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U.S. GEOLOGICAL SURVEY
NATIONAL MAPPING DIVISION
EARTH SCIENCE INFORMATION CENTER — LAKEWOOD
ROCKY MOUNTAIN MAPPING CENTER
DENVER, COLORADO
(303) 236-5829
FTS 776-5829

ADVANCE MATERIAL INDEX

The accompanying pages show the status of Topographic Mapping and Orthophotoquad Mapping,
and the availability of advance materials. These indexes are produced on a quarterly
basis and are furnished to requestors free of charge. Following is an explanation of
symbolization and ordering information.

TOPOGRAPHIC MAPPING

2
3

Aerial photography completed. For ordering address, see note (a).

Basic horizontal and vertical control surveys completed. Monumented control may or
may not have been established in this quadrangle. Descriptions and unadjusted
coordinates and/or elevations are published in 15-minute quadrangle lists. Advance
maps are not available at this stage. Price is $1.25 per list (horizontal or
vertical). For ordering address, see note (a).

Prints of manuscripts (without feature classification, names, boundaries or land
net) compiled from aerial photographs are available for.$2.50 each. See note (a)
and (b).

Field mapping and checking completed. One—color unedited advance prints (w1thout
names) are available for $2.50 each. See notes (a) and (b).

Final drafting completed. Part1a1]y—ed1ted one-color advance pr1nts (with names)
are available for $2.50 each. See notes (a) and (b).

Maps published since the latest edition of the State Sales index to published maps.
See note (c).

- Maps published at 1:62, 500—sca1e in 15-minute quadrangles. However, 1:24,000-scale

one-color prints in 7 1/2-minute format, with appropriate accuracy and contour
intervals are available at $2.50 each. See notes (a) and (b).

Screened areas represent projects in progress at Mid-Contineht Mapping Center.
Indicated advance materials are available through ESIC-M, USGS Building, 1400
Independence Road, Rolla, Missouri 65401. (314) 341-0851 or FTS 277-0851.

Screened areas represent projects in progress at Western Mappfng Center. Indicated
advance materials are available through ESIC-W, 345 Middlefield Road, Mail Stop 532,
Menlo Park, California 94025. (415) 329-4309 or FTS 459-4309.

-1-



' ORTHOPHOTOQUAD MAPPING

2 - Aerial photography" comp]eted genera]]y quad-centered at 1:80,000-scale.
(a) and (b). i

4 Advance copy available. See nofes-(a) ahd (b). Price per copy for screened image
on diazo paper is $3.00; for halftone print on waterproof diazo or single weight
positive paper is $15.00; for continuous tone image on photographic paper is $20.00;°

for screened image on my]ar or cont1nuous tone image on opaque scale stable film is
$36.00. .

% Same materials available as 4, however, land net (General Land Office) is shown.

0 Second genération advance copy available. Refer to 4, above, for ordering
~information and prices. ' '

8 Same materials available as 0, however, land net (General Land Office) is shown.

Third generation advance copy available. Refer to 4, above, for ordering
information and prices. '

B Same materials available as D, however, land net (General Land Office) is shown.

NOTES

(a) Requests for aerial photography, control Tists or advance prints should be sent to
the U.S. Geological Survey, Earth Science Information Center-Lakewood, Federal
Center, Box 25046, Stop 504, Denver, Colorado 80225. Payment in the exact amount

. must accompany order. Check or money order should be made payable to the
Department of the Interior, USGS. Please do not send stamps or two party checks.
Purchase orders from commercial sources must include Federal tax identification.
Discount agreements are not honored. Postage and handling charges are $1.00 on-all
map orders of less than $10.00. :

(b) In ordering material or requesting information, mark your area of interest on. the -
‘ accompanying index and forward it with your order. A new copy of the index will be
returned to you for future use. '

(c) Requests for State sales indexes (free of charge) and for published maps and charts
should be sent to the Branch of Distribution, Central Region, U.S. Geological
Survey, Federal Center, Box 25286, Denver, Colorado.80225. (303) 236—7477
Remittance must be made payable to Department of Interior, USGS.

(d) This explanation sheet refers to the Advance Materials Indexes for the states of
Alaska, Arizona, California, Colorado, Hawaii, Idaho, Montana, Nevada, New Mexico,
Oregon, Texas, Utah, Washington and Wyoming. Questions about the mapping program
for the remainder of the United States should be directed to ESIC-M, USGS Building,

1400 Independence Road, Rolla, Missouri 65401. (314) 341-0851, FTS 277-0851.

Earth Science Information Center off1ce hours are from 8 a.m. to 4 p.m. Monday through
Friday.

See notes - ;:;
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Map ref.

Aeromagnetic map of Hayden Peak and vicinity, Uinta Mtns., Utah, by :
J. L. Meuschke and J. R. Kirby, scale 14125,0Q0Q, (OF 1966) ceecssasans A
Copies on file at 1, 2, 3, 4, 5, 6. ' ,

Reproductions may be ordered from 6.

A.gravity and aeromagnetic survey of Heber and Rhodes Valleys, Wasatch
County, Utah, by D. L. Peterson, 1970, in Water resources of the
Heber-Kamas-Park City area, north-central Utah, State ‘'of Utah,
Dept. Nat. Resources Tech. Pub. No. 27, p. 54-59 (f1g 23, p. 59 .
is an aeromagnetic map, scale 1:250,000) ........ ceicvenaas Cecssecenan B

*Professional Paper 316-A Regional geophysical investigations of the
Uravan area, Colorado, by P. E. Byerly and H. R. Joesting, 1958,
(magnetic coverage shown on pl. 2, scale 1:125,000, extends into
Utah) . ieveennvearnnconnssons Cereretenaeesans ceeseennns cesensevecesosaca C

A comprehensive system of automatic computation in magnetic and
gravity interpretation, by R. G. Henderson, 1960, Geophysics, v.' 25,
no. 3, p. 569-585, (fig. 5 on p. 581 is an deromagnetic map of
the Mexican Hat area, scale 1:250,000)....vceccccsncnnse ereecsssessses D

*Professional Paper 316-C Regional geophysical investigations of the
Lisbon Valley area, Utah and Colorado, by P. E. Byerly and
H. R. Joesting, 1959, (pl. 8 is an aeromagnetic map, scale -
1:125,000)..c0eencens teeean Cheeseresteresteseasaaseseneans teeesesonans E

Geophysical studies of the Upheaval Dome area, San Juan County, Utah,
by H. R. Joesting and Donald Plouff, 1958, Intermountain Assoclation
of Petroleum Geologists, 9th annual field conference guidebook
of the Paradox basin, p. 86-92. ...ttt rvirccnsnnnens ee

*Salt anticlines and deép—seated structures. in the Paradox basin, Colorado

- and Utah, by H. R. Joesting and J. E. Case, 1960, in Professional
Paper 400-B, p. 252-256..... cestesaanna ceenesees

® 8 8 08 06 s e s e o0 LG I B B ) G
*Precambrian structures in the Blanding basin and Monument Upwarp, southwest

Utah, by J. E. Case and H. R. Joesting, 1961, in Professional Paper’
4241) p 287 291 D N I R I N I I I N O A I N I I I SRR AR N N N N N N NP Py

tececencnsenne H
*Professional Paper 316-F Regional geophyéical investigations in the
La Sal Mountains area, Utah and Colorado, by J. E. Case, H. R.
Joesting, P. Edward Byerly, 1963, (aeromagnetic map shown on
pl. 15, scale 1:125,000) «eveernceneencassnnnsosnsnsosnassnsancassessses I
Regional geophysical studies in Salt Valley - Cisco area, Utah and
- Colorado, by H. R. Joesting and J. E. Case, 1962, Bulletin of the
American Association of Petroleum Geologists, v. 46, no. 10,
p. 1879-1889, (fig. 3, p. 1884 is an aeromagnetic map of the °
Salt Valley - Cisco area)....eveee.. e .

- *Qut-of-print ' ' 1 .
. : rey, 2-1-79



UTAH (contd) .
Map ref.

*Professional Paper 516-B Geologic interpretation of an aeromagnetic
survey of the Iron Springs District, Utah, by H. R. Blank, Jr. and
JQ H. mckin’ 1967 l..‘._ll.'lv.‘.......l!.‘.....'.'......I...l‘...‘l K

- *Professional Paper 516-C Regilonal geophysical investigations of the
Moab-Needles area, Utah, by H. R. Joesting, J. E.-Case, and

Donald Plouff, 1966, (pls. 2 & 3 are aeromagnetic maps at scale
1:125,000)-......,,.....................,.......................... KK

*Professional Paper 516-D Geologic interpretation of aeromagnetic and
gravity maps of Tintic Valley and adjacent areas, Tooele and Juab
Counties, Utah, by D. R. Mabey and H. T. Morris, 1967 ............ . L
Geophysical anomalies over Precambrian rocks, northwestern Uncompahgre
- Plateau, Utah and Colorado, by J. E. Case, 1966, Bulletin of the
" American Association of Petroleum Geologists, v. 50, no. 7,
p. 1423-1443, (fig. 7, p. 1435 is an aeromagnetic map of area
shown on. attached index map) .vecevieecescrencsscccscsassasasscccnas M

*Bull. 1230-I Mineral resources of the High Uintas Primitive Area, Utah,
by M. D. Crittenden, C. A, Wallace, and M. J. Sheridan, 1967
(interpretation of aeromagnetic survey on p. 20-22, fig. 7 is a
small size aeromagnetic contour MAP) sesssesoosssvssostscnsosssssase N-

Misc. Geol. Invest. Map I-532-A Magnetic map from 112° W longitude to the
coast of California, by Isidore Zietz and J. R. Kirby, 1968, scale
1:1,000,000 (coverage in Utah is a combination of data from U. S.

Naval Oceanographic Office and U.S. Geol. Survey), 50 cents ....... =~ O

Misc. Geol. Invest..Map I-533-A  Magnetic map from 100° to 112° W
longitude, by Isidore Zietz and J. R. Kirby, 1968, scale 1:1,000,000
(coverage in Utah is a combination of data from U. S. Naval
. Oceanographic Office and U.S. Geol. Survey), 50 cents ....... ceeane )

Aeromagnetic investigation of crustal structure for a strip across the
western United States, by Isidore Zietz and others, 1969, Geol. Soc.
America Bull., v. 80, no. 9, p. 1703-1714, (pl. 1 shows tectonic
features, aeromagnetic map with contour intervals of 20 and 100

., gammas, and location of major magnetic trends and patterns) ....... Q

Thickness of unconsolidated to semiconsolidated sediments in Jordan
Valley, Utah, by R. E. Mattick, 1970, in Professional Paper 700-C,

p. 119-124 (fig. 3, p. 121 is an aeromagnetic map of southern
‘Jordan Valley), $3.25 .......c....

‘@60 00 s s e s e0 s s s et st e 00t as s e ® R

Morphological study of geophysical maps by viewing in three dimensions,
by S. Parker Gay, Jr., 1971, Geophysics, v. 36, no. 2 (this paper

is not by a U.S.G.S. author but the southern 3/4 of GP<598 is used
as an example) ........... .o

L L R I I I I R N I TY I P S

*Out~of-print o -2 rev, 2-1-79



UTAH (contd)

Reconnaissance geology and mineral potential of Thomas, Keg, and
Desert calderas, central Juab County, Utah, by D. R. Shawe, 1972,
 in Professional Paper 800-B, p. 67-77 (fig. 2 contains 100 gamma
aeromagnetic contours), $2.25 .ceecccosctccccccccrcctssssscossnssccs

Professional Paper 736 Regional geophysical investigations in the
‘central Colorado Plateau, by J. E. Case and H. R. Joesting, 1972
(1973), (pl. 2 is an aeromagnetic map, scale 1:125,000), $6.85 .....

Aeromagnetic map of part of west-central Utah, by U.S. Geol. Survey,
scale 1:250,000 (OF 1971) ceveecersscasaseancocacsersascassscsscsasasan
Copies on file at 1, 2, 3, 4, 5, 6, 10, 11. '
Reproductions may be ordered from 6.

Aeromagnetic map of parts of the Richfield and Cedar City 1° by 2°
quadrangles, Utah, by U.S. Geol. Survey, scale 1:250,000,
OF (1972) seeeeecccnces eeetserssstssesssectesscnssessetsesscsestsesne
~ Copies on file at 1, 2, 3, 4, 5, 6.
Reproducfions may be ordered from 6.

Aeromagnetic map of parts of the Delta and Richfield 1° by 20 quadrangles,
Utah, by U.S. Geol. Survey, scale 1:250,000 (OF 1972) ....cccveeeess
Copies on file at 1, 2, 3, 4, 5, 6.

Reproductions may be ordered from 6.

Seismic reflection and aeromagnetic surveys of the Great Salt Lake, Utah,
by M. J. Mikulich and R. B. Smith, 1974, Geol. Soc. America Bull.,
v. 85, no. 6, p. 991, (fig. 3 is an aeromagnetic Map) c.ciecvvccaces

Mineral resources of the Lone Peak Wilderness Study Area, Utah and Salt

' Lake Counties, Utah, by C. S. Bromfield and L. L. Patten, with a
section .on Interpretation of aeromagnetic data by D. R. Mabey
(report contains an aeromagnetic map at scale 1:48,000),
(OF Rept. 75-382, 1075) teeeeececescconosoossassccosonasconssncacecs
Copies on file at 1, 2, 3, 4, 5. '

. GP-127 Airborne radioactivity survey'of the Myton area, Duchesne and
Uintah Countles, Utah, by R. W. Johnson, 1955, scale 1:31,680,

50 CentS ..an-o-on-ooon--oo-.-.u..-u.--o-o--ao.o..ou'onoo-nooooooo.

GP—422 Aeromagnetic and generalized geologic map of part of north--
central Utah, by D. R. Mabey, M. D. Crittenden, Jr., H. T. Morris,
R. J. Roberts, and E. W. Tooker, 1964, scale 1:250,000, 50 cents ...

GP-597 Aeromagnetic and gravity profiles of the United States along the
37th parallel, by Isidore Zietz and J. R. Kirby, 1967, scale
1:2,500’000’ 50 Cents ® 0 8 8 00 00 0000 OO0 S BN 0SS BCS oL e

GP-598 Aeromagnetic map of the San Francisco Mountains and vicinity,
southwestern Utah, 1966, scale 1:62,500, 50 CentS sieieesacesocncncs

3 _ | rev. 2-

Map ref.

127
422
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UTAH (contd) .

: Map ret.

GP-907 Aeromagnetic map of Utah, by Isidore Zietz, Ralph Shuey and '
John R. Kirby, Jr., scale 1:1,000,000, 1976 ....ccciveenencancnsens 907

1. U.S.G.S. Library, Rm. 4-A-100, 12201 Sunrise Valley Dr., Reston, Va.

2. Rm. 8105 Federal Bldg., 125 South State St., Salt Lake City, Utah

3. Rm. 1012 Federal bldg., 1961 South St., Denver, Colorado

4 U.S5.G.S. Library, Stevinson Bldg. #3, Denver West Office Park,
1526 Cole Blvd., Golden, Colo.

5. U.S5.G.S. Library, 345 Middlefield Rd., Menlo Park, Calif.

6. Utah Geol. and Mineral Survey, 606 Black Hawk Way, Salt Lake City, Utah

7. Rm. 504 Custom House, 555 Battery St., San Francisco, Calif.

8. Rm. 7638 Federal Bldg., 300 N. Los Angeles St., Los Angeles, Calif.

9. Colorado Geological Survey, 254 Columbine Bldg., 1845 Sherman St.,
Denver, Colo.

10. 1Idaho Bureau of Mines and Geology, Montana College of Mineral Science
and Technology, Butte, Mont.

4 . 'rev. 2~1-79
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REPRINT

Botton Gravity Meter Regional Survey of the Great Sait Lake, Utah.

by

Kenneth L. Cook, Edward F. Gray, Robert M. Iverson, and Martin T. Strohmeier

Reprint from

Great Salt Lake -- a Scientific, Historical and Economic Overview
» Edited by J. Wallace Gwynn .
Utah Geological and Mineral Survey Bulletin 116, p. 125-143
“June 1980



BOTTOM GRAVITY METER REGiONAL SURVEY OF THE GREAT SALT LAKE, UTAH

’

by Kenneth L. Cook', Edward F. Gray*®, Robert M. Iverson®, and Martin T. Strohmeier®

' Department of Geology and Geophysics, University of Utah, Salt Lake City, Utah, 84112
2Formerly Department of Geology and Geophysics, University of Utah, Salt Lake City, Utah, 84112
3 Formerly Defénse Mapping Agency, Topographic Center, 6500 Brookes Lane, Washington, D. C., 20315
* Defense Mapping Agency, Hydrographic/Topographic Center, Geodetic Survey Squadron, F. E. Warren Air Force
Base, Wyoming 82001 '

ABSTRACT

A bottom gravity meter regional survey of the
Great Salt Lake (64 stations during 1968) resulted
in the compilation of a simple Bouguer gravity anomaly
map (with 5-mgal contour interval) and interpretive
geologic cross sections along four east-west gravity
profiles across the lake that provided information
concerning the geologic structures beneath the lake. The
large gravity low, that extends for a distance of about 70
miles, essentially the entire length of the lake, indicates a
large north-northwestward trending graben beneath the
lake, herein designated the Great Salt Lake graben. The
closely spaced gravity contours, with steep gravity
gradients, indicate that the graben is bounded on each
side by large Basin and Range fault zones. On the
northwestern side is the East Lakeside Mountains
fault zone; on the southwestern side is the East Carring-
ton-Stansbury Islands fault zone; and on the east side is
the East Great Salt Lake fault zone. All fault names are
newly designated. The large gravity low centers that lie
north and south of the gravity saddle that extends
between Bird (Hat) Island and the Promontory Point-
Fremont Island area, indicate that at least two Cenozoic
structural basins of deposition probably formed within
the great graben between the Dolphin Island-Rozel Hills
area and the Tooele Valley graben. The two basins are
designated the “‘northern Cenozoic basin’ and “‘southern
Cenozoic basin” to the north and south, respectively, of
the gravity saddle.

The geologic cross sections along the gravity pro-
files, based on a density contrast of 0.5 gm/cc between
the bedrock” and valley fill, indicate that the maximum
thickness of the Cenozoic structural basins (valley fill) is
more than 7,100 feet and 9,700 feet in the northern and
southern Cenozoic basins, respectively. An assumed
larger or smaller density contrast would result in cor-
respondingly smaller or larger thicknesses, respectively.

The new gravity data over the Great Salt Lake,
used in conjunction with the previous gravity data over
the adjoining mainland (Cook and others, 1966), afford-
ed an interpretation of the continuity and interrela-
tionships of the geologic structures. For example, the
Great Salt Lake graben is continuous with the Tooele
Valley graben. Also, an arm of the northern Cenozoic
basin within the Great Salt Lake graben probably
extends southward, with some constriction, between the
Lakeside Mountains and Carrington Island, to connect
with the Cenozoic structural basin within the Lakeside-
Stansbury graben. '

INTRODUCTION

During July and August 1968 a regional gravity
survey of the entire Great Salt Lake, Utah was made by
the U. S. Defense Mapping Agency, Topographic Center
(formerly designated U. S. Army Map Service) in cooper-
ation with the Utah Geological and Mineral Survey
(formerly designated Utah Geological and Mineralogical
Survey). Figure 1 shows an index map of the survey
ared.

Sixty-four new gravity stations were taken at the
bottom of the Great Salt Lake, (plate 2, in pocket) using
a bottom gravity meter. The new gravity data were
combined with the gravity data on land periphe‘ral
to the Great Salt Lake and along the Southern Pacific
Railroad causeway across the lake that was previously

published by Cook and others (1966).

The combined gravity data were used in compiling
1) a simple Bouguer gravity anomaly map of the Great
Salt Lake and vicinity (plate 2) and 2) four interpretive
geologic cross sections indicating the general geologic
structures under and adjacent to the Great Salt Lake. A
knowledge of the geologic structures will be helpful not

~only in deciphering the tectonic patterns and geologic
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Figure 1. Index map of Utah, showing survey area.

history of the region, but also in the evaluation of the
potential for natural resources. For example, the exis-
tence of deep Cenozoic (including Quaternary and
Tertiary) basins beneath the Great Salt Lake makes the
area favorable for the exploration of petroleum and/or
natural gas.

TECHNIQUES AND BACKGROUND DATA

Using a LaCoste and Romberg bottom gravity
meter, readings at 64 stations were taken along east-west
profiles spaced approximately S miles apart. The stations
were at 2- and 5-mile intervals on alternate traverses.
Plate 2 shows the station coverage over the Great Salt
Lake and surrounding areas. In the extreme northern
part of the lake, the gravity coverage was less detailed
than in other parts of the lake because of the difficulty
in taking gravity readings in the shallow water. In this
area, the wave action on the surface of the lake caused
motion of the water at the bottom and hence instability
(i.e., accelerations) of the bottom gravity meter that
prevented the taking of accurate measurements. To
await periods of perfectly calm surface water conditions
for satisfactory gravity measurements would have
prolonged the survey unduly.
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Figure 2. The boat G. K. Gilbert at dock in Little
Valley Harbor, Great Salt Lake. Telluro-
meter on tripod on top of cabin. Bottom
gravity meter and power winch inside boat
at stern. Note cable to pulley on wooden yoke
over stern of boat. Photograph taken by
K. L. Cook on August 4, 1968. '

The G. K. Gilbert, a boat owned by the Utah
Geological and Mineral Survey, was used for the survey
(figure 2). The boat, which was 42 feet long, 13 feet
wide and 6 tons in weight, was propelled by two water-
jet-type propulsion engines and had a draft of 14 feet.
The gravity meter was lowered over the stern of the
boat on a cable that passed through a pulley to a power
winch (figure 3).

Horizontal control was obtained to an accuracy of
generally a few meters with a Tellurometer (Model
MRA3). The master was mounted on top of the cabin of
the boat (figure 2) and the two slave stations were either
on the mainland or on the islands of the lake. Vertical
control was obtained to an accuracy of half a foot with a
lead line dropped over the side of the boat.

Two principal base stations on land were used for
the survey (plate 2): (1) for the survey of the southern
part of the lake, the station was on the breakwater
forming the County Boat Harbor at Silver Sands Beach
and (2) for the survey of the northern part of the lake,
the station was adjacent to the wharf at Little Valley
Harbor (northwest of Promontory Point). Using LaCoste
and Romberg land gravity meter No. 123, these base
stations were tied to the Salt Lake City K base station
(at the Salt Lake City airport), which is a United States
National Gravity Base Net station (Cook and others,
1971). A description of the location of each of these
base stations is given in Appendix 1.
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Figure 3. LaCoste and Romberg bottom gravity meter
being lifted over side of boat before lowering
by cable and power winch into Great Salt
Lake. Note metal flanges on tripod legs of
instrument housing to facilitate stability in
muddy bottom of lake. Photograph taken by
K. L. Cook on August 4, 1968.

The gravity data were reduced during 1968 by the
Gravity Division of the U. S. Army Map Service in
Washington, D.C. to give simple Bouguer gravity ano-
maly values. In making the Bouguer corrections, an
average density of 1.22 gm/cc was used for the salt water
of the lake, and a density of 2.67 gm/cc was used from
the bottom of the lake to mean sea level. Listings of
the elevations of the Great Salt Lake during the gravity
survey, the density of the salt waters of the Great Salt
Lake during the summer of 1968, and the principal facts
of the bottom gravity stations are given in Appendices 2,
3, and 4, respectively.

The simple Bouguer gravity anomaly values for the
bottom gravity stations were contoured on a map using a
5-milligal (mgal) contour interval. This map was then
fitted to the corresponding gravity map values of Cook
and others (1966) along the shores of the lake and the
causeway across the lake. The resulting simple Bouguer
gravity anomaly map, at a 5-mgal contour interval, is
shown in plate 2. Four profiles (A-A’ through D-D’,
plate 2) were selected for the construction of the inter-
pretive geologic cross sections, which were computed
using the two-dimensional modeling technique of
Talwani and others (1959).

The resulting interpretive geologic cross sections,
in conjunction with the characteristics and patterns on
the gravity map and the mapped surface geology, were
used to delineate the major geologic structures of the
region. The results of the gravity studies were also
compared with the results of the available seismic data
to provide as reasonable a geologic interpretation as
possible.

GEOLOGY

The Great Salt Lake lies along the active rift
system in the eastern part of the Basin and Range
province (Cook, 1969). The region is characterized by
north-south trending mountains and valleys which
generally are large horsts and grabens, respectively. The
mountain ranges are generally bounded by major Basin
and Range fault zones, many of which are seismically
active today.

North-south trending mountain ranges surround
the Great Salt Lake in most areas. These mountains,
which are generally composed of Paleozoic rocks,
include the Hogup Mountains, Terrace Mountains, .
Lakeside Mountains, Promontory Mountains, Oquirrh
Mountains, and Stansbury Mountains (plate 2).

Several islands and peninsulas of the Great Salt
Lake are composed of Precambrian and/or Paleozoic
rocks (plate 2). Antelope Island, Fremont Island, Car-
rington Island, and Bird (Hat) Island are composed of
Precambrian rocks. Stansbury Island and Pfomontory
Point are composed of Precambrian and Paleozoic rocks.
South Little Mountain is composed of Precambrian
rocks.

Volcanic rocks of Tertiary age are the principal
composition of (1) the Rozel Hills, (extending northwest
of Rozel Point) which lie along the northeastern margin
of Great Salt Lake and (2) the Wildcat Hills and Cedar
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Hill, both of which lie near the northern margin of Great
Salt Lake and off the map of plate 2.

Most of the surficial valley fill surrounding the
Great Salt Lake is Quaternary alluvium. However, several
isolated outcrops of Tertiary age (including the Salt
Lake group) occur along or near the flanks of the moun-
tain ranges adjacent to the lake.

Within several of the mountain ranges, major
north-south trending faults and minor east-west trending
faults have been mapped (plate 2). Examples of such
faulting are found in the Stansbury Mountains, Lakeside
Mountains, Terrace Mountains, and Hogup Mountains.

The Great Salt Lake is approximately 75 miiles
long and up to 30 miles wide. At the time of the gravity
survey (1968), the lake had a maximum depth of 30
feet, and the surface elevations were 4,194 feet and
4,195 feet (i.e., a difference of 1 foot) for the north and
south arms, respectively (see Appendix 2). The Great
Salt Lake itself is a playa lake, the remanent of the
historic Lake Bonneville which covered most of western
Utah and parts of Nevada and Idaho during Pleistocene

time. In modern times, the lake has receded to its

present size and has no outlet.

The Southern Pacific Railroad causeway, com-
pleted during 1959 between Lakeside and Promontory
Point, isolates the northern portion of the lake from the
southern part, except for two small culverts between
them. Because all surface water inflow is into the south-
‘ern part of the lake, the southern part is much less
saline than the northern part and at a higher elevation
(about 1 foot during 1968). The density of the lake
waters during 1968 was 1.21 to 1.23 gm/cc in the north
arm and 1.14 gm/cc (shallow water) to 1.21 gm/cc (deep
water) in the south arm (See Appendix 3).

INTERPRETATION
» Gravity Patterns and Geologic Structures

The simple Bouguer gravity anomaly map (plate 2)
of the Great Salt Lake and vicinity contains gravity
patterns which correspond to geologic structures. The
correspondence of the broader gravity patterns with the
broader regional geologic structures of the Great Salt
Lake region, especially the land region peripheral to the
lake, are given in a previous publication (Cook and
others, 1966), and will not be discussed in detail here.
In the present paper, emphasis will be given to the
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correspondence of the gravity patterns and geologic
structures in the Great Salt Lake area proper. However,
the interrelationships of geologic structures and those of
the surrounding mainland areas will be treated briefly
to provide an overview.

On the gravity map (plate 2), the large elongate
gravity lows indicate grabens. These are generally Ceno-
zoic basins that contain sedimentary and/or volcanic
rocks of Quaternary and Tertiary age possibly up to
12,000 feet in thickness (Cook and others, 1966, p. 69).
The large elongate gravity highs indicate horsts, which
generally form the mountain blocks in the region. The
zones of closely spaced (“tight™) gravity contours, with
steep gravity gradients, generally indicate Basin and
Range fault zones. These fault zones generally result in a
large density contrast between the rocks in the mountain
blocks and the valley fill material within the grabens.

The main trend of the gravity contours is north to
north-northwest and parallel to "the principal Laramide
and older structures, as well as the major Basin ‘and
Range faults in the .region (Cook and Berg, 1961).
However, some locally pronounced trends are north-
eastern and are probably caused by Basin and Range or
perhaps earlier faulting.

Horsts. On the northwestern end of the Great Salt
Lake, the Lakeside Mountains horst (newly designated
herein) is indicated by an elongate northward-trending
gravity high (maximum of about -140 mgal) which is
more than 40 miles long. This high overlies the Lakeside
Mountains and extends northward over the lake to
include Gunnison Island, Cub Island, and the lake area
north thereof (plate 2). The horst is interpreted as one
large block that includes the Lakeside Mountains,
Gunnison Island, and Cub Island as outcrops of the
horst.

On the western side of the Great Salt Lake, the
Carrington-Stansbury Islands -horst (newly designated
herein) is indicated by the elongate northward-trending
belt of gravity highs which is more than 30 miles long,.
This belt overlies Stansbury Island (-140 mgal) and
extends northward over Carrington Island (maximum of
about -130 mgal), Bird (Hat) Island (-133 mgal) and the
lake area north thereof. The horst is interpreted as one
large block that includes all three islands as outcrops of
the horst,

Along the eastern margin of the Great Salt Lake,
the continuous belt of gravity highs over the Promon-
tory Range (maximum of about -130 mgal), Fremont



K. L. Cook, E. F. Gray, R. M. Iverson, M. T. Strohmeier,.Bottom Gravity Meter Regional Survey of the GSL 129

Island (-130 mgal) South Little Mountain (-135 mgal)
and Antelope Island (-130 mgal) indicates a large es-
sentially continuous fault block throughout this area.

This interpretation was first suggested by Cook and.

others (1966, p. 60). For convenience of nomenclature,
however, the newly designated “Promontory Mountains
horst” and “Antelope Island horst”” shown on plate 2 are
used for the respective portions of the large block
covered by these topographic features, and a single name
is not given to the fault block as a whole. Moreover, the
existence of previously mapped east-west trending faults
within this large block indicates that the block is broken
in places. Even as recently as Basin and Range faulting,
this block has probably had internal faulting, but pre-
sumably on a minor scale. The same principle also
applies to the Lakeside Mountains horst and the Carring-
ton-Stansbury Islands horst.

Grabens. In a previous publication (Cook and
others, 1966), the following grabens and their cor-
responding gravity features were described; that dis-
cussion will not be repeated here, except in so far as it
concerns the overall tectonic interrelationships: the
Strongknob graben (minimum simple Bouguer gravity
anomaly value of about -155 mgal), the Rozel graben
(-165 mgal), the Bear River Bay graben (-160 mgal), the
Lakeside-Stansbury graben (-165 mgal), the East Antel-
ope Island graben (-160 mgal); the Farmington graben
(-195 mgal), and the Tooele Valley graben (-185 mgal)
(plate 2).

The Great Salt Lake graben (newly designated,

plate 2) is indicated by the large gravity low that extends
for about 70 miles from the Dolphin Island-Rozel Hills
area on the north to the Tooele Valley graben area on
the south (Cook and others, 1969). The graben con-
stitutes a large Cenozoic structural basin filled with
thick sequences of sedimentary and/or volcanic rocks.

In the region between Bird (Hat) Island and the
Promontory Point-Fremont Island area, the large Ceno-
zoic structural basin may have been separated at times
into at least two major Cenozoic structural basins of
deposition within the graben during its development.
This is evidenced by the gravity saddle and the constric-
tion of the main gravity low associated with the Great
Salt Lake graben. The “northern Cenozoic basin™ lies
north of the gravity saddle and the “southern Cenozoic
basin” lies south thereof.

In that part of the northern Cenozoic basin
between the Hogup Mountains and Rozel Hills, the
gravity data indicate that the thickness of rocks in the
basin is relatively small in comparison with the area

within the same basin south thereof. The Bouguer
gravity values over the lake in this area are about -150 to
-153 mgal in comparison with values of about -140 mgal
over the Hogup Mountains and Rozel Hills, a difference
of only 10 to 13 mgal.

The.gravity data indicate that the deepest part of
the northern Cenozoic basin, where the rocks are the
thickest, is probably in the area of the Southern Pacific
Railroad causeway, at a point about midway between
Lakeside and Promontory Point (plate 2). Here the
Bouguer gravity anomaly values form a minimum of less
than -165 mgal, in contrast with values of about -130
mgal over the Paleozoic bedrock in the Lakeside Moun-
tains to the west and the Promontory Mountains to the
east, a difference of about 35 mgal.

The gravity data further indicate that the southern
Cenozoic basin, within the Great Salt Lake graben, is
probably longer and deeper than the northern Cenozoic
basin. South of the gravity saddle (about -160 mgal)
between Bird (Hat) Island and the Promontory Point-

- Fremont Island area, the decrease of the Bouguer gravity

values along the axis of the gravity low, to reach values
of less than -185 mgal within the Tooele Valley graben,
indicates southward deepening of the basin. These low
values are in contrast with gravity values of about -130
mgal over Carrington Island and Antelope Island, a

“difference of about 55 mgal. [t should be noted that
- along the axis of the gravity low, the values do not

decrease consistently; rather, there are two subsidiary
gravity low centers over the lake: 1) one (about -170
mgal) midway between Carrington Island and the
northern tip of Antelope Island; and 2) another (about
-175 mgal) midway between Stansbury Island and the
southern part of Antelope Island. These gravity low
centers are provisionally interpreted as being caused
by undulations of the bedrock surface and may be
related to subsidiary structural basins along the axis of
the main southern Cenozoic basin.

The Great Salt Lake graben is continuous with the
Tooele Valley graben, their trends departing from each
other by about 45°. An interpretive geologic cross
section along a gravity profile across the southern part
of the Tooele Valley graben by Cook and others (1966)
indicates the depth to bedrock to be 12,000 feet. A
density contrast of 0.4 gm/cc between the bedrock and
valley fill was assumed. A well (WG1 on plate 2) within
the Tooele Valley graben and about 2 miles south of
this gravity profile, was drilled to a depth of 7,993 feet
without completely penetrating the valley fill of Ceno-
zoic age (Cook and others, 1966, p. 68). The great
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thickness of Cenozoic valley fill penetrated in the Tooele
Valley graben supports the interpretation that com-
parable thicknesses should occur beneath the southern
Cenozoic basin of the Great Salt Lake graben.

[t should be noted that the gravity trough be-
tween the Lakeside Mountains and Bird (Hat) Island,
that extends southwest of the gravity low center over
the northern Cenozoic basin, indicates a southern arm of
the northern Cenozoic basin. This gravity trough con-
tinues southward, with some constriction between the
Lakeside Mountains and Carrington Island, to join the
pronounced gravity low center over the Lakeside-Stans-
bury graben. Such continuation indicates that this arm
of the northern Cenozoic basin probably extends south-
ward to connect with the Cenozoic structural basin
within the Lakeside-Stansbury graben.

Faulrs. The gravity data indicate many major Basin
and Range fault zones, which are shown on plate 2. The
location of each fault, indicated by the gravity data was
obtained from either the gravity map (plate 2) or the
interpretive geologic cross .sections along the four
profiles (to be discussed later). Most of the faults shown
on plate 2 are newly designated but will be only briefly
mentioned.

The Great Salt Lake graben is bounded by the
following fault zones: 1) on the northwestern margin, by
the East Lakeside Mountains fault zone; 2) on the
southwestern margin, by the East Carrington-Stansbury
Islands fault zone; and 3) on the eastern margin, by the
East Great Salt Lake fault zone, which extends con-
tinuously from the Rozel Hills south-southeastward
along or near the western margin of the Promontory
Range, Fremont Island, South Little Mountain, and
Antelope Island.

The Strongknob graben is bounded on the east by
the West Lakeside Mountains fault zone. The Bear River
Bay graben is bounded on the west by the East Promon-
tory Mountains fault zone. The Lakeside-Stansbury
graben is bounded on the west by the East Lakeside
Mountains fault zone and on the east by the West
Carrington-Stansbury Islands fault zone. The Antelope
Island horst is bounded on the east by the East Antelope
Island fault zone.

Each of the Basin and Range fault ‘zones are
generally comprised of individual step faults that form a
sinuous and/or braided pattern on the geologic map
(plate 2). The indicated locations and throws of the
faults and the configuration of the bedrock are shown
in the profiles.
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Profiles

Interpretive geologic cross sections were con-
structed along four east-west profiles (A-A’ through
D-D’, figures 4 - 7) across the Great Salt Lake, using the
two-dimensional modeling technique of Talwani and
others (1959). Simple two-layer models were assumed in
each cross section. A density contrast of 0.5 gm/cc was

~assumed between the bedrock (bottom layer, with rocks

of pre-Tertiary age) and the top layer (valley fill, with
rocks of Quaternary and/or Tertiary age); vertical or
steeply dipping faults were assumed in all models. It
should be noted that all interpretive geologic cross
sections have a vertical exaggeration so that apparent
dips are greatly exaggerated. The water in the Great Salt
Lake is too shallow (less than 30 feet during 1968) to be
included in the cross sections.

The figure for each profile is divided into three
parts: (1) part “a”, which shows the “observed” simple
Bouguer gravity anomaly values, in milligals, with the
assumed regional gravity trend; (2) part “b” which
shows the residual gravity values, in milligals, after the
assumed regional gravity trend has been removed from
the observed gravity values; and (3) part “¢” which
shows the interpretive geologic cross section with the
gravity station locations marked on the profile. In part
“c” of three profiles, “contour stations™ are indicated at
locations along those portions of each profile for which
the gravity control was based on contoured values only.
These values were taken from the gravity map (plate 2).

Because of the inherent ambiguity of gravity data,
the models should not be considered unique; however,
based on all available information, they are believed to
represent a reasonable interpretation of the structural
configuration of the contact between the valley fill and

_the bedrock. For those faults already mapped at the

surface (Stokes, 1963), the locations of the faults shown
on the profiles agree with those of the mapped faults.
For those faults interpreted from the shallow reflection
seismic survey over the lake during 1969, reported by
Mikulich (1971) and Mikulich and Smith (1974), the
location of the faults shown on the profiles generally
agree well with those interpreted from the seismic
survey, with a few notable exceptions that will be
discussed later. This seismic survey had a maximum
depth of penetration of only 4,000 feet below the
surface of the lake. It should be noted that the actual
number of faults along each profile, especially those at
great depth, may be more or less than those shown in
the profile. However, for the density contrast assumed
for each profile and the total thickness of the valley fill,
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the overall configuration of the bedrock surface is
considered reasonable. It should be emphasized that if
the true density contrast between the top (valley fill)
and bottom (bedrock) layers of rocks is less or greater
than the assumed value of 0.5 gm/cc, the thickness of
the top layer (valley fill) will be correspondingly greater
or less, respectively, than that shown in the models.

Profile A-A’. Profile A-A’ (figure 4) extends for
about 29 miles along lat 41°28’ N approximately across
the northern Cenozoic basin between the Terrace
Mountains and the western flank of the Promontory
Mountains (see plate 2). The model shows the Great Salt
Lake graben with a small, buried horst in the bedrock
approximately midway between the Terrace Mountains
and the Rozel Hills. This small, narrow horst is apparent-
ly the northern continuation of the Lakeside Mountains
horst, a large block which forms the Lakeside Moun-
tains, and Gunnison and Cub islands, as discussed earlier.
The maximum depth to bedrock in the Great Salt Lake
graben along profile A-A’ is positioned just west of the
Rozel Hills, and is indicated as being about 3,600 feet.

Just east of the Great Salt Lake graben is a small
horst which comes to within about 600 feet of the
surface. This horst separates the Great Salt Lake graben
from the Rozel graben, which lies under the Rozel Hills.
The Rozel graben has been described elsewhere in detail
by Cook and others (1966).

Profile B-B’. Profile B-B' (figure 5) extends for
about 38 miles at lat 41°15’ N approximately along the
Southern Pacific Railroad between the Olney siding,
west of Strongknob Mountain, and South Little Moun-
tain, east of Promontory Point (plate 2). The profile
passes through Lakeside and Promontory Point. Ap-
proximately 19 miles of the profile lie along the cause-
way which crosses the lake.

On the west, the model shows the Strongknob
graben, which has been described elsewhere in detail by
Cook and others (1966). To the east of the Strongknob
graben are successively, the Lakeside Mountains horst,
the Great Salt Lake graben, the Promontory Mountains
horst, and the Bear River Bay graben. Along profile B-B’,
the maximum depth to bedrock is apparently along the
deep western margin of the Great Salt Lake graben,
which corresponds with the deep eastern base of the
Lakeside Mountains horst. Moreover, the northern
Cenozoic basin is apparently deepest here; and the
maximum basin fill is indicated as about 7,100 feet. The
Bear River Bay graben has been described elsewhere in
detail by Cook and others (1966).

Profile C-C'. Profile C-C' (figure 6) extends for
about 34 miles along lat 40°47" N approximately be-
tween the Lakeside Mountains and Antelope Island
(plate 2). The profile crosses over a narrow peninsula of
Quaternary rocks extending south of Carrington Island
and continues eastward for about 20 miles over the lake
itself. Beneath the western part of the profile is the
Lakeside-Stansbury graben, which has been described
elsewhere in detail by Cook and others (1966). Beneath
the central part of the profile is the Carrington-Stans-
bury Islands horst, the top of which is buried beneath a
thin cover of Quaternary rocks. The Great Salt Lake
graben lies between Stansbury Island and Antelope
Island. The maximum depth to bedrock along the profile
is approximately midway between the two islands and is
indicated as 7,600 feet. It should be noted that this
part of the Great Salt Lake graben is in the southern
Cenozoic basin.

Profile D-D’. Profile D-D’ (figure 7) extends for
about 41 miles along lat 40°50' N approximately from
the Lakeside Mountains eastward across Stansbury
Island (with a slight offset in the profile), the southern
part of the Great Salt Lake (with a slight bend in the
profile in the central part of the lake), the southern tip
of Antelope Island, and along the road causeway be-
tween Antelope Island and the mainland (plate 2). The
profile crosses the following structures, successively
from west to east: Lakeside Mountains horst, Lakeside-
Stansbury graben, Carrington-Stansbury Islands horst,
Great Salt Lake graben, Antelope [sland horst, East
Antelope Island graben, and Farmington Bay horst. The
East Antelope Island graben and Farmington Bay horst
have been described elsewhere in detail by Cook and
others (1966).

Along profile D-D’, the basement configuration is
strikingly asymmetrical. In particular, the Great Salt
Lake graben is deepest toward Antelope Island where
the maximum depth to bedrock is indicated as about
9,700 feet. It should be noted that although the maxi-
mum depth to bedrock within the Great Salt Lake
graben is greater along profile D-D "than profile C-C | the
deepest part of the southern Cenozoic basin lies south of
profile D-D’, where the Great Salt Lake graben joins the
Tooele Valley graben (plate 2). Consequently the
maximum thickness of the valley fill in the southern
Cenozoic basin probably exceeds 9,700 feet.

Summéry of profiles

The maximum depths to bedrock indicated within
the various grabens along the four profiles A-A’ through
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D-D’ are summarized in table 1. Also in the table,
a comparison between the maximum depth to bedrock
indicated in this paper with depth estimates given by
Cook and others (1966) shows good agreement. The
discrepancy in the estimated depths to bedrock for the
East Antelope Island graben can be explained partly
because an assumed regional gravity trend is removed in
this paper, whereas none was removed by Cook and
others (1966).

Although the structures shown in the interpretive
geologic cross sections are considered a reasonable
interpretation, based on the available gravity and geolog-
ic control, they should not be considered a unique
interpretation. An equally good fit of the computed and
residual gravity could be obtained by assuming a larger
number of step faults than those actually shown. Also,
the angle of dip shown on the faults is subject to much
uncertainty, but the values assigned are considered
reasonable. For an assumed density contrast greater or
less than the value of 0.5 gm/cc used, the interpreted
locations of the inferred faults would not have changed
appreciably. However, the total throw of the postulated
raults would be correspondingly less or greater, respect-
ively, and the maximum thickness of the Cenozoic valley
fill in the central part of the grabens would be cor-
respondingly less or greater, respectively, than that
shown in the profiles.

Utah Geological and Mineral Survey, Bulletin 116, 1980

A significant result of the interpretive geologic
cross sections is that within the Great Salt Lake graben,
the maximum thickness of the Cenozoic valley fill in the
southern Cenozoic basin (indicated as about 9,700 feet
on profile D-D’) is much greater than that in the north-
ern Cenozoic basin (indicated as about 7,100 feet on
profile B-B%).

COMPARISON OF RESULTS OF SEISMIC AND
GRAVITY SURVEYS

During 1969, an extensive seismic reflection
survey was made over the Great Salt Luke (Mikulich,
1971; Mikulich and Smith, 1974). The maximum depth
of penetration of the Bolt air gun used for this survey
was only 4,000 feet.

A comparison of the results of the seismic and
gravity surveys shows that most of the faults that were
indicated by the seismic data (not shown on plate 2)
correspond well with the faults interpreted from the
gravity data (shown on plate 2). In particular, the best
correspondence is noted for the larger, elongate, north-
south trending Basin and Range faults that delineate the
east and west margins of the complexly faulted Great
Salt Lake graben. Some of the individual step fauits
along fault zones marginal to the graben probably have
vertical throws of 1,000 feet or more, and are indicated

Table 1. Summary of indicated maximum depths to bedrock along profiles.

Name of graben Profile Maximum depth to Estimated depth to
' ' i bedrock -- this paper bedrock (Cook and
(feet) ! others, 1966) (feet)?

Great Salt Lake (Northern basin) A-A’ 3,600 - —
Rozel A-A’ 3,900 >2.,350
Strongknob B-B’ 6,400 - >1,500

" Great Salt Lake (Northern basin) B-B’ 7,100 - —
Bear River Bay - B-B' 5,800 >1,500
Lakeside-Stansbury c-c 3,500 >1,500
Great Salt Lake (Southern basin) c-c’ 7,600 - —
Lakeside-Stansbury D-D’ 7,000 >2.500
Great Salt Lake (Southern basin) DD’ 9,700 - —
East Antelope Island D-D’ 8,100 6,100°

4

Tooele Valley

- 12,000%

! Based on an assumed density contrast of 0.5 gm/cc between the bedrock and valley fill.
?Estimated from the Bouguer approximation and an assumed density contrast of 0.4 gm/cc or 0.5 gm/cc between the

bedrock and valley fill — — unless otherwise noted.

3Value along profile B-B’, figure 4, Cook and others, 1966, p. 70. Based on an assumed density contrast of 0.5
gm/cc. Also depths to bedrock of 4,600 feet and 7,900 feet are indicated for assumed density contrasts of 0.6

gm/cc and 0.4 gm/cc, respectively.

*Value along profile A-A’, figure 3, Cook and others, 1966, p. 66. Based on an assumed density contrast of 0.4

gm/cc between the bedrock and valley fill.
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by both gravity and seismic data at approximately the
same locations. The faults that show good correspond-
ence are in the following areas: 1) along the East Great
Salt Lake fault zone west of Antelope Island (along
profile D-D’) and west of Promontory Point (along
profile B-B") and 2) along the East Lakeside Mountains
fault zone east of Lakeside (along profile B-B’).

As expected, several faults interpreted from the
seismic data were not indicated by the gravity data
because the faults were in either Quaternary or Tertiary
sediments with insufficient density contrast on either
side of the fault. Also some faults interpreted from the
seismic data were of insufficient vertical throw to be
resolved in a regional-type bottom gravity survey.

SUMMARY AND CONCLUSIONS

The bottom gravity meter survey of the Great Salt
Lake made possible the compilation of a simple Bouguer
gravity anomaly map and interpretive geologic cross
sections along four east-west gravity profiles across the
lake that provided helpful information concerning the
geologic structures beneath the lake. The large gravity
low, that extends for a distance of about 70 miles,
essentially the entire length of the lake, indicates a large
north-northwestward trending graben beneath the lake.
The closely spaced gravity contours, with steep gravity
gradients, indicate that the graben is bounded on each
side by large Basin and” Range fault zones. On the
northwestern side is the East Lakeside Mountains fault
zone; on the southwestern side is the East Carrington-
Stansbury Islands fault zone; and on the east side
is the East Great Salt Lake fault zone. All fault names
are newly designated. The large gravity low centers that
lie north and south of the gravity saddle that extends
between Bird (Hat) Island and the Promontory Point-
Fremont Island area, indicate that at least two Cenozoic
structural basins of deposition probably formed within
the large graben between the Dolphin Island-Rozel Hills
area and the Tooele Valley graben. The two basins are
designated the “northern Cenozoic basin’ and “southern
Cenozoic basin™ to the north and south, respectively, of
the gravity saddle.

The geologic cross sections along the gravity
profiles, based on a density contrast of 0.5 gm/cc
between the bedrock and valley fill, indicate that the
maximum thickness of the Cenozoic structural basins
(valley fill) are 1) about 7,100 feet in the northern
Cenozoic basin, along profile B-B’ and 2) about 9,700
feet in the southern Cenozoic basin, along profile D-D’.

An assumed, larger or smaller density contrast would
result in correspondingly smaller or larger thicknesses,
respectively.

The new gravity data over the Great Salt Lake,
used in conjunction with the previous gravity data over
the adjoining mainland (Cook and others, 1966), afford-
ed an interpretation of the continuity and interrela-
tionships of the geologic structures. For example, the
Great Salt Lake graben is ‘continuous with the Tooele
Valley graben. Also, an arm of the northern Cenozoic .
basin within the Great Salt ‘Lake graben probably
extends southward, with some constriction, between the
Lakeside Mountains and Carrington Island to connect
with the Cenozoic structural basin within the Lakeside-
Stansbury graben.

ADDENDUM

Since the final draft of the simple Bouguer gravity
anomaly map (Plate 2) and interpretive geologic cross
sections along the four gravity profiles across the Great
Salt Lake were completed (during April 1975), in
preparation for oral presentation at scientific meetings
during 1975 (Cook and others, 1975; Cook and others,
1976), the Amoco Production Company initiated a test
drilling program of the Great Salt Lake during May,
1978. Nine drill holes were planned, five in the north
arm of the lake and four in the south arm. The locations
of the test holes were apparently based on the results of
a deep reflection seismic survey started on July 285,
1973, by the Amoco Production Company.! This
survey used a specially constructed barge 60 feet long,
with a total of 14 air guns (7 air guns mounted on
each side of the barge). The depth of penetration was at
least 12,000 feet. :

The locations of all 9 Amoco test holes, presently
drilled or proposed, in the Great Salt Lake are shown on
plate 2. Some of the test holes are projected into the
appropriate nearest interpretive geologic cross sections
along the gravity profiles. At the time of submittal of

'The information herein concerning the
deep reflection seismic survey by the Amoco
Production Company is based on notes
taken by K. L. Cook during a joint lecture
by Craig Hansen and Charles (Bud) Ervin,
geophysicists of the Amoco Production
Company, Denver, Colorado. The lecture
was presented on December 3, 1974, as part
of a Great Salt Lake Seminar conducted at
the University of Utah, under the super-
vision of Professor James A. Whelan, Depart-
ment of Geology and Geophysics.
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Table 2. Amoco Production Company, State of Utah drilled or proposed well locations in Great Salt Lake (Source - Utah Geological and Mineral

Survey, August 1979 and Survey Notes, August 1979).

Well Designation Section, Township, Range Latitude N8 Longitude w Total Depth (TD) Lithology
deg  min deg min (teet) and Status! at TD

NORTH BASIN - A ]

J-1 : C-NE-SW Sec. 21-8N-7TW 41° 24.3¢ 112° 3924’ 6,802 Paleozoic

(South Rozel) D) carbonates?®

K-1 C-NE-SE Sec. 11-8N-9W 41° 26.04' 112° 4921 4,492 Paleozoic

(North Gunnison) . (D) carbonates

D-1 : C-NW-SW Sec. 23-8N-8W 41° 24.36" . 112° 4404’ 8,503 2

(West Rozel) (M)

Indian Cove No. 1 C-SW-SE Sec. 23-7N-TW 41° 19.06' 112°  36.59' 12,470 Precambrian

(IC-1 on plate 2) (D) schist®

West Rozel No. 2 S-NW-SW Sec. 15- 8N-8W 41° 2525 112° 4518’ 2,700 (approx.) Rozel Point

(WR-2 on plate 2) (T) basalt?

SOUTH BASIN® C-NW-SW Sec. 19-3N-4W 40° 58.56' 112° 21.09' Proposed to .

L-1 12,0007

P C-NW-SW Sec. 15-3N-5W 40° 59.42' 112° 2459 Proposed -

G C-SE-NW Sec. 29-3N-5W 40° 5797 112° 26.66 Proposed -

H-1 C-NW-SW Sec. 11-3N-6W 41° 00.28 112° 30.36" Proposed - =

1(T) = Temporarily abandoned.
(D) = Dry and abandoned.
Source -- Survey Notes, August 1979,

2 paleozoic carbonates at about 6,325 feet. Tested heavy oil from basalt at 2,300 feet depth. (Sutvey Notes, August 1979).

3Pump tests recovered 8,000 barrels of heavy oil at rates as high as 1,500 barrels per day from 2,300 teet to total depth. (Survey Notes, August 1979).

4Paleozoic carbonates at 6,000 feet (Survey Notes, August 1979).

% No Paleozoic rocks penetrated. Precambrian at 12,450 feet (Survey Notes, August 1979).

6Drilling operations are scheduled to begin in late summer of 1979 (Survey Notes, August 1979).

7Survey Notes, August 1979.

8 coordinates of latitude and longitude of the wells were determined from a map (on which the well locations had been determined from the citation by
section, township, and range) kindly furnished by Howard R. Ritzma, Utah Geological and Mineral Survey.

this paper for publication (August, 1979), the five test
holes on the north arm of the lake had been completed,
and the first test hole on the south arm of the lake was
still in preparation to be drilled. No well logs were
available because, under the terms of the state of Utah
land leases to the Amoco Production Company, these
data are to be considered proprietary until 7 months
following the completion of each well.

Table 2 gives 1) the names and locations (both by
section, township, and range and also by latitude and

longitude) of all 9 Amoco test holes in the Great Salt
Lake (both those already drilled and those proposed); 2)
the total depth of each test hole drilled to date {August
1979); and 3) miscellaneous lithologic information that
has been released by the Amoco Production Company.

It should be emphasized that in projecting the
Amoco test holes into the appropriate nearest geologic
cross sections along the gravity profiles, the projection
was made along the trend of the gravity contours (plate
2), and hence along the indicated trend of the geologic
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structure (i.e., Basin and Range fault zones). Because the
distances of the projections were necessarily large for the
two profiles (A-A’ and B-B) along which the Amoco test
holes have been completed, and especially because the
complete well logs are not yet available, any comparison
between the available drilling data and the indicated
maximum depth to bedrock, as shown on the profiles, is
of limited value.

For example, test hole K-1, which is projected
onto profile A-A’ (figure 4), actually lies about 3 miles
south-southeast of profile A-A’ at a point within the
north Cenozoic basin where the lower gravity values
indicate a somewhat larger thickness of valley fill than
along profile A-A’. Similarly, test hole IC-1, which is
projected onto profile B-B’, (figure 5), lies about 7 miles
north-northwest of profile B-B’; but here a comparison is
more difficult. [n particular, it is reported (Survey
Notes, August 1979) that in test hole IC-1 (1).no Paleo-
zoic rocks were penetrated and (2) Precambrian rocks
were penetrated at a depth of 12,450 feet.

These early drilling results indicate that the
maximum depth to bedrock shown along profile B-B’
(figure 5) is probably too small and that therefore the
- assumed average density contrast of 0.5 gm/cc between
the bedrock and valley fill is probably too large for the
northern Cenozoic basin. This indication has been cor-
roborated by the measurement of the density of a dense
gray siltstone core sample from Amoco test hole IC-1
(the one projected into profile B-B’, figure S) from a
depth of approximately 5,500 feet. The density was
2.54 gm/cc (J. W. Gwynn, Utah Geological and Mineral
Survey, August 14, 1979, personal communication).
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APPENDIX 1
DESCRIPTION OF GRAVITY BASE STATIONS
1 Little Valley Gravity Base Station

The station is located on U. S. government bench-
mark “BM 4205 on the land surface at Little Valley

TC 1 1
) // Rogg ™y Y
Little Valley. 7 i\ i
bose station V) \ 1)
BM /7 \ /1

4205” NS S

'Buildlng

Note: The coordinates of
the USGS Gaging Station
are as follows:

Lat.  41° 15'30"

Long. i12° 29'58"

500
| ——— o——— |

Scale in feet

Figure 8. Sketch map showing location of Little Valley

gravity base station.
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Harbor northwest of Promontory Point (figure 8). The
benchmark is shown on 1) the U. S. Geological Survey
7-1/2 minute topographic quadrangle map ‘Pokes
Point, Utah™ and 2) the map entitled “Great Salt Lake
and Vicinity, Utah” published in 1974 jointly by the U,
S. Geological Survey and the Utah Geological and Min-
eral Survey. The coordinates of the station are: lat
41°15.53" N and long 112°29.90" W.

2. Silver Sands Gravity Base Station

The station is located at Silver Sands Beach near
the southwest end of the 60-foot-wide breakwater that
forms the County Boat Harbor about 0.12 mile (0.2 km)
southwest of U. S. government benchmark “BM 4209
that is shown on the 1) Garfield, Utah (1952) 7-1/2
minute topographic quadrangle map of the U. S. Geo-
logical Survey and 2) the map entitled “Great Salt Lake

O
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Note: Figure depicts
configuration of harbor
at time of survey.(1968).

Figure 9. Sketch map showing location of Silver Sands
gravity base station.

and Vicinity, Utah,” published in 1974 jointly by the
U. S. Geological Survey and the Utah Geological and
Mineral Survey. The station is located on top of a sand
bar that lies immediately southeast of the breakwater
about 120 feet northeast of the southwest end of the
breakwater (figure 9). The elevation of the top of the
sand bar is about 5 feet below that of the top of the
breakwater and was about 2 feet above the level of the
south arm of the Great Salt Lake on July 28, 1968
during the time of the gravity survey. The station, which
was marked in 1968 by a metal stake driven onto the
sand bar, is 15 feet southeast of the bottom of the
breakwater and 30 feet northeast of the northeast side
of the boathouse which in 1968 contained the water-
level marker for the Great Salt Lake in this area. The
coordinates of the station are: latitude 40° 44.11° N
and longitude 112° 12.81" W.

APPENDIX 2

Elevations of the Great Salt Lake during the grav-
ity survey (data supplied by Leonard Hedberg, Utah
Geological and Mineralogical Survey, August 1968).

Elevation of Great Salt Lake —South Arm (Boat Harbor
Gage) For Period July 1-27, 1968

Elevation (Ft.)

Date ) Above MSL
July 1. 4,195.48
e 4,195.45
2 4,195.45
4 4,195.40
S 4,195 .40
6. e 4,195.40
T 4,195.38
8 e 4,195.38
O 4,195.38
10, . . 4,195.35
P 4.,195.33
12 e 4,195.33
13, 4,195.33
4. 4,19528
IS, e 4,19525
16, . 4,195 25
17 4,195.28
18 4,195.22
19 4,195.18
20 . 4195.18
2 4,195.13
2 e 4,195.05
23 e 4,195.05



24 4,195.05
2S5 4,195.05
26 e 4,195.03
2T 4,195.00
Considerable storm activity occurred during July 22-23.
Maximum elevation: . .. .............. 4,195.42
Minimum elevation:. . .. .............. 4,194 .05

Elevation of Great Salt Lake — — North Arm
(Saline Gage) For Period July 28-August 9, 1968

July 28 ..o 4,194.30
29 4,194.28
30 4,194.30
Bl 4,194.30

L 4,194.25
2 4,19423
P 4,19423
Ao 4,194.20
S 4,194 .20
6 AU 4,194.15
T 4,194.15
B 4,194.15
O 4,194.13

Large storm occurred on August 3, from about 6:00
p.m., until midnight.

Maximum elevation . . ... ... .......... 4.195.25
Minimum elevation:. . ... .. .. ... ... ... 4,193.32

APPENDIX 3

Data on density of waters of the Great Salt Lake during
the summer of 1968 (data supplied by James A.Whelan,
Department of Geological and Geophysical Sciences,
University of Utah, and Leonard Hedberg, Utah Geo-
logical and Mineral Survey, September 1968).

North Armr

Density varies from 1.21 to 1.23 gm/cc.
Average density is 1.22 gm/cc.

South Arm
Density of water from surface of lake to a depth of 20
feet is 1.14 gm/cc.
Density of water layer between this depth (20 feet)
and bottom of the lake is 1.21 gm/cc.

" APPENDIX 4

Principal facts of gravity stations for the bottom gravity

Utah Geological and Mineral Survey, Bulletin 116, 1980

meter survey of the Great Salt Lake (as compiled by the
U. S. Army Map Service during December 1968) are
shown on table 3.

EXPLANATION

The listing contains consecutively, from left to right:

Station name.

Station number.

Latitude, in degrees and minutes.

Longitude, in degrees and minutes.

Elevation of Great Salt Lake, in meters, when station
was taken.

Depth to bottom of lake, in meters, at location of sta-
tion.

Observed gravity, in milligals.

Free-air gravity anomaly value, in milligals.

Simple Bourguer gravity anomaly value, in milligals
(using, for the Bouguer correction, an average
density of 1.22 gm/cc for the lake water and
2.67 gm/cc for the material between the lake
bottom and mean sea level).

Theoretical gravity at mean sea level, using the Inter-

national Gravity Formula, in milligals.

Notes: The observed gravity value at Salt Lake City
airport base station K was taken as 979,815.444 mgal
(Cook and others, 1971). Using this value, the ties to
the Little Valley and Silver Sands gravity base stations,
which were made with the LaCoste and Romberg land
gravity meter No. 123, resulted in observed gravity
values of 979,906.540 mgal and 979,825.407 mgal,
respectively, for these base stations. It should be noted
that the arbitrary (and incorrect) values given in the
listing for the latitudes and longitudes of these two base
stations only do not affect the accuracy of the values
of the observed gravity of these base stations.

The simple Bouguer gravity anomaly values used
in contouring the map shown on plate 2 over the Great
Salt Lake itself (i.e., for the bottom gravity meter sta-
tions only) were obtained by adding algebraically 4.36
mgal to the simple Bouguer gravity anomaly values
shown in the listing. This adjustment was made so that
the gravity contours over the Great Salt Lake would fit
smoothly with the simple Bouguer gravity anomaly
contours (obtained from the land gravity meter surveys)
over the land adjacent to the lake published by Cook
and others (1966). For these land gravity meter surveys
(Cook and others, 1966, p. 59), the reference for ob-
served absolute gravity was the U. S. Coast and Geodetic
Survey pendulum station No. 49, in the Temple Grounds
in Salt Lake City, for which the absolute gravity value
was accepted as 979,806 mgal (Duerksen, 1949, p. 8).
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CENQZOIC EXTENSION AND EVOLUTION
OF THE SEVIER DESERT BASIN,; UTAH, FROM
SE "MIC REFLECTION, GRAV[TY AND

WELL LOG DATA

Sverre Planke! and Robert B. Smith

Department of Geology and Gcophyszcs University of Uuwah,
s‘m Lake City

Absuragt. Seismic reflection profiles (~550 km}, gravity
data, and well log information from west central Uah, have
been interpreted 1o reveal an asymmetric west-dipping
Cenoroic. basin beneath the Scvier Desert. The basin is
anderiain by a 10°-12° westward dipping, shightly undulatory,
detachment surface, the Sevier Desert detachment.  Finite
difference synthetic scismograms were used (o constrain the
geometry of the interpreted reflectors in the basin, A two-
dimensional, onc-layer gravity mvcrsaon of three gravity
profiles in the basin, using a 0.35 g/cm density conurast,
corroborated the structure determined from the scismic
interprewtions. Physical praperuces and lithological data from
cight wells were interpreted to acquire velocity-depth and
density-depth functions and to obtuin suratigraphic control. A
minimum width of the Sevier Desert detachment of 80 km 1o

130 km and an arca of 5600 km? 10 9100 km? was cstimated
primarily from the reflection dow. On the basis of geological
and geometrical information, we cstimated 3 minimum post-
middle Pliacene cxtension of 2.5 km 1o 3.5 km ata rawc of 0.6
mm/yr 10- 0.8 mm/vr, corresponding (o 2. swrain raie of
271018 51 10 35 1018 . Up 1o 3.0 £ 0.6 km of
predominantly post Eocene lacustrine and fluvial scdiments
overlic the Scvier Descrt detachment including 3 well-defined
reflection that is interpreted as 3 middle Phocene 4.2 muy.

basaltic flow that is present throughout the central and western

part of the basin. The geomciry of the middle Pliocenc
reflector, a variable -300 o ~1500 m post-middic Pliocene
offsct of a ~40° castward dipping westem basin-bounding fault,
and up to ~6 km cast and west siepping of the generally north-
wrending wesiern basin-bounding. (ault, suggests 2 complex late
Tertiary deformational history. The varving deformational
paucrn may be a response o a changing gcomcxry of the
undertying detachment surface.

'Now at Institute for Geology, University of Oslg, Norway,
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INTRODUCTION

The Sevier Dcscrt located in west ceniral Utah, Basin and
Range province; is here defined to be the rcg,mn bounded by
the Pavamt and-Canyon ranges on the cast. the Cricket
Mountains in the west, the Sheeprock Mouﬁums in the north,
and the Twin Peaks in'the south (Figure 1)) The Sevier Desert
region has undergone post-middic Ohgoccnc cxtension, with
the development of an asymmetric, up 10/4.0 = 0.6 km deep!
westward deepening basin below the Sevier Desert, A 10°- 127
west dipping detachment surface, the Scwcr Desert detachment
(SDD), extends beneath the busin and scpdram the Ccnmonxc
basin {rom the Palcozoic and Prcc.xmbrmn scdimentary
hasement formations. A ~340° c.xstwr.xrd dipping fauh/zs
truncyted at the SDO in the wesiern part of the basin. and it
interprated (o be the boundary between Palcozoic and cﬂxrl
Tertiary formations 1o the west and Ohgoccnc to Quaternar
basin (il to the cast. This fault is refémred to as “the weste
basin-bounding fault” in this papcr./The SDD was inifial
deseribed by McDonald {1976] on the basis of oil indus
scismic reflection profiles. It was !atcr raced 70 km "lo
west, 10 about 12-15 km depth, of deep crustal reflcct
profiles {Alimendinger ct al., 1983; Smith and Brubn, I98

The Sevier Desert basin is !ocmcd just west of xhc B
and Range-Colorado Platcau boundary and the crustal su'u
is representative of this wansigonal margin, Crustal rt’,;fr
surveys show that the south cenwral Utah has an ano
crustal P wave velocity structure,/with a low- velocity 13
§-13 km depth, a ~7.4 km/s rc(racuon velocity at ~
depth, and 3 ~7.9 km/s ref racuon velocity at —30 jk
{Pechmann et al., 1985; Smith cx al., 1989]. In addjuig
regional heat ﬂow -90 m W m;? and subducd topogr
the Qualernary, Lake Bonncvmc are characteristig
region. j
The oldest exposed rocks inthe Sevier Desent regig
Precambrian metamorphosed clastic sediments thal
in the Canyon Range, the Sheeprock Mountains/ a
Francisco Mountains (Fsgurc 1). Palcozoic shal
clastic and carbonate maring’shell scquences gcu"'scr
basal, transgressive carly Cambrian sandstonc[an
This vait is overlain by thick Cambrian 10 Triassig
interbedded with less shailc and sandstone (Hi
Continental Mesozoic strata in the region inclidg
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Fig. 1. Geologic base map of the Sevier Desert region, south central Utah. Geology from Hintze {1980),
Ccnozo'xc.faull scarps from Bucknam and Anderson {1979] and Anderson and Bucknam {1979].
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Mocnkop: and Chinle formauons, the Tnassic-Jurassic Navajo
sundstone, Jurassic cvaporites in the Arapen shale. and
Crewccous and carty Tertiary lacustine, Nluvaal, and alluvial
formations. The castward extension of these Mesozoic
formations helow the Sevier Desert has not been determined.
due o crosion assoviated with fate Mesozoic uplift, Mesozoic
overthrusting, and Cenozoic extension [Hintze, 1973].

The tcctonic history of the Scvier Desert arca has been
influcnced by the tectonic cvents associated with the
Phancrozoic western margin of the North American plate. The
matn cctonic phases were (1) lawe Precambrian rifting with the
development of a passive contincnial margin until the end of
Devonian {Hintzc, 1973; Picha and Gibson, 1983;
Allmendinger et al., 1986}; (2) development of a late Jurassic
10 Eocene “Andean type” convergent margin, associated with
the Laramide-Sevier forcland fold and thrust belt developed in
central Utah [Hinwe, 1973; Hamilon, 1978: Concey et al.,
1980}; and (3) post-middle Tertiary change to Basin-Range
cxtension [Hamilton, 1978:; Concy ct al., 1980; Eaton, 1983).
The spatal correfation of the castern termination of the lower
Palcozoic formauons, the castern termination of the Sevier

orogenic [orcland (old and thrust belt, and the Basin and Range

10 Colorado Platcau transition is noteworthy and, likely not

coincidental [Hinwe, 1973; Smith and Sbar, 1974]. It may

have been related 1o a zone of cruswual weakness due to thermal
weakening and sedimentary loading at the western edge of the

North American craton. '

The main extensional phase of the Great Basin was initated

in Oligocene and lower Miocene, but extensional cvents carlicr
in the Teruary have also been noted [Davis, 1979; Zoback ct
al., 1981, p. 198: Von Tish ct al,, 1985]. One style of
deformation, dominated by low-angle faults and average
deformation rates of 0.43 10 1.9 mm/yr, has been interpreted
lrom deep seismic refllection daw in the Sevier Desert region
[Von Tish ct al., 1985], while Zobuck ct al. {1981} suggesied
two modes of extension in the Basin and Range province,
where the change in deformational mode correlates with a ~45
clockwise rowtion of the Basin and Range suress ficld about
10 m.y. ago.
~ Three major Cretaceous thrust systems have been mapped
in the Sevier Desert region (Figure 1): the Canyon Range
thrust (structurally highest), the Pavant Range thrust, and the
“sub-Pavant Range” thrust (structuraily fowest). These thrusts
are generally controtled by the local suatigraphy. Eocambrian,
Cambrian, Mississippian, and middle Jurassic shales arc
considered as possible glide planes in western Utah
{Armsirong, 1968]. The SDD was initially interpreted as a
reactivated thrust {McDonald, 1976; Mitchell and McDonald,
1986], but Wernicke [1981] and Wernicke ¢t al. [1985)
interpreted the fault as a crustal penetrating, primarily normal
fault. anatogous to the carly stages of development of
dctachment faults in the Cordilleran metamorphic core
complexcs. Bascd on hanging wall truncations and
palinspastically restored cross sections, Sharp [1984] also
interpreted the SDD as a mostly or cntirely new Cenozoic low-
angle normal fault.

Scismic rcflcction data and well log data show up 10 4.0 %
0.6 km of post Eocenc continental strata in the Sevier Desen
basin. Stratigraphic namcs are normally not assigned to these
sequencees duc to the limited surface exposures and farge latcral
variations in the basin. These scdimeniary scquences are
mainly alluvial, Quvial, and lacustrinc clastc and sedimentary
formations, with less limestone and salt {Mitwchell, 1979].
Oligocenc ash flow wifs and welded wifs are exposed in most -
of the mounuin ranges surrounding the Scvier Desert basin
(Figure 1), whereas 6.9 m.y. 1o 11,000 year old tholciit:
high alumina basalt flows and rhyolite cinder cones occur 10
the central part of the basin [Condic and Barsky, 1972; Lindscy
ctal., 1981; Carricr and Chapman, 1981].

Geothermal and oil cxploration in the late 1970s and carly
19805 in the Sevicr Desent region provided modem geological
and geophysical data available for this study. This paper
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S nensional, one-
layer approach 10 COroBGrate e e rpretation. The
main objcctives of this investigation were (1) 10 analyze
scismic reflection data and 10 interpret structures in the Sevier
Desert basin of west central Uwah; (2) to estimate the regional
extent and the ol extension of the Sevier Desert detachment;
and (3) to interpret the laie Cenozoic geologic history of the

Sevier Desert basin and the surrounding region bascd on these
daw,

SEISMIC REFLECTION DATA

Data Acquisition and Processing

About 550 km of scismic reflection profiles were
interpreted in this study (Figure 2). Seismic profiles 1 to 10
(Figure 2) were recorded in 1980 by the Arco Oil and Gas
Company using ¢ to § in-linc Vibroscis sources. The main
ficld paramcters include end-on and split-spread layouts with far
offsets from 2.5 10 3.5 km, a 14 10 56 Hz vibralor upsweep, a
4 ms sampling ratc, and a 20 s rccording time. A vibrator

“interval of 134, 100, or SO m, with a corresponding grovs
interval of 61, 25, and 50 m, and recording 96 or 48 channc:s
gave 24-fold daw with a vertical fold of 10 10 14, A standard
processing scquence including 62 Hz anti-aliasing filiering,
60 Hz notch filtering, reduction to a 1433 m dalum using a
1.8 km/s dawm vclocity, spherical divergence gain recovery,
time domain- minimum phase deconvolution; statics-
corrections, normal move out correcton, zero-phase ume
domain filiering, mean absolute automatic gain contrel (AGC)
with 2 0.5 s window, coherency statics, and tace editing
provided the finat CDP displays. Time and finite difference

" migration of lines 1, 2, 3, 5. 7, and 8 was uscd (0 enhance the
dawa. Ficld and processing parameters for ancillary reficction -
profiles arc reporied by McDonald {19761, Smith and Bruhn
(1984], and Barker (1986} )

Figurcs 3. 4. and § show three scismic reflection profiles in
the south Scvicr Desent used for this investigation. The main
reflectors that could be corrclated across these profiles are
interpreted to be the SDD (D), a middic Pliocene horizon (B),
and a lower Palcozoic-Tertiary unconformity (T). Lithologic
informaton of the reflecting horizons and the basin fill comes
from cight cxploratory oil wells drilled in the Sevier Desert
region between 1957 and 1982 (Figures | and 6) and from
surface geology (Figure 1). Dewiled lithologic descnpuons and
mcchanical log parameters of the cight wells are given by
Plankc |1987] and will not be discussed in dewil here,

Seismic Signature of The Sevier Desert Detachment (D)

A strong (wo-(o three-cycle reflector, D (Figures 3, 4, and
5), was penctrated by four wells (Figure 6) and has been
idenuficd as the Sevier Desent detachment (SDD). The reflector
corresponds o the boundary between Tertiary basin fill and
calcarcous Paleozoic marinc shell (ormations and was first
intcrpreted by McDonald [1976) as the SDD. The multi-cycie
naturc of reflector D may be duc to sedimentary layering,
hydrothcrmal alteration, or a brecciated fault zone
{Allmeadinger et al., 1983]. There is no indication of excess
fluid flow from the temperature log, nor is there evidence of
hydrothermal alicrations or a breeciated zone in the lithological
logs. Sedimentary layering in the basin formations in the unit
above the SDD was interpreted in the ARCO Hole in the
Rock 1, the ARCO Mcadow Federal 1, and the ARCO Pavant
Butte 1 wells. Impedance layering and noise therefore scems 10

be the most plausibic hypothesis for the multi-cyclic nature of
reflector D.
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Fig. 2. Map. of scismic reflection and refraction lines and gravity profiles of Sevier Desert arca. Mc
reficction profiies from McDonald {1976], the CO lines from Allmendinger ct al. [1983] und Von Tish ¢t
al. {1985], the G lines from Barker {1986} and Smith and Bruhn {19841}, and the MS lincs from Cronc and
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Fig. 3. Wesiemn part of scisimic reflection line 2. The interpreted reflectors arc discussed in the text. Total
depths of the ARCO Hole In The Rock 1 (AHR) and the ARCO Mcadow Federal 1 (AMF) wells are
shown. The reflection data arc 24-fold CDP stack, and deconvolved. Finite difference migration was
performed from 11.5 to 21 km. WBBF is the western basin-bounding fault. Scvier Desent Detachment =
D; Middle Pliocenc horizon = B and Palcozoic-Tertiary unconformity = T. Approximate horizontal

cxaggeration is 1.2 (0-11.5 km) and 1.7 (11.5-21 km).

61t




TWO-WAY TRAVEL TIME (s)

LINE 10

o

8 T2 24
DISTANCE (km)

Fig. 4. Western part of scismic rcflection line 4. The interpreted reflectors are discussed in the text. Total
depth of the Cominco American Inc. 2 Beaver River (CA) well is shown. The reflection data are 24-fold
CDP stack, and deconvolved. Migration was performed from 0 to 11 km. Sevier Desert Detachment = D,
Middlc Pliocenc horizon = B and Palcozoic-Tertiary unconformity = T. WBBF is the western basin-
bounding fault. Approximate horizontal exaggeration 1.2 (0-11 km) and 1.7 (11-30 km).
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Fig. 6. Simplified lithologic columns of the wells in the Sevier Desert region. The lithologics arc from
Planke {1987, Appendix B). Sce Figure 1 for well name abbreviations. Artows indicate the Scvier Desert

deiachment idenufied in the well logs.

The apparcnt truncation of faults at the D reflector (c.g.. the

western basin-bounding fault on Figures 3 and 4) suggests that
it is a fault, and not just the Tertiary-Palcozoic basin
boundary. Furthermore, there are no significant offsets seen on
the D reflector, and lack of lateral continuity is mainly
atributed to high noise levels and swong scattering. Hanging
wall runcauon of the interpreted Pavant Range thrust on line
CO-1 [Allmendinger et al.. 1983] also supports the detachment
fault interpretation. Finally, it is possible to trace a weak and
discontinuous D reflector up to 8 km west of the wesiemn
basin-bounding fault (Figures 3, 4, and 5) on the industry
vibroscis data, and a stronger and more continuous D reflector
up 0 70 km to the west on deep seismic reflection lines
[Allmendinger et al., 1983; Smith and Bruhn, 1984]. The
westward decrease of the reflection quality is due 1o both a
lower impedance contrast and a lower transmission cocfficient
of an overlying thick basalt sequence (reflector B) west of the
western basin- bounding fault.

A depth contour map of rcflector D was made from the
seismic reflcction data in Figure 2 (Figure 7). The wvavel
times 0 the D rcflector were depth converted using a mean
velocity-depth function estimated from the acousuc well logs
in the Teniary basin fill (Figure 8a) and a mean velocity-depth
function determined from modeling and inversion of seismic
refraction data in the pre- Tertiary sedimentary formations. Due
to large laicral velocity variations (Figure 8) and poor latcral
control, only onc mean velocity-depth function was used to
depth convert the Cenozoic basin fill. Upper and lower bounds
for the velocity-depth profile in Figure 8a are csumated as v, =
4.2-0.3 z and v; = 3.0-1.0 z. where z is depth in kilometers
using sca level as the reference depth. These bounds give an
crror of about = 0.4 km at 0.5 km below mean sea level and
*+0.6 km at 1.0 km bclow mecan sea level, while a picking
crror of = 0.05 s gives an estimated crror of = 0.1 km at
1.0 km bclow mean sea level. To check the accuracy. of the
average basin velocity-depth function, the depth to the
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basement in the well logs was ume converted using the
respective acoustic logs., and then depth converted using the
average basin velocity-depth profile. All the depths were
within = 0.5 km of the true depth.

To obuin additional information on the geomeuy of the
Scvier Descrt basin, three Bouguer-corrected gravity profiles
were inverted (Figures 2 and 9). A two-dimensional, one-layer
forward model [Pedersen, 1977] was lincarized, and the gravity
data were iteratively inveried using a singular value
decomposition algorithm (Lawson and Hanson, 1974}, Density
constraints were provided by density logs (rom the Sevier
Desert basin (Figure 8d), giving an average deasity of pre-
Tertiary formations of ~2.75 g/em> and an average density of
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Teruary basin fill of ~2.40 gicm3. The good fit between the
depth cstimates obtuned from the gravity data, the depth-
convencd scismic data. and the wetl dawa (Figure 9) strengthens
the seismic interpretation and shows that a relatvely simple
gravity inversion gives a good estimate of the basin geometry.

The main features of the depthconverted contour map of the
SDD (Figure 7) are (1) a smooth, ~10" west dipping
dewtachment surface bencath the entire castern part of the basin,
which changes from a north-northcast uend to a north-
northwest rend at ~19°3'N, and then buack 10 a nonth-northeast
wend at ~39°20'N: (2) a laterally variable geomeuy of basin
layers beiow the west central part of the Sevier Desert,
characterized by depressions and domes with amplitudes up 1o
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Fig. 9. Gravity profile B-B". (a) Bouguer gravity anomaly from Serpa (1980] normalized 10 -172 mGal
level. and the theoretical gravity response after the 5. iteraton. (b) Solution of the depth inversion of the
gravity anomaly after the 1, 3, 5, and 7 itcration. Zg is the reference depth, and Ap is the density conuast.
AHR and AMF show the depth 1o the bascment in the ARCO Hole In Thc Rock 1 and the ARCO
Mecadow Federal 1 wells.
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0.5 km associated with a flauening of the detachment: and
(3Yu 1.5 km structural high bencath a thick salt unit
penetrated by the Argonaut Energy { weil. Some of these
ierpeeted structures may be artifacts due 10 urcorrecled lateral
velocity variations. but they arc most likely real structures that
have formed in response o deformation or result from lateral
variations in the local srratgraphy.

Regional Exient of the Sevier Desert Detachrent

The seismic reflection and refraction profites, shown on
Figure 2. were intcrpreted to estimate the regional exicnt of the
Scvicr Desert dewachment. The projection of the detachment
surface is shown on Figure 7 in the castiern part of the Sevier
Desert. Tne surface projection of the SDD inwersects the
surface cast of the towns of Filmore and west of Holden, at the
west side of the Pavant Range. However, no Cenozoic fault
scarps that would be expected at the surface projection of the
SDD are rcadily apparent from mapping in this region (Figure
1). The location of the SDD surfuce projection suggests that it
is structurally lower than the Canvon Range thrust and that it
can possibly be corrclated with the Pavant Range thrust
(Figurc 1). This correlation requires an anticlinal stucture of
the dctachmeni/thrust surface between the SDD surface
projection and the Puvant Range thrust [ Vilhien and Kligfield,
1986). Balanced cross sections along the dezp refiection line
CO- | [Sharp. 1984] suggest that correlation tetween the SDD
and the Pavant Range thrust was only possible in the Sevier
Desert region, and not at deeper levels east of the Cricket
Mountains.

The SDD is interpreted o extend at least 70 km to the
west, 10 about 12-15 km depth on line CO-t, but the depth
resolution of the industry daw makes it difficult to map the
dewachment west of western basin-bounding fault (Figures 3
and 4). Northward. the SDD is interpreted oa line G8 {Gants.,
19¥5], while on linc G7 a wcak, disconunuous, westward
dipping reflector, whose projection intersects the surface just
west of Jericho. may be interpreted as the SDD. A different
basin gcomeuy and reflection pattern for the potential SDD
reflector on line G7 compared with lines GS and CO-1 make
this corrclation unlikely. Furthcrmore, Gants {1985] suggested
on the basis of reflection data in the northern Sevier Desert
basin that the nonthward extcnsion of the SDD may correlate
with the Leamington shear zone, located north of the Canyon
Range (Figure 1). There were no reflectors that could be
corrclated with the SDD on a regional cast-west line 40 km
north of G7, narth of the map in Figure'1.

Southward, the SDD is obscrved on line 1 north of Kanosh
(Figure 7). In the Beaver Vallcy, 30 km south, 2 2.5 km
(1.6 5) deep sedimentary basin can be interpreted on lings BT
and B2 (Figure 2), but it is not possible 1o correlate any of the
reflectors on thosc lines with the SDD. A discontinuous
reflector at ~7 km (2.7 s) depth is apparent below the northem
part of the Milford Valley on a north-south reflection line cast
of the Cricket Mounuins (Figure 1, not shown because it is
proprictary), but it could not be correlated with the SDD with
any confidence. On lines G1 and G2, across the Milford Valley
(Figurc 2), a 1.5-2.1 km (1.1-1.4 5) deep castward dipping,
asymmetric basin, with a westward dipping bounding fault has
been interpreted (Barker, 19861, but again, no reflcctors can be
corrclatcd with the SDD. The basin gecometry interpreied on
lincs G1 and G2 is similar to the basin gecometry in the central
part of the Basin and Range province {c.g., Anderson et al.,
19831, suggesting different origins for the. cxtensional
propertics of the Milford Valicy basin and the Sevier Desert
basin. Neither the scismic dawa nor a regional geological map
[Hinwze, 1980} show a southward surface projection; therefore
the SDD is interpreted to splay out into a terminating zone or
pencuate to a deeper level that has not been imaged.

On the basis of these data the best estimate of the regional
extent of the SDD is (Figure 1) (1) ecastward 10 the west side of
the Pavant Range and the Canyon Range: (2) northward,

Planke and Smith: Evolution of the Sevicr Desert Basin

definitely 10 Leamington and possibly north o Jericho:
(3) southward to Kanosh with a possible extent (o the
northern Mineral Mountains: and (4) westward at feasg 70 km
w a depth of ~12-15 km depth. This gives a 80 km to 130 km
north-south extent and an area of 5600 km= 10 9100 km=.

Mid Pliocene Reflector (B)

A swrong multi-cyclic reflector, B (Figures 3, 4, and 5). can
be "'mapped west of the western basin-bounding fault
throughout the Sevier Desent. This reflector can be correlated
with five, 6 m 10 30 m thick. basalt flows penctrated by the
Gulf Oil Gronnig [ well at depths between 768 and 1010 m.
The basalt flow at 812 m has becn dated using the whole rock
K-Ar mecthod at 4.2 + 0.3 m.y. [Lindsey et al., 1981]. One
30 m thick basalt flow is penctrated by ARCO Pavant Butte 1
at 1190 m (Figure 6). Synthciic scismograms modeling
suggests that this flow would give a strong (wo-cycle
reflecuon at -1.0 s [Planke, 1987), that can be correlated with
a surong reflector at 1.05 s on line 8, 1.0 km east of the well.
A similar seismic signature of reflector B east and west of the
western basin-bounding fault and the corrclation of basalt
flows in the ARCO Pavant Butte 1 and the Gulf Oil Gronnig
| wells and the B reflector on nearby scismic lines are the
justifications for corrclating reflection B across the western
basin-bounding fauit.

This corrclation implies that basaluc volcanic flows covered
much of the Sevier Desert basin during late Pliocene. Sull, of
the scven wells in the basin, only the Gulf Oil Gronnig | and
the ARCO Pavant Butte 1 wells pencurated basalt flows. The
Cominco American Inc. 2 Beaver River well (Figure 1) 1s
located west of the basalt reficctor on fine Mc3, while the
basalt reflector is truncated at the salt dome penciraied by the
Argonaut Energy 1 well: The Placid O1l Henley 1 and the
ARCO Mcadow Federal 1 wells are located cast of the
interpreted basalt reflector. Finaily, the ARCO Hole In The
Rock | well is Iocated in the southern part of the Sevier Desert
hasin, where the B reflector is weak (Figure 5). The lack of
basalt in the ARCO Hole in the Rock | may reflesi a higher
relative clevation or a diminished volcanic activity in the south
Sevier Descertin middle Pliocene ume.

The yuatity of the B reflector is, however, variable across
the Scvicr Desert. Normal incidence synthetic scismograms
show that multi-cycie reficctors may be duc to a single
> 30 m thick flow or two or more thin Nows {Plankc, 1987].
Latcral discontinuities of the reflector may correspond (0
faulting or pinch-outs of individual flows. The rcllcctor is
generally strongest in the deepest part of the basin, which is
expected. since the flows gencrally follow structural lows.

A few slightly cast dipping reflectors terminate below
reflector B, west of the westermn basin-bounding fault on line 2
(Figure 4). A similar rclationship on hine CO-1 was interpreted
as 4 Pliocenc angular unconformity by Von Tish et al. [1985].
Mitchell and McDonald {1986], however. gquestion the
cxistence of this unconformity and interpret the angular
relationships of rcflectors seen on line CO-S as noise. The
variable reflection character of reflector B obscures reflectors
just below it, but it is not possiblie to interpret any dipping
reflectors that terminate at reficctor B except possibly on line 2
and linc CO-1. I is therefore not possible to interpret 2
regional middle Pliocene angular unconformity in the Scvier
Descrt basin from the available scismic data.

A reflector at =0.6 s depth in the southern part of line 10
(Figure 5) is corrclated with reflector B on Figure 10. If this
interpretation is correct, then the apparent doming is a post-
Pliocene effect and could either be a responsc Lo hanging wall
movemecnt of the detachment fault or later volcanic intrusions
(tinc 1 crosses a Quaternary rhyolite dome above this part of
reflector B). Another interpretation that is probiematic is the
reflection at ~1.2 s depth between 15 and 16 km on line =
(Figure 4). The svong multi-cycle character suggests that it
may corrclated with reflector B, and two major basin-bounding
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fauslts may then be nierpreted. Weak fault reflectors and
comparison with nearby scismic reflecuon lincs suggest the
interprewion of one major, hstric fault. The suwrong amplitde
of this reflector can then be explained cither as a volcanic sitl
intrusion. nowse, or diffracuons and automatic gain control
window (AGCW) cffcets.

In summary, the major features of the depth contoured map
of the mid-Pliocene reflector B (Figure 10V are (1) a genty, 3°-
6°, castward dipping reflector west of the western
basin-bounding fault: (2) a simpie normai drag on reflector (B)
cast of the western basin-bounding fault at ~39°N, and a
normal and reverse drag (B) reflector north of 39°5N and south
of 38°55'N: (3) a pinchout of the basalt reflector beneath the
salt dome penetrated by the Argonaut Energy 1 well, and lack
of the B reflector in the eastern part of the basin; (<) a sharp 6
km right-lateral offsct of the western basin-bounding fauit at
~38°55'N, and a smooth 3 km left-lateral offset of the western
basin-bounding fauft at ~39°5'N; and (5) 2 250 m 10 1450 m
vertical offset of the western basin-bounding fault, with the
largest offsct on line 4 (Table 1).

Other Refleciors

A ~30° cast dipping. discontinuous and weak reflector, T, is
apparent in the hanging wall of the SDD and is interpreted as
an angular unconformity between lower Paleozoic and Tertiary
formations (Figures 3, 4, and §). The cvidence for this
interpretaiion comes from angular relationships seen on the
reflection profiles and from the lithologic well logs. The Gulf
Oil Gronnig | wcll reaches a toal depth of 2485 m in Tertiary
formation above the unconformity (Figure 6) and bottoms in a
1000 m thick scquence of claysione. shale, and wifaceous
sandstone with minor limestone, anhydrite, and gypsum that
was assigned an Eocene age by McDonald (1976]. Pollen
dming of two corcs at 1980 m (6500 fcet) and 2110 m (2929
feet) gave an upper Oligocenc/carly Miocene age, 10 agreeme.
with fission-track dating of zircon and apatite from the lower
corc (259 = 1.2 m.y. and 27.8 = 6.8 m.y., rcspecuvely
{Lindscy ct al.. 1981]). To the southwest, the 2021 m decp
Cominco American Inc. 2 Beaver River well penctrates a
boundary between the Tertiarv-Cretaceous North Horn
formation and Cambrian or Precambrian sandstonc and
siltstone at 785 m depth. Deeper formations pencurated by the
well are mainly thrust-faulied lower Palcozoic carbonates and
clastics. The well daw therefore show a Tertiary age for the
rocks above the unconformily and a lower Palcozoic and
Precambrian age for the rocks below the unconformity. An
unconformity of similar age is also found in surface exposurcs
on the cast side of the House Range and to the north of the
Littlc Drum Mounuins [Von Tish et al., 1985].

TABLE 1. Post-middle-Pliocene Offsets of the

Western Basin-Bounding Fault, F

Scismic Reflection Profile Offset, m
[ 500 = 150
2 750 =z 150
Mc20 650 * 150
2 1850 = 250
Mc3 1350 + 250
5 900 + 200
CO-1 350 = 100
Mcl 700t 150
Mc8 300 = 100

See Figure | for profile locations.
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A rather variable reflection pauern is seen in the wedge
bounded by the T. D, and B retleciors and the western basin-
bounding {ault (Figures 3 and =\ Lines Mc1 and Mc8 show

- noisy, scauered reflections. Lines Mc3, Mc20, 1, 2. and 5

show an inconsisient, casiward dipping retlection pattern,
while finc 4 has o few strong, atmose horizonal, reflectors.
Two interpretations of reflector T, T1 and T2, arc possibic on
linc 4 (Figure 4). The increased arca of the wedge arca
compared with the interpreted wedge area on adjacent sei:mic
fincs, when T2 is interpreted as the unconformity, sugy- stS
that T1 corresponds with the Palcozoic-Tertiary unconformity
(Figure 4). Nearby scismic lines, on the other hand, suggest
that T2 is the unconformity. T1 may then be a mulple of
reflector B, but the southward continuation of the T1 reflecior
on linc 10 (19-22 km, Figure §) shows that T1 cannot enurely
be a multiple. The different reflection patierns in the wedges
arc probably duc to depositional variations and 3 complex
deformational history. Depth contour maps of retiector T are
not very accurate due 10 the poor reflection signature of T, but
they show a gencrally north trending. 30° east dipping.
slightly undulatory unconformity [Von Tish et al., 1985
Planke, 1987].

Two strong, gently wesiward dipping reflectors, P, are
interpreted in the lower Paleozoi¢ and Precambrian sequences
west of the south Sevier Desert basin (Figures 3 and ¢). These
reflections probably represent a boundary betaecn low-vel: ity
mctamorphic clasuc sequences and higher-velocity carbonate
formadons found in the Cominco American Inc. 2 Beaver
River well (Figure 6). Allernatively, they may correspond to
Mesozoic thrust faults where aliochthonous Palcozoic and
Precambrian high-velocity formations overlay autochthonous
Mesozoic lowcer-velocity formations. This hypothesis is not
supporicd by the well daw in the Cominco American Inc. 2
Beaver River well or balanced cross-scction construction
{Sharp, 1984].

One o two deeper reflectors, M, are present beneath the
SDD in the castern part of the basin (Figure 4). The shallow
ecflectors may be within the lower Mesozoic 0 upper
Palcozoic clastic and carbonate sequences that were pencurated
by the Shelt Qil Sunset Canvon 1 well, whereas the deeper
reflecctors are probably within the lower Paleozoic 10
Precambrian formations penetrated by the ARCO Meadow
Federal 1 well. Another possibility is that the reflectors
correspond 10 Sevier aged thrusts (e.g., the lower Pavant
thrust), placing allochthonous Paicozoic rocks over
autochthonous Mesozoic and Paleozoic rocks [Sharp, 1984.
Villien and Kligfield. 1986]. A complex thrust gcometry of
the Mcsozoic-Paleozoic column is proposcd just wes: of the
Pavant Mounwins and the Canyon Range f{rom the
construction of rcgional cross sections [Sharp, 1984; Villien
and Kligficld, 1986]. These complex structures may be the
rcason for the lack of coherent reflectors in this arca.

Abundant subsurface sait has been identificd in the Sevier
Desert basin. A 1571 m thick crysalline halitc formauon was
penctrated by the Argonaut Encrgy 1 well and can be correlated
with a salt dome interpreted on line Mc8. Mitchell (1979]
proposcd a Tertiary redeposition of the Jurassic Arapien salt as
the origin of this salt dome. The ARCO Pavant Buite 1 well
also pencurated halite: one 60 m thick unit at 1825 m and-one
300 m thick unit at 1969 m (Figure 6) were found. Pollen of
Ofigocene age is reporied in both units in the lithologic well
logs. Possiblc salt structures are present on lines Mcl, Mc8,
CO-1. and 5. but none were identificd south of linc 5. In the
south Sevier Desert basin the reflecior at ~0.75 s between 10
and 14 km on line 10 can be correlated with a 36 m thick
anhydritc unit penctrated by the ARCO Hole in the Rock 1
well at 924 m (~0.8 5).

Discontinuous, scattered reflections arc apparent east of the
ermination of the B reflector in the Sevier Desert basin
(Figuces 3 and 4). The good quality of the underlying
derachment reflector, D, shaws that the lack of reflections is
due 10 a lack of continuous impedance boundaries. Coarse
wffaccaus sandstone and poorly soried conglomerate is reported
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10 the upper 1123 m of the ARCO Meadow Fedefal. 1 well,
whereas the deeper SO0 m are mainly tuffaccous siltstone,
sandstone, and shale with minor limesione. The well data do
not suggest large velocity conuasts 1a this part of the basin
and the lack of reflections may therefore be duc to a relauvely
homogencous basin fill. Syathetic seismogram modeling
shows that abundant small-scale faulting of a constant

i

rmpedance contrast will lead o scauered reflections. The lack,

ol retlections in the eastern part of the basin is probably duc w0
both homogeneous basin fill and faulung.
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SYNTHETIC SEISMOGRAM MODELING

From the iual interpretation of Lhe seismic reflection
profiles in the south Sevier Desert, several problems were
identified. (1) What constraints can the seismic daw give on
the shape of the western basin-bounding fault? (2) How does
the reflection chasacter of the SDD change from the east 1o the
west side of the western basin-bounding fault? (3) Is the lack
of consistent reflectors in the eastern part of the basin due 10 a
relatively homogeneous basin fill or to scatiering of waves due
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to smali-scale faulting? To address these questions, synthetic
scismogram modeling was undertaken (0 study the theoretical
response of different subsurface velocity models using
asymplotic ray theory modeling [Cerveny et al., 1977} as the
slarting approach and hetcrogeneous finite difference modeling
of the clastodynamic wave equation [Kelly et al., 1976;
Clayton and Engquist, 1977] as the final approach. Inierval
velocities were estimated from the acoustic velocity logs
(Figure 8a), modeling of refraction and wide-angle reflection
daw (Figure 8c) [Gants, 1985: Liu et al., 1986}, and stacking
velociues.

A simplified velocity model {or the Sevier Desert basin was
produccd to examing the reflecuion response across the westem
basin-bounding fault (Figure 11a). To fulfill the finite
difference sability criteria (Kelley et al., 1976}, while keeping
the size of the model on a manageable size, the dominant
frequency of the source wavelet was chosen 10 be as low as 6.7
Hz. The paraxial wave equation approximation {Clayton and
Engquist, 1977] was used as absorbing boundary condition.
However, not all side reflections from the mode! cdges were
auenuated, for example, the lincar cvent at § km and 2.5 s
(Figure 11b). The main features of the synthetic planc-wave
finite difference scismogram (Figure 11b) arc (1) swong
rellcctions {rom the D reflector east of ~2.5 km and weak
reflections west of 2.5 km; (2) a velocity pult-up of 0.2 s and

(a)
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a 1 km reflection gap below and west of the F reflectior for
reflectors D and E: (3) intersection and complex interference of
the F and D reflectors close 10 their true spatial intersection
location; and (4) diffractions from the terminauon of the B
retlector.

Smull-Scale Fault Scattering

The seismic reflecuon data show relatvely few conunuous
reflections above the SDD cast of the iermination of the B
reflector (Figures 3 and 4). The lack of reflections in this arca
may either be due to low or lack of acousuc impedance
boundarics or be due 1o interfercnce of seismic waves reflected
from discontinuous boundaries of small lateral extent Surface
mapping in similar detachment terrains show that small-scale
faulting, down to the meter scale, is common in the upper
plate (e.g., the Wipple-Buckskin-Rawhide mountains in west
Arizona and southeast California {Gross and Hillemeyer,
1982}). To approximate small-scale faulting, a finute difference
synthelic seismogram was generated involving a constant
impedance boundary with variably spaced. constant offsct
(Figure 12). The model velocities were derived from the
acoustic well logs (Figure 8a). The dominant ».urce frequency
was kept proportional to the minimum model velocity and
inverscly proportional to the grid spacing. The shallow-layer

[¢] T T | I
NUH T N i
UL ) T il
2 = ]34 ™ \ B L
SERE } AT ’
- — | \u&i X Y
= = 38 |
= & . T
Q Q |
L / N . N ' " | L . e — I
0 ' 2 3 5 6 4 8 ?
(b) DISTANCE (km)
o - 2 4 6 8
g o | : n . | ._,J 1 j| ! > I J’—, ] X_L 3 xl ,1‘ -!1 i llh % % ]
: <>
: | .
oy & (LU \
s 1 |
a & - WU M i
- i ﬂ
. | )
< (L # 2 i
X
O “
s 2~
= .

Fig. 12. Synthctic seismograms of constant impedance boundarics with vaniably spaced offsct. (a) Ray-

vaced depth model with acoustic velocities in kilometers per sccond. (b) Plane-wave finite differcnce
synthcuc seismogram. A grid spacing of 15 m, 601 by 250 grid, and 942 time steps were used for the
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velpciues 1n the model were purposely set highi(3.4 km/s)
compared 10 the velociues derived from the acoustic well logs
(Figure 8a), while the dominant frequency was consurained 10
be low (15 Hz) 1o maintun 3 managcabie size of the model for
computing. Finally. a horizonial. constant impedance
boundary was included below the offset interface w examine
the influence of the overlying velocity structure on the
reflections from the honzonul interface.

The finite difference modeling did not produce reflector
scgments between the 100 m vertcal offsct faults with less
than ~300-400 m length (Figure 12b). The reflections in this
region show a disturbed patiern, with hyperbolic branches and
strong variations in ampiitude and phase. The 25 m offsct
faults cannot be resolved, and a weak hyperboiic branch is the
only indication that the reflecting model boundary is not
smooth in this region. The underlying horizontal reflector is,
in neither case, disturbed except for minor velocity pull-up.
These results depend of course on the frequency content of the
source and the modeling algorithms. The finite difference
source had a dominant frequency of 15 Hz, compared to the
Sevier Desent vibroseis daus that had a dominant frequency of
~20 Hz. Migraton may furthermore enhance the reflection
image, but the rcal dawa will also include artifacts from out-of-
_prolile structures, muliiples, processing. and noise that will
‘tend to disturb the seismic reflection image.

Summary of Seismogram Modeling

The magnitude results of the scismic modcling with respect
1o the Sevier Desert reflection lines are (1) the sieeply dipping,
high-impedance boundary at the western basin-bounding fault
will be poorly imaged by the stacked scismic reflection method
employed to acquire the data used in the interpretation; (2) the
detachment surface reflector D is poorly imaged bencath the
Palcozoic scquence from ~0.5 km west of the western basin-
bounding fault and may have a velocity pull-up of up to
~0.2s5: (3) the intersccuon of the weak reflecuon from wesiem
basin-bounding fault and the reflcction from-the detachment
surface is located within ~0.5 km of the truc spaual horizonul
intersection position; (4) the disturbed scismic image in the
castern Scvier Desert basin may be due to interference of
reflections from inhomogencitics of scale length from -50 m
1o =300 m; and (5) small rcflecting interfaces above the SDD
will not disturd the D refiector substanually.

ESTIMATE OF CRUSTAL EXTENSION

- The magnitude of horizontal extension for a geologic cross
section perpendicular to a detachment fault can be estimated
{rom the geometry of the basin fill assuming a balanced arca
and planc strain (White ct al., 1986; Barker, 1986]. In this
mcthod the cross-scctional area of the basin is divided by the
maximum dcpth 1o the detachment surface to estimate the towal
horizontwal displacement The average extension rate can then
be determined by dividing the horizonwal displacement by the
total ume of extension, and the average strain rate can be found
by dividing the displacement by the fault length and the total
time of cxtcnsion.

The balanced area method- was uscd to cstimate the E-W
cxiension for three cast-west scismic reflection profiles in the
Sevier Desert (Figure 13; Table 2) using the assumptions that
(1) no Tertiary units arc pre-cxtensional; (2) the cxicnsion
started after middle Oligocenc: (3) the thickness of post-middic-
Pliocene sediments is constant where no reficctors can be
interpreted on the seismic profiles; (<) the maximum depth of
the detachment and its length can be extrapolated {rom lines
CO-1 and G8 10 be 12-15 km and 70 km; and (5) no
significant erosion has occurred since the onsct of cxtension.
Prc-extensional Teruary scquences are pencuraied by wells in
the Sevier Desert (Figure 6), but they are gencrally thin, and
their aerial extent is poorly defined by the seismic reflection
daw. A middle Pliocene unconformity has been interpreted.on
line CO-1 {Von Tish et al., 1985}, but the unconformity
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cannot be interpreted on reflection profiles in the south Sevier
Descr. Post-extensional erosion is therefore believed o be of
minor importance in the Sevier Desert basin. Note also that no.
correcion for sediment compacuon was made. This method
has been used to calculate a minimum extension rate for
several valleys ~30-30 km to the south of the Sevicr Desert,
obuwining extension values from 0.05 mm/yr 10 0.15 mm/yr
(the Wah Wah Valley ~ 0.0S mm/yr, the Milford Valley
-0.09-0.15 mm/yr, the Beaver Valley ~0.08-0.13 mm/yr)
[Barker, 1986]. Geological reconstructions, however, suggest 2
to 3 umes greater extension rates.

Palinspasucally restored cross sections along line CO-1
[Sharp, 1984] suggest 28-38 km of E-W Ccnozoic exlension
along the SDD. The most critical assumptions for this
construction were the correlation between the hanging wall and
the foowwall of the SDD and the interpretation of only one
thrust fault intersecting the Cominco American Inc. 2 well
where Precambnian clastics overlic Cambrian carbonates. Other
interprewations of the well data. however, show no Precambnian
formations and up 1o {ivé thrust faults pencurated by the well
{Mitchell and McDonald. 1986 Planke, 1987). The age of the
formations and the number and location of the thrust fauli(s)
are critically imporant for the reconstruction of the pre-
cxiensional cross sections. Sharp's [1984] estimate of
cxicnsion may therefore be an upper bound vatue. Belter
daung of the Precambrian and Palcozoic rocks in the wells in
the Sevier Desert region is nceded o properly determine the
stratigraphy interpreted from the well logs and thereby enable
the construction of a beticr palinspastically restored cross-
scction and exiension estimate. |

The calculated post-middle Pliocene cxtiension rates
determined in this study arc 0.6-0.8 mm/yr (Table 2) and arc
within the error bounds calculated from palinspastically
restored cross scctions along line CO-1 [Shamp, 1984]. Our
middle Oligocene 1o middle Pliocene cxiensional rate of ~0.1-

- 0.2 mm/yr is, howcever. an order of magnitude smallcr than the

cstimate along linc CO-1. Possibic Pliocenc ‘crosion and a
shajlower detachment depth will both increase the calculated
cxiension rate, but thesc factors cannot cxplain the entire
difference between the extension rate calculated along line CO-
1 and the rate calculated in this study. The calculated regional
strain rate of 0.6-3.5 10°'6 51 and the towal cxtension rate of
~9% of the Sevier Desert region is of similar magnitude as the
results caleulaied for the Great Basin based on estimates from
cumulatve scismic moments of historic carthquakes of 1.3-3.2
10-16 s} and 10% cxtension [Eddingion, 1986]. However, the
middic Pliocene surain raie and exicnsion rate are also almost
an order of magnitude smaller than the palinspasucally restored
cross scction along line CO-1 (Table 2). A minimum post-
middle Pliocenc honzontal displacement of 2.5 t0 3.2 km and
a minimum middle Oligocenc to middle Pliocene displacement
of 3.0 10 4.0 km give a minimum pos:-middle Otigoccne
displaccment on the SDD of 5.5 10 7.2 km compared with the
palinspastically restored cross scction that gives a three o
cight umes larger disptacement of 25-38 km.

Extension estimates can also be obuined from summing
the horizontal displaccment. across faults. The horizontal
cxtension of the faults that offset the B reflector gives a 0.8 10
1.5 km post-Pliocene exicnsion (Figures 3 and 4). This is of
course a minimum estimate, which is scriously affected by
small-scale faulting that cannot be interpreted from the scismic
rcflection data. Hangingwall-footwall correlation across the
SDD gives a different extension estimate, but, as already
discussed. the Precambrian and Paleozoic stratigraphy is poorly
known in the seismic reflection profiles in the Sevier Desert
region.

DISCUSSION

The overall configuration of the Sevier Desert basin is that
of an asymmetric north trending Tertiary basin with a
maximum depth of 4.0-+ 0.6 km. The Tertiary basin fill is
mostly fluvial and lacustrine clastic deposits with minor
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Fig. 13. Geological cast-west cross sections of the Sevier Desert basin paraliel to (a) linc 2, (b) linc 4,
and (c) linc 5 (Figurc 2). Only major cxtensional faults are drawn, while the dotcd arcas show the
location of scattered energy in the scismic scctions that is possibly duc 1o smali scaic faulting,
Abbreviations arc Pz, Palcozoic and Precambrian bascment: T, Oligocenc (with minor lower Tertiary) o
middle-Pliocene formations; and T-Q, middlce Pliocenc 1o Recent [ormations. Pluses indicalc a possibic
sult dome. B

carbonates and basaluc flows. Salt is prescnt in the cenural pant

" of the basin and produces major antiforms. An approximate
10° west dipping, extcnsional detachment surface, the Sevier
Descert detachment, with a width between 80 km and 130 km
and an arca between 5600 km? and 9100 km?, bounds the
castern pant of the basin. The underlying basement rocks are
mainly lower Palcozoic and Precambrian ciastic and carbonate
scdiments and metasediments.

Evidence for early Teruary sediments in the Scvicr Desert
basin is limited. On the east side of the basin the Placid Oil
Henley 1 well penctrates 530 m of dolomitic siltsione and
sandstonc above the Palcozoic basement, that is possibly the
Tertiary-Cretaccous North Horn formation. The Cominco
Amecrican Inc. 2 Beaver River well penetrates carbonates (the
carly Teruary Flagstaff formation?) and carbonalcs, clayston .
and sandstone (ithe North Hom formation?) from 436 m 0
785 m depth in the west side of the basin. Late Cretaceous and
carly Tertiary formauons should be expected to be found in the
parts of the Sevicr Desent basin that were a part of this early
Teruiary basin. Just above the Sevier Desent detachment the
ARCO Mcadow Federal | well pencurates 627 m of Tertiary
siltstone and shale with minor very fine grained sandstone and
limestone, and the ARCO Hole In The Rock | well penctrates

1128 m of Teniary undivided (upper 634 m Miocene and
Oligocene 7?) siltstone and very fine grained sandstone (Figure
6). Furthcrmore, the ARCO Pavant Butte | well penctraics
716 m of Teruiary undivided anhydritic shale and limestonc,
while, finally, the Argonaut Encrgy | wcll penctrates a
1571 m thick Oligocene (?) rock salt sequence and a 9 m basal
red conglomerate. There is therefore no evidence for any pre-
Otigocene formations in any of the welis in the cenwal Sevier
Desert basin and suggests a post carly-Oligocene age of the
SDD. This is in agreement with a late Oligocene or carly
fiocene age of the SDD interpreted from decp seismic
reflection data and stratigraphic relationships in the Drum
Mounuins {Von Tish et al., 1985].

There are no hydrocarbon producing wells in the Sevier
Desen basin, and potential traps are limited duc o scvere
Cenozoic deformation, high heat flow, and faulting. The
largest reservoir potential 1s in the least deformed. deeper,
central part of the basin. The east part of the basin is shallow,
and potential cap rocks are probably more permeable because
of Cenozoic fauiting. Furthermore, the wecll data do not
suggest the existence of lower Teriary fluvial, organic rich
formations that arc source formations in the Uinta basiz of
eastern Utah (e.g., the Green River Formation), nor any
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TABLE 2. Regional Exiension Propertes of the Sevier Desert Region.

Linea" Lineb”  Linec” cot
. Balance Area, kms
Teruaryvi 89 ] (718)3 83
Middle Oligocene to middle Pliocene 53 54 (CEN <1
Post-middle-Pliocene ] . 36 34 — 23
iz m
Tertiary: 6.6 6.5 (5‘8): 6.2 25-38
Middic Oligocene to middle Pliocene 39 40 (3.3 30 20-30
Posi-middle-Pliocene 2.7 2.5 — 32 <8
Rate mmixr
Teruaryi 0.23 0.23 (0.2 0.22 )
Middle Oligocene to middle Pliocene 0.16 0.17 0.13)3 0.13 09-1.9
Posi-middlc-Pliocene 0.64 0.59 0.77 04-19
Strain Rote, x 10716 {‘
Teruary: b1 1.1 (()49}: 1.0 4.0-6.1
Middic Oligocene 1o middle Pliocenc 0.7 08 (0.6)% 0.6 38-5.7
Post-middle-Pliocene 27 27 - 35 <86
O 9 (8)¥ 9 36-55

The fength and the maximum depth of the SOD are 70 km and 12-15 km, respectively, for the balanced arca
cxiension calculauons. The onsct of exiension began after middle Oligocene (26-28 m.y.), and the onsct of the
post-middlc-Pliocence cxtension is correlated with a 4.2 m.y. old basalt flow.

Refers to Figure 13.

 Exiension rates calculated along fine CO-1 using palinspastically restored cross sections {Von Tish et al., 19851,

Using only wedge area above Tt (see Figure 3).
i Average value for the posi-middic Oligocenc extension.

organic rich middle Tertiary formations. At decper levels,
however, hydrocarbon reservoirs may be found in the Mesozoic
and the upper Paleozoic farmations below possible
overthrusted lower Paleozoic formations, but no wells have
demonstrated the existence of any such stuctures.

West of the western basin-bounding fault in the Sevier
Desert basin the middic Pliocene refiector B has a 3° 0 6°
castward dip (Figures 3, 4, and 10). The lack of reflectors
above B makes ut difficuit to interpret any scdimentation
pattern, but weak reflectors suggest a gradual castward
thickening of the posi-middlc-Pliocene unit (Figures 3 and 4).
Scismic lines G1 and CO-! (Figure 2) [Smith and Bruhn,
1984 Von Tish et al., 1985] and Quatemary {ault scarps and
gravity data (Figure 1. Andcrson and Bucknam [1979]) show a
major westward dipping, normal fault west of the Cricket
Mountains and west of the San Francisco Mountains.
Wemicke ct al. {1985] interpreted this fault (0 be a normal
detachment fault, and using their interpretation of line CO-1,
they argued that this detachment fault has not been active the
last 4 m.y. The Quaternary fault scarps and the the reprocessed
pan of the reflection profile CO-1 of Von Tish ct al. [1985]
clearly suggest that the fault has been recendy active.

The fault west of the Cricket Mounuins may be interpreted
as 3 normal detachment fault [Allmendinger et al., 1983
Sharp, 1984; Wemicke et al., 1985] or as a normal fault that
dctached at the SDD at 10-15 km depth cast of the House
Range. Regional interpretation of line G1 {Smith and Bruhn,
1984} and a speculauve corrclation of the SDD and the deep
detachment mapped below the Milford Valley and the San
Francisco Mountains {Baker, 1986, Figure 21) support the
laiter interpretation. In this case, the backiilt of reflector B
may not only be duc to rotation of the hanging wall of the
SDD but parually aiso due 10 uplift of the footwall block of
the fault west of the Cricket Mountains. High-quality
reflection data south and west of the Cricket Mountains are
required to solve this quesuon.

The amount of uplift which may be associated with normal
faulting can be inferred from historic carthquakes in the Basin
and Range province. Up to 6 m subsidence of the hanging wall
and up 0 0.5 m of footwall uplift have been mapped aftcr
recent large normal fault carthquakes in the Basin and Range
province, for cxample, the Dixic Valicy carthquake (1954, M
7.1), the Hebgen Lake carthquake (1959, M 7.5), and the
Borah Pcak carthquake (1983, M 7.3) {Savage and Hastic,
1966: Smith and Richins, 1984). The magnitudc and the
cxtent of the co-seismic footwall deformation associated with
these carthquakes is not conclusive duc (o mcasuning emors 1n
a mountainous terrains and the possible compaction of
alluvium by the strong ground shake [Savage and Hastic,
1966]. However, using the elastic thcory of displacements
[Maruyama, 1963], the vertical displacement of the free surface
can be calculated for dip-slip motion. This approach was uscd
by Savage and Hastic {1966] and suggests an approximatc
footwail uplift of 0.5 to 1.0 m for a M 7+ carthquake that
would likely nucleatc at a 10-20 km depth in the Basin and
Rgaggg]e province [Smith and Richins, (984 Smith et al.,
1 . :

- A 110 2 km post-middic-Pliocene vertical displacement of
the Cricket Mountains fault can be interpreted from seismic
reflection data (Von Tish et al., 1985. Barker, 1986].
Estimating the maximum footwal! uplift of a M 7+ canthquake
10 be 1 m, a total uplift of 100-200 m of the Cricket
Mountains is estimated. The distance between the Cricket
Mounuins fault and the major western Sevier Desert basin-
bounding fault is 15-30 km, which gives a dip of 0.2° 10 0.8°
cast for the Cricket Mountains fauit block. This is almost an
order of magnitude smaller than the cbserved dip, 3°-6°, of the

" mid-Pliocene reflector, that would require an 0.8 t0 3.2 km

uplift of the footwall of the Cricket Mouniains fault. The

earthquake deformation model can therefore account for only

10% 10 25% of the observed dip of the mid-Pliocene reflector.
For a thrust sheet thicker than 5 km it can be shown that a
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gravitauonally dnven wedge moves in the direction of the
topographic slope and that the basal shear stress can be
descnibed by T = f(a). where a is the surface slope (Elliot,
1976: Plawt. 1986]. Assuming that the dominant force at
shallow levels in an extensional detachment regime is due 1©
the weight of the overburden, this model was applicd o the
SDD. The Sevier Desert has almost no topography; therefore
a may be used as the slope of the detachment surtace (Figure
13). From the mode! equation it can then be scen that the
direction of the basal shear stress T changes direction when the
slope of the detachment surface a changes sign. This occurs
on profiles b and ¢ in Figure 13 just 2-3 km west of the
western basin-bounding fault. On both these profiles a larger
post-middle-Pliocene offset is interpreted than on the seismic
lines north and south (Table 1). The ~6 km eastward step of
the western basin-bounding fault at ~39°55'N (Figure 10) and
the variable offset of the western basin-bounding fault is
therefore possibly an effect of the direction of the basal shear
suress.

A ~6 km eastw.rd step at ~38°55'N and a smoother ~3 km
westward step ai -39°3'N is seen or the western basin-
bounding fault (Figure 10). Linc 4 (Figurc 4) was located
between these sieps of the wesiern basin-bounding fault and is
interpreted with one major lisuic fault with 1.3 = 0.25 km
post-middle-Pliocene oftset, minor antithetic faulting, and a
normal drag B reflector. A smaller post-middic-Pliocene
displacement of the westemn basin-bounding fault is apparcnt
south of line 4 (~500-800 m), probably because more of the
extension is accommodated by smatller cast and west dipping
lisiric and planar faults. A more complex fault pattem, local
synclines and anticlines. and reversed drag reflections support a
more complex deformation (Figurcs 3 and 10). Similar
stuctures (i.e., smaller offsct on the westemn basin-bounding
{ault, reverse drug reflectors, local anticlines and synclines, and
a complex fault patemn) are also apparent north of ~39°5'N
(Figures 10 and 13). Surface fault scarps and Mini-Sosic
profiles in this region (Figures | and 2) (Crone and Harding,
1984] also support a complex dcformational paticrn. An even
smaller offsct of the western basin-bounding fault is mapped
on lines CO-1 and Mc8 (~350 m). The extension in the central
part of the Sevicer Desert basin is therefore accommodated
mostly on smaller westward dipping faults. The major strain
component is in an cast-west direction, while the structurcs
north and south of linc 4 suggest a wrench fault component.
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SLIP LINE MODEL FOR SOUTHERN CALIFORNIA
CRUSTAL KINEMATICS

Yongshun Chen! and 1 N\Bemard Minster

Institute of Geophysics anyj Planetary Physics. Scripps
Institution of Oceanography, La Jolla, Califomia

Absiract. We proposc a simpledslip line model to explain INTRODUCTION
the faulting and seismicity paticrn\of southern Califorglia.
We assume the Sierra Nevada-Great ley (SNGV) bl Perhaps onc of the most heavily studicd fault systems in the
be rigid, in view of its low scismicity, i world is the San Andreas fault system in California, which is
undergo plastic deformation. From this point of vigw, part of the boundary betwecn the Pacific and North American

Plates in the western United States. In particular, the San
Andreas faull system in southern California comprises a

including the Borderland region, result from t .
ndeforming complex array of subparallel faults that form a plate boundary

the castern margin of the Pacific plate by the

SNGV block. A simplc analogy can then be m3de between deformation zone up to 300 km wide, and raises scveral
regional tectonics in southemn California and 1wo icnsional fundamenwal questions. For example, what causes the “big
flow solutions obtained in metallurgy for the/extrubion of bend” of the San Andreas fault in southern California which

offscts the fault about 150 km (Figure 1a)? Why docs it have a
the geology .and scismicity of southern Califorpia to calcuilye curved shape instcad of a simple lcft step? How are the major
a two-dimensional slip linc ficld which predjCts the shape o right-lateral faults in southern California, for instance. San

-the San Andreas fault ncar the “big bend™ Jurprisingly well. Jacinto. Elsinore, Newport-Inglewood. related to the San
The largely ascismic, high-topography western Mojave can Andrcas? Why is the Mojave block. a triangle-shaped arca
then be interpreted as an analogue to the npndeforming “dead unded on the north by the Garlock fault and on the
mctal™ zone which .arises for certait metal extrusion sowghwest by the San Andrcas big bend, largely uncut by
geometrics. The slip ficld agrees quite Avell with the strikes joxactive faults (Figure 1a), and why is it. in fact, almost
and slip orientation of major dextrgl faults in southern aseismisby southern California standards (Figure 1b)?
California, including the San Jacinto, Elsinore, and Newport-
Inglewood fauits. It also predicts corgictly the strikes and slip

oricntation of sinistral “cross faultsy found in some arcas of nd Jordan, 1984, 1987) we take the Sierra

the region.: In the Transverse Ranges, where thrust faulting Nevada-Great Valley (SNGV) block to be rigid, in view of its
dominates, the slip lines are no lgnger potential fault planes, low seismicity. e assume other regions in the plate
but a simple argument predicts ?Zzt they should lie a1 45° on boundary deformation\zone to undergo plastic deformation.
the strikes of thrust faults, An fair agreement with the From this viewpoint, usipng a metallurgical analogy, the
observations. complex deformation patterhngbserved in southern California,

including the Borderland regiot results from the “plowing™ of
the eastern margin of the Pacifit\plate by the SNGV block,
which acts as a rigid one-sided spowplow. We can then

INow at College of/Oceanography, Oregon State
University, Corvallis, Orégon.

Copyright 1991 attempt to use simple twc?—'d'ug‘ nsional flow solutions
by the American Geophysical Union obtained in metallurgy for the machining of a rigid/piastic
metal to describe the geometry and interpret the mechanics of

_ Paper number 91 TCO0166. tectonic faulting in southern Califomia. In particular, we seek

0278-7407/91/91TC-00166510.00 to predict correctly the geometry of faults of the San Andreas
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42 THERMAL SPRINGS OF THE UNITED STATES AND OTHER COUNTRIES OF THE WORLD
Thermal springs and wells in the United States (excluding Alaska and Hawaii)—Continued
No. . Tempera- Flow .
on Name or location ture of (gallons Associated rocks References on Remarks and additional references
figure water (°F) .pert ) chemical quality
minute
Utah (See fig. 7) (7 '
1 ‘Warm Springs in sec. 20, T. 12 N, R. 15 Warm 900 | Alluvium . .. |l \water used for irrigation. Rel. 508.
W., 17 miles north-northwest of Terrace
Blmih(-Oad ‘stat}(ﬁnj Spri T N, R 86 B'B;s )‘ d 508 6 spri Refs. 144, 521
2 ue (Honeyville) Springs,in T. 13 N., R. per . O Rt £ SO L« T S i1 S springs. Refs. . .
51V, 18 miles southeast of Snow ville. :
3 Udy’s Hot Springs, near the Malad River 00-122 3,500 | Carboniferous strata Dear |...-coceooacooooo 8 main springs. Water is saline. Useq
2 miles southwest of Plymouth, Wasatch fault, for bathing. Resort. Refs. 144, 508.
4 Crystal Springs, in T. 11 N,, R. 2 W, 12 120-134 (B2 (5 1o O i1 S About 30 springs. Water used localls
miles north of Brighamn City. Refs. 124, 133, 144, 505, 521
4A Near south end of Little Mountain, 7 Warm Small | Paleozoicstrata_ __._.._...... Lo S,
s e O oot 84 | 265" | Faulted(?) schist and Ref. 144 :
5 .6 N, R.5 W, on eastside of Promon- IS - I - aulted (?) schist and goeiss |- ... ef. 144, N
tory Point, (Precambrian). .
6 Utah (Bear River) Hot Springs, in T. 7 131-144 B— 7-1110 Faulted quartzite (Cam- | 20, 133, 137, 144, | 12 springs. Water is saline and ferrug{. *
N., R 2 W, 8 miles northwest of Ogden. - . brian). 09, 5 nous. Ref,138. y
6A Clay’s Hot Springs, 10 miles north of 140 50 | Quartzite on Wasatchfault. | ..o ... ngrir(]lg& l}\"ahter is sﬁli;}e aznd ferruginous,
Ogden. jsed for bathing. Ref. 51 4
7 Patio Spring, 12 miles ncrthea:t of Ogden.. 68 -4 200 | Lake beds (Quaternary)_... Water used for bathing. . M
8 Ogden Hot Springs, in T.6 N, R.1 W_,at 121; 150 3 18mall | Syenite on Wasatch fault_-_. 2 springs. Water used for bathing. Refs, +
mouth of Ogden Canyon. 138, 144, 418, 505. H
9 Big Springs, in T. 2 8., R. 8 W_, on the 74 (GrRs B . Ct;rb;mi(erous strata mear |- ... . ... ....__ 2 springs. Water is brackish. Ref. 144, H
west side of Stansbury Range. ault. . A
10 Grantsville Warm Springs, 5 miles north- 74-91 50 | Wasatch Formation (E0- |-cccocaccmaana oo 6 springs. Water is brackish; used for f,"
west of Grantsville. cene). l}){at.hingt.3 Deposit of calcareous tufa, ¢
efs, 138, 144, 508.
10A Morgan’s Warm Springs, 4 miles south- 80 500 [-___. [« TR P Water is ponded. Used for bathing and
west of Stockton. irrigation.
10B Russell's Warm 8prings, 4.5 miles south- 90 200, 5 o) FE Waler is ponded. Used for irrigation.
- west, of Stockton.
11 Beck’s Hot Springs, 4 miles north of Salt 128 | el Paleozoicstrata on Wasatch | 128, 133, 137, 418 Several springs, Water smellsof H:S.  Re-
Lake City. b L . N 350 ault. ) sort. Refis 124, 144, 511R5§2 1%21 5( -
11A Warm Springs, 2 miles north of Salt Lake 118 50 |.noa Q0. el 525 ... Water used for bathmg efs. 137 L—als
City. 523. -
12 Wasatch Springs, in the northwestern part 130 350 { Limestone (Carboniferous) | 525 .. .. ._____.__ Water usn,d for bathing. Sanitavium, &
of Salt Lake City. = near Wasatch fault, Réfs, 133, 137, 144, 513, 523. g
13 Crys Qt";l Sprtm%st T.48., R.1W,, 4mlles 70 Q-tL | Altavium e Se}x{eral Siiprmgsswwaur used for batuing. ;
southwest of Draper. . ) . efs. 138, 144 ¢
14 Schneitter’s Hot Pots, 4.5 miles northwest i 85-116 20 | Wasatch - Formation (Eo- | 133, 137_...___.____ 20 mnain springs. Water used for batning. §
of Heber. L e cene) near qubomferous Extensive deposit of tufa. Refs, 135, 144,
! : { limestone. 418, 514, 526. 4
14A Luke's 1ot Pots, 4 miles northwest of 78-110 30 ... T S PSR Several springs. Water used for batling &
Heber. Ref, 514 .
14B Buhler’s Springs, 3.5 miles northwest of 80108, 10 {___.. do el Several springs, Water used for ba:ling.
Heber. : ! Extensive deposit of tufa. Refs, 137 519, &
15 Saratoga Springs, on northwest shore of | 211 | Wasatch Formation (Eo- | ... ... __.....__ Several springs. Water used for bati ing.
P8 B e h shore of Utah | ¢ ‘88 |D-g+) 200 fones o ot Ref. 523 ]
16 . 8 8., R. 1 E., on south shore of Utah N 8 -~ - Alluvium. o el Water used locally. ef. .
Lake 8 miles northwest of Payson. - ’ . :
17 T. 10 8., R. 1 E,, near the north end of 70 D‘l0-[2,000 Faulted Carboniferous .| ____.=.... .. _.. Several springs. Water used locally. :ef. 3
Long Ridge 2 miles east of Goshen. strata. 528. :
18 Castilla ‘l\'lineraLSpringsCln T.98., Rl 3 111; 145 | D3, Cz{{bonife}x;ousl strata mear |..._ . ..o 3springs. Resort. Refs. 138, 144, 5%
E., in Spanish Fork Canyon 15 miles | -~ ‘asatch fault, 3
i south of Provo. i . - 3
19 Sec. 14, T.8S., R. 5 E., on Diamond Creek Warm Wasatch Formation (Eo- [..o oo ... 2 springs. Water smells of sulfur. :
L. 15 miles ant of Sprmgvllle PR cene). 3
19A 12 miles northeast of Jensen, in canyon of 90 10 | Paleozoic or  Mesozoic | . ... ... .. .. 2 springs issuing at river edge. £
.| __Qreen River. strata. .
20 Tiot Springs, in T. 11 8., R.'14 W, at north 74-78.|C.= 11 71H: Alluvium near faulted Pale- §.o oo oo Several springs.  Water used localls efs. |
end of Fish Springs Mountains and 3 . ozoic strata. 138, 144, 506, 515, 520.
miles north-northeast of ¥Fish Springs
oy, T. 118, R. 4 W, 1 85 | L=hlzly 3 Refs, 144, 506, 520
21 Big Spring, in 11 14 1 mile R 1 ol i 8 springs. efs, , 506, 520.
soutiieast of Hot Sprmgs (No. 20 .
22 Fish Springs, fuI]{T 118., R. 14 W, 4 miles 80-140 | G-~y 7 spnqegsx W qtex[" sxr[:aellsfgt;onlfil;v o o Lt:):ﬁu
sotitheast of Hot Sprmgs (No. 20) and 3 Larg deposit of tu efs .. 506,
miles east of I-lsh Sprmgs (town).
23 Sec. 33, T'. 14*87" R. 18 W, on Miller’s 64 500 | Alluvium. . e ieans Several sprmgs rising il pools. Wate - sed
Ranch 8 miles south of Trout Creek. for irrigation. Refs. 506, 520.
24 Abraham Springs in T. 14]8., R. i\\',, (Ln 100-205 C:Nl‘g). 200 | Fractured lava (Tertiary)...| 507 . ...c_.____._. 20 springs.mDegosi% oﬁfﬂxjnangmes& wefs. g
Fumarole Butte, 19 miles north-north- . 109, 144, 509, 512, 516, 520. i
west of Delta, L) L E
25 Sec. 3!, T.15 8., R. 19 W, in Snake Valley . 82 -5 Lafge | Limestone (lower Paleozoic) j_ ... ___...._. Several springs.  Water used for irrig ~tion. &
1 mile west of Gandy. A ' Deposit of tufa, Ref. § 3
26 Sec.9, T.16S., R. 18 W, in Snake Valley 2 68 l'l(,—} Allavium. o ..o e Several springs rising in pools Wate. used
miles south of Foote’s Ranch. . %) for irrigation. Refs, 144, 520. I
27 Knoll Springs, insec. 11, T. 18 8., R, 18 W, 68-71 e rerz o Alluvium near Carbonifer- |.._ ... __.__..._.. Several springs. Water smells of il k
isn Sx;]ake Valley 12 miles southeast of '8“72)[ ous strata. Used locally. Refs. 144, 520. -
- Smithville. : o
28 Sec. 24, T. 22 8., R. 6 W, 3 miles north- 94 .. L H;e Interbedded tufl and lava | ... _._..._ ‘Water used for irrigation, Ref. 520. 3
west of Hatton. aa-¢5%y |- (Tertiary). : i :
29 Brewer’s Springs, in secs. 13 and 24, T. 15 57-62 400 | Alluvium near faulted Wa- }____._________._____ 3 springs. Water used for domestic pur §
R. 2 E., 1 mile northwest of Wales. satch  Formation (Eo- |-.. . .cooai ... poses and irrigation. Rel. 524. F
. cene). :
30 Lowry’s §pring and Squires’ Spring, in 59; 62 40 | Faulted Wasatch Forma- |.__ ... .. ... _. Water used for irrigation. Ref. 524. s
?\e{c. 23. T.188S,, R.2 E,, 3 miles south of tion (Eocene}. N
anti. ' Lk
31 Livingston Warm Springs, in sec. 13, T. 62; 73 0‘0‘2-2)&85 _____ A0 e 2 main springs, Water used for dmnestic 3
188, R. 2 E,, 1 mile south of Manu purposes and irrigation. Ref. 524. y
32 M'mt}SprmgS 'insec.17,T. 188, R.3 E,, 59; 65 30 4 ... G [ O Do. 1
5 Mz miles southeast of Manm.T s R o 500 W dfori " Ref. 524
3 orrison Spring, in see. 35 18 8., R. 1 2,500 | e ater used for irrigation. Ref. 524.
2 E., 2 miles northeast of Ster]mg ' .
34 Gunnison Spring, iu sec. 18, T. 19 8., R 61 8| Alluvium. . [ iao Water supply for cattle. Ref. 524.
1E. | 4 3
-~ .’:

N
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DESCRIPTION OF THERMAL SPRINGS

43

Thermal springs and wells in the United States (excluding Alaska end Hawaii)—Continued

NS i Tempera- Flow N
an ! Name or location ture of (gallons Associated rocks References on Rermarks and additional references
fgare | water (°F) per chemical quality
g i "| minute)
i
Utah—Continued
— R |,\ - . )
35 ! Nmemlle Warm Spring, in sec. 4, T. 19 8., 2 |DW ;9900 . Alluvium near faulted Wa- §._.._._ .. ... Water used for domestic purposes and
! satch Formation (Eocene). irrigation. Ref. 524
3% Se(, 52, T 208, R.2 B, 8 miles portheast 58 15 | Faulted Wasateh Forma- oo oo ... Water used for irrigation. Ref. 524.
F7of Rédmond., A We iy tion. ) )

37 Redmond Springs, in secs, 11 and 12, T. 70 F«\ 5,400 _____ [ s RN PO Several springs. Water used for domestic
21 8., R.1 W, near Redmond. . purposes and irrigation. Ref. 524,

38 Sat c1prm;z insec. J7, T.21 8, R.1 E,, 72 DAL~ 0172 Faulted Jurassic strata. .. |- ...oo.._l.o... Ref. 524,

f 2 miles northeast of Salina. :
490 Oak Spring and Christianson Spring, in 60 20 | Faulted lava (Bocene) . _...|-cocomooooao o Water supply for cattle. Ref. 524,
- see. 1, T.22 8., R.2 W, 2 miles west of - - s
Aurora, .
10 Hemn s Hole Spring, in sec. 23. T.23 8., 63 450 ). ... o £« SR DU Water used for irrigation. Ref. 524.
2 W, 1 mile north of Glem\ood . R .

$1 Co\e Sprmgs insec.27, T.238., R.2 60 000 ..... [ s S Several springs. Water used for irrigation.
i miles west of Glenwood. _%) : Ref. 524.

2 ' [Lmhﬁeld Hot Springs, in sec. 26, T.23 S, 74 §33 500 | Faulted limestone (Eocene). Several springs. Water supply for t.own
2.3 W, also used for irrigation. Ref, 524.

43 Inrllan qprmg and Parcel Creek Spring. in 80 130 | Faulted lava (Eocene) . ..._j-cocooowoao o Water used for domesuc purposes and

. ¢.25,T.23 8., R.2 W, near Glenwood. irrigation-Ref, 524

41 5, T. 24 8., R.2W. 2 miles southeast 52-61 4,500 | Lava (Tertiary) . .o ooowrfocaramcaacmaacaamann Several springs. Water used for 1rrlgation

Richfield - Ref. 524.
15 25, T. 24 8§, R.3 W_, 6 miles south of 59 25 { Alluvium overlying Wa- {o ... Water used for domesﬂe purposes and
ichfield. satch Formation (Eocene). irrigation. Ref. 524
46 Jericho Spring, insec. 6, T.255., R.3W., 65. 700 | Aluvium. . e Water used for lrrigatlon Ref. 524.
2 miles northeast of Joseph. : 2 3)}1 :
47 Johinson Spring, in sec. 27, T. 25 S, R. 80 | 200 [ Faulted lava and tuff (Eo- |--coocoocoiooo0 Deo. ,
3 W, 2 miles southeast of Monroe. ,{ cene). .

I Cooper Hot Springs, in seg. 15, T. 25 §,, - 144-156 [;15:'% 100 | Faulted tuff (Tertiary)....-- 524 ... Seversl springs. Water used for imgatlon
R.3 W, 0.5 mile'east of Monroe.

10 ~E)teph Hot Springs, in sec. 23, T. 25 8 135-146 c—;s""\y.?o Lava (Tertiary) . o oo ouooc) oo w--| Severalsprings. Water used for lrrigation

.4 W, 1 mile southeast of Joseph ; Deposit of tufa. Ref. 524. -

50 SJuer Sprmg, in sec. 32, T.25 8., R. 4 W_ 59 100 | Alluvium Water used for dornestic purposes also

] water supply for cattle. Ref. 52:

@ Roosevelt (McKean’s) Hot Spring, in 192 E_—'n') 10 | Granite. .. ..o oo .- Water smells strongly _of st " Water
T, 27 8., R. W., on west slope of . supply for cattle. DEDUa\tS of tufa and
}%1;}“:&1 Mountains 15 miles northeast of viag sinter.

ilfor
52 Warm Springs, secs. 21 and 28, T. 30 S., 90-175 (30! 207 Alluvium near faulted (?) | 818......o....... About 16 springs issuing from s low ridge.
12 W., 2 miles south-southwest or lava (Tertiary). Deposits of deuse calcareous tufa. Water
I‘hermo railroad siding. ,C‘}‘, supply for cattle.

a3 © Radium  (Dotson’s) Warm Sprmgs, in 97 C-.ﬁo 71 Quartzite_ . ... . i . U818 . .. ... 3 springs. Water used for bathing and
see, 7, T, 30 S, R. 9 W., 1 mile east of : ‘ irrigation.
Minersville.

H ta Verkin Hot Springs, on Rio Virgin 2§ 108-132 1,000 | Foaulted Triassiestrata_ .. .. ... _._...._. Several springs. Refs. 133, 144, |
tniles north of Hurricane. -

3 T, 378, R.7W., 25 miles southwest of Warm {..__._... _..{ Lava (Tertlarv) overlying ... Ref. 138.

; Panguitch. W as)atch Formation (Eo-: . .
cene; . ’
R ' Undine Springs, in T. 25 8., R. 17 E,, Warm {.. .oo.oo... Sandstotte (Triassic) Many small springs. Deposit of tufa.
. . “’Lab\ rinth Cam on 6f the Green Riv er ef, 138. ’
§ < Warm Spring Canyon near its junction 23 PR I [ (o R Ref. 138.
¢ with “Narrow Canyon” or “Dark
Canyon” of the Colorado River. .
—_— ’ -~
\ Virginia (See fig. 3.) /
t '. V.imestone Springs, near Compton..._.._. B81-66 Y. oo Folded or faulted Paleozoic |-.. .../ . ... 3 springs. Water used locally. Refs.
. strata. 133, 538, 341.
2 Warm Spring, 1 mile south of Bridgewater. 64 d ‘Water uysed locally. Ref, 538. ° !
3 ‘)1tct> s Spring, 1 mile southeast of Burke- 65 Do. ’
oWl
4 Fitegerdld Spring, near Middle River 61 Do. \
. Bridge, 2.25 miles west of Fort Defiance.
3 Bragg Sprmg, 2.25 miles northeast of Bolar. 750 0N 50t Ao Do.
i I Bolar Spring, 3 miles northeast of Bolar___ 72 W,500 (oodooooo e Do.
i W (.n m S)ulphur Springs, at Warm Springs 91--96 133, 144, 541, 543.._| 4 springs. Resort. Refs, 529, 538.
. LOWI 4 N
-8 Hot Springs, at Hot Springs (town).._.__. 72-106 |. 20, 128, (}33, 137, 7 springs: Resort. Refs. 529, 538, 542.
1 144, 409, 541, 543.
. ¢ Healing (Rubino Healing, Sweet Alum) 82-88 133, 137, 139, 144, | 4 springs. Water bottled and marketed.
N Springs, at Healing Springs (town). 409, 543. Resort. Refs, 538, 541. .
R Mill Mountain Springs, at Panther Gap | 60; 65; 66 | 50; 500; 500 | N...do__Z ... | ... 3 >prmgs. Water used locally. Refs. 538,
: 1.5 miles west of Goshen, 541,
{ 1 Rockbrldy,c (Rockbridge Alum, Strick- 72 137, 139..__..._.__.| 3springs. Resort. Refs. 144, 529, 538, 541.
X ler’s) Springs at Rockbridge Baths 10
"o miles north of Lexington.
= Layton (Keyser’s) Springs, on the Jackson 63;72] 0 200 |/l doN el 2 springs issuing on opposite banks of the
F\ner >)mxles south of Falling Spring river. Water used locally. Refs. 538,
0.13 541,
13 Falling Spring, 8 miles south of Healing 741 7,000 . o.do. N e Water used locally. Refs. 538, 541.
" Springs (No. 9). \ )
Sweet Chalybeate Springs, 3 miles north 63-68 280 j...-. do..o M 133, 144, 541, ... .. 3 springs. Resort. Ref. 538.
of Sweet Chalyheate. \\ ’
Lee Carter Spring, 1.5 miles northeast of 63 20 |..... [ (T YR B Water used locally.
, \v~ ecn Chalybeate. y \
15 2 Hunter Spring, 0.5 mile north of 60 10 ... doo M e Do.
S“eet Chalybeate. \
R. O. Stone Spring, at Sweet Chalybeate. 3 Do.
Sweet Chalybeate Spring, st Sweet ) 76 Da.

" Chalybeate, \

d Lithin (Wilson Thermal), on Mill Creek 65 300 ... Q0N 541 e Water used locally. Ref. 538,

i 3.25 miles east of Gala. N

' Blueridge (Buford’s Gap) Sprmgs at/} 66-75 ... .|._._. s e A, 3 springs, Water used locally. Refs. 138,
Buford's Gap. 541, :

+ . . o . h
w o o ' .
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DESCRIPTION OF THERMAL SPRINGS
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FIGURE 7.—Utah showing location of thermal springs. From ref. 148.

17



Ly sg S0 ('E.:c't;\ conducianc
oyt

- s | Cor | SOL | Sl | F | B[ Haclees A
3 ' _)
cC—1 , e '
| | K »
Ter AL 33 TR esT 28| | O | Zoalirs| 2 = /150 1990 2320
C-2 329 ' »

]9, | 3| 7o | /i | w| 63| O | €| fag |2 ol /ol 2180

Temp 39

C-3 l150| 1 780 | 2670

Wo, |

/

. Y ‘ ’Y

wror | A 327 By /e 33| Swy| © | %05 150 9'775);
-4

e | |
Tot Yo | 28| |38 730573/ 728 | © | §29|/35|as5 w,/ /20| 099 | S ED
-5~ by

, ' /200
Top % 27 3% %3 /Y5 /A éyy O 792113~ QJ’M)', A/7/O ;2‘/(0

13| |3y 65 1 |asT wy| O 6el | g2 | 0| 1732 | 2000

T e | Hot pits
LA, ST | Thiwmd S |o,

A
/so%

/}oo%




. D66 | - ANALYSIS. OF GVROUND-WA‘TERJ CHARACTERISTICS M—

EXPLANATION

(C-4)
_40_
5728

Thermal spring
Ubper numbper s water temperature
in degrees Cr lower number Isaltitude .
of water surfuce in foet above mean
sea level, Ny mber in Marentheces .
identifies site samhled for chemieal
analysis (see tabie 1

L
(D-3-4) 35 dab-1]

Well and number referred

to in text
. ——
Qtu
Tufa deposits (Qua'.ernur_v)
'//""\\. S . . L . e
p Many sofia o ) / - N S . Alluvial deposits (Qualernury}

mounds of

. tufa

j
! o 5
\X . . . ‘26
Ao . S

g

* Large tufa Granodiorite ('I‘ertiary)
Quarry

(inactive) . ) . . Area shown

solitary
* hot pot .

- Large tufa quarries
- (inactive)

X

Sedimentary rocks
®t, Thaynes Furma(ion. (Triassic)
w. Woodside Formation (Triussicy

Contact
, -
>~ .
T Strike and dip of beds
—_—
Fault .

" o ' T o - o . : T
- . . i i : . ’ o S Thrust fault
i T . . . ) Sawteeth on upper plate

¢ Qél_

R4 . Geology by Bromfierg, Baker,
E . and Crittenden {1967)

. 0 1000 2000 3000 4000 5000 FEET
. , N -

Ficure 5.—Locations of flowing thermal springs and prineipal areag of hot pots and solid mounds of tyfa, Location of map
: area shown op figure 1. -

Al one (0324 - . ,

Base from USGS topographic
™maps, scale 1:24,000
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' D68

titrated in the field to determine bicarbonate concen-
tration, and another aliquot was acidified and sent to
.the laboratory for determination of calcium concentra-
tion. A clean 1-liter plastic bottle was filled with the
filtered water, loosely capped, and stored. After 15 days
the bottle was opened and the pH measured. A sample

A | ({D—S-Q)ae

Qtu

0 100 200 300 FEET
[SRr S Gy S

—
B
‘@D
¢,
-
b (s3]
57390
25 (p 32"
0 100 200 300 FEET 5723 5718
P A
EXPLANATION
(©-3)
Q32 32 :
5757 5718 Qtu
Hot pot Thermal spring Tufa deposits (Quaternary)

Upper number is water temperature
in degrees C: lower number (s altitude
of water surface in feet abhove mean
sen fevel. Number in parentheses
identifies site sampled for chemical
analysis (sce table 1)

Outerop of Weber Quartzite
{Pennsylvanian)

Dry crater Contact

Figune 6.—Positions of hot pots and dry craters within the
two principal clusters indicated in figure 5. A, castern
cluster; B, western cluster.

- ANALYSIS OF GROUND-WATER

WATER LEVEL, IN FEET BELOW MEASURING POINT

20 21 22 23 24 25 26 27 28 29 30 31

JULY 1967

z % ) -

J3¢

Zido

Loz

555 :

CEE2 20 21 2 23 24 25 26 27 28 29 30 3l
3 OCTOBER 1967

O

[+

24

Shoo29 ¢

§§ %gLX Cl 1 1 1 1 i 1 1 1 1

£a 200 21,22 23 224 25 26 27 28 29 30 a1
vz QCTOBER 1967

Freure 7.—Reproductions of charts from automatic recorders

on hot pot af location C~1 (fig. 6B). .

A4, Hydrograph showing abrupt rise and fall of water level
probably caused by slug of water (recharge) entering the
aquifer.

B, Hydrograph showmg small changes of water lgvel caused by
changes in barometric pressure and very small oscilla-
tions resulting from circulation of water within the pot
due to cooling at the surface.

C, Thlgrmograph record for the period covered by hy drograph

from the bottle was then filtered (a noticeable precipi-
tate was present) and the concentrations of calcium
and bicarbonate were determined in the laboratory.
The procedure.was repeated after 30 days and agdin
after 45 days. The results are as follows:

' pH Calelum Bicarbonate
> - (mgh) (mg/1)
Field.. o . . . .. 6.8 1394 780 '
15 days oo .. 7.3 335 644
.iO days ... 7.5 208 276
45 days___.___ . el 7.7 164 . 122

1 Acidified sample determined in the laboratory.

As’ o further comparison of the conditions existing
in the laboratory and those prevailing in the aquifer,
the pH required for the water samples to be in equi-
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- major late Cenozoic thermal anoraaly,
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PLFEST@CEVE PHY@UTE @?r' THE E\ﬂ NERAL M@UNTNNS *UTAH
G%OTH&PWAL AND APCHEOL@GECAL SGN Fi CANCE

By P. W. LIPMAN; P. D, ROWLEY, H. H. MEHNERT;? A

. S. H. EVANS, Jr., W. P. NASH, and F.

H. BROWN; -,

: Hawafian‘\/olcého Observatory, Hawaii: Denver, Colo.: and Salt Lake City;‘Uftah
With sections by G. A. IZETT and C. W. NAESER
and by IRVING FRIEDMAN, Denver, Colo.

,‘/1bs.‘.mct.'——Little-eroded rhyolitic tuffs, flows, and domes ex-
tend over about 25 km® along the western side of the Mineral
"Monntains, southwestern ‘Utah, which is along the eastern
--edge of the Roosevell KGRA (Xnown Geothermal Resource

"Aren). Ynitial eruptions resulted in two low-viscosity lava flows

of nonporphyritic riryolite. These were followed by bedded pum- -

ice falls and nonwelded ash flows. The youngest activity pro-
~duced at least nine viscous domes and small lava flows of rhyo-
lite rhat contain 15 percent phenocrysts of quartz, plagioclase,

“sodic sanidine, and biotite; distinction hetween domes and

erodec flow segments locally is difficult.

‘Potassiuw-argon ages indiente that all tkhe rhyolite of the
‘Minzral Monntaing was erupted between 0.8 and 0.5 m.y. ago.
. "The rhyolite 'rests on dissected granite of the Mineral Moun-

tains pluton, the largest intmusion in Utah,
published K-Ar ages of 9 and 16 wm.y. A small clder dissected
rhyelite dowe, about § m.y. old, oceurs Just west of the range
‘front. Whether the young ages of the pluton represent time of
“intrusion or of later reheating, they, in conjuaction with the
* Pleistocene rhyolite in the Mineral Mountains, do ind_icaté a
the size and age of
which is significant te evaluation of the Roosevelt KXGRA. The
rhyoiite 1s also the only known source of iinplement-grade ob-
sidian in the southwest between eastern California and north-
ern New Mexico.

- As part of the U.S. Geological Survey's geof{hermal
encrgy program, age, composition, and distribution
data are being obtained for upper Cenozoic volcanoes
in the western United States that have erupted sig-
hifleant amounts of silicle rocks. Such silicie] rocks,
~mostly rhyolites, ave considered possible indicators of
the sub._suu e presence of shallow magma chambers
- still sufficiently hot to have potential .for geothermal
CTESOUTHOs j
Smith and Shaw (1975).

,-Lugu_.\'fohlmcs of rhyolite associated with
"b"iaot'}n::'z'n'm[l resources have been described from Yel-
lowstone Nt \t"m i1 Paxle (Allen.and Day, 1935 Chris-

. v e .
tiansen and ml\ -1972), incthe Jemez NMountains

|

1]_‘)1-;,arun nt of (:Lologj and Geophysics, Unlversity of Utah.

known
3

'
'

|

‘New Mexico (Hunt, 1938 ; Lambert,
Mineral Mountains, Utah.

which has yielded °

a & rationale for this approach is out]med‘ by

in New Mexico (Smith, Bailey, and Ross, 1970), and
in the Long Valley area, California (Bailey, Dal-
rymple, and Lanphere, 1976). Around the margins of
the Colorado Plateau, small volumes of similar silicie
rocks that-also seem worthy of reconnaissance evalua-
tion in terms of geothermal signifiance occur in the
San Francisco Mountains volcanic field, ‘\rimna
(Robiuson, 1913; Moore, Wolfe, and Uluch, 1974), 1

the Mount T*w]or and Taos Plateau voleanic fields Qf
1966), and in the

Utah,
for

JIn the Mineral Mountains, southwestern
young rthyolite masses extend discontinnously

_about 15 km along the range“erest and cover an area

of less than 25 km?; these have been little studied
and previously were interpreted as erosional remnants
of a single large silicic volcano of late Tertiary age
(Earll, 1957; Liese, 1957). This brief report presents
new. geologic data, including X-Ar ages which demon-
strate.that many separate lava domes; flows, and tuffs

“were erupted from vents along the range crest be-

tween 0.8 and 0.5 m.y. ago. Along one of the western
range-front faults, about 2 lm northwest of the near-
est l'h};"o]itic volcanic rocks, Roosevelt Hot Springs is
located within a” KGRA (Known Geothermal "Re-
source Area) that is dctively being developed for
geothermal power production. The youthful silicic vol-
canism recorded by the rhyolite of the I\ﬁxicml Moun-

_ tains suggests the presence of a still-hot buried magma.

chamber:that may be the heat source for the KGRA.
deknowledgments.—Discussions with Glenn AL Tzctt
and Ivving Friedman, who examined the rhyolites,
and Sr-Rb data on_gmnii’e the Mineral Moun-
tains pluton by Carl E. Hedge aided the evolution of
ideas on the rhyolite of the Mineral Mountains, We
thank John S. Pallister and Alan Murtz for assistance

{from
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- in the field and for making mineral separations for I-

Ar dating and mieroprobe analyses, respectively. We -
also thank Gary L. Galyardt for mformation on the.

Roosevelt KGRA.
Research by authors from the University of Ctah

was supported by National Science Foundation Grant

-GI-43741 and U.S. Encrgy Rescarch and Develop-

ment Administration Contract no. EY-76-S-07--1601."
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| GENERAL GEOLOGIC SETTING

The Mineral Mountains, in west-central Utah (fig..
1), are a ty pical basin-range- horst, which rises about-

1 km .1bove the adjacent alluviated bmn{ the Escal:

P v
ante Desert to the west and an unnamed valley to the

east. The horst extends nearly 50 km inja northerly
direction and is in general about 10 km wide.
.- On- the jwestern and northern sides of the:
metamorpll)ic rocks of the Wildhorse C.'\mion Series of
Condie (1960), of probable Precambrian fage, are the
dominant yocks, but on the southern, northern, and

eastern sides of tha range, Paleozoic and Mesozole °
sedimentayy rocks are exposed widely. ‘Lhese layered

rocks are intruded by a distinctive body of granite,
the Mineral Mountains platon, which is the largest
single exposed intrusive body in Utah, coTvm‘ing near-
ly. 250 km? This granite and :1ssociatcfd pegmatite
“and aplite| may be as young as late Miocene, having
yielded two K-Ar ages on feldspars of 15 and 9 m.y:
from dlﬂu'ent sample sites (Park, 1968; Armstrong,
1970). Thcse young apparent ages arve supported in a
general way by results of a Rb-Sr isotopic study.
Rb-Sr isochron, based on 11 analyses of whole-rock

samples ranging in composition from.diorite to aplite,

. shows exceptionally bad scatter but suggests that the
‘age of the main batholith is about 35 m}.y., with siz-

able chemical. modification—especially Sv loss—hav:

ing occurred 7-15 m.y. ago (C. L. Hgd«e, written

commun., 1976). -
Prior to the onset of late Cenozoic 111) olitic vol-

. canism in the Mineral Mountains, the Mineral Moun-

tains pluton and its country rocks werc

- sected to form a rugg ged erosional toporrmphv with

. towering pmnacles rising above NATIOW. usua]]\ dry
valleys. ‘

The Mineral Mountains are bounded lon the west,

- and pxob&blv on the east side, by northlstriking. nor- "

mal faults. The trend of the bounding i‘du““ on the
. west. is marked locally in the Roos ovdn KGRA by

| .
discontinuous elongate mounds of opaline sinter and

‘other hot-spring deposits. Near the notkhern end of

this trend |is Roosevelt Hot Springs (Petersen, 1975).

~ YWater texﬂxpera’cm‘e—s' as high as 90°C l}a.ve been re-

. Lk
Phillips Petroleuny: Co.,
KGRA in 1974, is continning explotation on

range,’

- Bearskin Mountain.

_deeply dis- -

"PLEISTOCENE REYOLITE OF THE MINERAL MOUNTAINS, UTAH .

corded ‘fnpn.» Roogevelt Hot Springs, but
prior to. 1966 the-springs dried up: (Munde
the successful bid

erty. Nnn’xjroris,test wells so far drilied mn t

have documented the presence of a low-sabin
dominated| geothermal system

(Berge, i
Lenzer, 1976; Greider, 1976).

tures exceed 250°C.

der

The- thermal
covers approximately 32 km?, and reservon

sometine
rif, 1970).
on. the
the prop-
e WERA
iy Houid-
and
anomaly
tamnpera-

ashy,

RHYQ l:_»lTEA.”OF: THE MINERAL. MOUN AINS

Rhyoliti¢ rocks in the #fineral Mountai
three strat

are two nearly

including poth . ash-fall and -ash-flow
graphically highest are porphyritic rhy
domes erupted from at least nine separate
of which aze along the range crest.

* Flows of Bailey: Ridge and Wildhorse Cariyon |

The oldest rhyolific rocks in the Mineral

“are two laya flows of virtually nonporphy
. Jayered 1‘]1) olite. One flow is exposed for ﬂ)ou‘ 3 km
along B‘u]ev Ridge and in Negro Mag Wash

northwest of Bearskin Mmmta.m. The other

. .- L
for about 3.5 km along Wildhorse Canyon,
Both flows were originally

graphically distinet sequences. L
-nonporphyritic obsidian-rich
flows.. These are overlain- by a pyroclastic
tu

1s nclude
OWermost,
Iava
sequence,
s Strati-
ite:

lava

vients, most’

AMountains
;1‘1!‘.3(: flow-

](r ‘0) .
15 (\\p!)fwed :
west - of
48

much as 100 m thick and followed pre-existing, val-
leys that drained the western side of the Mineral

Mountains,| with relief much like the presen
were graded nearly to the present levels

L and-that
at. valley

fronts. Both flows are only slightly dissected.. and

much of their primary upper surfaces

pumiceous 'lpe.rlit-ic. rubble-is preserved.
Where d:eeply dissected, both-flows disp]
coling and crystallization zonations. The

meters of the flow, resting c‘uectlv on m

|
coarse-grained Tertiary granite of the I \Ime‘
S

tains pluton, consists of dense black obsi
obsidian has well-developed flow laminati
by alined hicrolites of feldspars and opac
(fig. 34).|The basal obsidian zone grad

o frothy
Ty similar .
hasal fow
edium- to
ral Moun-
dian. The
n delined’
we oxides
s upward

within a meter or two into a well-layered zone, In

which dark obsidian and light-gray or br
crystallized

of the flaw} i
of gray rel
places cont

- locally filles

own finely
flow-layered lava alternate. The in wterior
is ‘as much as 10-30 m t.]ncL ml)d, congists
whively stiuctureless devitrified vhyolite, in
ining concentrations of ovold gas cavities .
1 with vapor-phase-crystallization products.
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In upper parts of the flow a few meters of ﬂO\\’-lﬂ}'Cl‘ed

obsidian are interlayered with devitrified
- 3I5), passing upward into a more uniform

rock (fig.
dark glass

zoné or grading directly -into a frothy rubbly breccia

.of tan perlitic pumice as much as 10 m t
. top of the flow. o

The flow layering and lamination in the

lavas is vemarkably planar and uncontort

pared to 'the| swirly internal structuves

- many rhyolitic lava flows: The “ramp structures”

itck at the

se-rhyolitic
ed .as com-
typical of
that

oceur commonly in upper parts of silicic flows (Chris-

“tiansen and Lipman, 1966), are absent or
veloped, and subhorizontal layering istypic

small, typically rootless recumbent folds
most limbs off which are less than 1 m 1
Aflowage features; as well as the relatively s

ness.of edch lava. flow as compared to its.]

N
\&

poorly de-
11 through-

out the Bailey Ridge and Wildhorse - Canyon flows.
Y | - . .
'he most common deviations from planar layering ave

(fig. 34),
ng. These

mgitudinal

extent, indicate that they were characterized by lower

cemplacement viscosities than many silicic
Vents for these oldest flows of the Min

lava flows.
wwral Moun-

- tans have not been found. The Wildhorse Canyon flow

~might have come from higher on the slope,

_removed by erosion while the lower portio

- petrographically similar. They contain le

ight thick--
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‘Ficure. 3.—Photographs ‘of the Wildhorse - €anyon -flow. A,

Photomicrograph showing recumbently folded

-flow lamina-

tion: Flow structures are defined by alined_ microlites.” B,
Alternating layvers of obsidian and devitrified rhyolite i'n‘

upper part of flow.

.appears to extend up. drainage bencath 'y
domes In the upper part of the canyon, a
posures of the eritical relations are poor
cover by rubble. Probably the vent arca f

is beneath the younger lavas to the east. If

Ridge fiow vented from beneath its uppern
area, surface
no indication
flow is little
could be completely buried. Alternatively,
Ridge flow, land also the Wildhorse C:

of any concealed vent. This

structures of this part of th

dissected, however, and the

sunger lava
though ex-
because of
r this flow
the Bailey
ost. outerop
e flow give.
part of the
vent. area
the Bailey
nyon flow, .
underneath

the area now kovered by the Bearskin and Little Bear-
skin Mountain lava domes. However, this would re-
guire that the upper portions of the flows be lavgely

relatively undissected.

The Bailey] Ridge and Wildhorse Cany
pereent total |phenocrysts, the majority o
alkali feldspar (table 1). There are trace
oligoclase, biotite, titanomagneétite, and 1
two flows arcivirtually identical in chemi
tion (table 2). They are typical
taining about! 76.5 percent SiQ), and just
cent total. alkalis. The fresh obsidians c
fluorine * than!“water; -secondarily . hydr:
from the Bailey Ridge flow contains 2.4 |

H:O. The magmatic temperatures of these

— | . o .
about 750°C, as determined from composit

fod

15 were left

n flows are
ss than 0.5

f which are

amounts of
nenite. The
al composi-

silicie rhiyolites, con-

over 9 per-
ntain move
pumice
ercent: total
flows were
ons of won-

- titanium- oxides and coexisting plagioclase and alkali
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TaBLE 1—3odal compositions of radiometrically dated semples
[Est., estimate ; tr., trace; leaders {_.), not pre’sent_;‘ *, mijcrophenocrysts} ’

Field No. Unit Ground- Plagio- K- Quartz Biotite Horn- Clino~ Opaques pPoints
. mass clase feldspar blende pyroxene " counted
75L-17 Bailey Ridge flow, _

‘  obsidian-memsrmecemoeee 9%.9 -~ tr. tr. -- -- -~ -- Est.
75L-15" ‘“Tfuff of Ranch Canyon’ ' -
’ B . obsidian block~=——=~-—~ 9g8.2 0.6 0.8 0.4 tr. - - tr. 3,615

75L-16 South Twin Flat Mountain : - : g

dome, obsidian with )
' : patchy devitrification- 92.6 1.2 3.9 2.3 tr. ~- - tr. 3,034
75L-56 Bearskin Mountain, ) : ' ' : )
: obsidian---=-- cmemmmem—— 97,2 .3 1.2 1.2 0.1 - -- tr. 4,725

75R-53 Little Bearskin Mountain o

IS dome, obsidian--=------ 96.0 .9 1.9 1.0 - -- -- 0.1 2,000
75L-18a - Northern dome, frothy - : : - _

o © 7 perlite--=-mm=mmemeeeee 97.4 .4 1.3 1 .1 -- -- .1 2,642

75L-19 Rhyolite of -the Cudahy ’ ' : - ’

- mine, obsidian-=--=w--w . 100 - - -~ -— - -~ - Est.
- 75L-21 Black Rock desert ‘
: felsite plug------ ————— 91.2 5.8 1.2 -- tr. - 1.2 .6 3,188

75L-23  Rhyolite of White ' : ' .

‘ " Mountain, obsidian----- 94 - - -= - - *6 - - Est.
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TABLE .

[Analyqes by S. H. Evans, Jr., by. standard

ROW’LEY; ME}I;\'ERT, EVANS, NASH, AND BRO“’;\"

1139

2 —Chemical mz(m/e(v and CIPW nornis of rhyolites of the Mineral Mountains

wet .chemical techniques. Key to ana lyses;

"74-3A, Obsidian, Bailey Ridge flow; 74-8, Obsidian, Wildhorse Canyon flow; 75-14,
Obbldlan, Little Bearskin Mountain dome; 75-20, Basal Obsuhan, North Twin Flat

. Mountain dome. Leaders (---) not present; tr., trace] -
Chemical Analyses o CIPW Norms
74-34  74-8 75-14 75-20 ///f 74-3A  74-8 75-14 75-20
T 7 . - - -
Si0y=mm i 76.52 76.51 76.42  76.45 Qummm e 33.40 33.28 33.22 32.48
Ti0p—=—mmmm .12 .12 .08 .08 Qe C——— .26 41 .45
Al,03==~==~ 12.29 12.29 12.79 '12.79 O = mmemmem 30.96 31.20 27.89 27.95
Fe,0q—mm——m .31 .23 «20 .30 ab———mmmm 32.15 31.90 37.40 37.15
Fel——mmm—mm .46 .51 .38 .29 an-——=-~=~ 1.00  1.02  ——- —-—
MO~ — e = .05 . .05 .09 - .10 ° di-wo~—-- .37 R —
MgO—~—=smmm .08 J08 .11 .12 . di-en---- A1 A -
Ca0——mmmmm—m .64 .65 A .40 di-fs———- .27 .38 ——m -
NayQ=-m———m 3.80 3.77 4.42  4.39 - hy-en—--- .09 .08 . .27 .30
K )Ommmm e 5.24 5,28  4.72  4.73 hy-fg—=—— 21 .26 .57 .34
P 0 gmmm .02- 01 tr. .06 R .45 .33 .29 43
O .12 .06 .13 10 Cilemm e .23 .23 .15 .15
Hy0= —mmmmm .06 .06 - ap=—————— .05 .02 e—— .14
P .16 .15 .4é;> St fre—e—ee .33 .29 .61 45
Sum~—--—-~ 99.87 99.77 100.21 100.25 - rest————- .18 .12 .14 .10
Less F=0- .07 .06 .18 .19 . Total—-— 99.80.. 99.96 99.95 99.94
99. 80 ) : ' )

“Total-—-- 199.71 100.03.100.06

. feldspar. The relatively low emplacement Viscosities,

indicated by the planar flow structures of these rhyo- -

lites, do not therefore seem related to exceptionally
high emplacement temperatures.

A single] K-Ar radiometric age dcfu’muntlon of
S 079+£0.08 m.y. (table 3, no. 1), from the toe of the
Bailey Ridge flow, is the oldest age obt(unod from any
rhyolite of|the: ’\hmml Mountains. . The’ B’l’llcv ‘Ridge
flow has a reversed paleomagnetic pole position (table

Imedlcatm in conjunction with K-Av data, that it
Wager upbed tow%x_g_MAﬁ_ﬂm.M%uyam a-polazity-
: Lpoch Tl Wildhorse Canyon flow has hot, yet been
dated T adigmetrically, but it also is characterized by .a -
reversed polarity, which, in conjunction \l{nh morpho-
logical and chemical resemblance to the Bailey Ridge

flow and its position beneath some of the pyroclastic/
-vocks, suggests a snmlm age.

*Pryoclastic rocks

South of Wildhorse Canyon, pyroclastic rocks- of
ash-fall and ash-flow origin .are the lowest exposed
.rhyolitic rocks. The main area of pyroclastic rocks is
in Ranch ’Tanyon, where tuffs bury rugged paleotopog-

raphy much like the preée-rrt Tand surface. .

~The pyroclastic rocks are only weakly consplidated

indare. mestly poorly exposed, ‘underlying alluviated

slopes. All|the pyroclastic deposits, both ash- £all and
and ash-flow, are white to light tan. They occur over
an altitude| range from 1950 m in valley-bottom ex-

-posures in Ranch Canyoen to as high as 2540 m on the
-surrounding slopes.-They also occur in the Cove Fort

area, wheré they arve overlain by basalt lma flows
(Nash fmdlSmlth, 1977). Much of the py roclastic se- -
quence has ‘been removed by erosion in Ranch Canyon,
and it is not clear to what extent this altitude Tange
reflects an|actual total thickness of the original de-
posit and to what extent the pyroclastic rocks were
thinner but blanketed the preexisting topography. In’
Ranch Canyon these rocks are overlain by [the large
lara:domes on North and South Twin Flat Mountains
and- by 'smaller masses of ‘rhyolitic lava on adjacent

- ridges. Although contacts between these domes and the .

pyroclastic rocks ave nowhere well exposed, t’hlS strati-

-graphic sequence is indicated by structural zones in
~the rhyolite domes-of North and South

Fwin Flat
Mountains.|The lowest exposures are of a subhorizontal
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TLEISTOCENE RIYOLITE OF THE MINERAL MOUNTAINS, UTAH

‘ c d inati ; sor “Coenozoic ites > Miner inx, Utah, and adjuccnl arees
TasLe 3.—X-Ar wge delerminations on upper Cenozoic rh.ynhle& 0[ the Minerael Mountaing, Utah, and j ;

[Constants: }\l‘nk ‘= 0. 581 x 107 l0/):‘, ‘5‘3
determinatious Guade with an Instrumentation Lahoratvories flamc

sample locations. Ages of WM76~3 and MR76-26 dctermined by S.

= 4. 963 x 10 10/Y1, atontc abundance:

K4O/K =-1.167 x 107%; *Radicgenic argon; Potassiun
phDLONuLLI with a L1 internal scandwrd Figurves | aund 2 give
H. Evans, Jr., and ¥. H. Brown; other ages determined by

H. H. Mehnert] ' .
’ Locatf{on K0 *Ar40 (10710) *ArH0 Age
Sawple Field No. Unte Material dated. (Lat N Long W) (percent) (males/gram) (percent)  (mey.3+2y)
L 5017 Bailey Ridge. £lownnmm= | Obsidian-—sz=ce= - 389297, 1127497 5.10,..5.10 . 0.058 fs.a 0.7318.??
2 75L-15  ° Tuff ‘of ‘Ranch Canyon--~<<  Obsidian block-— 389257, 1129507  4.63,. 4.66: - .047 471 0.7040.04
SL~1 Sputh Twin. Flat ) ) - ) .
’ [ Mountain dome——-—=====—" - Sanidine—~—-—--- 8%25°, 112249" 8.14, 8.08 .059 18.1 0-?91%-?;
4 75L-56- Searskin Mountain dome--  Obsidian-------> - 38°27°, 1127477  4.48, 4.49 048 20.2 0. 7540,
U : - .039 13.5 0.60£0.12
5 75L~18A - North Dome=—-===———wm=== " Saniding=~e—m—=- 38%31°, 112%7°  9.36, 9.35 073 24.5 0.56+0.06
6 " 75L-19 cudaﬁy Bine——mmem——————— Obsidian-———me-~ 38°%45°, xxzzsx' 4.9Y; 4.93 .168 a?.o 2.32#87'
7 75L-21 South Twin Poak-- = Sanidipe—=——ms=- 38245','1L2047’ 11.13, 11 lg» .3;; ?;'i g Aw:0.07
-23 Mountain=====-= —m-  Obsidian=m-=---- 38%557, 112930, 4.63, 4.7 . . .
® 3@?633 Hhire Hountatn ObeidLans —mmmem ' 523, 5.25 .030 21.5 0.3930.02
75R~23 Little Bearskin . ' )
> Mountain dome—r—w-—-=-= Sanidine-——m-m—v 38°277, 112°48° 19.~31, 9.15 .080 31.8 0.6140.05
: ' 9.26 .
10 MR76-26  Corral Canyon dome~-—-—- Biotita~m—m—m==m 38%247, 1129537 8.72, 8.75 1.011 61.6 7.9040.20

1Isotope dilution determination

TABLE 4.—Prelimin ary data on-magnelic poluritics of rhiyolites of the Mineral Mountaing

. " Number of eclination  Inclination = Standard error
Unit . . ‘
samples’. (percent)
Normal samples:‘ . v :
Northern dome--=-===——=~—- 9 350 62 3
Big Cedar Cove dome--——-- 4 23 67 4
Ranch Canyon dome——————== 5. 22 &4 5
Corral Canyon dome-~——<—— 3 332 _ 25 20"
Ranch Canyon ash-—-—~————- ' 2. 356 . 46, 29
Wildhorse Canyon ash----- 6 349 48 5
Reversed samples: S
Bailey Ridge flow-—-———-— 6. 173 -63" 6
Wildhorse Canyon flow---- 4 168 -61 2
. zone of basal flow breccu below the basal obsidian clase, alkali feldspar, biotite, magnetite, ilmenite,

zone; this is the typical. zonation expectable at the
‘bazé of a Java flow or dome and would be an improb-
~ able relation if the pyroclastic rocks had been plastered
" against older lava domes. Thus, the Java dome of South
Twin Flat Mountain overlies pyroclastic rocks that
are at Jeast 60 m and prob&bly as much as 180 m thick,

~and these figures suggest minimum thicknesses of the

pyroclastic unit.

The lower pyroclastic 1'ocl\s are beds oi' air- fall pum-
ice and ash at least 10 m thick and probably much
thicker. Individual beds are a few centimeters to about

~a-meter thick: Variable dips indicate that the ash-was-

deposited on the underlying granite, on a surface as
rugged as the present one. The punice and ash contain
several percent of small phenocrysts of quartz, oligo-

sphene, and allanite. This mineral a»semhhtr(- s gens
erally characteristic of the voungest 1113,«0]110, ﬂows as
well. Associated with the pumice and ash ave a. few:
percent of rhyolitic lithic debris, including devitrified
rhyolite, perlite, and sparse obsidian fragments.
Phenocrysts in the lithic debris are sparse, generally
similar to those in the ﬂov s of Bailey Ridge and \"\T.i'ld-‘
horse Canyon.

~Ash-flow-deposits wxdoh overlie the ash- fail heds in
Ranch Canyon. The ash-flow deposits Jocally -are. at.
least. 50 m. thick; 1)100&!)1\ the total thickness isimuch =
greater, but decurate estimates are difficult hecause of

the poor ¢xposures. The ash-flow deposits are overy-

where nonwelded and only weakly consolidated;. they

tend to weather to small conical hills. On especially
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-steep slopes the ash-flow deposits rest directly against
. .granite,

with no intervening ash-fall ‘material (fig.
4). [n L\(ophonnllv good exposures, several {low units
a few meters thick—can be recognized in the

Jush-ﬂm\- d(‘]_)OSltb, with. partings between the flow units.
smarked by
-or hetter SOIth ash.

ocal concentrations of punuu‘ lithic debris,

Ficurk
-¢ut on granite of the Minernl Mountaing pluton. Arrows. in-

dicate fuint parting between flow-units of tuff. From northern’
~side of Ranch Canyon at about 21053-m elevation.

4.—Ash-flow tuff, resting on a rugged erosion surfice

Ou the northern side of lower Wildhorse Canyon,

san isolated patch of pyroclastic material about 150 m
~across consists of finely laminated white fine-grained

ash of lacustrine origin. These beds of water-reworked

.ash are younger than the Wildhorse Canyon flow and

“were deposited in a Jocal basin dammed by the flow.

" The

. Bailey Ridge and Wildhorse Canyon flows,

ash has a rvefractive index similar to that of the
pyroclastic rocks in Ranch Canyon, one valley to the
south, suggesting to us-that it represents a-reworked
marginal facies of this deposit. In contrast, this patch
of lacustrine tuff is interpreted by Glenn Izett (writ-

“ten commun., 1976) as airborne Bishop ash, from the
Long Valley

caldera in California, on . the basis of
small compositional differences with other.rhyolités of

“the Mineral Mountains.

A. single whole-vock K-Ar age on an obsidian clast

" from ash-flow tuft in Ranch Canyon yielded an age of
0.702:0.04 m.y. (tuble 3, no. 2), providing an older

limit for the age of the pyroclastic.rocks. The pyro-.

‘clastic (1£,p031t% i Ranch Canyon, as well as the local

lake beds in Wildhorse Canyon. have normal mag-
netic polavities in contrast to the reverse polarities of
Thus, the
pyroclastic rocks have. been  deposited - during the

Druuhes polarity epoch.

fragments’

layered devitrified rhyolite is exposed locally

- cla. The vitrophyre zone, wwhich is as much as
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Porphyritic lava domes

The stratigraphically highest part of the upper Ceno-

zoic volcanic assemblage in the Mineral Mountains is
-a group of at Jeast nine separvate perlite-mantled lava
domes and small” flows of porphyritic rhyolite. The .

domes tend to occur along the crest of the range, dis-
continuously over a zone about 15 km long. These
domes form some of the highest topegraphic points in

_ the Mineral Mountains, including Bearskin Mountain

with an elevation of 2772 m (9090 ft). TIndividual

domes are as much as 1 km across at their bases and

stand as much as 250 m high, although dimensions are
difficult to determine precisely because of the irregular

pre-existing topography and subsequent erosion. Smdll '
stubby ﬂo“s extend out from some of the domes, and -
some small 1solated patches of .vhyolite (fig. 2) may

represent either eroded flow remnants or small sepa-
rate domes. ‘

The larger domés, such s Bearskin and Little Dear-
skin Mountains, are little eroded, and surface .ex-
posures consist largely of blocks of tan perlitic glass
that are <.11<rhtlv modlﬁed remnants of the orviginal
brecciated frothy carvapaces of the domes. Scattered
of dense black obsidian, derived from
heneath the perlitic breccia, occur about a third of the
way above the base of these donres. IFloat of well-
just.
ahove the zone of obsidian fragments. Pumiccons ma-
terial, that in places ravels out” from below the level
of the obsidian zone. may represent wn initial pyro-
clastic fall that is not well exposed. .

Other domes, such as those of North and South Twin
IFlat Mountains (fig. ), have been more decply dis-
sected, in this case by the reexcavation of Ranch Can-
von, and their internal struetural and crystallization

- features arve better exposed.. The intérnal features of

all these late domes are in general similar. A basal
black vitrophyric zone is evervwhere well developed. in
places resting on lighter colored glassy basal flow brec-
5-10m
thick, grades upward into devitrified vock through a
transition zone a few meters thick in which flow-
layered obsidian alternates with devitrified rock that
is-commonly highly spherulitic. The devitrified in-
teriors of the flows tend to be light gray and contain”
conspicuous spherulites. In places, gas. cavities several
centineters across contain lithophysal fitllings, The in-

teriors of the flows tend to be crudely flow lavered,
~with the

layering subhorizontal just above the hasal
glass zone, but becoining steeper in upper parts of the
lava dome. Near-vertical riblike masses. of flow:lavered
devitrified rock arve commonly exposed high on the



¥IGURE S.~—Rhyolite domes ‘of North and South Twin Flat Mountains. Rugged terrain in distance, including Milford Necdle
(elev. 2920 m) on the left side of the picture, is underlain by granite of the Mineral Mountains pluton. Photographed from
‘ ridge between Ranch and Wildhorse-Canyons. . : )

domes, where erosion has stripped away the surface
mantle-of frothy perlite. The steeply dipping flow

layering and ramp structures of these domes thus are -
in contrast to structures in the older lava flows of -

Wildhorse Canyon and Bailey Ridge. L
The porphyritic domes typically lack well-developed
central craters (for example, the South Twin Flat

- Mowutain dome) although several have slight central

depressions that have been breached and accentnated
by crosion. Breached ‘depressions arve especially evident

for the unnamed northern dome, which is on the range’

‘crest northeast of Negro Mag Wash (fig. 2), Bear-
skin Mountain dome, and North Twin Flat. Mountain
dome. (fig. 5). - - - -

All the domes contain- several percent phenoerysts

of quartz, oligoclase, alkali feldspar, biotite, and iron-
titanium oxides (table 1). Trace amounts of sphene and

allanite occur in some domes. Hornblende, zircon, and

allanite are present in the Corral Canyon dome, the
southernmost exposure of rhyolitic voleanic rocks: The. .
North and South Twin Flat Mountain domes. have

-5-8 percent ‘total phenocrysts, distinctly more than
any of the others. The obsidian zones of these two

domes appear-even more phenocryst-rich, because of .

the presence of small “snowflake” devitrification spots.
The flows in upper Wildhorse Canyon and to the north
contain only 2-3 percent total phenocrysts.

Two analyzed samples of the porphyritic domes
(table 2) are chemically similar silicic alkalic rhyolite.

In comparison with the older flows of Bailey Ridge
and Wildhorse Canyon, the domes are slightly hut

sigmificantly higher in Na,O and I¥; they are lower in

K.0 and CaO. : : v

Lack of continuity, and thus absence of contact Te- -
. ? ¥

lations, between the domes makes relative ages of the
domes difficult to determine. On the basis of amount
of dissection, North and South Twin Flat Mountains:
may- be. among the oldest, and: Bearskin Monntain
among the youngest of the domes. The K-Ar ages
(table 1), petrographic and chemical similarities, and .
the generally similar degree of erosional dissection.in-
dicate that the domes are about the same age. Strati--
graphic relations on fhe northern side of the North
Twin Flat Mountain dome suggest that this dome is .
older than the unnamed ridge-capping flow 0.5 km
north of it (fig. 2). Bearskin Mountain and the three:
domes extending southwest from it appear composi-
tionally homogencous, consisting of phenocryst-poor
rhyolite similar to the rhyolite that overlies the North’

Twin Flat Mountain dome. The Bearskin Mountain

dome has ylelded K-Ar ages on obsidian of 0.60:£0.12

-and 0:75+0.10 m.y. (table 3, no. 4), and the Little

Bearskin Mountain dome has an indicated sanidine age
of 0.61+0.05 m.y. (table 8, no. 9). Sanidines from
obstdian of South Twin Flat Mountain and the un-
named northern dome have yielded K-Ar ages of 0.50:

- #+0.07 and 0.54+0.06 m.y. ,respectively {(table 3, nos..-

3, 5). Magnetic-polarity determinations for several
domes of this group are-normal (table 4) iundicating,
in conjunction with the K-Ar ages, that they were

erupted during the Brunhes polarity epoch.

One small dome of mostly devitrified alkalic rhyo:

lite and minor vitrophyre in Corral Canyon, shown as

Trd in the lower left corner of figure 2, has heen dated-

“at 700030 m.y. (table 3, no. 10). These volcanie.
rocks appear to be wnrelated to the young rhyolites .

higher in the Mineral Mountains; the yhyolite, in

‘Corral Canyon is more eroded and contains a différent. -
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-'phenouvqt assemblage than the other rhyolites. The
thermal event about 8 m.y. ago, as represented by these
lavas, may have been responsible for producing the
anomalously young ages of 14 and 9 m.y. measured
on the Mineral Mountains pluton.

DISCUSSION

The stratigraphic relations and K-Ar ages of rhyo-
" lites of ‘the Mineral Mountains, newly reported here,
indicate that these rocks were emplaced during a rela-
tively brief period an the Pleistocene, between about
0.8 and 0.5 m.y. ago, but an older thyolitic event oc-
curred about § m.y. ago. The Mineral Mountains ave
flanked .on the northern and eastern sides by upper
Cenozoic basalt flows (Condie and -Barsky, 1972;
Hoover, 1974), ronghly contemporaneous with and
younger than the rhyolite of the Mineral Mountains,
‘and this association of rhyolite and basalt constitutes
a bimodal volcanic assemblage of a type that is being
_recognized widely in ‘the ‘western United States in
~upper Cenozoic voleanic bnquences (Chustmnben and
Lipman, 1972).

A slmnﬁc'mt, questlon is whether the tha“mal.

anomaly of the Roosevelt KGRA is due to proximity
to the late: Cenozoie voleanic centers in the Mineral
Mountains. Roosevelt Hot Springs and other inactive
hot springs are located along the mountain-front fault
on the western side of the Mineral Mountains, about
92 km west of the nearcst exposed rhyolite (fig. 2). The
size and shape.of the Pleistocene magmatic system

California (Duftield, 197
-eral Mountains were extruded along the eroded core
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underlying the Mineral Mountains cannot be deter-.

mined with any precision from the surface distribu-
tion of rhyolite vents, vet the extent of the vents for
15 km along the crest of the range suggests the pos-
sibility of a sizable magmatic systein -at depth. The
elongate trend of rhy olite “vents might-even mark a

segment of a large evolving cirenlar igneous structure,

such as interpreted for the Coso rhyolite domes in
3). The rhyolites of the Min-

of the large Mincral Mountains pluton, itself a late .
Cenozoic intrusion of remarkably large size for so
voung an age. Proximity in space and time suggests
that the rhyolite of the Mineral Mountains represents
a late stage in the evolution of a complex magmatic

_svstem ‘that earlier -gave rise to the granite of the

the rhyolite vol-
of . the

'\Iineml Mountains. Alternatively.
canism  might have evolved independently

granite, but has been partly localized where the crust -

was still hot from an e‘uhel plutonic event. It seems
likelv, though not prov able, that thiz large complex. '
magmatic system has also been the heat source for the
Roosevelt KGRA., with the shallow thermal anomaly,
enhanced along the range front: by deep fanlt-con-
trolled convective circulation of hot water.

This mwrpretahon of a complex shallow magmatic
svstem is supported by limited av ailable rarc-earth
element data (table 3), which indicate that the ‘thyo-
lite of the Mineral Mountains had a magmatic resi-
dence time in a shallow environment for a sufficiently
long ‘time to undergo major.low-pressure fractional

TABLE §.——Rarc-earth element analyscs of rhyolites of the Mineral Mountaing

[Analyses by J: S. Pallister and H. T.
.a chemlf‘al ‘concentration technlque.

Millard by neutron activation, using
(See Zielinski and Lipman, 1976) ]

Balley Ridge

, wildhgrse Canyon

South Twin Flat Bearskin Mountain

flow flow Mountain dome .dome
(75L-17) (75L~604) (75L-16) (75L-56)
La~~—~=- 43.5 44.3 24.9 25.0
(o= —— 95.6 94.3 51.5 - 44.2
Nd~——==— 27.0 25.5 . 9.6 7.5
1531 Ep— 3.6 3.5 1.3 © .90
50 ¢ Lerp— 42 .40 037 .035
s — 2.8 2.5 1.3 .88
Thm e = .52 049 ! .30 .20
T~~~ .38 .35 .47 .31
e y— 2.9 2.9 4.2 3.0
Lu~———mm .52 .49 © .79 .57 -
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Ficure 6.—Chrondite-normalized rare-carth-ele-
. ment plot for two rhyolites of the Mineral
Mouitains (75L-16 and 751-17), showing
negative Fu anomalies.

crystallization involving removal of feldspar. Chond-
rite-normalized analyses.of two whole-rock samples

show large negative Eu anomalies (fig: 6), indicative

of major feldspar removal (Arth, 1976). This pattern
contrasts with that of some other voluminous Cenozoic
silicic rocks in the western United States (Zielinski
and Lipman, 1976; P. W. Lipman, unpub. data, 1976)
whichi shew small or no Eu anomaliés and appear to
have developed their silicic compositions by processes
not involving major feldspar fractionation, probably

because the environment of ‘differentiation was at pres- .

sures too high for feldspar to be stable.
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Qceurrences: of upper Cenozoic alkalic rhyolite of |

possible. geothermal significance in southwestern  Utah
ave not restricted to the Mineral Mountains. We dated
obsidian “Apache tears” from an eroded rhyolite fiow
at the Cudahy mine about 25 km north of the Mineral

- Mountains (fig. 1),.as 2.3820.15 m.y. (table 3, no. 6).

A large rhyolite plug (South Twin Peak) in the Black

- Rock desert about 10- km east of the Cudahy mine

yielded a similar K-Ar age. of 2.3320.12 m.y. (table
3, no. T). Marginal obsidian from a small body of
rhyolite at White Mountain, about 50 km northeast
of the Mineral Mointains (fig. 1), yielded ages of
0.43+0.07 and 0.392:0.02 m.y. (table 3, no. 8), the
youngest of any of our ages. The rhyolite at White
Mountain contains inclusions of a distinctive dated
basalt, indicating a maximum age for the dome of

about I'm.y. {Hoover, 1974). This rhyolite occurs less.
than 1 km from the nearest exposure of upper Pleisto- -

cene basalt of the Tabernuacle voleanic field estimated

to be 10 000-20 000 yr old (Hoover, 1974). Basalts of”

the Ice Springs voleanic field, 3 km north of YWhite
Mountain, are post-Lake Bonneville in age, that is,
less than 12 000. yr old. These basgaltic and rhyolitic
rocks together offer another example of a bimodal

basalt-rhyelite association in Utah. Thus, the potential’

for voleanic-related thermal anomalies in southwestern
Utah is not .confined to the Mineral Mountains. In
fact, White Mountain is about 7 km north of Meadow
and Hatton hot springs (Mundorfi, 1970).

Another intriguing aspect of the rhyolites in the

Mineral Mountains is their significance as a source of”

artifact obsidian. Implement-grade obsidian is rela-

tively scarce in the southwestern United States, vet
obsidian artifacts occur widely in archeological sites:.

Well-known sonrces of archeological obsidian include

the Jemez Mountains in New Mexico, Coso Mountains.
and Long Valley areas in east-central Califernia,

Medicine. Lake Highlands and associated rhyolitic
centers in northeastern California, Newberry voleano

. . . . N
and numerous small areas of vhyolite in eastern
Oregon, and Yellowstone rhyolite plateau in Wyoming

(fig. 7).. The lttle-known Mineral Mountains locality
1s in a region where high-quality ohsidian is scarce,

nearly equidistant’ from better known sources, yet it

contains abundant obsidian suitable for implement
manufacture. Individual blocks of nonporphyritic

. obsidian from the Bailey Ridge-and Wildhorse Canyon

flows are as muich as 0.5 m across. Obsidian from tlie

. Mineral. Mounfains- has recently been recognized in.

-several archeological sites in southwestern Utah and.
adjacent parts of Nevada (Umshler, 1975), but how

" widely it has been distributed has yet to be established..
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qum 7—-“ ell- known. sources for. arcneolognuu obgidian in the western Dmted States.

Available compositional data indicate that obsidian
-artifacts derived from the Mineral Mountains shounld
‘be distinguishable, especially by minor-element com-
cpositions, from these. of - most of the better known
obsidian sites.

" Fission-track age dating, by G. A. Izett and C. W.
Nueser, and obsidian-hydration age dating, by Irving
of our

“Friedman, were conducted—independently

study-—on. selécted*qmnple&of rhyolite: from the Min-

—.eral Mountains. The ages determined by these two

other ‘techniques provide a cross-check on the ages

presented above that were determined by the IX-Ar .
isotope method. Comparisons of the results of the three

techniques.are presentedsseparately, in the sections that
follow.

FISSlON TRACK DATNG
Bs G. Al I/ett and C. W. Naeser .

Fission-track age dotermnmtlons were made on sau-

ples of “obsidian from the Bailey Ridge flow and the

Bearskin Mountain dome. The fission-track age -of
the Bailey Ridge obsidian is in fair agreement with
the I-Ar age of the obsidian, but the fission-track age
of "the Bearskin Mountain obsidian is anomalously
younger-thau the IX-Ar age. Th sample we dated of
the Bearskin Mountain’ obsldmn contains nofossil fis-
sion tracks; however, the age can be estimated by as-
suming the presence of one fossil track as shown in the
table below. The anomalously young fission-track age

of the Bearskin Mountain obsidian probably is due -

to-the annes lhn“‘ of fossi} tracks from a recent. thermal

“gvent. The fission-track analytical dita follow:

IN
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Figssion-trock analytical data

[Fission tracks etched for about 10 seconds -in 48 percont hydrofluoric acld

+ 1 sigma about the mean. Xf =-6.85 x 107 TyrT1]
[
: b Ps Py - " Fission track K-Ar glass
Locality. {(neutrons em=2) (tracks .cm™?) (tracks. cm™2) glass age X age x 106
' ' o ' 10% years ©  years!
Bearskin Mountain dome’  8.72 x 101% <3.37 x 101(1) 1.25 x 105(3'09) <0.02 ’ 0.75 + 0.1
- - = ) ©0.60 % 0.12
Bailey Ridge flow 0.5 x10'5 7.89 x 102(3) 4.40 x 10"(213) 0.55 + 0.30  0.79 * 0.08

1See table 3.

OBSIDIAN-HYDRATION DATING

By Irving Friedman

Four rhyolite-lava flows or domes from the Mineral.

Mountains, Utah, were dated by the obsidian-hydra-
_tion technique. Most of the resnlts agree with K-Ar
~and fission-track dates of the same flows.

Obsidian~hydration dating depends upon the fact
that a newly: formed surface on' obsidian, such as a
cooling crack, adsorbs water from the atmosphere.

" This adsorbed water slowly diffuses into the obsidian,

and the depth of penctration-of the water can be mea-

sured under the microscope in a thin section cut nor-
mal to the surface (Friedman and Smith, 1960). The
rate at which the water diffuses into the obsidian is
dependent upon temperature and glass composition

(Friedman and Long, 1976). ,

The thickness of the hydrated layer (m miero-
meters) for the rhyolite units is tabulated below. Also
listed' is the expected vate of hydration (in pm?/10%

- yr) for each flow, caleulated for an estimated effective.
hydration temperature of 8°C and from the chemical

composition of the obsidian. (See I riedman and Long,”
1976.) The calculated obsidian-hydration age 1 is also

given, as is the K-Ar age.

Althougly the effective hydration: temperature is as:

sumed to be the same for all the flows sampled, the

differing whole-rock chemistry of the obsidian gives’

different calenlated hydration rates. Compositions of .-
two of the obsidians are from table 2 in this paper;

the analysis of the Bearskin Mountain dome is from

S. H. Evans (written commun., 1976). No analysis is< .

avallable for the South Twin Flat Mountain dome. An
analysis for the North Twin Flat Mountains (table 2)

- was used instead ; the hydration rate and calculated age:

are accordingly uncertain,

The calculated hydration rates vary by e factor of

2.5, owing mainly to differences in the amount of-

CaO+MgO. The chemical analyses were on whole--
rock samples, but tho hydration-rate calculation should

- be hased on glass compositions. The Wildhorse Canyon

and the Bailey Ridge glasses ave almost free of pheno--
crysts, but the Bearskin Mountain and particularly the

Thickness of. Chemical

Calculated Calculated  Corrected K/Ar

- Rhyolite. hydration index hydration = age age. age
pm (£ 1 ym) rate 108 yrs
umz/lO3 vrs
‘Wildhorse Canyon . -. : . _ o ot :
£10W=mmmmm e 4 42.5 2 - 0.85 0.85 H
Bailey Ridge o - ' S . ' '
FlOW——mr e mm e ———— 40 .. 41.7 o2 ; . .80 .80 0.79
Bearskin Mountain R : C S .75
AOME = m e e : 31 47 .4 ¥ T .24 .48 .60
South-Twin Flat s S s - - ' o
_Mountain dome-—-- 22, '5]...1'(?): S 5(?) L1002 ._2‘5 ' .50

Ino determination
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South Twin Flat Mountain glasses are -porphyritic.
Obsidian from Wiidhorse Canyon, Bailey Ridge, and
South Twin Iflat Mountain all have refractive indices
of 1.48470.0005, whereas Dearskin Mountain dome
has o slightly higher index, 1.4856+0.6095. The simi-
larity in index of all four glasses makes any assump-
tion of greatly differing hydration rates for these
samples unrealistic. If we assume that the chemical
compositions of the glass phase of all four samples
-are similar, then the hydration rates also will be simi-
lar and the dates shown in the columm “Corrected age”
should apply. 4
The corrected ages agr ec W 1th the Ix Ar dates, except
for the date for the South Twin Flat Mountain dome,
where the hydration date is about half that derived by
‘K-Ar dating. The reasons for this discrepancy.are not
Jnown, but we may not have sampled sufficiently to
find an original surface on the samples from this site.
Alternatively, the discrepancy may be due to some in-
* herited argon in the sanidine used for K-Ar dating.
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