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by 
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ABSTRACT 

The Utah Geological Survey, in cooperation with 
University of Utah and the University of Utah Re
search Institute, conducted geological, geophysical, 
and geochemical studies over the concealed, moder
ate-temperature, Newcastle geothermal system lo
cated in southwestern Utah. Temperatur~-depthmea
surements from 25 thermal-gradient drill holes and 
three geothermal production wells define a thermal 
anomaly, centered near the surface trace of the range
bounding Antelope Range fault, and an elongate 
thermal plume extending northward and westward 
within a shallow aquifer. The thermal aquifer gener
ally occurs at depths from 65 to 95 meters (210 to 310 
ft) .. A temperature of 130°C (266°F), measured in the 
out-flow plume of the system, is the highest tempera
ture recorded to date. Higher temperatures, however, 
are expected in the fluid upflow zone. The new heat
flow data yielded a computed, anomalous heat loss of 
12.4 megawatts (thermal). Chemical analyses of 
water samples indicate that thermal fluid, produced 
from wells penetrating the outflow plume, is a mix
ture of meteoric water likely derived from recharge 
areas in the Pine Valley Mountains and cold, shallow 
ground water. Detailed self-potential (SP) and resis
tivity surveys define the geometry of the probable up
flow zone indicating that the thermal fluid issues from 
a short' segment of the Antelope Range fault and 
discharges laterally into a shallow aquifer beneath the 
Escalante Desert. Self-potential data show a high
amplitude, elliptical SPminimum coincident with the 
center of the thermal anomaly and with the subsurface 
intersection of the Antelope Range fault with older 
faults. We postulate that this SP minimum marks the 
primary upflow conduit of the hydrothermal system 
where most of the thermal fluid discharges from 
transmissive structures. Additional leakage of ther
mal fluid, as shown by resistivity data, occurs over a 
minimum distance of 1.5 kilometers (1 mi) along the 
trace of the Antelope Range fault. 

INTRODUCTION 

Location and Background 

Although many hydrothermal-geothermal sys
tems are known in the Basin and Range Province of 
the western United States, Brook and others (1979, p. 
35) believe that undiscovered resources constitute 
about four-fifths of the total accessible hydrothermal 
resource base. They suggest that these undiscovered 
resources consist of extensions of known hydrother
mal systems and isolated, concealed hydrothermal 
systems. Concealed hydrothermal systems have no 
surface expression of hydrothermal activity. The 
ability to detect such concealed hydrothermal sys
tems is, therefore, important to continued geothermal 
exploration and development. This report documents 
a study of a hidden or concealed hydrothermal system 
at Newcastle, Utah. 

Newcastle is a rural farming community situated 
in southwestern Utah. In 1975 during test pumping of 
a newly drilled irrigation well, the Christensen Broth
ers - a farming cooperative - accidentally discov
ered a concealed hydrothermal system. Temperature 
profiles from the well revealed a hot-water aquifer 
with a maximum temperature of 108°C (226°F) be
tween depths of 85 and 95 meters (279 and 312 ft) 
(Rush, 1983, p. 19). This was the first recorded 
encounter with the geothermal system at Newcastle 
although early settlers reportedly abandoned hand 
digging of a water well because of excessive heat 
(Boyd Christensen, personal communication, 1988). 

The community of Newcastle lies along the south
east edge of the Escalante Desert about 48 kilometers 
(30 mi) west of Cedar City, along Utah State Route 56 
(figure 1). Cedar City is roughly 440 kilometers (275 
mi) southwest of Salt Lake City via Interstate 15. The 
communities of Enterprise and St. George, Utah are 
about 13 kilometers (8 mi) southwest and 64 kilome
ters (40 mi) to the south of Newcastle, respectively. 
Developed geothermal areas within the region in
clude the Roosevelt Hot Springs Known Geothermal 
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boundaries in southwest Utah . Dotted line on inset map indicates the approximate outline of the Sevier thermal area defined by Mabey and Budding (1987). 
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Resource Area (KGRA), and the Cove Fort
Sulphurdale KGRA, located roughly 105 kilometers 
(65 mi), and 120 kilometers (75 mi) to the northeast, 
respectively. Utah Power and Light Company oper
ates a 26 megawatt (MW) geothermal power plant at 
Roosevelt, and the Utah Municipal Power Authority 
operates a 13.5 MW geothermal power plant at Cove 
Fort. 

Previous Work 

Since Christensen Brothers drilled the discovery 
well, several organizations and individuals have stud
ied the geothermal system. Denton (1976) conducted 
a helium survey across the area and detected a broad 
helium anomaly around the discovery well and along 
the nearby range front. Rush (1977) reported the 
results of temperature-gradient measurements for the 
Newcastle area and the Escalante Desert as well as for 
other areas in Utah. Pe and Cook (1980) conducted a 
gravity survey in the region and interpreted a large, 
northeast-oriented gravity low centered northwest of 
Newcastle as a deep graben. 

Chapman and others (1981), using temperature
gradient data obtained from various sources, calcu
lated a thermal power loss of 13 megawatts from an 
area of 9.4 square kilometers (3.6 mF), assuming a 
water temperature of 110°C (230°F) and a discharge 
rate of 32 liters/second (507 gal/min). Rush (1983) 
reported the results of chemical analysis of a sample 
of the Newcastle thermal water and estimated a reser
voir temperature of 140°C to 170°C (284°F to 338°F) 
based upon chemical geothermometry. Rush (1983) 
also presented a temperature profile of the Christensen 
Brothers' discovery well, a potentiometric map, and 
a preliminary heat-flow map of the Newcastle area. 
Hoover and Pierce (1987) reported the results of eight 
audio-magnetotelluric soundings in the Newcastle 
area, with the lowest resistivity values measured at a 
station east of the Christensen Brothers' discovery 
well. Mabey and Budding (1987) compiled available 
data on the Newcastle system and presented a geo
thermal model suggesting that hot water rises along a 
fault zone near the base of the hills southeast of 
Newcastle and discharges into an aquifer in uncon-
solidated Quaternary sediments. 

Purpose and Scope 

Past exploration in low- and moderate-tempera
ture systems of the Great Basin shows that the rela-
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tively small area associated with fluid upflow and 
elevated temperatures is often difficult to detect by 
drilling widely spaced temperature-gradient holes or 
by other methods. By studying the Newcastle geo
thermal system, we hoped to develop a basic under
standing of the concealed hydrothermal system as a 
tool for assessing other geothermal areas of the Great 
Basin. The emphasis of our work centered on deter
mining (1) the distribution of subsurface heat and the 
movement of thermal fluid, (2) the location and 
geometry of bedrock structures that might control 
fluid movements, (3) the chemical character of the 
geothermal water, and (4) the geometry of the bed
rock beneath the Escalante Desert. 

Field studies included: (1) drilling and monitor
ing temperatures in shallow thermal-gradient bore
holes, (2) mapping geologic units and performing 
structural studies in the adjacent mountains, (3) con
ducting detailed gravity surveys, (4) conducting elec
trical resistivity and self-potential (SP) surveys, (5) 
collecting water samples for determining major ions 
and light stable isotope analyses, and (6) mapping 
Quaternary units. 

Physiography, Climate, and Hydrology 

The Newcastle geothermal area lies within the 50 
to 130 kilometers (30 to 80 miles) wide Transition 
Zone, a northeast-southwest-trending belt in south
west and south-central Utah (figure 1). The zone 
contains geologic and geomorphic features typical of 
both the Basin and Range Province, to the west, and 
the Colorado Plateau Province to the east. Landforms 
within this zone include flat-topped plateaus and 
sharp-crested ranges separated by alluvial valleys. 
Horsts and grabens, resulting from the formation of 
long, Cenozoic extensional faults, are common. 

The Escalante Desert, an elliptical basin occupy
ing an area roughly 70 by 45 kilometers (45 by 28 mi), 
is surrounded by the Pine Valley Mountains to the 
southeast, the Bull Valley Mountains to the south
west, the Antelope Range to the east, and the Wah 
Wah Mountains and Indian Peak Range to the north
west. It is a high desert, lying at elevations generally 
between 1,547 and 1,676 meters (5,075 and 5,500 ft) 
above sealevel, and receiving typically less than 30.5 
cm (12 in) of precipitation annually (Mower and 
Sandberg, 1982, p. 5). Surrounding mountains lie at 
elevations usually less than 2,440 meters (8,000 ft), 
although peaks in the Indian Peak Range and the Pine 
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Valley Mountains exceed 2,743 meters (9,000 ft). 
Annual precipitation in the Pine Valley Mountains 
often exceeds 50 cm (20 in). Mild summers and cool 
winters are typical of this region where daytime 
summer temperatures seldom exceed 38°C (1000P) 
and where nighttime winter temperatures seldom fall 
below -25°C (-13°F) (Mower and Sandberg, 1982, p. 8). 

Surface hydrology of the Escalante Desert drain
age area consists of three perennial streams issuing 
from the Pine Valley and Bull Valley Mountains -
Pinto Creek near Newcastle, Little Pine Creek near 
Enterprise, and Mountain Meadow Creek located 
between the two towns - and a number of intermit
tent and ephemeral streams that enter the valley from 
the surrounding ranges (Mower and Sandberg, 1982, 
p. 12). Water from perennial streams is completely 
used for irrigation. Intermittent and ephemeral streams 
infiltrate into unconsolidated deposits and disappear 
shortly after issuing onto the valley floor. Some of the 
larger intermittent and ephemeral streams flow for 
several kilometers before infiltrating and disappear
ing within the valley floor. Surface water that doesn't 
infiltrate is lost through evapotranspiration. No 
streams exit the Escalante Desert. 

GEOLOGY 

Regional Geology 

Mabey and Budding (1987) proposed the name 
"Sevier thermal area" for a large region of southwest
em Utah characterized by relatively high heat flow, 
abundant young igneous rocks, and numerous late
Cenozoic normal faults. There are seven known high
and moderate-temperature geothermal systems within 
the Sevier thermal area. These systems occur in or 
along the margins of intermontane valleys in the 
eastern part of the Basin and Range geologic prov
ince, or the central portion of the Transition Zone 
(figure 1). Compared to a continental average of 
roughly 50 milliwatts per square meter (m W 1m2), 
heat flow in the Sevier thermal area averages 88 m WI 
m2 (Mabey and Budding, 1987, p. 9). The Intermoun
tain seismic belt, a zone of high earthquake activity 
identified by Smith and Sbar (1974) that runs gener
ally north-south through central Utah, changes orien
tation from north to southwest within the Sevier 
thennal area. Abundant Oligocene and Miocene 
volcanic and intrusive rocks occurin the southern part 
of the Sevier thermal area, while Pliocene to Quater-

Newcastle geothermal system. Iron County. Utah 

nary age basalt and young silicic rocks occur in the 
northern part. 

High regional heat flow coupled with complex 
geologic structure and an ample supply of meteoric 
fluids from recharge areas such as the Pine Valley and 
Tushar Mountains creates conditions favorable for 
the development of hydrothermal convection sys
tems. Young igneous bodies may also supply heat to 
some of the geothermal systems in the Sevier thermal 
area. 

The Newcastle geothermal area lies along the 
southern margin of the Escalante Desert, an elliptical 
depression measuring approximately 70 x 45 kilome
ters (44 x 28 mi) surrounded by mountains and hills 
composed primarily of Tertiary ash-flow tuffs, flows 
and domes. Ash-flow tuff units range in age from 32 
to 19 million years. Rhyolite and dacite flows and 
domes range in age from 13 to 8.5 million years. 

Klauk and Gourley (1983, p. 3) describe four 
significant geologic events for the Escalante Desert: 
(1) large-scale thrust faulting of the Cretaceous Sevier 
orogeny, (2) mid-Tertiary igneous activity confined 
to broad, east-west-oriented belts, (3) late Tertiary 
and Quaternary (basin and range) extensional tec-
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Figure 2. Location of the Newcastle (NC) study area with respect to Thermo 
Hot Springs (TH).Roosevelt Hot Springs (RO). Cove Fort-Sulphurdale (CFS). 
Wood Ranch (WR). and Monroe-Joseph (MJ) geothermal systems (triangles) 
of the Sevier thermal area. East-west heavy solid lines denote (from north to 
south) the Black Rock. Blue Ribbon. and Timpahute lineaments. Stipple pattern 
denotes the Pioche-Marysvale and the Delamar-Iron Springs mineral/igneous 
belts to the north and south. respectively (after Rowley and others. 1979). 
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tonism that produced numerous north-south-oriented 
fault-block mountains, and (4) periods of late-Ter
tiary and Quaternary volcanism with some associated 
intrusive activity. Sevier-age thrust faults have been 
mapped near the Escalante Desert, and evidence of 
Paleozoic strata thrust upon Jurassic strata is present 
in at least one deep, oil and gas exploratory well 
drilled in the Escalante Desert (Shubat and McIntosh, 
1988, p.6). The valley is situated between two major, 
roughly east-west-oriented mineral, or igneous, 
belts. The Pioche-Marysvale mineral belt lies to the 
north, and the Delamar-Iron Springs mineral belt lies 
to the south (figure 2). Rowley and others (1979) 
suggest that the Pioche-Marysvale and the Delamar
Iron Springs igneous belts are structurally controlled, 
and associated with two east-west-oriented linea
ments - the Blue Ribbon lineament to the north and 
the Timpahute lineament to the south. 

Stratigraphy 

Exposed bedrock units at Newcastle, described in 
detail by Siders and others (1990), and shown on plate 
1, range in age from Upper Cretaceous to upper 
Miocene (plate 2). These units consist of older 
sedimentary rocks overlain by a series of middle
Tertiary ash-flow tuffs of regional extent, and capped 
by local rhyolite and dacite flows. The oldest unit 
exposed is the Upper Cretaceous Iron Springs Forma
tion, which consists of light-colored, thin- to thick
bedded sandstone and lesser shale, conglomerate, 
limestone, and carbonaceous shale. The unit was 
deposited in braided fluvial and lacustrine environ
ments with sediment derived from the Sevier oro
genic highland to the west. The minimum exposed 
thickness of the Iron Springs is 430 meters (1,400 ft). 
The Eocene to Oligocene Claron Formation 
unconfonnably overlies the Iron Springs Formation 
and consists of fluvial and lacustrine shale, sand
stone, limestone, siltstone, and conglomerate. The 
uni t has a minimum exposed thickness of 130 meters 
(430 ft) and is about 210 meters (700 ft) thick in 
nearby areas (Siders and others, 1990). 

The Oligocene Isom Fonnation overlies the Garon 
Formation. The Isom consists of two densely welded, 
crystal-poor, ash-flow tuff members of regional ex
tent: the lower Baldhills Tuff Member and upper 
Hole-in-the-Wall Tuff Member. Bothmembers range 
in color from dark brown to black and contain sparse 
phenocrysts of plagioclase, clinopyroxene, and mag-
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netite. Extreme welding produced flattened pumice 
clasts as much as 0.6 meters (2 ft) in length, and 
secondary flowage produced stretched vesicles as 
much as 0.3 meters (1 ft) in length. Intercalated with 
densely welded tuff near the base of the Baldhills 
Tuff Member are probable andesitic flows marked by 
autobrecciation and flow-top scoria, and thin beds of 
volcanic sandstone. The minimum thickness of the 
Baldhills Tuff is 330 meters (1,080 ft). The Hole-in
the-Wall Tuff Member consists of a single cooling 
unit that is about 79 meters (260 ft) thick. The 
concealed source caldera or vent for the Isom Forma
tion probably lies beneath the Escalante Desert (Best 
and others, 1989), approximately 35 kilometers (22 
mi) northwest of Newcastle. The age of the Isom 
Formation is approximately 27 million years (Best 
and others, 1989). 

Three regional rhyolitic to andesitic ash-flow 
tuffs of the Quichapa Group - the Leach Canyon, 
Bauers, and Harmony Hills units - overlie the Isom 
Formation and were probably erupted from sources 
in the Caliente caldera complex, located roughly 65 
kilometers (40 mi) west of Newcastle (Williams, 
1967). The rhyolitic, moderately welded Leach Can
yon Formation, consisting of several cooling units, is 
approximately 25 million years old (Rowley and 
others, 1979), and contains 20 to 30 percent phenoc
rysts of plagioclase, quartz, sanidine, and biotite and 
reddish lithic fragments. It is about 177 meters (580 
ft) thick near Newcastle. The Bauers TuffMemberof 
the Condor Canyon Fonnation is rhyolitic, crystal
poor, densely welded, approximately 23 million years 
old (Rowley and others, 1979), and about 130 meters 
(430 ft) thick. The tuff contains phenocrysts of 
plagioclase, sanidine, and bronze biotite and abun
dant highly flattened pumice clasts. The Bauers Tuff 
erupted from the Clover Creek caldera located in 
Lincoln County, Nevada (Rowley and Siders, 1988). 
The Harmony Hills Tuff is a distinctive crystal-rich, 
andesitic, moderately welded tuff that has a strati
graphic age of about 22.5 million years (personal 
communication, P. D. Rowley, 1990). It consists of 
nearly 50 percent crystals of plagioclase, biotite, 
hornblende, quartz, and pyroxene and is 146 meters 
(480 ft) thick. An unnamed, laterally extensive 
volcaniclastic unit, approximately 40 meters (130 ft) 
thick, overlies the Harmony Hills Tuff and contains 
abundant clasts and crystal fragments, of Harmony 
Hills Tuff as well as andesite cobbles. This north
ward-thickening unit is probably a distal debris-flow 



6 

deposit shed from an andesitic highland to the north. 

The Racer Canyon Tuff overlies the Quichapa 
Group rocks and is the youngest regional ash-flow 
tuff present at Newcastle. The tuff is crystal-rich, 
rhyolitic, poorly to moderately welded, and greater 
than 150 meters (490 ft) thick. Southeast of the map 
area, the Racer Canyon Tuff consists of at least 3 
cooling units, and its age is approximately 19 million 
years (Siders, 1991). An informally named unit, 
"volcaniclastic rocks of Newcastle Reservoir," over
lies the Racer Canyon Tuff and is greater than 300 
meters (980 ft) thick. The unit is correlative with the 
informally named "mine series" of Siders (1985), 
which has a minimum age of 11.6 million years. The 
unit consists of intercalated lenses of conglomerate, 
mudflow breccia, and sandstone, and most clasts are 
volcanic rocks. Rhyolite and dacite lava flows and 
domes overlie and intrude the Racer Canyon Tuff in 
the northeast comer of the map area (plate 1). These 
informally named units, the "rhyolite of Silver Peak" 
and "dacite of Bullion Canyon," yielded potassium
argon (K-Ar) ages of 8.4 and 8.5 Ma, respectively 
(Shubat and Siders, 1988). 

A variety of unconsolidated to semi-consolidated 
deposits overlie the bedrock units and are described 
in detail by Siders and others (1990). The oldest of the 
semi-consolidated deposits is upper Miocene to 
Pliocene in age (labeled Ts on plate 1) and consists of 
moderately consolidated boulder, cobble, and pebble 
conglomerate and sandstone. This coarse fluvial 
material was deposited at the margin of the Escalante 
Desert and probably underlies the geothermal area at 
depth. This unit may have been encountered below a 
depth of 670 meters (2,200 ft) in the Christiansen (sic) 
#1 well (CHR-l on plate 1). It corresponds to the 
higher density valley-fill material of the gravity model 
(see later section). Overlying this unit is lower 
Pleistocene to Pliocene piedmont-slope alluvium 
(QTpo). This material is poorly to moderately con
solidated and consists of boulder, cobble, and pebble 
conglomerate and sandstone. It contains distinctive, 
black magnetite clasts derived from the iron deposits 
of Iron Mountain, located 10 kilometers (6.2 mi) to 
the east. 

Units younger than the semi-consolidated depos
its include several types of unconsolidated deposits 
of Pleistocene age. Stream-terrace alluvium (Qtm) 
consists of gravel, sand, and silt deposited in stream 
channels and floodplains at an elevation of approxi-

Newcastle geothermal system. Iron County. Utah 

mately 15 to 25 meters (50 to 80 ft) above modem 
channels. Piedmont-slope alluvium (Qpm) consists 
of sandy gravel and forms remnants of a dissected 
surface in older and higher mountain front re-en
trants. Alluvial-fan deposits (Qfm) consist of sand 
and silt that form the dissected remnants of older and 
higher alluvial-fan deposits in the Escalante Desert. 
These older fans were largely deposited by an ances
tral Pinto Creek. 

The youngest unconsolidated deposits consist of 
sand, silt, gravel, and clay divided on the basis of 
depositional environment and geomorphic expres
sion. Colluvium and talus (Qct) includes deposits on 
steep slopes below rock outcrops. Alluvium and 
colluvium (Qac) includes material deposited in inter
mittent stream channels and on lower slopes as 
sheetwash and talus. Distal alluvial-fan deposits 
(Qpy) in the northwest part of the map consist of silt 
and clay deposited in the distal parts of the alluvial 
fans of Pinto Creek and other drainages to the south
west. They are derived principally from sheetwash 
and stream erosion of the coarser Pleistocene allu
vial-fan deposits. Young alluvial-fan deposits (Qfy) 
are those deposited by Pinto Creek in the Escalante 
Desert during Holocene and late Pleistocene time. 
Young stream-terrace alluvial deposits (Qty) occur 
about 2 to 3 meters (6 to 10 ft) above the modem 
channel of Pinto Creek and are mostly Holocene in 
age. Alluvium (Qal) is restricted to modem channels, 
while artificial fill (Qf) represents the earthen dam of 
Newcastle Reservoir. 

Structure 

Structural investigations at Newcastle included 
mapping of bedrock structures and Quaternary struc
tures, and measurement of slip directions of minor 
faults from five sites near Newcastle (see next sec
tion). The goals of these studies were to document the 
surface expression of structures that may localize the 
geothermal resource at Newcastle, to project these 
structures into the subsurface (plate 1), and to deter
mine the timing and nature of tectonic episodes. 

The Antelope Range fault, as defined by Quater
nary fault scarps, is a north-northeast-striking normal 
fault that extends from south of Newcastle · to the 
northern tip of the Antelope Range, a distance of 26 
kilometers (16 mi). At Newcastle, the fault separates 
the Escalante Desert to the northwest from the up
lifted bedrock of the Antelope Range to the southeast. 
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Figure 3. Summary offault-slip data from the Newcastle area. Locations of sites shown on plate 1. Symbols co"esponding to slip vector orientations are as follows,' 
open circles. dextral faults .. filled circles. sinistral faults .. open squares. normal faults .. filled squares, reverse faults. Plus symbols are poles to fault planes. N is the 
number of measurements. All nets are lower hemisphere Schmidt projections. 

Although not marked by distinctive Quaternary-age 
scarps, the fault probably continues an additional 14 
kilometers (9 mi) to the southwest, terminating near 
Mountain Meadow. As mapped by Siders and others 
(1990), the fault breaks into three right-stepping en 
echelon strands east of Newcastle (plate 1). Ander
son and Christenson (1989) assign a middle to late 
Pleistocene age for the last surface-rupturing event, 
based on scarp morphology. Scarps in Pleistocene 
alluvium northeast of Newcastle, mapped by Grant 
and Proctor (1988) and Shubat and Siders (1988), are 
multiple-event scarps. Without additional informa
tion, itis not possible to determine if the southwestern 
limit of Quaternary scarps represents the tip of the 
most recent surface-rupturing 'event or if scarps were 
simply not preserved southwest of Newcastle. Map
ping by Siders and others (1990) and Shubat and 
Siders (1988) shows that the Antelope Range fault 
cuts 8.5 million year old rhyolite and dacite flows. 

Gravity data indicate that the Antelope Range 
fault marks the southeastern margin of a northeast-

oriented, alluvium -filled graben named the Newcastle 
graben by Pe and Cook (1980). The geothermal 
system lies along the southeast margin of the 
Newcastle graben, spatially associated with the Ante
lope Range fault. This graben, depicted in cross 
sections B-B' and C-C' (plate 2), is centered approxi
mately 3.7 kilometers (2.3 mi) northwest of Newcastle 
and contains a thick section of alluvium. Modeling of 
detailed gravity data (this study) indicates that the dip 
of the Antelope Range fault is steep (approximately 
65 degrees) and that the Newcastle graben contains 
about 1,600 meters (5,250 ft) of unconsolidated and 
semi-consolidated material. This corresponds to 
nearly 1,800 meters (6,000 ft) of dip-slip separation 
along the fault. 

Geologic mapping of the southern extension of 
the Antelope Range, south and east of Newcastle, 
revealed a complex pattern of steeply to moderately 
dipping faults that strike in all directions (plate 1). 
Geologic cross sections (plate 2) show that these 
faults probably form an interconnected network of 
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cross-cutting structures to a depth of severalldlome
ters. Most faults show apparent normal separation, as 
determined by stratigraphic separation and dips from 
three-point solutions. However, the dominant dis
placement on map-scale faults, if similar to minor 
faults, may be strike-slip, as shown by the dominantly 
sub-horizontal rakes of minor fault striae at several 
sites near Newcastle (figure 3). Because of the lack 
of distinctive, offset features, or geologic lines, we 
could not determine the net slip for any of the map
scale faults. Stratigraphic separation appears to be 
the greatest (610 to 910 meters; 2,000 to 3,000 ft) and 
the most variable along northwest-strildng faults and 
faul t zones. One of these faults contains a very coarse 
breccia body (megabreccia) lying between two fault 
splays located in the NE 1'4 of section 29, T. 36 S., R. 
15 W. This is a steep, apparent reverse fault. In the 
subsurface this brecciated fault zone projects north
westerly toward the center of the thermal anomaly 
(near holes NC-18 and NC-19, plate 1). Plate 1 shows 
the map-view projection of this and other faults and 
contacts onto the footwall of the Antelope Range 
fault, assuming that the Antelope Range fault dips 
steeply (65-70 degrees) toward the valley and strikes 
parallel to its surface trace. This projection shows 
that the center of the thermal anomaly coincides with 
an area where two prominent high-angle faults inter
sect in the plane of the range-front fault. 

FAULT-SLIP ANALYSIS 

Methods 

We conducted a fault-slip study at Newcastle to 
better characterize the deformational episodes that 
affected the area and to establish a chronology of 
these episodes. Fault-slip analysis involves the fit
ting of a mean stress tensor to a population of fault
slip measurements. Angelier (1979; 1984), Gephart 
and Forsyth (1984), Angelier and others (1985), and 
Reches (1987) developed the methods used in this 
study. To apply this technique, we measured many 
minor fault orientations from several outcrop-scale 
areas and for each fault recorded the strike, dip, rake, 
and sense of slip. These data, converted to a slip
vector format (direction of movement of the hanging
wall with respect to the footwall), are shown in figure 
3. Petit (1987) and Angelier and others (1985) 
document the use of minor structures on fault planes 
to determine the sense of slip. In this study we found 

Newcastle geothermal system,lron County, Utah 

that riedel shears, tension gashes, and corniced mar
gins of void spaces were the most consistent indica
tors of slip. We found that the Harmony Hills Tuff 
contained a much higher density of minor fault sur
faces than any other unit, probably as a result of 
favorable physical properties and preservation char
acteristics. In general, we were able to confidently 
determine the slip direction for only a fraction (one 
third) of the minor fault surfaces exposed in the field. 

We collected data from five sites, four of which 
lie within the area of plate 1 (sites A, B, C, and D). 
Faults at sites A, B, and C cut the 22.5 million year 
old Harmony Hills Tuff, which yields the maximum 
age of these faults. Faults at site D cut 8.5 million year 
old rhyolite and dacite, again yielding the maximum 
age of this set of faults. The number of faults mea
sured for sites A, B, C, and Dare 108,40, 134, and 20, 
respectively. A fifth site, site E, located in the 
NW~NE~SW~, section 19, T. 35 S., R. 14 W., 
yielded 55 measurements. This site lies about 12 
kilometers (7.5 mi) northeast of Newcastle in Chlo
ride Canyon and was selected to provide a contrast to 
the Newcastle sites. 

Paleostress tensors for each site (table 1) were 
determined by a two-stage process consisting of in
version (Reches, 1987) followed by a one-norm mea
sure of misfit minimization scheme (Gephart and 
Forsyth, 1984) based on the downhill simplex method 
(Press and others, 1986). Results from inversion were 
used to seed the downhill simplex minimization. The 
one-norm minimization approach was adopted be
cause chi-squared tests showed that, for many fault 
populations, residuals are not normally distributed. 
Quality of data and the uniqueness of tectonic epi
sodes were assessed by mapping 95 percent and 70 
percent confidence limit contours for each stress axis 
(figure 5), calculated using the one-norm measure of 
misfit (Gephart and Forsyth, 1984). The confidence 
limit" contour plots may be interpreted as follows: if 
one were to return to the outcrop where a fault-slip 
data set was collected and collect a new data set, there 
would be a 95 percent chance that "best-fit" principal 
stress axes for the new set would fall within the 95 
percent confidence limit contours determined for the 
old set. A simple graphical method was used to 
separate heterogeneous fault-slip populations into 
subsets relating to different tectonic episodes. Mod
eling of Newcastle field data with synthetic data 
provided permissive evidence supporting the separa
tion of heterogeneous data. 
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Table 1. Summary of paleostress tensor determinations for the Newcastle area. The queried tectonic episode (T/) reflects uncertainty in the assignment because of 
the large regions enclosed by cotfrdence limit contours (figure 5c). Site locations (A through E) shown on plate 1. Number in parentheses is the number offaults in 
population. Axes orientations given in trend and plunge (degrees). ~, mean slip axis misfit. % data retained. and tectonic episode defined in text. Age of host rock in 
millions if years. 

Fault Sub-set %Oata (J, Axis (J2 Axis 
population retained (trIp I) (trIp I) 

A, (69) 349 16 183 74 
A(108) 89% 

~(27) 194 61 29 28 
8(40) 80% 339 22 143 67 

C,(100) 353 5 98 71 
C(134) 89% 

C2(20) 11 75 279 1 
0(20) 100% 31 82 292 1 
E(55) 85% 0 0 268 85 

A parameter tenned the "slip-axis misfit" was 
used to fit mean paleostress tensors to the fault-slip 
data collected in the field. The slip-axis misfit is the 
angle between the obsetved slip direction and the 
calculated slip direction for a particular fault and a 
particular stress model. The mean slip-axis misfit is 
the. average value of the slip-axis misfits for all faults 
in a population, as.suming a particular stress model. 
The mean slip-axis misfit is the quantity that was 
minimized in order to find the best-fitting stress 
model for a fault population. The infonnation re
quired to define a stress model consists of the three 
directions of the principal stress axes and the ratio of 
the stress magnitudes (<1», defined as the quantity (°

2
-

03)/( 01-03)' 

Results 

Table 1 lists the results of the fault-slip analysis. 
Analysis of data from sites A and C showed that these 
populations probably consist of a mixture of two 
populations each, labeled AI' A2, C1, and C2 in table 
1. Fault measurements that had a slip-axis misfit of 
greater than 90 degrees were deleted from each data 
set because of the possibility that these data represent 
faults with misidentified sense of slip. Thus, the 
percent data retained (table 1) refers to the proportion 
of measurements in each population with slip-axis 
misfits less than 90 degrees. Removal of this data did 
not significantly alter the orientations of the axes of 
the solution tensors and greatly reduced the mean 
slip-axis misfits. Many factors probably account for 
the presence of these high-misfit data, such as slump-

(J3 Axis ~ Mean Age of Tectonic 
(tr/pl) slip-axis host rock episode 

misfit 

80 4 0.39 15.27 22.5 T, 

295 6 0.93 26.79 22.5 T3? 
247 6 o.n 24.94 22.5 T, 
262 19 0.40 18.80 22.5 T, 

189 15 0.26 22.10 22.5 T2 
201 8 0.15 22.34 8.5 T2 
90 5 0.93 32.40 22.5 T, 

ing of exposures and a failure for some of the faults to 
meet the assumption of the method. These assump
tions are that the deformation occurred under a homo
geneous state of stress, that slip along each fault 
occurred independently, and that slip was in the 
direction of maximum resolved shear stress. 

Figure 4 summarizes the results of paleostress 
tensor detenninations. A preliminary examination of 
the orientations of least principal stress axes from the 
seven fault populations (table 1) suggests that they 
fall into three groups, labeled T l' T 2' and T 3? in figure 

N 

+ + 

o 

Figure 4. Summary ofpaleostress axes determinationsfor the Newcastle 
area (lower hemisphere Wulff projection). Heavy arrows are the extension 
directions related to the T} and T2 episodes described in text. Also shown is 
a possible third epis(Jde (T/) that was found to be indistinctfrom the T} and 
T2 episodes by examination of confidence limit contour plots (figure 5) . 
Open circles. (13 axes in 22 million year rocks; solid circle. (13 axis in 85 
million year rocks; open squares. (1} axes in 22 million years rocks; solid 
square. (1} axis in 85 million year rocks; plus symbol. (12 axes; star. "best 
fit" axes to T} and T2 tectonic episodes ((1/ 
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4, which define three apparently distinct tectonic 
episodes. The T 3? episode, while appearing to have 
a distinct extension direction compared to the other 
two episodes was, in fact, found to be so poorly 
defined as to be indistinct from them (see below). The 
dominance of extension in the region provides justi
fication for using the least principal stress axes to 
define tectonic episodes. These episodes are charac
terized below. 

Four of the fault populations, constituting 74 
percent of the fault-slip data, are grouped into the T I 
episode. This is clearly the main defonnational 
episode expressed in the minor fault populations. The 
best-fit least principal stress axis for the TI episode 
has a trend of 261 degrees and a plunge of 6 degrees, 
which is the eigenvector corresponding to the maxi
mum eigenvalue of the orientation matrix (Mardia, 
1972). Maximum principal stress axes forTI popula
tions are sub-horizontal, indicating that the Tl epi
sode consisted of dominantly strike-slip faulting. 
Confidence limit contours for the T I populations are 
shown in figure 5a. Regions enclosed by the 95 
percent confidence limit contours mutually overlap 
in all cases but one (site B, S3 axis), providing pennis
sive evidence supporting this grouping of sites into 
the TI episode. The regions enclosed by the 95 
percent confidence limit contours for three of the four 
populations are small relative to other populations 
(figures 8b and 8c), suggesting that this episode is 
better defined than the others. 

Two fault populations, constituting 11 percent of 
the fault-slip data, define the T 2 episode. The best-fit 
least principal stress axis for the T 2 episode has a trend 
of205 degrees and a plunge of 19 degrees (eigenvec
tor corresponding to the maximum eigenvalue of the 
orientation matrix). Maximum principal stress axes 
for T2 populations are sub-vertical, indicating dip
slip faulting. Figure 5b shows the confidence limit 
contours for T 2 populations. The nearly complete 
overlap of regions enclosed by the confidence limit 
contours for all three axes supports the grouping of 
these two populations into the same tectonic episode. 
The horizontal and overlapping girdle distributions 
of the regions enclosed by the 02 and 03 axes' confi
dence limit contours indicate that these axes can not 
be clearly distinguished, consistent with the small <I> 
values obtained for this episode. The non-overlap of 
confidence limit contours for the respective axes of 
the T 1 and T 2 populations is strong evidence that these 
two episodes are distinct and unique. 

Newcastle geothermal system. Iron County. Utah 
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Figure 5. Confidence limit contour plots/or Newcastle/ault-slip data . Areas 
enclosed by the 70 percent confidence limit are shaded. Lines are 95 percent 
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corifidence limit contours. Dots are the best-fit principal stress axes from table 1. Letters refer to the fault population designations in table 1. (A) Fault populations 
assigned to the T

J 
episode. (8) Population assigned to the T2 episode. (C) Population tentatively assigned to the T/ episode. 
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10 MILES 

10 KILOMETERS 

Figure 6. Complete Bouguer gravity anomaly map of the Escalante Valley and vicinity, Utah 
(contour interval - 4 mgal). Stipple pattern indicates the northwest-southeast alignment of 
gravity lows and the steep gravity gradient associated with the northeast-southwest-oriented 
Antelope Range fault . Cross-hatch pattern near the center of the figure shows the general 
location of the geothermal outflow at Newcastle. Adaptedfrom Pe and Cook (1980). 

sode occurred between 22.5 and 8.5 mil
lion years. Three arguments suggest that 
most of the map-scale faults cutting bed
rock units (plate 1) in the Newcastle 
geothermal area formed during the T 1 

episode. First, reconnaissance fault-slip 
data from the area were collected from 
exposures of map-scale faults and yield 
paleostress tensor results consistent with 
the T 1 episode. Second, two of the de
tailed sampling sites (sites Al and C1) 

used to define the T 1 episode lie in the 
hanging walls of mapped faults in close 
proximity to the fault traces. Mapping in 
these areas showed that the density of 
minorfaults at both sites decreases mark
edly with increasing distance from fault 
traces. Thus the minor faults at these 
sites are probably genetically related to 
the map-scale faults. Third, two pierc
ing-point reconstructions in the north
east corner of the Silver Peak 7Y2' quad
rangle (Shu bat and Siders, 1988) yielded 
results compatible with calculated slip 
directions using the stress tensor of the 
Tl episode. 

A single fault population, of 8 percent of the fault
slip data, defines a possible third (T3?) episode, with 
a least principal stress axis oriented 299 degrees and 
plunging 4 degrees. The maximum principal stress 
axes for the T3? population is sub-vertical, indicating 
dip-slip faulting. Girdle distributions of the regions 
enclosed by confidence limit contours for all axes 
(figure 5c) indicate that the T3? episode is not well 
defined. Confidence limit contours for the axes of the 
T3? episode overlap (to a great extent) the respective 
axes of both the T 1 and T 2 episodes, indicating that the 
T 3? episode can not be confidently distinguished from 
the T 1 or T 2 episodes. Thus, scrutiny of figure 5 shows 
that only two tectonic episodes, the Tl and the T2 
episodes, can be confidently distinguished using fault
slip data. 

Timing of Tectonic Episodes 

Definition of the Tl episode using data collected 
from the 22.5 million year Harmony Hills Tuff (sites 
AI' B, C1, andE, table 1) and the absence of this mode 
of faulting from data collected from the 8.5 million 
year old rhyolite of Silver Peak (site D) suggest that 
most of the deformation associated with the Tl epi-

The age of the T2 episode is not as well defined 
as the T 1 episode. One of the fault populations used 
to define the T 2 episode occurs in 8.5 million year old 
rhyolite, indicating that the T 2 episode is at least in 
part post-8.5 million years in age. No mapped struc
tures can be uniquely associated with the T2 episode 
and the relationship between this episode and mapped 
structures remains unresolved. 

Summary of Fault-Slip Analysis 

Fault-slip data indicate that the oldest episode 
(T 1) at Newcastle consisted of dominantly strike-slip 

. extensional faulting with the axis of least principal 
stress oriented WSW. Field relations indicate that 
this episode produced most of the map-scale faults 
cutting bedrock at Newcastle and the age of the 
episode is middle to late Miocene. The T 1 episode at 
Newcastle is similar in timing and extension direc
tion, and thus probably correlative with, a widely 
recognized middle Miocene episode of regional ex
tent in southeastern Nevada and adjacent parts of 
Utah (Zoback and others, 1981; Anderson, 1989; 
Angelier, 1989). The T2 episode is well defined by 
fault-slip data but is not expressed as a unique struc-
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tural style and its regional significance is unknown. 
The origin of the Antelope Range fault remains am
biguous. Normal slip on the fault is incompatible wi th 
the paleostress tensors detennined in this study (the T 1 

and T2 episodes), leading to two possible interpreta
tions. First, if the Antelope Range fault has had a 
history of dominantly nonnal slip, it is possible that 
this episode did not produce a significant number of 
minor faults and that the episode was not detected by 
the fault-slip study. Second, it is possible that net slip 
on the Antelope Range fault is left-oblique, fonning 
(in part at least) in response to the T 1 episode, and that 
net slip on the fault is several times the vertical 
component of separation (greater than 1.6 kIn). Map
ping of Quaternary units in the Newcastle area (Siders 
and others, 1990) and a Quaternary fault study (Ander
son and Christenson, 1989), however, provide no 
evidence supporting left-oblique slip since Pleistocene. 
We conclude that fonnation of the Antelope Range 
fault postdates fonnation of the mapped faults cutting 
bedrock and that there has been little reactivation of 
faults, map-scale or minor faults, during uplift of the 
range (late Miocene or Pliocene to present). 

GRA VITY STUDIES 

Detailed Surveys 

Previous gravity investigations of the Escalante 
Desert and vicinity (figure 6) focused on regional 
gravity and tectonic patterns in the Great Basin (Eaton 
and others, 1978; Pe, 1980; and Pe and Cook, 1980). 
C.M. Schlinger and students of the University of Utah 
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Department of Geology and Geophysics completed 
detailed gravity surveys at Newcastle as part of this 
study (Blackett and others, 1990). Because the con
trol of fluid movement in geothennal systems is often 
directly related to fracture penneability, Schlinger 
designed the detailed surveys to determine the geo
logic structure beneath the alluvial fill of the Escalante 
Desert. Goals of the gravity studies were to (1) 
estimate the dip of the Antelope Range fault, (2) 
detect the pre~ence of any hanging-wall structures, 
and (3) to estimate the depth to bedrock beneath the 
Escalante Desert. The surveys, perfonned during 
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Newcastle. Densities are in g/ cnr. Polygonal cross-section structures have 
strike lengths of20 kilometers (125 mi), exceptfor the Pinto graben which 
has a strike length of 4 kilometer (2 5 mi). Zero km mark corresponds to the 
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November of 1987 and September of 1988, consisted 
of close-spaced (8 m) gravity measurements along 
traverses oriented both parallel and normal to the 
Antelope Range fault (figure 7). 

A local gravity base station (GBS) was estab
lished approximately 15 meters (50 ft) south of the 
Newcastle cemetery, about 1. 6 kilometers (1 mi) west 
of the town center. The survey teams determined 
absolute gravity at GBS and at all gravity survey 
points by tying to the regional gravity base station 
located in Enterprise. Cook and others (1971) estab
lished this gravity base station as a regional reference 
point. Schlinger and students used two portable La 
Coste and Romberg gravity meters for the survey. 
Diurnal variation of the earth's gravity field along 
with instrument drift over time were determined by 
repeating readings every three to five hours at GBS 
with each gravimeter. Survey crews took gravity 
measurements at 393 stations during two surveying 
periods. Station locations and elevations were deter
mined using a combination theodolite and electronic 
distance meter. Surveyed points were tied to estab
lished USGS bench marks and section comers 
(Blackett and others, 1990, p. 23). 

Reduction of Gravity Data 

Using observed gravity measured at each station, 
the field teams determined the complete Bouguer 
anomaly by standard methods described in Telford 
and others (1976) and Dobrin and Savit (1988). Fig
ure 8 shows station locations, station elevations, and 
the Bouguer anomaly for gravity survey line LL 
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Figure 10. Comparison between observed and calculated gravity anomaly of 
figure 9. 

(figure 7), a long profile normal to the Antelope 
Range fault. The Bouguer anomaly and station eleva
tions are plotted as a function of the easting (Utah 
state plane) coordinates. The principal variations in 
Bouguer gravity relate to the offset of bedrock units 
by the Antelope Range fault (figure 8a). Low values 
on the left hand side of the diagram reflect low
density materials filling the Newcastle graben. High 
values on the right hand side of the diagram reflect the 
presence of high-density volcanic and sedimentary 
rock units present in the adjacent range. 

In order to estimate dip and total offset along the 
Antelope Range fault, Schlinger modified a 2.5 di
mensional forward-modelling routine written by J.H. 
Luetgertofthe USGS, based on the algorithm of Cady 
(1980). Schlinger's modifications allow the routine 
to operate on UNIX-based and PC-type computers. 
The 2.5 dimensional algorithm uses constant-density 
horizontal prisms that are polygonal in cross section. 
The cross-section shapes and densities do not vary 
along the strike lengths of the prisms. The strike 
lengths of the prisms are finite. 

Interpretation of Gravity Studies 

Figure 9 illustrates the results of forward model
ing. The model approximates the gravity profile 
along line LL. Rocks forming the lower layer of the 
model, assumed to be Mesozoic sedimentary rocks, 
are represented with a density of 2.5 g/cm3 (156 lbs/ 
ft3). Overlying sedimentary rocks of the Iron Springs 
and Claron Formations, and volcanic rocks of the 
Isom Formation and Quichapa Group and unnamed 
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Figure 11. Temperature-<iepth plots for wells NC-2 through NC-ll . From 
Clement (1981) and Chapman and others (1981). 
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volcanic units, are represented by offset prisms, each 
with a density of 2.4 g/cm3 (150 Ibs/ft3). A diagonal 
line with a dip of 65 degrees to the northwest repre
sents the Antelope Range fault. Two low-density 
wedges left of the fault, depicting valley-fill materi al, 
represent the Newcastle graben. The lower wedge of 
alluvium, with a density of 2.1 g/cm3 (131 Ibs/ft3), 
thins basinward, and the upper wedge, with a density 
of 1.9 g/cm3 (1191bs/ft3

), thickens basinward. A thin 
wedge of alluvial-fan material with an average den
sity of 2.0 g/cm3 (125 Ibs/ft3) represents the small 
"Pinto graben" (Pe, 1980). The strike length of all 
prisms, except for the Pinto graben, is 20 kilometers 
(12.4 mi). The prism which represents the Pinto 
graben has a strike length of 4 kilometers (2.5 mi). 

Figure 10 compares the observed data and the 
calculated gravity anomaly. Varying the fault dip 
during iterative modeling showed moderate effects to 
the model. Fault dips ranging from 60 to 70 degrees 
yield model results that adequately fit the observed 
data. The model adopted, shown in figure 9, uses a dip 
of 65 degrees along the Antelope Range fault with 
total offset of about 1.6 kilometers (1 mi). The model 
also indicates that the fault may persist to at least 5 
kilometers (3 mi) depth. 

HEAT FLOW 

Working Model 

The working model of the Newcastle system in 
Blackett and others (1990) presumed that meteoric 
water from recharge areas becomes heated during 
deep circulation in a region of elevated heat flow 
(about 90 mW/m2). This model includes a zone of 
high permeability, located at the contact between 
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valley fill and bedrock, that provides a preferred 
pathway for upflow and localized discharge of heated 
ground water to the valley-fill deposits. The model 
also suggests that minerals, precipitating from geo
thermal fluid within alluvium in the deep parts of the 
Newcastle system, may form a low-permeability bar
rier (or seal) that prevents thermal fluid from moving 
basinward. Such a barrier would enhance the upward 
flow of thermal fluid near the bedrock-alluvium con
tact. Fine-grained (clay-rich) materials that fill void 
spaces within coarse-grained alluvium adjacentto the 
Antelope Range fault might also create a low-perme
ability barrier. Thermal water from this up-flow 
zone, which discharges into a shallow aquifer, prob
ably mixes with cool ground water in alluvial-fan 
deposits along the southeast margin of the Escalante 
Desert. 

Thermal Studies 

Figure 11 illustrates plots of temperature-depth 
profiles from shallow wells drilled prior to our stud y 
(labelled NC-2 through NC-11 in figure 12). The 
profiles exhibit many features such as subnormal 
gradients, concave downward curvature, isothermal 
sections, and temperature reversals that are character
istic of many geothermal systems (Bodvarsson, 1973; 
Lachenbruch and others, 1976; Sass and Sammel, 
1976; Lachenbruch and Sass, 1978; Mase and others, 
1978; Sorey and others, 1978). These types of fea
tures are caused by fluid movement in zones of 
recharge (downward flow), discharge (upward flow), 
and lateral flow where heat is transferred by moving 
ground water. Drill hole NC-12, located about 3 
kilometers (1.8 mi) northeast ofN ewcastle (not shown 
in figures 11 and 12), exhibits a subnormal gradient 
(21°C/km; 1.1°F/100 ft) indicative of a hydrologic 
recharge zone. The remaining drill holes exhibit high 
near-surface gradients ranging from 89°C/km (4.8°P/ 
100 ft) to 1,870°C/km (101. 1 °F/l 00 ft). Drill holes 
NC-2, 3, and 4 exhibit constant temperature gradi
ents. The temperature profiles for drill holes NC-6, 
10, and 11 become isothermal, or show a temperature 
gradient reversal, between 75 and 100 meters (246 
and 328 ft). These patterns led Chapman and others 
(1981) to conclude that heated ground water flows 
laterally at shallow depths generally between 75 and 
100 meters (246 to 312 ft) in a more permeable zone, 
denoted here as an "out-flow plume." Heat is released 
from this region of elevated temperature mainly by 
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conduction into the surrounding lower temperature 
material and by mixing with cooler ground water. 

Union Geothermal Division (UNO CAL Corpo
ration) contributed unpublished results of thermal, 
geophysical, and lithology logging for a deep explo
ration well (Christiansen #1, designated here as CHR-
1, figures 12 and 13). Temperatures in CHR-1 ex
ceeded 120°C (248°F) between depths of 79 meters 
and 183 meters (259 ft and 600 ft), and the maximum 
temperature was 130°C (266°F) at a depth of 105 
meters (346 ft). Near-isothermal conditions with 
temperatures between 114°C to 119°C (237°F to 
246°F) were measured between 183 meters and 912 
meters (600 ft and 2,992 ft). Because the temperature 
log displays a temperature reversal at shallow depth 
(106 m; 348 ft), it was assumed that CHR-1 pen
etrated a tongue of heated ground water rather than 
the main upflow zone. If this assumption is correct, 
then temperatures greater than those observed in 
CHR -1 could exist at shallow depth 
in the center of the upflow zone. 
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Newcastle geothermal system, Iron County, Utah 

Chapman and others (1981) constructed a heat
flow map using the temperature-gradient data for drill 
holes NC-2 through NC-12 and from three irrigation 
wells. Heat-flow maxima exceeded 3,000 mW/m2 at 
NC-5 and NC-10. Assuming a background flux of 
100 mW/m2, they computed a minimum anomalous 
heat loss of 12.8 MW within an area of 9.4 square 
kilometers (3.7 mP) bounded by the 500 mW/m2 
contour. They also determined that the minimum 
volume discharge required to create the estimated 
heat loss was 0.032 m3/s (507 gal/min). Rush (1983) 
independently estimated a similar but lower volume 
discharge of 0.013 m3/s (206 gal/min) and proposed a 
reservoir temperature between 140°C to 170°C (284 OF 
to 338°F) based on the results of chemical analyses of 
ground water samples. 

Although the heat-flow map was poorly con
strained in some respects, it suggested the presence of 
a thermal plume of heated ground water moving to the 

8 
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Figure 12. Locations of geothermal wells and 
temperature-gradient drill holes in the Newcastle 
study area. Holes drilled prior to this study are 
designatedNC-2 throughNC-12 . Deep geothermal 
test drilled by Uruxal Geothermal Division is 
designated CHR-1. Thermal-gradient drill holes 
monitored for this study are designated NC-J3 
through NC-27. Wells sampledfor water analyses 
are designated by a 'WS" prefix. 
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Figure 13. Temperature-<iepth plotfor Unocal geothermal well CHR-1. 
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Table 3. Heat loss for the Newcastle geothermal system. 

Heat flow 
contour interval 
(W/m2) 

0.5 to 1.0 
1.0 to 1.5 
1.5 to 2.0 
2.0 to 3.0 
3.0 to 6.0 
6.0 to 9.0 
>9.0 

Total 
Background 

Heat loss 
Heat loss 

above background 

3.1 
1.8 
1.5 
0.83 
0.64 
0.10 
0.033 

8.0 

8.0 

[ 1 watt (W) = 1,000 milliwatts (mW)] 
[1 OBm2 = 10.76 x 10Bft2] 

[1 megawatt (MW) = 1,000,000 watts (w)] 

Average Heat loss 
heat flow (MW) 
(W/m2) 

0.75 
1.25 
1.75 
2.50 
4.50 
7.50 
9.00 

0.10 

2.3 
2.2 
2.6 
2.1 
2.9 
0.8 
0.3 

13.2 

0.8 

12.4 

Table 2. Temperature-gradient, thermal-conductivity,andheat-flowdatafor thermal monitoring 
weILsNC-2 throughNC-27.DataforNC-2 through NC-12 are from Chapman and others (1981). 
Data for NC -13 through NC-27 are from Blackett and others (1990). 

north from a source located near the mountain 
front (Chapman and others, 1981;Rush, 1983). 
To refine the working model for the system, 
an evaluation program consisting of shallow 
temperature gradient drilling and chemical 
analyses of fluid samples was undertaken 
(Blackett and others, 1990). 

[1 watt CN) - 0.2389 calorie/second) 
[1"C/km - 0.0541 °F/100 ft) 

Drill Depth 
Hole Interval 
orWell (meters) 

NC-2 46 to 89 
NC-3 46 to 89 
NC-4 8 to 40 
NC-5 8 to 20 
NC-6 5 to 38 
NC-7 8 to 47 
NC-8 17 to 41 
NC-9 8 to 56 
NC-10 o to 40 

NC-l1 15 to 46 
NC-12 49 to 118 
NC-13 5 to 20 
NC-14 o to 14 
NC-15 5 to 40 
NC-16 5 to 18 
NC-17 5 to 18 
NC-18 o to 13 
NC-19 o to 14 
NC-20 5 to 20 

NC-21 5 to 18 
NC-22 5 to 18 
NC-23 5 to 18 
NC-24 5 to 17 
NC-25 5 to 18 
NC-26 7 to 18 
NC-27 5 to 18 

[1 watt CN) - 1,000 milliwatts (mW)) 
[1 HFU (heat flow unit) - 41.8 mWlni) 

Thermal Thermal 
Gradient Conductivity 
(OC/km) (W/mOC) 

89 2.27 
116 1.70 
220 1.70 
1998 1.70 
1065 1.73 
370 1.70 
1028 1.70 
710 1.70 
1833 1.76 

1292 1.74 
21 1.70 
729 1.70 
>5000 1.72 
1010 1.68 
931 1.80 
847 1.67 

5737 1.83 
4615 1.83 
1409 1.70 

1943 1.64 
1267 1.57 
582 1.80 
1914 1.55 
982 1.72 
521 1.54 
412 1.60 

[1 m - 3.281 ft) 

Heat 
Flow 
(mW/m2) 

200 
200 
370 
3400 
1840 
630 
1750 
1210 
3230 

2250 
40 
1240 
>8600 
1700 
1680 
1410 
10500 
8450 
2400 

3190 
1990 
1050 
2970 
1690 
800 
660 

Additional temperature-gradient drilling 
could locate the center of the upflow zone, 
delineate its extent, and determine the geom
etry of the outflow plume. On the basis of the 
previous temperature-depth data, it was ar
gued that only holes drilled to a depth of 120 
to 150 meters (395 to 490 ft) could detect a 
temperature overturn. It was also noted, 
however, that shallower holes generally ex
press linear temperature gradients that char
acterize the conductive, near-surface heat 
flow. Boreholes drilled to a depth of 18 
meters (60 ft) were selected as being suffi
ciently deep to avoid the "noise" of annual 
surface temperature variations, but yet an 
adequate depth to map the conductive heat 
loss over the top of the geothermal system. 
Choosing this shallow drill depth would also 
allow the drilling of a greater number of 
boreholes while keeping the drilling costs to 
a minImum. 

Twelve shallow (18 meter; 60 ft) ther
mal-gradient holes were completed at strate
gic locations. Figures 12 and 14 show the 
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TEMPERATURE (oC) mometer. Precision of the probe was 
0.004 °c. Accuracy of the temperature 
measurements considering calibration er
rors, field conditions, and ohmmeter reso
lution is O.Ol°C. 
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Due to very slow equilibration time in 
air, an effort was made to log water-filled 
drill holes wherever possible. Measure
ments made in air, above the water table in 
unsealed holes, require several tens of 
minutes or longer to approach thermal 
equilibrium. In these instances, a tem
perature-time series was obtained at each 
depth by measuring temperature every 20 
seconds for a 5-minute period. Equilib
rium temperatures were then determined 
for those depths using the extrapolation 
method ofParasnis (1971). 

Figure 14. Temperature-depth plots for thermal-gradient drill holes NC-l3 
through NC-27. ,------------------------------, 

locations of these drill holes and their 
temperature profiles, designated NC-
16 through NC-27. The 12 new holes, 
drilled with rotary equipment, range 
in depth from 18 to 21 meters (60 - 70 
ft). A bottom-capped, 3. 18-centime
ter (1.25-inch) ID schedule 40 PVC 
pipe was inserted in each borehole to 
total depth, the annulus of the drill 
hole was filled with drill cuttings, and 
the PVC pipe was filled with water. 
Temperature profiles were recorded 
for the new drill holes and for three 
existing water wells drilled by other 
parties, designated NC-13,NC-14, and 
NC-15 (figures 12 and 14). 

Temperatures were measured in 
each drill hole at depth intervals rang
ing between 1 and 5 meters (3.3 and 
16.4 ft) three times over a period of 
nine months. The temperature probe 
consisted of a thermistor connected 
by four-wire cable to a digital ohmme
ter. The thermistor was a Fenwal 
K212E with a nominal 10,000 ohm 
resistance at 20°C (68°F), a power 
dissipation of 50 milliwattsrC in still 
water, and a response time of7seconds. 
The themnistorwas calibrated against 
a Hewlett Packard digital quartz ther-
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Figure 15. Heat-JIow map for the Newcastle geothennal system showing thermal-gradient boreholes and 
the appraximate surface trace of the Antelope Rangefault. Heat-JIow contours are expressed in milliwatts 
per square meter (m WI M2) and heat flow values are presented in table 2. The locations of mapped bedrock 
faults are indicated by heavy lines in the southeast quadrant of the map. The stipple pattern indicates the 
general area of exposed bedrock units. Detailed geology is shown on plate 1. 
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Figure 14 shows temperature-depth profiles for 
the 15 new holes, designated NC-13 through NC-27. 
The main feature observed from the new drill holes is 
the very high, near-surface geothermal gradient seen 
in boreholes drilled on an alluvial fan southeast of 
well NC-10 (figure 12, plate 1). Gradients in three 
drill holes (NC-14, NC-18, and .NC-19) over the 
upper 15 meters (49 ft) are about5,000°C/km (270°FI 
100 ft). Although holes NC-18 and NC-19 were 
drilled to a depth of 18 meters (60 ft), the holes could 
only be logged to about 12 meters (40 ft), presumably 
because the PV C casing lost strength and collapsed at 
temperatures above 70°C (158°F). NC-14, com
pleted with 2.5-centimeter (1-inch) ID black iron 
pipe, exhibits a high near-surface gradient, achieves 
a temperature maximum of94 °C (201°F) at a depth of 
15 meters (49 ft), and becomes isothermal to total 
depth at 66 meters (215 ft). Because none of these 
three holes intersected the water table, with the pos
sible exception ofNC-14, this observed temperature 
field is puzzling. We considered the possibility that 
the deeper, open-hole portion of NC-14 could be 
acting as a "chimney," providing for efficient vapor 
(steam) transport to the near-surface « 14 meters; 46 
ft) environment, or that boiling water convecting 
lower down in the pipe could produce the isothermal 
condition. The extremely high thermal gradients 
observed in NC-18 and NC-19 (shallow air-filled 
holes completed with plastic pipe) suggest that the 
thermal field seen in NC-14 is not simply a well-bore 
effect. Rather, it is a property of this part of the 
geothermal system. It is speculated that the isother
mal temperature field at 94°C (201°F) may result 
from vapor circulating within the alluvial fan at or 
near the boiling point of water at this elevation (about 
1,646 meters; 5,400 ft), with the upper 15 meters (49 
ft) being a conductive boundary on the vapor system. 

The curved temperature profiles in the uppermost 
6 meters (20 ft) of the temperature-gradient boreholes 
shown on figure 14 are transient effects of the annual 
temperature variation at the ground surface and are 
not important in understanding the geothermal sys
tem. Between depths of 6 and 20 meters (20 and 66 
ft) , however, most of the profiles are linear, indicat
ing that heat transfer through this region is domi
nantly by conduction. The variability seen in these 
shallow temperature gradients is directly related to 
heat loss from the geothermal system. 

Heat-flow values were determined by combining 
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thermal-gradient data with thermal conductivity, ei
thermeasured from drill cuttings or interpolated from 
nearby wells (Blackett and others, 1990, p. 53). A 
porosity of 30 percent was assumed in order to com
pute the bulk conductivity of the alluvial-fan mate
rial. Table 2 lists the thermal gradient, thermal 
conductivity, and computed heat flow. The revised 
heat-flow map for the Newcastle geothermal system 
is shown in figure 15. 

Drill holes NC-26 and NC-27 exhibited the low
est heat flow values, indicating a northwest limit to 
the geothermal system (figure 15 and table 2). Simi
larly, drill holes NC-20 and NC-23 provided control 
for mapping the northeast and southwest portions of 
the geothermal system, respectively. Drill holes NC-
13, NC-15, NC-16, and NC-17, all situated near the 
western edge of the town of Newcastle, show that the 
town itself is situated over a distal part of the outflow 
plume. Temperature gradients in drill holes NC-14, 
NC-18, and NC-19 indicate that the hottest, central 
part of the geothermal system is situated about 1.2 
kilometers (0.75 mi) southeast of the discovery well 
(N C-1 0), near the trace of the Antelope Range fault. 
This spatial association provides strong evidence that 
the range-bounding fault controls the movement of 
geothermal water. 

Theheatloss (table 3) for the Newcastle geother
mal system was calculated by integrating the anoma-
lous flux over the heat-flow map shown in figure 15. 
The anomalous heat loss above the background heat 
flow of 1 00 m W 1m2, contained within the 500 m W 1m2 
contour, was 12.4 MW. This value was slightly less 
than the previously computed value by Chapman and 
others (1981) of 12.8 MW because of better control 
from the additional drilling. A fluid discharge rate of 
0.031 m3/s (490 gaVmin) was calculated based on the 
new estimates of heat loss and by using the previous 
parameters of Chapman and others (1981). 

FLUID CHEMISTRY 

Hydrochemistry 

Table 4 lists chemical analyses of six ground
water samples collected from local wells (shown in 
figure 12). Samples WS-2 and WS-3 are from two of 
the wells that produce hot water for use in commercial 
greenhouses, the Hildebrand well and the Troy Hygro 
well, respectively. We obtained samples WS-l, WS-
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Table 4. Chemical analyses of ground-water samples from the Newcastle area. ND - not 
detected; I = inductively coupled plasma spectrometer; T = titration; S = specific ion electrode; 

minutes until mechanical problems de
veloped. Because the pump needed to 
be shut off, the manager notified us and 
the fluid sample was taken just prior to 
the shut off. 

B = turbidimetric; G = !(ravimetric; H = method o/Hem (1970) ; M = pH meter. 

Concentration (ppm) 
Species Method WS-1 WS-2 WS-3 WS-4 WS-5 WS-6 

Na+ I 24.58 273.28 290.24 249.61 63.98 104.80 
K+ I 2.76 15.24 16.97 11.74 2.64 5.05 
Ca2+ I 54.05 64.57 78.68 64.36 63.82 62.34 
Mg2+ I 25.57 0.75 0.69 5.51 25.59 13.32 
Fe2+ I NO ND NO ND ND NO 

AP+ I NO ND ND ND ND NO 
Si02 I 42.12 79.19 69.37 63.24 31.89 46.80 

B I NO 0.34 NO 0.62 0.15 0.19 
Li+ I 0.50 0.52 0.60 0.33 NO 0.09 
Sr2+ I NO 1.30 1.56 0.36 0.55 0.35 

HC0
3

· T 181.00 58.00 44.00 104.00 182.00 228.00 

All samples were filtered using a 
peristaltic pump and 0.45 micron fil
ters. Each sample was collected in two 
polyethylene bottles. One 500 millili
ter (17 fl oz) bottle contained raw fil
tered sample. The other 32 milliliter (1 
fl oz) bottle contained filtered and acidi
fied' one percent HN03 sample. 
Geochemists at the Earth Science Labo
ratory, University of Utah Research 
Institute, analyzed the samples using 
the methods indicated on table 4. 

cot T ND NO NO NO ND NO 
CI· T 48.00 69.00 104.00 76.00 44.00 82.00 
F S 0.30 7.30 6.30 4.70 0.48 1.03 
SOt B 82.00 569.00 637.00 478.00 208.00 115.00 

Total Dissolved Solids (ppm) 

measured (m) G 364 1154 1236 1016 
calculated (c) H 369 1109 1227 100p 
100*(m/c) 99 104 101 101 

pH M 7.74 8.03 7.98 7.89 
Balance (meq/l) -0.092 0.538 -0.085 0.831 
Temperature (OC) cold 77 63 32 

5, and WS-6 from cold-water irrigation wells and 
sample WS-4 from a warm-water well. Samples 1,4, 
5, and 6 were taken from actively flowing irrigation 
wells and are fairly representati ve of water within the 
aquifer. 

Sample number WS-2 was taken from one of two 
geothermal wells supplying the Hildebrand green
houses. Although the pumping system was active, the 
well was not flowing prior to sampling. The fluid 
sample was collected after opening a valve near the 
wellhead and allowing fluid to flow for a few minutes. 
The sample temperature was 77°C (171 OF). 

530 
530 
100 

7.48 
-0.427 
cold 

545 
543 
100 

7.60 
0.417 
cold 

Water analyses plotted on a tri
linear diagram (figure 16) indicate that 
samples WS-2, WS-3, and WS-4 have 
similar chemistry, and consist of S04-
Cl-HC0

3 
(sulfate-chloride-bicarbon

ate) type water. Sample WS-1, how
ever, exhibits a much lower value for 
total dissolved solids (TDS) and is a 
HC0

3
-S04-Cl (bicarbonate-sulfate

chloride) type water. This difference in water chem
istry suggests that samples WS-2, 3, and 4 contain a 
component from the geothermal system while sample 
WS-l has a chemical character more typical of fresh 
ground water. Analyses suggest that sample WS-4 
has a chemical character that could be explained by 
mixing water similar to WS-l with water similar to 
that of samples WS-2 and WS-3. Although samples 
WS-1 and WS-4 were collected at similar distances 
from the mountain front, the chemical similarity of 
WS-4 to WS-2 and WS-3 indicates that the plume of 
geothermal fluid discharging to the valley-fill depos-

SamplenumberWS-3wastakenfrom 
the supply well for the Troy Hygro 
System's greenhouses. The well had 
been shut off probably for several hours 
until just prior to sampling. The sample 
collection point was located roughly 100 
meters (328 ft) south of the well at the 
discharge point where the spent fluid 
discharges into the settling pond. The 
Troy Hygro manager turned on the well 
pump, and the well flowed for several 

Table 5. Chemical geothermometers applied to analyses of ground-water samples from the 
Newcastle area. Values are in degrees Celsius. References are IFournier. 1981 ; 2Fournierand 
Truesdell. 1973; 3Fouillac and Michard.1981; and 4Giggenbach.1988. 

GEOTH ERMOMETER 
(Reference) 

chalcedony 1 

Na-K-Ca 2 
Na-Li 3 

K-Mg · 

WS-1 WS-2 
64 97 
28 99 
63 115 
30 110 

ESTIMATED RESERVOIR TEMPERATURE 
(OC) 

WS-3 
89 
99 

120 
114 

WS-4 
84 
89 
92 

7 

WS-5 
51 
32 
32 
30 

WS-6 
69 
54 
69 
48 
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Table 6. Light-stable isotope analyses of ground-water samples 
obtained from springs and wells near Newcastle, Utah. Values of {i) 

and 8 80 are expressed in per mil relative to standard mean ocean 
water (SMOW). 

Sample Location 0'80 80 

Cove Spring -13 .0 -95 
Pinto Spring -13.9,-14.0 -104,-103 
Hildebrand Well (WS-2) -14.2 -107 
Troy Hygro Well (WS-3) -14.0,-14.3 -108 
Joel Spring -14.0 -1 03 
Escalante Mine -13 .0 -94 
Hamblin Spring -12.6,-12.4 -91 ,-92 

upon the solubility of various mineral phases in 
aqueous solutions at elevated temperatures. 
Fournier and others (1974) describe the fol
lowing assumptions made when applying 
geothermometers: (1) dissolved constituents 
are the result of temperature-dependent reac
tions, (2) an adequate supply of reactants is 

Figure 16. Piper dicJgram of water analyses obtainedfor ground-water samples WS-1 present in the reservoir, (3) chemical equilib-
through WS-6. Scales are percent of total milliequivalents per/iter. rium between the fluid and rock is established, (4) no 

its is moving in a northerly direction rather than re-equilibration takes place after the fluid leaves the 
radially away from the source. This direction of flow reservoir, and (5) reservoir fluid does not mix with 
is in general agreement with potentiometric gradients other meteoric water. 
presented by Mower and Sandberg (1982), and also Table 5 shows the results of chemical 
in agreement wi th the heat-flow contours shown on geothermometry using the analyses of samples WS-1 
figure 15. Samples WS-5 and 6 have chemistries that through WS-6. In addition, chemical geothermometry 
are more difficult to interpret. The relative propor- - 90 
tion of cation species (figure 16) suggests that these 
samples are intermediate between the two groups 
discussed previously. The relative proportion of 
anion species of sample WS-6, however, is similar to 
sample WS-1. 

Samples WS-3, WS-2, WS-4, and WS-I indicate a 
progression of increasingly mixed fluid. Samples WS-
3 and WS-2 appear to contain about 90 percent of the 
original geothermal fluid, and samples WS-4 and WS-I 
appear to contain about 40 percent and 5 percent, respec-
tively, of the original fluid. The distinctive chemical 
character of sample WS-1 suggests that this sample may 
be a dilute version of the ground water discharging to the 
valley-fill deposits, or the sample may be typical of 
ground-water chemistry found throughout the valley-fill 
deposits (M.C. Adams, University of Utah Research 
Institute, personal communication). 

Chemical Geothermometry 

Geochemical thermometers or geothermometers 
are empirically derived formulas, primarily based 

Q 

~ 
o -100 
"0 

~eteoric Water Line 
60". =8 6uIO". + 10 

- 11 a --f--~-----.---~ 
-15 -14 -13 -12 

Figure 17. Plot of 8D versus 8180 showing the results of stable isotope analyses 
of ground-water samples obtained from springs and wells in and near the 
Newcastle study area. The locations of sampled wells Hildebrand and Troy 
Hygroare noted onfigure 12 as wells WS-2 andWS-3 respectively. Locations 
of samples from the various springs andfrom the Escalante mine are indicated 
on table 6. 
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was applied to the results of chemical analyses re
ported by Rush (1983) for a water sample from drill 
hole NC-10, the Christensen Brothers' discovery 
well. Estimated equilibration temperatures calcu
lated for analyses of our samples are generally within 
the range 100to 120°C(212t0248°F). Rush's (1983) 
estimated temperature of 166°C (331°F) for a water 
sample from drill hole NC-10 (using the Na-K-Ca 
geothermometer) is considerably higher than 
geothermometer temperatures obtained from the 
analyses of our samples. Results computed for WS-
1, WS-5, and WS-6 indicate temperatures that fall 
below the range where geothermometry calculations 
are applicable. 

The maximum computed temperatures from our 
sample analyses (100°C to 120°C; 212°F to 248°F) 
approach the maximum recorded temperature of 
130°C (266°F) measured at a depth of 106 meters 
(348 ft) in well CRR-I. This would suggest that the 
fluid chemistry may reflect conditions more repre
sentative of the shallow outflow portion of the hydro
thermal system, rather than the deep geothermal 
reservoir. Samples WS-2 and WS-3 yielded our 
highest computed temperatures and appear to be 
mixed the least (up to 90 percent original geothermal 
fluid) with shallow ground water. 

The computed temperature from Rush's (1983) 
analyses of fluid from well NC-10 (166°C; 331°F 
using Na-K-Ca), however, suggests a much higher 
reservoir equilibration temperature. This is some
what of an enigma, but might be explained by differ
ences of sampling conditions. Our samples WS-2 
and WS-3 were taken from wells where only small
duration flows were achieved at the time of sampling. 
Rush's sample was apparently taken at the end of a 6-
hour pump test and would be more likely to reflect 
actual reservoir conditions in the outflowing geother
mal plume. 

Stable Isotopes 

Analyses of oxygen and hydrogen isotopes were 
performed by John Bowman of the University of 
Utah on ground-water samples collected at several 
wells in the vicinity of Newcastle, and from springs 
located in the mountains south and east of Newcastle 
(Blackett and others, 1990, p. 64). These data are 
tabulated in table 6 and plotted in figure 17. Uncer
tainty in the analytical results is approximately± 1 for 
oD and ± 0.15 for 0180 values. Where two values are 

Newcastle geothermal system, Iron County, Utah 

reported for 8D or 8180, each determination was 
made on different aliquots of the water sample. The 
average of these data pairs was plotted in figure 17. 

Stable isotope data obtained from springs and 
wells in the Newcastle area span a relatively narrow 
range of 8D and 0180 values. The results of all 
analyses lie close to the meteoric water line (MWL) 
defined by Craig (1961) suggesting that each sample 
originated as meteoric water with little isotopic frac
tionation or isotopic exchange with wallrock along 
the flow path. The meteoric signature of samples 
WS-2 and WS-3, obtained within the thermal-chemi
cal plume identified previously, suggest that the 
heated ground water originated as meteoric water 
that entered the system as recharge from the adjacent 
highlands, rather than from the loss of volatile con
stituents from an underlying igneous intrusion. This 
recharge, deep circulation, heating, and discharge 
scenario is typical of most basin and range geother
mal systems. 

The commonly noted correlation between de
creasing 8D and increasing elevation of ground
water recharge suggests that ground water in the 
thermal-chemical plume was recharged at higher 
elevations than ground water sampled at Cove Spring 
or Hamblin Spring. Review of topographic maps in 
the Newcastle area indicates that these springs may 
represent discharge from relatively shallow ground
water flow systems with recharge at higher eleva
tions on the same slope. Relatively deep circulation 
in a regional-scale flow system with a recharge area 
that extends to the Pine Valley Mountains 20 kilome
ters (12 mi) southeast of Newcastle may contribute to 
the relatively low oD values found in the thermal well 
samples. 

Samples from the thermal wells (WS-2 and WS-
3) plus the sample from Pinto Spring plot somewhat 
to the right of the MWL, suggesting enriclunent of 
180. Enriclunent in 180 is common for meteoric 
waters that have experienced temperatures above 
40°C (l04°F) along their flow paths, and itis also the 
result of water-rock interaction at elevated tempera
tures. 

ELECTRICAL SURVEYS 

In order to better determine the position of the 
upflowing fluid zone, electrical resistivity and self
potential (SP) geophysical methods were conducted 
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Figure 18. Location of resistivity lines. Note the line locations with respect to the 
heat-flow anomaly and to temperature-gradient drill holes NC-18, NC-19, and 
CHR-l. Also note the trace of the Antelope Range fault and the position of high
voltage transmission lines. 
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(Ross and others, 1990). The goals of these surveys 
were to accurately locate the upflow zone of the 
system along an approximate 1,200 meter (4,000 ft) 
length of the Antelope Range fault, and to map the 
distribution of the outflow plume. 

Resistivity Survey 

Because hydrothermal fluid often contains rela
tively high concentrations of ions in solution, the 
fluid usually eXhibits lower electrical resistivity 
than the surrounding environment. This makes 
electrical resistivity methods very useful for map
ping fluid-flow patterns in geothermal systems. 
Although we recognized the potential value of 
performing resistivity surveys across the Newcastle 
geothermal area, the survey area was complicated 
by the presence of many noise-producing, grounded 
structures. A utility corridor, containing three high
voltage transmission lines that crossed the tempera
ture anomaly from northeast to southwest, restricted 
the locations available for resistivity survey lines. 
Other impediments to the resistivity survey in
cluded fences, stockyards, and operating irrigation 
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systems located a short distance (300 
to 1,500 m) to the northwest. After 
considering several types of survey 
options, Ross and others (1990, p. 
1,532) chose the dipole-dipole array 
method, with a dipole length of 152 
meters (500 ft) in order to minimize 
electrical interference from the 
grounded structures. A dipole length 
of 152 meters (500 ft) was the best 
compromise between lateral cover
age and vertical resolutions for in
vestigating to a depth of interest of 
305 meters (1,000 ft). 

In order to minimize electrical 
disturbances from power transmis
sion lines, Ross (and others 1990, p . 
1,533) located four resistivity lines 
across the thermal area (figure 18). 
Resistivity line 1 was oriented 
roughly parallel to the Antelope 
Range fault and utility corridor, while 
remaining one dipole length (152 m) 
or more from the transmission lines. 

Figure 19. Pseudo sections showing observed apparent resistivity values (a) and computed apparent Line 2 was positioned to cross the 
resistivity values (b)forthe model solution shown infigure21 ,Newcastle I ine2(afterRossandothers,1990). temperature anomaly, the Antelope 
The symboiTC indicates the point where a transmission line crosses the resistivity profile. 



24 

Range fault, and run beneath the power lines in a near
perpendicular orientation. Lines 3 and 4 were ori
ented similarly to line 2, but were positioned south
ward from the center of the thermal anomaly. Resis
tivity lines 2, 3, and 4 were chosen to fall midway 
between the nearest transmission line towers. Al
though power line noise was noticeable along line I, 
no significant noise was noted on lines 2, 3, and 4. 
The observed data for line 2 (figure 19a) show very 
low apparent resistivity values (5!l-m or less) west of 
station I NW on separations n= 1 through n=5, and 
much higher resistivity values to the southeast. Fig
ure 19b compares the computed apparent resistivity 
with the numerical-model solution for these data. 
Computed low-resistivity values often match the data 
within 1.Q. m, and higher resistivity values match 
within 10 percent, indicating a good fit to the ob
served data. 

The observed apparent resistivity pattern on line 
3 (figure 20) is similar to the pattern seen on line 2, 
although fewer low-resistivity values were recorded. 
Line 4 was positioned on a similar orientation and 
located 610 meters (2,000 ft) southwest of line 3 to 

ARF 
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determine if the low resistivity values seen on line 2 
and line 3 were due to a pervasive low-resistivity clay 
layer rather than a localized thermal plume. Both 
near-surface and deep resistivity values observed on 
line 4 were generally higher than values seen on line 
2 and line 3. 

Ross and others (1990, p. 1,533) performed nu
mericalmodelling studies on the Newcastle resitivity 
data to provide dimensions and resistivitiy values as 
solutions to the observed data. The model solutions 
(figure 21) provide good geometric approximations 
to the geothermal system. Because the model solu
tions are non-unique, the intrinsic resistivity values 
and layer dimensions are based upon geologically 
reasonable guesses. 

The model solutions (figure 21) for line 2 and line 
3 show vertical low-resistivity (4 n·m) zones rising 
from depths greater than 300 meters (980 ft). The 
low-resistivity zones continue to the northwest as 
horizontal, 100 meter (330 ft) to 150 meter (490 ft) 
thick layers. Model solutions for line 2 and line 3 
show that the near-vertical 4 n·m resistivity bodies 
are about 200 meters (660 ft) down-slope from the 

mapped trace of the Antelope Range 
fault. The solution for line 4 shows 

Line 3 
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higher resistivity values for layers 
in the valley-fill alluvial deposits 
than the solutions for lines 2 and 3. 
These higher values on line 4 are 
possibly more typical of resistivity 
within the volcanic parent material 
in the adjacent range. 
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Figure 20. Pseudo sections showing observed apparent resistivity values (a) and computed apparent 
resistivity values (b)forthe modelsolutionshown infigure21,Newcastie line 3 (afterR ossandothers,1990). 
The symbolTC indicates the point where a transmission line crosses the resistivity profile. 

The modeled solution for line 2 
(figure 21) suggests that depth to the 
top of the thermal system, or out
flow plume, ranges between 45 
meters (150 ft) on the northwest end 
of the line and 150 meters (490 ft) 
nearstation 1 on the southeast. Simi
larly, the modeled solution for line 3 
indicates that the top of the system, 
from northwest to southeast, lies at 
depths between about45 meters (148 
ft) and 90 meters (295 ft). Models 
for both lines suggest that most of 
the outflow plume lies at a depth of 
about 45 m (148 ft), although dis-
agreement between observed and 
computed resistivity values for so-
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lution models suggests the top of the plume may be as 
deep as 60 meters (197 ft). 

Figure 22 is a map of the modeled resistivity 
distribution for the depth interval 91 to 152 meters 
(300 to 500 ft) compared to the contoured third 
separation (n=3) observed resistivity values. The 
map shows that there is a distinct boundary to the 
thermal plume on the south and east sides of the 
thermal area. 

Self-Potential Survey 

The self-potential (spontaneous-polarization or 
SP) method for geothermal exploration is relatively 

~N 35 0w--
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25 

simple and inexpensive, and it has detected anomalies 
related to thermal fluids in many case studies of 
geothermal systems (Zablocki, 1977; Corwin and 
Hoover, 1979). In geothermal areas, SP responses 
can occur as a variety of amplitudes, shapes, multiple 
anomalies, and can have either positive or negative 
polarity. Corwin and Hoover (1979) describe the 
thermoelectric coupling effect and the electrokinetic 
coupling (streaming potential) effect which give rise 
to most anomalies associated with geothermal fluid 
flow. 

Ross and others (1990, p. 1534) performed SP 
surveys at Newcastle to complement earlier electrical 
resistivity surveys. The Newcastle SP surveys con-
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Figure 21. Numerical model solutions for resistivity lines 2,3, and 4. The low-resistivity bodies (shaded) are interpreted as the fluid condW.ts and outflow plume (after 
Ross and others, 1990). 
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Figure 22. Contoured third separation (n = 3) apparent resistivity and modeled intrinsic resistivity for the depth interval 91-152 meters (300-500 ft) (after Ross and 
others, 1990), 

sisted of eight survey lines as long as 1,220 meters 
(4,000 ft) with a standard porous pot electrode spac
ing of 61 meters (200 ft) (figure 23). Noise levels 
were kept at less than one m V by preparing and 
watering potholes a number of hours prior to reading. 
Potential differences were referenced to a low-gradi
ent area, noted as "Reference Base Station" on figure 
23, located southwest from the center of the thermal 
anomaly. 

Ross and others (1990) mapped a well-defined 
108 mV SP minimum nearly coincident with the 

center of the observed temperature anomaly (figure 
23). The SP minimum is located between drill holes 
NC-18 and NC-19, where the highest temperature 
gradients were observed. Close inspection of two 
perpendicular profiles defining the SP anomaly (lines 
2 and 6; figure 24) shows a 2: 1 elongation of the 
anomaly in the direction of the surface trace of the 
Antelope Range fault. 

Ross and others (1990) describe the Newcastle 
SP anomaly as a short wavelength, 108 mV negative 
anomaly simila,r in amplitude, polarity, and wave-
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length to the SP anomaly described by Sill and Johng 
(1979) over the Dome fault at Roosevelt Hot Springs. 
Based on Sill and Johng's (1979) modelling and its 
applicability to Newcastle, Ross and others (1990) 
believe that the Newcastle SP anomaly is likely pro
duced by a point or small three-dimensional source 
situated at shallow depth. The correlative position 
and geometry of the SP source along with high near
surface temperatures in shallow drill holes and mod
eled low-resistivity zones at depth provide strong 
evidence that the SP source is generated by upflow
ing thennal fluids within the "throat" of the geother
mal system. 

CONCLUSIONS 

We propose that the center of the upflow zone of 
thermal fluids at Newcastle lies near holes NC-18 and 
NC-19 (figure 15 and plate 1). Two independent and 
spatially coincident data sets which define this center 
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are heat-flow data (figure 15 and self-potential data 
(figure 23). Two additional data sets lend support to 
this interpretation. The geologic data indicate pos
sible subsurface inter-section of the Antelope Range 
fault with older, high-angle faults in the Antelope 
Range horst block, in coincidence with the center of 
the heat-flow anomaly (plate 1). Modelling of resis
tivity data (line 2, figure 21) suggests that a narrow, 
vertical, low-resistivity zone, probably representing 
upflowing thermal fluids, coincides with this center. 
We believe that these four data sets adequately define 
the center (or throat) of the system and that deeper 
temperature-gradient drilling and sampling of pris
tine thennal fluid is warranted. It is possible that 
"unmixed" thermal fluid, produced from the throat of 
the system, may be sufficiently hot and have a suffi
ciently high flow rate to support a small binary 
power-generating facility. 
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Figure 23. Self-potential map for the Newcrutle geothermal area. All values are in m V and are referenced to the brue station ru noted (after Ross and others. 1990 J. Stipple pattern 
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of the Escalante Desert area with some suc
cess (Ross and others, 1990; Ross and oth
ers, 1991). 

-20 ~------~~----------~~--~---- -20 ACKNOWLEDGMENTS 

- .... 0 ----------------\,\------1-::;£-------------- -40 

-SO 
mV mV 

------------\----fl-.-----=R-ep-e--,ot-: --------- -SO 

Funding for this work was provided in 
large part by the U.S. Department of Energy 
(grant no. DE-FG07-88ID12756). The Utah 
Geological Survey (UGS) provided support 
for portions of the geophysical and geologi
cal studies as well as contributing UGS 
personnel time. The Unocal Geothermal 
Division of the Unocal Corporation pro
vided temperature and other geophysical 
data from their Christiansen #1 Well. 

-80 
Nov. lS. 1989 

--------------\--+-J----------------- -80 

"'-----S 52oW-

o 

-20 ---~------------____t~__:--- -20 

1989 
-40 -------,\-----------,1--------- - .... 0 

mV mV 

-60 --------\-----P~'------------ -60 

-80 ---------~-+-------------- -80 
o 200 -400 600 ft 

I I I I I I 
o 60 150 m 

Gravity data were acquired and reduced 
by students and teaching assistants of the 
Department of Geology and Geophysics, 
University of Utah under the direction of Dr. 
Charles M. Schlinger. Participants included 

Figure 24. Self-potential profiles for lines 2 (northwest) and 6 (northeast) across the SP 
minimum. A repeatprofile. recorded two days later. online2isalsoshown(af terRossandothers. 
1990). 

Susanne Janecke, Joann Hollaway, Rick 
Hulse, Peter Eick, Jim Hollis, Farhang 
Namdar, Tim Chisholm, Tony Robertson, 

Data from this study support the following model 
of the Newcastle system, modified from Blackett and 
others (1990). 

1. Thermal fluids originate as meteoric recharge 
in the Pine Valley Mountains. 

2. A complex network of high-angle faults trans
mits fluids to a depth of several kilometers where the 
fluid becomes heated by the regional geothermal 
gradient. 

3. The Antelope Range fault taps these fluids 
and provides an avenue for their ascent. Intersecting 
high-angle bedrock faults create permeable zones that 
focus fluid flow to a short segment of the Antelope 
Range fault. 

4. At a depth of about 100 meters (330 ft), up
flowing thermal fluids spill into a permeable, Quater
nary, valley-fill unit forming the outflow plume. 

5. Mixing with cool, near-surface waters occurs 
in the outflow plume as thermal fluids move in a 
northerly direction. 

Results from this study suggest that the self
potential method is a low-cost, fast method for locat
ing upflow zones of concealed geothermal systems. 
This technique has been applied in several other parts 

and Sean Willett. 
Dr. Howard P. Ross of the University of Utah 
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Plate 1. Geologic map of the Newcastle geothermal area. 
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