM2

PERIOD OF OPERATION

June 12~ 1975 to June 19, 1975
June 20~ 1975 to July 8~ 1975

Sept 5~ 1974 to Sept 24~ 1974
June 11, 1975 to June 12, 1975
June 13~ 1975 to June 14~ 1975
June 15~ 1975 to June 19, 1975
June 20, 1975 to June 22~ 1975
June 28, 1975 to June 29 ~ 1975
June 30, 1975 to July 2~ 1975

July 2~ 1975 to July 8~ 1975

June 12, 1975 to June 19, 1975
June 21 ~ 1975 to' June 23~ 1975
June 24 ~ 1975 to June 30 ~ 1975
Ju'Jy 1 ~ 1975 to July 8~ 1975

June 22 ~ 1975 to July 8, 1975

June 12, 1975 to June 14, 1975

June 14, 1975 to June 19, 1975

Sept 6, 1975 to Sept 24, 1975
June 11, 1975 to June 19, 1975
June 21, 1975 to July 8, 1975

June 25, 1975 to June 26, 1975
June 27, 1975 to June 28, 1975
June 29, 1975 to July 8, 1975

June 26, 1975 to July 8, 1975

Sept 11,1974 to Sept 24,1974
June 11, 1975 to June 19, 1975
June 20, 1975 to July 8, 1975

Sept 4, 1974 to Sept 11, 1974



POL

RAN

SND

LAK

SLF

Tm
TWN

~2

July 4, 1975 to July 8, 1975

Sept 4, 1974 to Sept 8, 1974
Sept 10,1974 to Sept 11, 1974
Sept 13, 1974 to Sept 24, 1974
June 11, 1975 to June 19, 1975
June 20, 1975 to July 8, 1975

June 28, 1975 to July 8, 1975

Sept 5, 1974 to Sept 10, 1974
Sept 16, 1974 to Sept 24, 1974

June 29, 1975 to July 8, 1975

Sept 5, 1974 to Sept 24, 1974

June 11, 1975 to June 19, 1975

June 20, 1975 to July 8, 1975
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EPICENTER MAP AND GENERAL GEOLOGY
OF THE

ROOSEVELT HOT SPRINGS AREA

PLATE I

GEOLOGY FROM HINTZE (1963) AND 'PETERSEN (1975)
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EPICENTER MAP AND GENERAL GEOLOGY

OF THE
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