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ABSTRACT

The NG Alunite Area is one of the largest alunite deposits in
the U.S. with reserves of 630 million metric tons of >30% alunite
(>10% A1203).

Oligocene calc-akaline ignimbrites, overlying Paleozoic carbon-
ates, are pervasively altered to dominantly quartz and alunite to
form four large tabular to funnel-shaped deposits. These altered
volcanics are zoned horizontally from silica at the center, outward
through quartz-alunite, kaolinite-hematite, montmorillonite-chlorite-
pyrite and chlorite-calcite zones. The vertical pattern grades from
silica at the top through quartz-alunite to quartz-alunite-sericite-
pyrite at a depth of 250-300 meters.

The altered areas are associated with a system of normal faults,
and are arranged concentrically about three small Miocene porphyritic
rhyolite plugs. Monoclinal flexures and tilted fault blocks may
reflect the presence of a shallow-level intrusion. A K-Ar age date
of 22.5 m.y. on alunite is contemporaneous with rhyolites in this
part of the Great Basin.

The isotopic composition of S in alunite of +1.45 per mil is
indicative of magmatically derived S. Fluid inclusions in quartz
veins formed prior to pervasive alteration have homogenization tem-
peratures of 275-325°C and salinities of <2 eq. wt. % NaCl in the

silica and quartz-alunite zones. Inclusions in alunite veinlets,
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formed during the episode of pervasive alteration, consist only of
small, vapor dominant inclusions which were too small for microther-
mometric analysis. Mineral stability relations indicate the fluids
depositing alunite consisted of an aqueous solution of HZSOA'

These features suggest that HZS-bearing fluids, possibly evolved
from a shallow-level intrusion, rose and mixed with circulating
meteoric waters which eventually crossed the boiling curve, near to
or at the paleoground water table, resulting in the formation of
vigorously boiling hydrothermal systems at the sites of fluid
upwelling. At, and above the boiling water table, HZS and other
exsolved gases were oxidized by atmospheric oxygen to form HZSO4 and
other compounds which altered the host rocks to alunite.

The deposits at NG probably reflect the action of only the near
surface part of a larger hydrothermal system. Possible sites for
sulphide mineralization at depth within the hydrothermal system at NG
include: (1) porphyry-type mineralization in the contact zone of the
shallow-level intrusion, (2) skarn-type mineralization in the super-
jacent rocks above the intrusion, and (3) vein and/or replacement
mineralization along fluid pathways. In addition, if current models
of precious metal mineralization in epithermal systems apply, then the
potential for precious metal mineralization at the level where boiling
occurred is also possible.

Rock samples obtained from the acid-altered areas have uniformly

low trace element contents of Mo, Cu, Zn, Pb, Ag, and Au. Samples
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from quartz-sericite-pyrite veins and from jasperoid occurring locally
in the area yield anomalous Cu and Zn-Ag values, respectively.

Samples from the porphyritic rhyolite plugs have uniformly low trace
element contents of Mo, Cu, Zn, Pb, Ag, Au, As, Sn, W, and F. These
data suggest that if buried mineralization occurs in the area it may be

composed of Cu, Zn, and Ag sulphides or associated elements.
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INTRODUCTION

The NG Alunite Area is located approximately 30 air miles
southwest of Milford, Utah on the southern end of the Wah Wah Mountain
Range in southwestern Utah. (Figs. 1 and 2).

Previous geologic investigations in the southern Wah Wah Moun-
tains and vicinity have been extensive, but not extremely detailed in
nature. Miller (1966) examined the structure and stratigraphy of
the sedimentary rocks in the area, but largely neglected the strati-
graphy and structure of the volcanics. Armstrong (1968) dealt with
the large-scale structural and stratigraphic relations of the sedi-
mentary rocks occurring in the region. Mackin (1960), Armstrong
(1970), Anderson (1971), Best et al. (1973), Best and Brimhall (1974),
Anderson and Rowley (1975), Shuey et al. (1976), Mehnert (1978), Rowley
et al. (1978a), and Steven et al. (1979) have dealt extensively with
the stratigraphic relations, structural framework, and geochronology
of the Tertiary volcanic rocks occurring in the region. Recent local
mapping by Lindsey and Osmonson (1978), Best and Keith (1979), and
Lemmon and Morris (1979), of the volcanic rocks in areas adjacent to
the thesis area have defined the stratigraphic relations of locally
derived volcanics. The relation of ore deposits to tectonics, mag-
matism, and geophysical anomalies in this region have been reviewed
extensively by Shawe and Stewart (1976), Stewart, Moore and Zietz

(1977), and by Rowley et al. (1978b).
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EXPLANATION
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FIGURE 2, GEOLOGIC MAP OF THE SOUTHERN WAH WAH RANGE,
SOUTHWESTERN UTAH (Adapted from STEVEN et al,1978)
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The Wah Wah Mountains form a northtrending range bounded by
alluviated valleys near the eastern margin of the Basin and Range
Province. The Wah Wah Range is the topographic expression of a tilted
fault block bounded by west-dipping listric normal faults, developed as
a result of regional east-west extension during the Miocene. The core
of the range consists of Paleozoic carbonates and quartzites (Figs. 2
and 3) which were thrust faulted and folded into a syncline during the
Sevier Orogeny. The southern end of the range is covered by Cenozoic
volcanics, predominantly calc-alkaline ignimbrites of Oligocene through
Miocene age. These volcanics have been intensely faulted and altered
to dominantly quartz and alunite. The alunite deposits at the NG Alu-
nite area form one of the largest and highest grade deposits known
in the world.

The stoichiometric formula for pure alunite is KA13(SO4)2(OH)6,
with a theoretical composition of 36.92 percent A1203, 11.37 percent

K,0, 38.66 percent SO

2 3 and 13.05 percent HZO’ although most natural

alunite contains at least a small amount of Na in substitution for

K (Cunningham, 1976) and sometimes Fe in place of Al (Botinelly, 1976
and Brophy et al. 1962). With the development of economic metal-
lurgical methods for processing alunite bearing rocks, alunite deposits
have become important as a potential nonbauxite source of aluminum with
byproduct potassium sulfate fertilizer and sulfuric acid (Hall, 1978).

Considering the United States' near total dependence on imported
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bauxite and alumina, alunite deposits are valuable as a strategic
resource of alumina.

Alunite occurs in two main types of deposits: (1) hydrothermal
deposits as veins and replacements; and (2) supergene sedimentary
deposits formed in clay rich rocks and lacustrine sediments (Hall,
1978). Figure 4 shows the distribution of these deposits in the
conterminum United States. Hydrothermal vein and replacement deposits
are formed during advanced argillic alteration at low pH's (Hemley
et al. 1969). The host for these deposits are typically volcanic rocks
of rhyolitic to dacitic composition (Hall, 1978). Replacement deposits
constitute the bulk of the alunite resources, both in the United States
and the rest of the world (Hall, 1978). Although these deposits rarely
contain more than 30 percent alunite, equivalent to only 1l percent
A1203, Hall (1978) reports that they can be mined by large-scale,
low-cost, open-pit methods.

The history of the development of alunite as a strategic mineral
resource and one of economic value is given by Hall (1978). Alunite
has been mined, in Italy since the 15th Century and in China since the
17th Century, as a raw material for making alum. During World War I,
the supply of potash fertilizer from Germany was interrupted, prompting
several companies to attempt to develop the alunite veins of the
Marysvale district, Utah as a source of potassium sulfate fertilizer.

Extraction of alumina from alunite was not attempted, except on a lab-

oratory scale, until World War II when the supply of imported bauxite
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from Surinam and other sources was threatened. The alunite veins at
Marysvale were again exploited, this time as a source of alumina with
potassium sulfate as a byproduct. During the same period, an experi-
mental plant in Japan produced several thousand tons of alumina from
alunite-rich rocks mined in South Korea. Both operations succeeded
technologically but were economic failures. No permanent operations
resulted and after the war, alunite was relegated to the status of a
potential, submarginal aluminum resource. Since then, only large-
tonnage, low-grade replacement deposits are deemed to have sufficient
reserves to support an alumina industry based on alunite. Hall (1978)
reports that a potentially exploitable deposit should contain at least
90 million metric tons having an alunite content of at least 30 per-
cent. Presently, the only plant in the world extracting alumina from
these large-tonnage low-grade deposits is in Azerbaijan, U.S.S.R. This
plant has the capacity to produce 200,000 tons of alumina per year,
although it is questionable whether or not this operation would be
competitive in an open market economy.

The principle domestic alunite reserves and potential resources
occur in the Great Basin and Rio Grande Rift provinces of the western
U.S. (Fig. 4). The most important alunite resource areas in this
region (Hall, 1978) include: (1) the deposits at Goldfield, Nevada
(Fig. 4) with identified resources of up to 300 million metric tons
containing between 10 and 20 percent alunite; (2) the deposit at Red

Mountain, near Patagonia, in southern Arizona (Fig. 4) with 200 million
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metric tons containing roughly 25 percent alunite; (3) the deposit at
Red Mountain, near Lake City, Colorado (Fig. 4) with 250 million metric
tons containing between 30 and 40 percent alunite; and (4) the deposits
at the NG Alunite Area, in the southern Wah Wah Mountains, Utah (Fig.
4) with 630 million metric tons containing greater than 30 percent
alunite. Although alunite deposits are common in the western U.S.,
only the deposits at Red Mountain, Colorado and the NG Alunite Area
have sufficient reserves and grades to potentially support an alunite
based alumina industry.

The alunite at NG is concentrated in four discrete deposits,
designated Areas A, B, C, and D, which form four resistant ridges
(Fig. 5). Investigations of the area to date (Walker, 1971; Walker
and Stevens, 1972; Perry and Walker, 1974; and Perry et al. 1977)
by the Alumet Partnership (Southwire Company, Earth Sciences, Inc.,
and National Steel Corporation) have been exclusively oriented towards
evaluating the economic potential of the alunite-rich altered volcanics
as a source of smelter grade alumina. Drilling in recent years by the
Alumet Partnership has proven reserves of 9] million metric tons con-
taining 35 to 40 weight percent alunite in NG Area C, and indicated
and inferred reserves of 544 million metric tons containing greater
than 30 percent alunite from the remaining Areas B, C, and D. The
Alumet group has overcome most of the metallurgical problems
encountered in previous attempts to extract alumina from these low-

grade deposits and propose to establish a commercial mine and mill
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Figure 5.

Oblique Aerjial View of the NG Alunite Area, looking north.
The letters A, B, and C mark major ridges of alunite al-
tered volcanic rocks. Area D is located outside the field
of view near the left margin of the photograph. PSj and PS,
are proposed sites for future power stations. Photo cour-
tesy Earth Sciences Inc.
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designed to produce cell-grade alumina (alumina suitable for reduction
to aluminum) along with by-product potassium sulfate fertilizer and
sulfuric acid. The activities of the Alumet consortium have revived
interest in alunite as a potential nonbauxite source of aluminum.

Alunite mineralization is also important because it is often
reported to occur in association with other types of mineralization.
For example, alunite is a well-developed alteration product at several
hot-springs Hg deposits (White, 1981) and in many epithermal Au-Ag
deposits such as at Goldfield, Nevada (Tolman and Ambrose, 1934)
and Pueblo Viejo, Dominican Republic (Kesler et al. 1981). It has also
been reported to occur at the tops of porphyry systems (Sillitoe,
1973) in the Andean Cu-belt of South America and in the southern
Arizona Cu-province (Knight, 1977), including the Cu-Mo porphyry at
Red Mountain, Arizona.

The NG Alunite Area, in particular, may also be related to several
other types of mineral deposits. Topaz rhyolites, rich in F and
lithophile elements, present at the Tetons just south of the project
area (Lindsey and Osmonson, 1978) have been linked to: fluorspar-
uranium mineralization, which occurs at the Staatz Mine south of
Area D; Climax-type porphyry molybdenum mineralization, such as the
Pine Grove deposits occurring on the western flank of the southern Wah
Wah Range, 10 km northwest of the field area; and San Juan-type base
and precious metal deposits rich in F and Mn (Burt, et al. 1982).

Slack (1980) proposed that the alunite deposits at Red Mountain, near
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Lake City, Colorado, represent the near-surface expression of the
volcanic hosted epithermal system which deposited precious metals

at the Golden Fleece mine and precious and base metals in nearby mines
at deeper levels in the system. Secondary hematite-uraninite-pyrite
mineralization is often associated with the San Juan-type deposits
(Burt et al. 1982), and occurs in fault zones at the Blawn Mountain
uranium deposit south of Area D and in lesser concentrations through-
out the field area. Similar secondary uranium deposits associated with
alunite mineralization also occur at Marysvale, Utah (Cunningham and
Steven, 1979a, and Steven et al. 1980).

The purpose of this investigation is to determine the physico-
chemical conditions necessary for the genesis of the NG alunite
deposits and their relationship to: (1) other types of mineralization
occurring in the area and (2) recent models of hydrothermal systems
published in the literature. To achieve this purpose, observations on
structure and alteration mineralogy were combined with fluid inclusion
studies, trace element geochemistry, and S isotope compositions and

K-Ar age dates recently provided by the U.S. Geological Survey.
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REGIONAL METALLOGENY

Mineral deposits in the Great Basin Epigenetic Ore Province (Shawe
and Stewart, 1976) can be separated into an eastern group dominated by
base-metal deposits and a western group dominated by precious-metal
deposits, although both areas have produced precious- and base-metals
and tungsten. The division between these two sub-provinces is
approximately parallel to the boundary between miogeoclinal and eugeo-
clinal rocks of the Paleozoic Cordilleran Orogenic Belt (Fig. 6), and
may be due to the presence of Precambrian basement under the mio-
geoclinal or eastern part of the Great Basin.

Shawe and Stewart (1976) found that the mineral deposits occur-
ring in the Great Basin tend to occur in clusters along linear trends,
and that these belts of mineral deposits were most clearly developed in
the eastern base-metal subprovince. The east-trending mineral belts in
the base-metal subprovince also appeared to be more clearly related to
features such as aeromagnetic anomalies, igneous activity, and struc-
tural discontinuities than the northwest trending mineral belts of
Nevada (Fig. 6). The Pioche Mineral Belt in southwestern Utah and
eastern Nevada (line Q-R on Fig. 6) exhibits the clearest relationship
to geologic and geophysical features. It differs from other mineral
belts in the base-metal sub-province in that it contains deposits of
molybdenite, fluorspar, uranium, and alunite, (Shawe and Stewart, 1976).

Geologic features associated with this belt as determined by Shawe
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and Stewart (1976), and Stewart et al. (1977) include: a broad system
of positive aeromagnetic anomalies; porphyritic calc-alkaline vol-
canic and intrusive rocks; rhyolite lava flows of Miocene to Holocene
age in the Utah portion; and a series of northeast to east-northeast
trending faults which are locally en echelon. In the opinion of Shawe
and Stewart (1976) these faults reflect a shear zone of left-lateral
displacement in the basement. Stewart et al. (1977) found that the
calc-alkaline igneous rocks, which occur in east-west patterns in
eastern Nevada and western Utah, become successively younger to the
south. They proposed that the east-west patterns are the result of a
southward migrating front of igneous activity related to a southward
propagating structural warp in a subducting plate. The scarcity of
calc~alkaline igneous rocks and aeromagnetic anomalies between suc-
cessive east-trending volcano-plutonic belts are thought to be due to
the presence of competent rock between the weak east-trending pre-
Tertiary structural zones in the crust which focused igneous activity.
In a later study, Rowley et al. (1978b) recognized a younger east-
trending linear element within the Pioche Mineral Belt--the Blue Ribbon
Lineament (Fig. 6). They found the lineament to be a fault zone based
upon the alignment of features such as range terminations, valleys,
aeromagnetic contours, a series of middle Miocene and younger rhyo-
lite eruptive centers, and several hot springs associated with the
major east-west faults. The deeper level of erosion north of the

lineament and lower topography south of the lineament demonstrated that



T-2617 16

the cumulative displacement across the lineament is down to the south.
Rowley et al. (1978b) showed that the Blue Ribbon Lineament is also the
site of a series of altered and mineralized rocks of middle Miocene to
Pliocene age, which are commonly associated with rhyolites of the same
age. The distinctive occurrences of Mo, F, U, and alunite deposits
within the eastern part of the Pioche Mineral Belt appear to be more
closely related to the younger Blue Ribbon Lineament and, based upon
studies by Burt et al. (1982), to continentally derived topaz rhyo-
lites. The rhyolites occurring along the lineament are middle Miocene
and younger in age, correlative to the period of bimodal volcanism,
indicating that the lineament developed coincidental with extensional
rifting of the eastern Great Basin. The presence of hot springs areas
along the lineament demonstrates that it has been a persistent geologic
feature since the middle Miocene. The lineament apparently served as a
channelway for magmas and hydrothermal solutions along much of its
extent.

In the southern Wah Wah Range, the geology reflects the influence
of the Blue Ribbon Lineament as exemplified by the presence of east-
trending faults and several rhyolite intrusive and eruptive centers,
some of which are associated with mineral deposits. The largest de-
posits include the porphyry molybdenite deposit at Pine Grove, fluor-
spar at the Staats Mine, uranium at Blawn Mountain, and alunite at NG.

All of these relations suggest that the clustering of ore deposits

in the Pioche Mineral Belt and Blue Ribbon Lineament is related to
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deep-seated structural zones in basement rocks which have variously
influenced the locus and character of structural, igneous, and hydro-
thermal activity much as the Precambrian shear zone influenced the

locus of these features in the Colorado Mineral Belt during the

Tertiary.
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GEOLOGIC SETTING AND STRATIGRAPHIC HISTORY

The NG Alunite Area is located on the southeastern flank of the
north-trending Wah Wah Range, a block-faulted range typical of the
Basin and Range province. Most of the Wah Wah Range is composed of
a conformable sequence of miogeoclinal sediments including quartzite,
limestone, dolomite, and minor shale (Miller, 1966). According to
Armstrong (1968}, these sediments were deposited under relatively
quiescent conditions, beginning sometime before the appearance of
Cambrian fossils and continuing into the Triassic. Deposition took
place near the eastern margin, or hingeline, of the Cordilleran mio-
geocline (Fig. 6) where the thick sequences of basin, slope, and rise
sediments thin onto the Paleozoic continental shelf to the east.
Precambrian metamorphic rocks 1.5 b.y. in age underlie the shelf
sediments (Armstrong, 1968) as far west as the hingeline (Fig. 6)
(Burchfiel and Davis, 1972).

In the Wah Wah Range, Precambrian metamorphic rocks are not ex-
posed, but Paleozoic miogeoclinal sediments in excess of 10,000 feet
have been measured and described by Miller (1966). The lower one-
third of this sequence is composed of the basal clastic Eocambrian
to Cambrian Prospect Mountain quartzite which is a prominent ridge
former in the Wah Wah Range. The upper two-thirds of the sequence
is composed of Cambrian to Triassic limestone and dolomite with minor

intercalated shales.
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Due to the lack of regional unconformities within the miogeo-
clinal rocks (Miller, 1966), it appears that in southwestern Utah
sedimentation was not disrupted by the Antler orogeny occurring to the
west, nor by the uplift of the Ancestral Rocky Mountains to the east,
although both of these orogenic areas contributed clastics to the
miogeocline.

Armstrong (1968) determined that Triassic marine sediments were
the last to be deposited in the Cordilleran miogeocline due to uplift
associated with the Sonoman orogeny occurring to the west. This uplift
of the Great Basin region caused a major westward shift of the contin-
ental margin and resulted in the development of subaerial continental
conditions over much of this area. Armstrong recognized that the site
of the greatest uplift associated with the Jurassic Sonoman orogeny
was located in the western part of the miogeocline {(Nevada) where the
accumulation of miogeoclinal sediments had been the thickest. Clastics
derived from this highland area were spread as far east as the Colorado
Plateau. However, beginning in the early Cretaceous, the major source
of clastic material shifted to the east (Armstrong, 1968), at the
previous location of the eastern margin of the Paleozoic miogeocline.
Uplift along this belt was accomplished by a series of east-directed
thrusts and minor folds which piled the thick sequence of miogeoclinal
rocks onto the Paleozoic continental platform. Armstrong (1968) was
the first to realize that these folds and thrusts represented the

southern continuation of the Foreland Fold and Thrust Belt and referred
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to this area as the Sevier orogenic belt. He found the major thrust
sheets in this belt to have displacements of greater than 25 miles (40
km) and to be underlain by major, low-angle decollement surfaces. In
southern Utah, Armstrong (1968) estimated the amount of shortening
across the belt to be greater than 40 miles (65 km).

In the Wah Wah Range, two major thrusts related to the Sevier
Orogeny are present. The western most Wah Wah thrust places Eocambrian
to Cambrian Prospect Mountain quartzite over Cambrian to Jurassic car-
bonate and clastic rocks. This thrust sheet contains over 7,000 feet
(2,250 meters) of resistant Prospect Mountain quartzite which forms
prominent ridges along the western flank of the Wah Wah Range (Miller,
1966). The topographically lower Blue Mountain thrust places Cambrian
and younger age carbonates over Jurassic clastic rocks (Miller, 1966).
This thrust sheet is internally disrupted by a series of imbricate
thrusts which in turn place older units over younger ones. At the NG
Alunite Area, the carbonate rocks composing the Blue Mountain thrust
sheet underlie the altered volcanic rocks, which are the subject of
this investigation. A generalized cross-section through the Wah Wah
Range at NG is presented in Figure 3.

In southwestern Utah, the Sevier highland was largely reduced
to a peneplain by the middle Eocene {Armstrong, 1968). Consequently,
the area became the site of deposition of the continental-lacustrine
and conglomeratic sediments of the Claron Formation (Anderson and

Rowley, 1975). The accumulation of the Claron Formation marked the



T-2617 21

end of the long period of nondeposition which began in this area with
the Triassic uplifts associated with the Sonoman orogeny.

Deposition of the Claron Formation continued until the late Oli-
gocene, approximately 35 m.y. ago, when this area became the site of
voluminous eruptions of calc-alkaline magma. Anderson and Rowley
(1975) reported that the largest eruptions resulted in the formation of
a sequence of regionally conformable ash-flow tuff units which are
separated by volcanics of local origin. They suggested that these
volcanic rocks were laid down on a surface of low relief as evidenced
by the large lateral extent of some of the more voluminous units. In
southwest Utah, the Needles Range Formation, Isom Formation, and
Quichapa Group ignimbrites described by Anderson and Rowley (1975) and
Mackin (1960) form the sequence of regionally extensive ashflow tuffs.
Members from each of these formations are represented in the thesis
area as well as an older basal ash-flow of more local origin. These
rocks are described in detail in a later section on volcanic strat-
igraphy.

The character of volcanism changed in the Miocene (Anderson and
Rowley, 1975), about 23 m.y. ago, with the eruption of a bimodal suite
of basalt and rhyolite which has continued into the Holocene. Unlike
the calc-alkaline volcanic rocks deposited during the earlier episode
of volcanism, the rhyolites and basalts deposited during this episode
were erupted from scattered local centers and produced flows of small

lateral extent. Several workers, e.g., Anderson and Rowley, 1975;
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Rowley et al. 1978a; Mehnert, 1978; and Best and Brimhall, 1974, have
demonstrated that the beginning of block faulting in the Basin and
Range is not only synchronous with, but also genetically related to the
eruption of both basalts and rhyolites which began in this area about
23 m.y. ago. Normal faults in southwestern Utah, such as the Hurricane
fault, are known to be older than the Basin and Range faults. These
faults are related to the structural differentiation of the Colorado
Plateau Province which began about 26 m.y. ago (Rowley et al. 1978a).
The period of bimodal volcanism is represented in the NG Alunite
Area by the complex Formation of Blawn Wash of Best and Keith (1979),
and by the younger Basalt of Brimstone Reservoir (Lemmon and Morris,
1979). These units are described in the section on volcanic strati-
graphy. It was during this period of volcanism that the Wah Wah Range
became a structurally distinct unit separated from the adjacent val-
leys. Since the eruption of the youngest basalt flows, about 13 m.y.
years ago, the southern Wah Wah Range has been the site of erosion, and

deposition of colluvial and alluvial deposits during the Quaternary.
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GEOLOGY OF THE NG ALUNITE AREA

The volcanic stratigraphy of the NG Alunite Area is dominated
by ignimbrites which were deposited over much of southwestern Utah and
eastern Nevada during Oligocene and Miocene times. Ignimbrites of
regional distribution present at NG include all four members of the
Needles Range Formation, the Baldhills member of the Isom Formation, and
the Bauers Tuff member of the Condor Canyon Formation of the Quichapa
Group. Volcanics of local extent or derivation include the Lamerdorf
Tuff member of the Escalante Desert Formation, the basalt and rhyolite
members of the Formation of Blawn Wash, and the Basalt of Brimstone
Reservoir. The relative chronology between the ignimbrites, tuffs,
and flows are shown on the geologic column for the area (Fig. 7). The
map symbol, age, thickness, and detailed descriptions of the volcanic
lithologies are presented below along with radiometric ages obtained
from the literature. Thicknesses were derived trigonometrically
from the dip of compaction foliation and/or bedding and length perpendic-
ular to strike mapped in the area. Table 1 shows the estimated mineral
mode for each unit.

The detailed stratigraphy and structure of the Paleozoic sedimen-
tary rocks, which underlie the volcanics, have been studied previously

by Miller (1966) and will not be presented here.

Tel Lamerdorf Tuff Member, Escalante Desert Formation (Best and Keith,

1979)
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Age: Oligocene, 34-29 m.y. Bracketed by the age of the Needles
Range Formation dated at 29.7 m.y. (Armstrong, 1970) and the
Horn Silver Andesite dated at 30.8 and 34.1 m.y. (Lemmon
and Morris, 1979).

Thickness: May reach 300 feet (100 meters).

Description: Lavender, to gray, to dark olive-green and brown;
plagioclase-biotite, moderately welded vitric-crystal ash-flow
tuff. Probably quartz-latite in composition. Locally, a
lavender to gray flow unit may be present (especially common
south of the map area) which contains more and larger pheno-
crysts of plagioclase and biotite. This unit characteristi-

cally weathers into hackly plates and grus.

Deposition of the Lamerdorf Tuff member of the Escalante
Desert Formation was the first episode of volcanism in the area.
This event marked the beginning of calc-alkaline volcanism in
the field area. The lateral extent of the Lamerdorf Tuff and
several of the other members of this formation is fairly limited
(Best and Keith, 1979), and thicknesses often vary considerably.
Whether this is due to erosion or non-deposition over local areas

of high relief is unclear.

Needles Range Formation (Best et al. 1973; Mackin, 1960)

Age: Oligocene, Armstrong (1970) showed that there were no

26
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significant differences in age between the four members, each
dated at 29.7 m.y.

Thickness: The overall thickness may exceed 3,000 feet (1,000
meters) in the field area.

Description: The Formation is composed of four nearly identical
members, each composed of gray to greenish-brown to purplish-
brown, plagioclase-hornblende-biotite-quartz, crystal-vitric,
moderately welded, ash-flow tuff. The lower three members
each vary from a dark-colored basal vitrophyre to a lighter
divitrophyed zone, to a light gray and light olive green weakly
welded upper part. The upper member lacks a basal vitrophyre.
Conspicuous fea£ures of each of the four units are described
below in the order of their deposition. On the basis of major
element analyses, Anderson and Rowley (1975) classified

the Needles Range Formation as a dacite.

Mackin (1960) originally defined the Needles Range For-
mation and divided it into two members, the Wah Wah Springs Tuff
and the Minersville Tuff. Later, detailed studies by Best
et al. (1973), and Shuey et al. (1976) resulted in a revision
of Mackin's definition to include four members in the Needles
Range Formation--the Cottonwood Wash Tuff, Wah Wah Springs
Tuff, Lund Tuff, and Wallaces Peak Tuff. The revised nomenclature

is adopted in this report.
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The Needles Range Formation is distinctive in its great
lateral extent covering a rectangular area of more than 33,600
sq km in southwestern Utah and eastern Nevada (Best et al. 1973).
Shuey et al. (1976) explained the rectangular shape of the
outcrop area by calling upon eruption from a source area centered
on the northtrending Sevier highland resulting in downhill flow
on both sides of the ridge. Based upon estimates of the volume of
material ejected during the eruption of the Wah Wah Springs Tuff
alone, Shuey et al. (1976) found this would require crustal sub-
sidence that should have resulted in the formation of a caldera
on the order of 72 km across and 1 km deep. To date, no such
caldera has been located.

Shuey et al. (1976) found the Wah Wah Springs Tuff to
be thickest in parts of the Needles Range where its thickness
is on the order of 350 meters compared to an average of about
100 meters over most of its extent. They considered the source
area to be nearby, possibly in the area of the Escalante Desert
(Fig. 2) and the southern Needles Range. The thickness of the
Wah Wah Springs Tuff in the field area of approximately 525
meters indicates that the southern Wah Wah Range is close to the
eruptive source and it supports the contention of Shuey et al.
(1976) that the nearby Escalante Desert may be the site of the
eruptive source and caldera. The thickness of the Lund Tuff of

about 350 meters is slightly thicker than that reported at
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the type locality northwest of Lund, Utah (Best et al. 1973),

also possibly indicating a nearby eruptive source.

Tnc Cottonwood Wash Tuff Member

Thickness: Varies from zero to 300 feet (100 meters) in thickness.

Description: Euhedral biotite phenocrysts up to 8 mm in diameter
and sparse quartz phenocrysts as much as 4 mm in diameter are
typical. Plagioclase phenocrysts are abundant and large. Horn-

blende is inconspicuous in hand sample.

Tnw Wah Wah Springs Tuff Member

Thickness: 1,650 feet (525 meters).

Description: Pumice lapilli are more abundant, and the average
crystal size is less than the Cottonwood Wash Member. Abundant
1-2 mm phenocrysts of hornblende are the most prominent feature.
Biotite phenocrysts are 3 to 4 mm across and quartz is not visible

in hand specimen.

Tnl Lund Tuff Member
Thickness: 1,100 feet (350 meters).
Description: This unit is most easily identified by the presence
of up to 15 percent phenocrysts of quartz 2 to 3 mm across. Apatite

and sphene are present in most thin sections.
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Tnwp Wallaces Peak Tuff Member

Thickness: The only recognized exposure in Blawn Wash reached
a maximum of about 100 feet (30 meters).

Description: Conspicuous, large, white, pumice lapilli, which
make up 10 to 20 percent of the rock, are diagnostic as well
as the moderate degree of welding and compaction. This member
did not develop a densely welded basal portion. Quartz pheno-
crysts are less common and are smaller than in the Lund
Member. Zircon, apatite, and sphene are conspicuous in thin

sections.

Baldhills Member of the Isom Formation (Anderson and Rowley,

1975; Mackin, 1960)

Age: Miocene, Armstrong (1970) dated the Baldhills Member at
25.0 m.y., and Fleck et al. (1975) at 25.2 m.y.

Thickness: Less than 50 feet (15 meters).

Description: Dark reddish, to purplish, to chocolate-brown,
vitric-crystal, densely welded ash-flow tuff with less than
15 percent phenocrysts of plagioclase and minor augite and
opaque oxide minerals. Locally intensely compressed and
stretched lenticles of light-colored pumice are present.
Characteristically, this unit shows a strong platy parting and
a blocky fracture which forms a grus composed of roughly cubic
granules. Anderson and Rowley (1975) report the composition

to be that of an average quartz latite.
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The Baldhills Tuff is one of the most distinctive units
occurring in the map area. In unaltered areas the member char-
acteristically forms resistant ridges capping the less resistant,
weakly welded Wallaces Peak Tuff and upper weakly welded part
of the Wah Wah Springs Tuff. 1In areas of altered rock, the mem-
ber is distinguished by its lack of phenocrysts, and especially
by its strong platy parting and blocky '"cubic" fracture. Even
though the Baldhills Tuff is quite thin, less than 15 meters
thick, it is continuous across the map area, suggesting that
it was deposited on a surface of very little relief. The dis-
tinctive character and continuous nature of the member made it
an ideal marker bed during mapping. Anderson and Rowley (1975)
considered the eruptive source of the Baldhills Tuff to lie some-
where in the Escalante Desert near the northern Iron Springs
District and southern Black Mountains, where they found numerous

cooling units of only local extent.

Formation of Blawn Wash, of Best and Keith (1979)

Age: Middle Miocene; the Formation ranges in age from about 25-20
m.y.

Thickness: The aggregate thickness may reach 2,000 feet (650
meters) in Blawn Wash.

Description: A complex sequence of dominantly rhyolitic intru-

sions, flows, ash-flows, airfall tuffs, base-surge deposits,
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volcanic sandstones, and mafic dikes and flows. Conspicuous
features of each member are described below in the order of

their deposition.

Rhyolite Tuff Member, Formation of Blawn Wash (Best and Keith,

1979)

Age: Miocene; relationships to other units indicate an age of
25 to 22 m.y. Westra and Keith (1981) report an age date of
20 m.y. on the correlative Pine Grove porphyry.

Thickness: As much as 900 feet (300 meters) of this unit is
exposed in Blawn Wash (Best and Keith, 1979).

Description: A varied sequence of light-colored, loosely con-
solidated, vitric-lithic-crystal, ash-flow and airfall tuffs
with intervening beds of stratified base-surge deposits, vol-
canic sandstones, and congolomerates. A typical sequence
starts with a tan, green, or reddish-brown, stratified,
volcanic breccia with graded bedding, which rests atop the
underlying Isom Formation. This unit is overlain by a light
olive green, unconsolidated vitric-lithic-crystal ash-flow
tuff containing fragments of the Lund Tuff Member of the
Needles Range Formation. This unit is in turn overlain by an
unwelded vitric-crystal ash-flow tuff unit which is white to pink
in color. This unit is the most voluminous, and makes up

about 1/2 to 2/3 of the member. Sparsely disseminated
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throughout the upper 1/2 of this unit are euhedral phenocrysts
of dark reddish-brown garnet 1 to 2 mm in diameter, and lithic
fragments of quartzite and chert. 1In the southern part of the
map area, a reddish-brown, stratified volcanic breccia over-
lies the Mafic Dike and Flow Member, which contains numerous

conspicuous euhedral phenocrysts of dark reddish-brown garnet.

The basal part of the Rhyolite Tuff member consists
exclusively of fragments of what appear to be devitrified,
vitric, ash~flow tuff, or possibly a flow, which forms a repet-
itive sequence of well-sorted, layered, graded beds, which are
locally crossbedded. This part of the Rhyolite Tuff member is
considered to represent a deposit of base-surge origin as
described by Sheridan and Updike (1975). Breccia fragments as
much as 5 ¢m across, present in this unit, do not resemble any of
the ash-flow tuffs in the map area. This suggests the presence
of an eruptive source area nearby, but outside the map area.

The next portion of this member contains up to 50 percent
fragments, usually less than 2 cm across, of the Lund member,
of the Needles Range Formation. In areas of altered rocks, this
unit is easily mistaken for the Lund Member. Best and Keith
(1979) found fragments up to 25 cm across in this unit to the

south of the map area, suggesting a source to the south.
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Above these breccia units is an unwelded rhyolite ash-
flow tuff. The mineralogy of the lower part of this unit is
typical of silicic alkalic rhyolites occurring along the Blue
Ribbon Lineament. The upper part, however, contains distinctive
euhedral phenocrysts of spessartine garnet which are sparsely
disseminated throughout. The garnet-bearing part of the member
is thought by the present investigator to be correlatible with
the garnet-bearing ash-flow tuff from the Mo-rich Pine Grove
porphyry.

The uppermost portion of the Rhyolite Tuff member resem-
bles the lowermost breccia unit with the exception that it
contains euhedral garnet phenocrysts identical to those in the
ash~flow tuff unit underlying it. The source area of this part
of the Rhyolite member may also be the Pine Grove porphyry.

The euhedral character of the garnets, occurring in parts
of the Rhyolite Tuff Member, indicates they were derived directly
from a silicate melt system or a silicate melt-aqueous fluid
system with which they were in equilibrium. In Climax-type sys-
tems, such as the Pine Grove porphyry (Westra and Keith, 1981),
aluminous phases such as garnet may form by the evolution of a
vapor phase rich in alkalies and volatiles which effectively
depletes the silicate melt of its alkali content (Clarke, 1981).
Clarke (1981) classified aluminous rhyolites of this derivation

as endogenic (origin as a result of internal processes within
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the silicate melt-aqueous fluid system) hyperaluminous rhyolite.
Hyperaluminous granitic intrusions are often accompanied by
alkali metasomatic aureoles (Clarke, 1981) such as occur in the

potassic alteration zone of the Pine Grove porphyry Mo deposit.

Mafic Dike and Flow Member., Formation of Blawn Wash {(Best and
Keith,l979)

Age: Miocene, 23 m.y. (Best, 1981, written commun.).

35

Thickness: May reach 300-600 feet (100-200 meters) locally. For

the most part it is about 100 feet in thickness.

Description: Gray, with phenocrysts of augite and labradorite
in a matrix of plagioclase, ferro-magnesium silicates, mag-
netite and glass. Weathers brown with individual blocks
exhibiting characteristic, red, liesegang banding. Very
sparse zeolite amygdules are also characteristic. The unit
ranges from 55-60 weight percent SiO2 and 2.4-4.0 percent KZO
(Best and Keith, 1979), which indicates a basaltic andesite

composition. Like the rhyolites, the eruption of basalts was

synchronous with the beginning of block faulting in this part

of the Great Basin (Anderson and Rowley, 1975).

The Mafic Member of the Formation of Blawn Wash is of

local origin, as evidenced by exposures along Blawn Wash (Pl. 1)

)

where the flow descends into one or more dikes. Smaller dikes of
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this member are locally present to the west across the southern
part of the map area, typically in the outcrop area of the

Rhyolite Tuff Member.
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Bauers Tuff Member of the Condor Canyon Formation, Quichapa Group,

(Anderson and Rowley, 1975; Mackin, 1960)

Age: Middle Miocene. Armstrong (1970) obtained dates of 21.3
m.y. and 21.6 m.y. for the Bauers Tuff; Fleck et al. (1975)
a date of 22.1 m.y.

Thickness: Less than 50 feet (15 meters).

Description: Dark reddish-brown, plagioclase-sanidine-biotite,

vitric-crystal, welded tuff. The ash-flow is present in only

a few places within the map area. Locally, a basal black
to dark green vitrophyre is present, which is less than 10
feet thick, and contains sparse, red spherulites. In the

southern portion of the map area, the vitrophyre is devitri-

phied and gray, to light brown, to pink in color. The middle,

dark reddish-brown welded zone is overlain by an upper light
gray to olive green, nonfoliated, partially welded zone.
Anderson and Rowley (1975), on the basis of a major element
analyses, consider the Bauers Tuff to be a calc-alkaline
rhyolite. The Swett Tuff Member of the Condor Canyon Forma-

tion was not observed in the map area.
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The Bauers Tuff originally covered an area of more than
25,000 sq. km (Anderson and Rowley, 1975) from the extreme west-
ern Markagunt Plateau in Utah to the Seaman and Pahranagat

Ranges in Nevada. In the map area, a complete section was
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observed only southwest of Area B. Elsewhere the tuff is largely

absent. It was impossible to determine whether this was due to
erosion or nondeposition related to the structural development
of topographic féatures. The source area of the Bauers Tuff is
not known, although its greatest thickness, 35 meters, occurs

in the southwestern Black Mountains, possibly near the vent area

(Anderson and Rowley, 1975).

Age: Middle Miocene. Best (1981, personal commun.) estimates
the age to be between 20 and 22 m.y.

Thickness: Less than 600 feet (300 meters).

Description: Light pink to pink, vitric-crystal, densely welded
ash-flow tuff. Contains less than 20 percent phenocrysts of
sanidine with traces of plagioclase, biotite, and hornblende.
The lower and upper portions of the unit are only slightly
welded, if at all. These portions are characterized by
abundant and conspicuous, equidimensional pumice lapilli 1 cm
or less in diameter. The densely welded and devitrified cen-
tral part of the unit has a thickness less than 2/3 of the

total thickness of the unit.
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The apparent latite composition seems to indicate that
this unit may be more closely associated with the earlier calc-
alkaline period of volcanism. Even though this member may be
contemporaneous with the regionally extensive ash-flows erupted

at this time, it apparently is of local origin.

Rhyolite Plug, Dome, and Flow Member, Formation of Blawn Wash.

Age: Middle Miocene. Mehnert (1978) obtained an age date of
20.16 10.86 m.y. from topaz rhyolite at the nearby Staats
Mine. Rhyolites at Mt. Belknap, near Marysvale, range in
age from 20-18 m.y. (Cunningham, 1979b). 1In addition, the
field area lies along a northeast-trending belt of rhyolite
intrusive and eruptive centers of early Miocene age 23 to
18 m.y., defined by Best and Mehnert, (1983). The rhyolite
at NG is probably of similar age.

Thickness: The flows do not exceed 125 feet (40 meters) in
thickness and are often much thinner and of limited extent.

Description: Light gray, pink, lavender, or brown; devitrified
porphyritic, silicic-alkalic rhyolite. Contains less than

10%, 1 mm phenocrysts of quartz, sanidine, and plagioclase in
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a microcrystalline matrix. Generally flow layered and locally

lithophysal. In the southeastern part of the map area it is
locally perlitic in texture. Rhyolites in this part of the

Great Basin have been found to be generally synchronous with
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a northeast-trending block faulting event, 22 to 18 m.y. ago,
(Best and Mehnert, 1983) indicative of northwest-southeast

crustal extension.

The Rhyolite Plug, Dome, and Flow Member of the Formation
of Blawn Wash is typical of many silicic-alkalic rhyolite flows
and intrusions occurring along the Blue Ribbon Lineament. This
unit, however, appears to vary in thickness across the map area
suggesting the existence of topographically high and low areas
prior to deposition, due to faulting, erosion, or both. The
flows in the area vary from white porcelaneous or perlitic in
texture to dark purple, devitrified flows containing sparse
phenocrysts of feldspar, quartz, and biotite. Unlike the vari-
ation between flows, the three intrusive rhyolites located near
the center of the map area (Pl. 1) are very similar to one
another. All contain sparse phenocrysts of feldspar and quartz
with traces of biotite and opaque oxide minerals; they exhibit
prominent flow banding and platy fracture. The foliation of the
westernmost plug is variously oriented, but vertical; whereas, in
the intrusion to the east, the foliation dips toward the east at
30 to 60 degrees, suggesting a plug-dome or flow-dome character.
The rhyolite intrusion to the southeast is the smallest and has
less well-developed flow banding than the others. This plug, and

the westernmost one, both exhibit banded intrusion breccias near
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their margins with vertical elongation of smeared breccia frag-
ments. Similar brecciated and banded rock was not observed near
the margin of the plug-dome, although exposures are poor. The
existence of thin perlitic flows, less than 10 feet thick, more
than a mile from the nearest possible vent area may indicate the
magma had relatively low viscosity, and therefore, high water
content. Initially, however, the water content had to have been
low for the magma to have reached the surface without first
becoming water saturated and crystallizing. The formation of
intrusive breccia along the margins of the westernmost plug,
evidence of explosive forces, may be due to either a high vola-
tile content of some of the magma or perhaps interaction with

ground waters at the margins of the magma column.

Basalt of Brimstone Reservoir Area (Lemmon and Morris, 1979)

Age: Pliocene, 13 m.y. Best, M. G., (1981, personal commun.).

Thickness: May reach as much as 1,650 feet (550 meters) to the
east of the map area (Lemmon and Morris, 1979); however, it
is less than 500 feet thick at the eastern margin of the map
area.

Description: Dark gray to black, locally vesicular, porphyritic-
aphanitic, augite-hormblende-andesine basalt flow. One

millimeter phenocrysts of augite, hornblende, and andesine
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occur in a felted matrix of labradorite, glass, and magnetite.

May approach augite andesite (mugearite) in composition.

The Basalt of Brimstone Reservoir, the last volcanic
episode in the area, occurred about 7 m.y. after the last erup-
tion of rhyolite. This unit outcrops along the eastern margin of

the map area.

All of the volcanic rocks older than the Rhyolite Plug, Dome and
Flow Member have been variously altered or mineralized, placing the age
of alunite mineralization at about 20 m.y. The U.S. Geological Survey
obtained a preliminary K-Ar age of 22.5 m.y. on vein alunite from the
north end of NG Area C, (Cunningham, written commun. 1982). This date
is not consistent with the stratigraphic relations, or the K-Ar age
determinations on the volcanic rocks.

The three silicic-alkalic rhyolite intrusions, approximately
20 m.y. in age, which happen to be centrally located with respect to
the alunite altered volcanics in Areas A, B, C, and D (Pls. 1 and 3)
are apparently later volcanic phases, not related to the episode of
alunite alteration, but centered on the proposed intrusive complex
thought to be responsible for the alteration.

Immediately to the north and several miles south of the NG
Alunite Area, the volcanic rocks are disrupted by only a few faults and
structural relations are much simpler. In both of these areas, the

faults are approximately parallel to the front of the north-trending
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Wah Wah Range. These faults were probably formed under the same stress
regime that was responsible for the formation of local Basin and Range
structure. In the NG Alunite Area, several of the major faults are
similarly oriented in northerly directions, and are considered to

be coeval with those faults occurring to the north and south. East-
West trending faults also occur at NG which may be related to the Blue
Ribbon Lineament described in an earlier section. In addition, the
fault density in the NG area is greater than it is in the areas to the
north, (Lemmon and Morris, 1979) and south, (Best and Keith, 1979).

Figure 8 is a plot of joint orientations measured throughout the
area. The plot shows that north-trending joints are the most frequent.
These joints are parallel to several major north-trending faults (Fig.
8) and were presumably formed under the influence of the same east-west
to northwest - southeast tensional stress regime. The east-west tren-
ding joints may be related to the Blue Ribbon Lineament. Tension joints
with other orientations are of two origins; (1) cooling joints, formed
during cooling and contraction of the volcanic rocks immediately
following deposition, and (2) tectonic joints, formed under tensional
stresses of local origin. In the field, cooling and tectonic joints
are indistinguishable. Tectonic joints not related to east-west
extension or the Blue Ribbon Lineament may have formed in response to a
vertically oriented principle stress regime developed during local

uplift.
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The structural features of the NG Alunite Area indicate that
much of the area was subjected to upflexing, upfaulting, and extension
prior to the episode of alunite mineralization. In the southeastern
part of the map area (Pl. 1) the volcanic strata form a monoclinal
flexure that dips to the east, southeast, and south, away from the
central portion of the map area. The fault block on the south end of
Area B, also centrally located relative to the alunite altered vol-
canics, is uplifted relative to the surrounding rocks. Elsewhere
throughout the map area, the volcanic rocks are disrupted by variously
oriented systems of normal faults often arranged in dominantly anti-
thetic patterns indicative of local extension.

The anomalous structural features of the volcanic rocks at NG
may have formed during the emplacement of a shallow level intrusion.

A number of geologists working in the Basin and Range Province, notably
Mackin (1960), Mehnert (1978) and Best, (Pers. Commun.), have described
similar structures in the wall rocks surrounding high-level intrusions.
These intrusions commonly make room for themselves by up-flexing and
up~faulting their roofs. Monoclinal flexures are commonly developed
around the margins of the intrusions which serve the same purpose in
the room-making process (Mackin, 1960). The silicic-alkalic rhyolite
plugs and the structural features observed at NG may be related to the
emplacement of an intrusion at depth.

Based upon the work of Mackin (1960), and Mehnert (1978), the

intrusion(s), if present, may be a laccolith. They found that many
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of the shallow-level intrusions in southwestern Utah are laccoliths
which were emplaced along low-dipping planes of easy parting; and,

that in areas of complex structure, they are often found to be emplaced
along flat thrusts such as the flat-lying Blue Mountain thrust under-
lying the field area (Fig. 3). It is possible, therefore, that if an
intrusion is present, it is laccolithic in shape and was emplaced along
the Blue Mountain thrust. The deep structural relations presented on
Plate 2 were drawn on the basis of this inferrence. According to
Mackin (1960), the lateral extent of these shallow-level intrusives is
spatially related to the overlying area of structural disturbance. At
NG, the distribution of structurally anomalous and altered volcanic
rocks coincide, and are thought to reflect the presence of a buried
intrusive complex which was responsible for the structural patterns,
the rhyolite plugs, and the heat required for the development of the
hydrothermal system which produced the alunite alteration.

Based upon the distribution of structure and mineralization
mapped by Lindsey and Osmonson (1978) another intrusion may underlie
the area immediately to the south of the field area as well. At the
Staats Mine, a topaz rhyolite plug is emplaced in Paleozoic carbonates.
The carbonate rocks in this area are locally altered to jasperoid
(Lindsey and Osmonson, 1978). To the south these Paleozoic carbonates
are overlain by south-dipping volcanic rocks which may mark the
approximate southern limit of structural influence of the proposed

shallow-level intrusion. The two topaz rhyolite plugs of the Tetons
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are located in this area of south-dipping volcanics. The volcanic
rocks present even farther to the south have relatively simple
structural relations, although they were subjected to low intensity
alteration.

If the limit of these shallow-level, possibly laccolithic, intru-
sions are accurately defined by the relations cited above, they have a
combined north-south dimension of at least 6 miles with an east-west
dimension of about 3 miles. In other words, the area of influence of
the proposed shallow level intrusive complex is much larger than the

distribution of eruptive centers mapped at the surface.
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ALTERATION AND MINERALIZATION

The NG Alunite Area is dominated by four topographically high
areas, designated Areas A, B, C, and D (Fig. 5 and Pls. 1 and 3),
in which the volcanic rocks have been predominantly altered to quartz
and alunite. Less intensely altered and unaltered volcanics are found
in the valleys between the four ridges. The distribution and miner-
alogy of the altered rocks at NG have been studied in great detail
by Earth Sciences, Inc. in their efforts to define bodies of ore.

They performed hundreds of X-ray diffraction runs on samples from both
the surface and subsurface. Most of the samples were from the areas

of alunite-altered rocks, although many samples were analyzed from

the less intensely altered zones. The mineralogy of the less intensely
altered rocks was studied by the present investigator using the petro-
graphic microscope. Based upon X-ray diffraction and petrographic
work, several alteration zones have been defined. The distribution of
these alteration zones across the NG Alunite Area is presented on

Plate 3. Table 2 outlines the mineralogy and textures characteristic
of each zone.

In addition to the main stage of alunite-related alteration,
several episodes of wvein mineralization were recognized in the map
area. Figure 9 outlines the paragenesis of veining and alteration
at NG. The relative timing of each of these events is based upon

cross cutting relationships observed in the field, as well as
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Table 2.--Alteration Pattern, NG Alunite Area

Alteration Zone

Silica Zone

Quartz-Alunite Zone

Hematite-Clay Zone

High Propylitic
Zone

Low Propylitic
Zone

Mineralogy

Quartz % opal, % cristo-
bolite, and % tridymite.

guartz and alunite,

t cristobolite, * kaolin-
ite, % pyrophyllite,

+ boehmite, % hematite
and * geothite.

Hematite, kaclinite,
chlorite, montmorillon-
ite, * alunite, % seric-
ite, % pyrophyllite,

t* gecothite.

Chlorite, montmorillon-
ite, sericite, epidote,
t kaolinite, % pyrite,

+ gquartz and % calcite.

Chlorite, calcite, *
epidote, * pyrite, and
+ guartz.

Texture

Varies from massive re-
placement to spongy sil-
iceous sinters. Original
rock textures are gone.

Pervasive; the original
rock textures are mostly
obliterated and can be
discerned only with great
difficulty.

Original textures are pre-
served.

Hematite occurs often as
disseminations and in
bands. Biotite and
K-feldspar are locally
preserved.

Original textures are
easily observed. K-feld-
spar, biotite, plagio-
clase, and hornblende are
present.

Very weak alteration;
virtually fresh rock.
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textural characteristics of individual complex veins. In general,
early calcite veins are followed and replaced by quartz veins followed
by the main stage of alteration that deposited the alunite. Locally,
quartz-sericite-pyrite veins and/or jasperoids are present that formed
prior to the main stage of alunite-related alteration but later than
the episode of quartz veining (Fig. 9). Massive deposits of iron
oxides also occur locally (Plate 3) that formed during and/or after
main stage alunite alteration. The remainder of this section describes
each type of mineral occurrence and, on the basis of textural rela-
tionships and phase relations published in the literature, attempts to
place restrictions on the conditions attending each episode of
mineralization.

Calcite and calcite-quartz veins are present most commonly in
low intensity, propylitically-altered rocks. Characteristically,
chlorite, calcite, and pyrite occur in the thin selvage of altered
rock surrounding the veins. A few coarse-grained lamellar calcite
veins up to 2 feet (0.6 meters) across were located in the area
(Plate 3), although most are less than 1 cm in width. Most veins
were discontinuous and traceable for no more than a few tens or,
locally, hundreds of feet.

Holland and Malinin (1979) have shown that the precipitation and
solution of calcite in meteoric hydrothermal systems is mainly a
function of temperature, pH, and CO2 fugacity. The solubility of
calcite decreases with (1) increasing temperature, (2) increasing

pH, and (3) decreasing CO, fugacity. Waters of meteoric origin
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containing calcium and carbon species resulting from equilibration with
volcanic wallrocks will tend toward saturation (1) dufing descent

into deeper, higher temperature rocks, (2) via hydrolysis or, pos-
sibly, redox reactions with silicate wallrocks which reduce the H+
concentration, and (3) by loss of CO2 during boiling. The occurrence
of chlorite and calcite in the altered zone around the veins suggests
the hydrothermal fluids were near neutral to slightly alkaline in com-
position (Rose and Burt, 1979).

Quartz veins were most often observed in the propylitically
altered areas, although they are also present in each of the higher
intensity alteration zones. Calcite veins are less prominent in areas
where quartz veins are well developed. Where calcite veins were
replaced by quartz, boxy and slotted textures formed by replacement
along cleavage planes in calcite are present. One such quartz vein
more than 2 feet (0.6 meters) across was located in the valley north-
west of Area A (Plate 3), but most are much smaller. Otherwise, the
quartz veins typically contain drusy quartz and are usually less than
a few centimeters across. Few veins were traceable for more than a
few tens or, locally, hundreds of feet.

Experimental studies in the SiOZ-HZO system, summarized by Holland
and Malinin (1979), have shown that the solubility of quartz in aqueous
solutions increases with increasing temperature and is virtually
independent of pH and concentration of dissolved salts, although they

have a strong effect on exchange reactions between the fluids and
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wallrocks which liberate silica. Therefore, cooling of the hydro-
thermal fluids as they rose towards the surface may have contributed to
quartz deposition. The replacement of earlier formed calcite veins by
quartz is consistent with this idea because calcite solubility
increases in cooling fluids. Episodic boiling of the fluids would also
have contributed to the deposition of quartz. Loss of volatiles during
boiling increases the silica concentration of the residual fluid, thus
promoting quartz deposition. The source of silica was probably from
exchange reactions with siliceous wallrocks, possibly augmented by
emanations from a magmatic source. The walls of these veins exhibit
weak alteration characterized by clay minerals, sericite, and pyrite.
These minerals are normally deposited from hydrothermal fluids with
neutral to slightly acid pH's (Rose and Burt, 1979).

Green, fine-grained, quartz-sericite-pyrite veins were observed
in only seven places (Pl. 3). These veins varied from about 6 inches
(0.2 meters) to 3 feet (1 meter) in width and are discontinuous,
usually less than a few tens or, locally, hundreds of feet in length.
The surrounding wallrocks are locally silicified and phyllically
altered to the point where the contact between the vein-filling and
wallrocks is difficult to discern. The conditions attending this stage
of mineralization are not accurately known, although experimental stu-
dies of phase relationships in hydrous potassium aluminum silicate
systems, summarized in Rose and Burt (1979), suggest that in potassic

rocks sericite is stable only at temperatures of greater than about

130°C and at weakly acidic to near neutral pH's.
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The gradational boundary along the margins of these veins, a
result of intense pervasive alteration and replacement of the wall-
rocks, indicates these fluids were out of equilibrium and highly
reactive with the surrounding wallrocks. Mineral precipitation may
have been promoted by reaction of the fluid with the wallrocks, boil-
ing, temperature increase, or other influences.

Jasperoid was observed in the southern and northwestern portions
of the map area (Pl. 3), usually near the margins of alunite-altered
rocks. It varies in color from milky white to dark reddish-brown and
is found to occur near, and sometimes along, faults. They commonly
form dike-like bodies resistant to erosion which are often traceable
over fairly long distances (Pl. 3). One jasperoid body, southeast of
Area B, occurs in the silicic-alkalic rhyolite plug located there;
however, its genetic relation to the plug is not known. Lindsey and
Osmonson (1978) reported many areas of jasperoid south of Area D, in
sedimentary carbonates, which may be similar to those described here.

Lovering (1977) determined that the prerequisites for jasperoid
formation are: (1) an adequate source of silica, (2) solutions
that can transport silica, and (3) conditions such that the hydro-
thermal fluids are able to both promote the solution of host rocks
and inhibit the solubility of silica. Possible sources of silica at
NG include the silica-bearing volcanic rocks and also siliceous fluids
exsolved from cooling magma at depth. As mentioned earlier, silica

solubility increases with increasing temperature. As a result, waters
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associated with volcanic geothermal systems have the highest concentrations
of silica compared to other naturally occurring waters. The simultan-
eous dissolution of wallrocks and precipitation of silica, as evidenced
by relict host rock textures, indicates that the fluids responsible for
jasperoid formation were able to approach equilibrium with the wall-
rocks only via extensive amounts of chemical exchange. The occurrence
of jasperoid in the carbonate rocks south of the map area suggests that
cooling of the fluids during ascent towards the surface was a factor,
because this would promote both the solution of calcite and the pre-
cipitation of silica. Fluids with pH less than neutral may have

also promoted carbonate dissolution.

The jasperoids occurring at NG are often yellow, red, and brown
due to the presence of iron oxide minerals. Occasionally, boxwork
textures suggestive of pyrite are present. The iron oxide minerals
occurring in most jasperoids have been shown by Lovering (1972) to be
secondary oxidation products of originally reduced iron species. This
is important because it indicates that the solutions depositing jas-
peroid were generally able to stabilize pyrite as were the fluids
depositing each episode of mineralization thus far. This contrasts
with the next two stages of mineralization in which hematite is the
stable form of excess iron.

The formation of broad areas of altered rocks associated with
alunite mineralization was the most intense episode of hydrothermal

activity affecting the area. The widespread alteration occurring
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during this episode may have obliterated many of the veins deposited
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during earlier episodes as only a few quartz veins are present in these

altered areas.

Examination of Plate 3 reveals that each of the major altered
areas exhibits a concentric zonation pattern which varies from a cen-
tral silica zone outward through a quartz-alunite zone, a hematite-
clay zone, a high-intensity propylitic zone, and a low-intensity pro-
pylitic zone which affects nearly all of the volcanic rocks in the
area. Drilling in the areas of alunite mineralization revealed that
a vertical alteration pattern is also present. Based upon drill-hole
data, a cross section through NG Area C is presented in Figure 10.
The figure shows a vertical pattern which changes from a silica zone
at the top down through a quartz-alunite zone which grades into a
quartz-alunite-sericite-pyrite zone in the deepest regions explored
by drilling.

In outlying altered areas, such as the small areas east of
Area A, north of Areas B and C, and north of Area D, the alteration

boundaries are horizontal with flat bottoms rather than funnel shaped.

The vertical zonation pattern is the same as the concentrically arranged

horizontal pattern described above with quartz-alunite at the top pass-

ing downwards through the hematite-clay and propylitic zones. Drill-
ing in Area C has shown that only a small portion of the altered

rocks mapped at the surface immediately overlie a deeply rooted zone
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and that the 'rooted zones'" are of relatively limited extent. Many of
the marginal areas of altered rock overlie relatively unaltered
volcanics.

The contact between altered and relatively unaltered volcanics,
at the bottoms of these marginal areas are nearly horizontal regard-
less of the structure of the volcanics. To the northeast of Area C,
small flat-bottomed areas of altered rock occur in steeply dipping
members of the Needles Range Formation. In Areas B, C, and D, alter-
ation boundaries cut across faults (Pl. 3). The presence of alter-
ation boundaries that cut across structural features indicates that
most of the structural development in the area was complete prior to
the episode of widespread alteration.

The flat-bottomed areas of altered rocks must have formed from
hydrothermal fluids which moved horizontally out from central areas

underlain by root zones. Presumably, erosion has separated rootless
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marginal areas from the larger parent areas, which supplied the fluids.

Primary textural features of the volcanic units are largely oblit-

erated in the areas of intense alteration. The intensity of alteration

was found to vary with respect to textural variations which controlled
the porosity and permeability within and between individual lithologic
units. The most permeable rocks in the section are the airfall and
base-surge tuff breccias and volcanic sandstones, which have well-
developed primary porosity and permeability, and the strongly welded

portions of ash-flow tuffs and flow units, which have well-developed
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joint systems. The best example of the control of porosity on alter-
ation intensity is at the north end of Area C. At this location, the
upper weakly welded portion of the Lund Member of the Needles Range
Formation is only weakly altered, while overlying tuff breccia of the
Formation of Blawn Wash and the underlying, more strongly welded part
of the Lund are intensely altered to quartz and alunite. The control
of permeability on the degree of alteration intensity is most impor-
tant near the margins of quartz-alunite altered zones. In the centers
of Areas A, B, C, and D alteration is pervasive and unaffected by vari-
ations in the permeability of the host rocks. Apparently, in the cen-
ters of these systems there was sufficient time and volume of solution
to alter even the least permeable parts of the section.

Application of experimentally determined phase relations to the
mineralogy observed in these altered rocks put important constraints
on the geochemistry of the hydrothermal fluids. Figure 11 presents
phase relations in the system KZO-A1203-5102-H20-SO3. Maintenance of
the product log @(H+))2 - a804-2 at values greater than about -11
(Fig. 11), which is necessary to stabilize alunite, requires high
activities of both K' and H*. Knight (1977) estimates these activi-

2

ties to be attained only at pH's less than 4 and SO,”“ concentrations

of greater than 100 ppm. For log (a(H+))2 _2 values greater

" %s0,
than -9.5 silica is the only stable phase. Solutions associated with

deposits of residual silica in active hot springs have pH's near or

less than 2.0 (Ellis, 1979; White et al, 1971). At lower values of the
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product log (a(H+))2 -2 alunite and kaolinite are stable, while

" ®s0,

at higher product log (a(K+))2 . .2 K-mica is stable. The phase

#s0,
relations indicate that the formation of the various alteration zones
at NG were caused by the interaction of strong sulphuric acid solutions
with the silicate minerals in the volcanic rocks.

On the northern end of Area C and on the west side of Area A,
several massive pods of black iron oxide minerals are present. The
iron oxides appear to have been deposited in open spaces along fault
zones and in fractured and brecciated rock. These bodies often con-
tain uranium, as indicated by scintillometer readings, and rarely con-
tain traces of pyrite. They always occur near the margins of intense-
ly altered rocks and are thought to be related to the episode of
alunite alteration.

These deposits are presumably related to the period of alunite
alteration and result from the movement of iron-rich acid solutions
out of the altered areas into an enviromment of higher pH (Schoen
et al. 1974). The neutralization of these fluids in fault zones
could easily have been accomplished by mixing of the low pH hydro-
thermal fluids with near-neutral meteoric water that may also have been

moving along these fault zones.
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TRACE ELEMENT GEOCHEMISTRY

In an attempt to further define the hydrothermal system, rock
samples from each stage of altered and veined rock occurring across the
map area were collected and analyzed for several trace elements. The
intention was to compare the trace element geochemistry of each stage
and to possibly outline epigenetic leakage halos or plumes overlying
buried mineralization. Samples from the silicic-alkalic rhyolite plugs
were also collected and analyzed to see if they might be productive.
Samples were sent to professional laboratories for analysis (see
Appendix B) during the course of geologic observations in the field.
One hundred samples were analyzed for Mo, Cu, Zn, Pb, Ag, and Au.

Also, 22 selected samples were analyzed for As, Sb, Sn, W, and F. The
method used during these analyses, the detection limits, and the
results are presented in Appendix B. Sample locations are presented on
Plate 4. The precision and accuracy of this data were not determined
in this study, although the commercial laboratories used, guaranteed an
accuracy of ¥ 20 percent.

Based upon a 100 sample population, threshold values for the ele-
ments Mo, Cu, Zn, Pb, Ag, and Au were determined by plotting the
cumulative percent frequency versus concentration on probability paper
and identifying the point of change in slope of the curve as the
threshold value. Ideally, the change in slope of the curve should
correspond to the point of division between samples having a normal

distribution of values and samples that are anomalous. This method
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of determining threshold is relatively arbitrary, and where necessary,
was adjusted slightly to higher or lower values in order to better

fit the data when plotted as frequency histograms. Plots of these data
are available in Appendix B. The threshold was defined in this manner
because these methods have proved useful for the recognition and
separation of multiple populations (Levinson, 1980) and because it

was anticipated that two populations would exist at NG, one reflecting
the average elemental abundance of the felsic rocks, and another repre-
senting mineralization. 1In addition, Rose, Hawkes, and Webb (1979)
have found that little appears to be gained, for most sets of geochemi-
cal data, by the use of distributions more complex than normal or log-
normal ones. Too few samples were analyzed for As, Sb, Sn, W, and F

to use statistical methods for threshold determinations. The values
obtained for these elements have been interpreted largely on the basis
of information available in the literature.

The distribution of samples across the NG Alunite Area containing
anomalous values of trace elements is presented on Plate 5. Table 3
shows how the distribution of samples with anomalous trace element
contents varies according to the stage of mineralization sampled.

Very few samples were collected from the areas of quartz-alunite
alteration. Rocks from these areas had been previously analyzed
for trace elements by Earth Sciences, Inc. and were found to have uni-
formly low trace element contents below the threshold values estab-

lished in this study. The few samples from the alunite altered areas



63

T-2617

‘SONI0A MOj AjWJOjiun pDY Pub POZA|DUD OS|D SIIM 4 PUD ‘M ‘UG - ¥

oJo]] Qo1 Q01 Q001 0O1 001 Q01 0O _if -
13 52 ¥ o1 €& L. 8 "z I SvioL

T e o -
.m |m| — .«l nm. —_— — — - $301X0 NOH! NOV18 IAISSYW 2
|m.. —_—  — = ——  —  —  SYO0H Q3H3ILiV ILINNIY-ZLIHYAD 9
S domasr
.m; 3 — .w. — 33— 2 sN3A 3LMAG-3LI0NIS-ZLYVND v
4 2 1

- — - — F - — — SNIZA 3LIDTVD OGNV ZL¥VND 2

|m.. |w.”| _ — ...._.r W %. —_— — SNIZA 311072 1
M s Gl . %SNOISAHLINI 3LITOAHY

2 < T IWNIV-DIIIS G3WILIV
IVIOL Qd+uz+n) ON n) Uz 44 Oy ny sy

Q3ZAIYNY SITJWYS 40 MIBWNN

S3INTIVA SOOTVWONY JO HIGWNN

IVIHILYN 3TdNVS

SIS3IN39VHVd

v34V JLINNIV SN ‘AS1SINIHO0JD INIW3I13 30vdl '€ J18vL



T-2617 64

analyzed in this investigation also had uniformly low values (Table 3
and Pl. 5). The alunite altered areas are largely depleted of trace
metals with the exception of iron, as evidenced by trace amounts of
hematite and geothite. Low trace metal values for these areas can be
explained by leaching caused by the low pH fluids responsible for
alunite alteration.

Plate 5 reveals an erratic distribution of samples with anomalous
trace element contents. In an attempt to smooth the erratic nature
of the geochemical data, the elements Cu, Zn, and Pb were added
together and threshold values determined as described above. The
Cu-Zn-Pb products with anomalous values were then plotted on Plate 5,
along with the single element plots. From these plots (Plate 5 and
Table 3), it is apparent that samples collected from quartz-
sericite-~pyrite veins, jasperoid, and massive iron oxide deposits have
the greatest number of anomalous trace element values relative to other
stages of alteration sampled. Anomalous samples from calcite veins,
calcite-quartz veins, and quartz veins form a series of point anomalies
with no discernable geochemical pattern. Table 3 shows that the
quartz-sericite-pyrite veins are most anomalous in Cu. The jasperoid
and iron oxide deposits are most anomalous in Zn, although some samples
from these two materials also contained anomalous Cu.

The jasperoid deposits contain the largest percent of anomalous
samples, and are anomalous in a greater variety of trace elements

(Table 3). Besides Zn, the jasperiods are most commonly anomalous
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in Ag and As, although Pb, Cu, or Mo may also be present. Comparison
of the trace element contents of jasperoids from NG with those compiled
by Lovering (1981) shows that the jasperoids at NG are most similar
to the jasperoids Lovering found associated with Ag-Pb-Zn deposits.
Similarly, White (1981) considered the presence of anomalous amounts
of Ag and base metals to be an indication of deposition under condi-
tions of greater depth and temperature than those occurring in shallow,
Au dominant systems. He also considered As and Sb to be useful in
the identification of fluid escape channels above precious metal
mineralization. In view of their trace element geochemistry, the areas
of jasperoid deposits at NG probably deserve more thorough study in
any future investigations, such as more detailed sampling and/or
drilling.

The quartz-sericite-pyrite veins are more difficult to relate
to a specific type of buried mineralization, -although they could
possibly be indicative of Cu and/or Zn mineralization.

The anomalous character of the black iron oxide deposits is still
more difficult to interpret because iron and manganese oxides tend
to preferentially concentrate elements by absorption. Absorption of
trace metals by goethite and other oxide minerals may very well account
for the anomalous character of these deposits, although these ele-
ments and uranium may have been concentrated in these deposits during
the waning stages of the hydrothermal system, as occurred at Marysvale,

Utah (Cunningham, 1979a).
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Quartz-sericite-pyrite veins, jasperoid, and massive iron oxide
deposits were all formed during the later stages of the paragenesis
(Table 3). This feature is of interest, because it suggests that depo-
sition of most of the metals at NG occurred during the later stages
of evolution of the hydrothermal system.

The intrusive rhyolite porphyries at NG were also sampled and
analyzed for Mo, Cu, Zn, Pb, Ag, Au, As, Sn, W, and F. These rhyolites
had uniformly low trace element contents, although one sample contained
anomalous Zn. The silicic alkalic rhyolites at NG are apparently unlike
the topaz rhyolites near the Staats Mine and the Tetons south of
Area D, which Linsey and Osmonson (1978) described as containing
anomalous amounts of lithophile elements such as F, Be, Ga, Li, Mo, Nb,
and Sn. This is important because it suggests that fluorspar-uranium-
beryllium mineralization, similar to that occurring at the Staats Mine
is probably not present in the NG Alunite Area, or if so, is not
related to the intrusions sampled, and that the two areas of mineral-
ization may therefore be mutually exclusive. The geochemical data
also suggests that the shallow level intrusion, if present, and if
related to the plugs and domes at the surface, underlying the NG area
is of a different character and separate from that postulated to

underlie the area to the south.
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FLUID INCLUSIONS

Microthermometric analysis of fluid inclusions in calcite, calcite-
quartz, and quartz veins was carried out to characterize the hydro-
thermal fluids attending alteration and mineralization. Inclusions
occurring in samples of alunite veins were also examined, but proved
to be unsuitable for such measurements due to the small size, less
than 6 microns, of the inclusions. Material from the other stages in
the paragenetic sequence was not usable for fluid inclusion study
because of the microgranular-character and/or mineralogy of the samples.
In all, over 40 samples were examined on the heating/freezing stage
microscope. Of these, 22 yielded 118 homogenization temperature
measurements. Freezing temperatures of 25 inclusions from six selec-
ted samples were also measured to characterize the salinity of the
hydrothermal fluids. The results of this work are presented in
Figure 12 and tabulated in Appendix A. Sample locations are shown on
Plate 4. Information on the procedure used during the collection of
fluid inclusion data and on the calibration of the heating/freezing
stage microscope is presented in Appendix A.

Inclusions occurring in calcite, quartz, and alunite were classi-
fied as primary, pseudosecondary, or secondary using criteria presented
in Roedder (1979). The inclusions were also classified as liquid-

dominant or vapor-dominant, based on the ratio of liquid to vapor in
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the inclusion at room temperature. None of the inclusions were found
to contain daughter minerals.

Liquid~-dominant inclusions containing liquid plus a vapor bubble
occupying less than 30 volume percent of the total inclusion volume
were the most common. Liquid-dominant inclusions were the only type
of inclusion observed in calcite (Fig. 13 and 14), the most common
type occurring in quartz (Fig. 15 and 16), and were absent from
alunite. All of the homogenization and freezing temperatures measured
during this investigation are from these liquid-dominant inclusions.

Vapor-dominant inclusions containing more than 70 volume percent
vapor were commonly observed in quartz (Fig. 17) and were the only
type of inclusion observed in alunite (Figs. 18 and 19). Measurement
of the homogenization and melting temperature of these inclusions
proved to be impossible--in quartz, due to difficulties in observing
phase disappearance caused by internal reflections; and in alunite,
due to the small size (less than 6 microns) of the inclusions.

In calcite, the first stage in the paragenesis, the homogenization
temperature of primary and secondary inclusions range from 150°C to
240°C. Primary inclusions cluster around 225°C and range from 200°C to
240°C. (Fig. 12). All have salinities of less than 2 equivalent
weight percent NaCl (Table A-2). These values are similar to those
obtained from quartz occurring in the same propylitically altered

zones, suggesting that calcite and quartz veining took place under
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Figure 13.

Primary Liquid-Dominant Inclusion in Calcite, at 25°C.
The inclusion is approximately 15 microns in length and
homogenized at 233.2°C. Sample number 29A15 (Plate 4).
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Figure 14.

Secondary Liquid-Dominant Inclusion in Calcite, at 25°C.
The inclusion is approximately 22 microns in length and
homogenized at 210.7°C. The double image is due to
refraction. Sample number 29A15 (Plate 4).
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Figure 15.

Primary Liquid-Dominant Inclusion in Quartz, at 25°C.
The inclusion is approximately 27 microns across,
homogenized at 301.8°C, and had a salinity of 1.5

eq. wt. % NaCl. Sample number 19A1S (Plate 4).
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Figure 16.

Secondary Liquid-Dominant Inclusions in Quartz, at 25°C.

The largest inclusion is approximately 20 microns in length,
homogenized at 187.2°C, and had a salinity of 1.9 eq. wt.

% NaCl. The inclusions occurring along this secondary plane
have necked down and some may have leaked along fractures.
Sample number 29A9N (Plate 4).
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Figure 17.

Primary Vapor-Dominant Inclusion in Quartz, at 25°C.
The inclusion is approximately 39 microns in length.
Sample number 19A1S (Plate 4).
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Figure 18.

Primary Vapor-Dominant Inclusion in Alunite, at 25°C.
The inclusion is approximately 6 microns across.
Sample number 21XT1ll (Plate 4).
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Figure 19.

Pseudosecondary Vapor-Dominant Inclusions in Alunite.
The bottle-shaped inclusion in the center of the photo
contains a liquid phase. The inclusion is approximately
6 microns in length. Sample number 21XT1l (Plate 4).
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similar conditions and from similar fluids during the evolution of the
hydrothermal system.

Evidence of boiling was not observed in any of the calcite exam-
ined, indicating that calcite veining took place at a pressure greater
than that at the liquid-vapor curve in the HZO‘NaCI system for a
given temperature. Primary inclusions homogenize near 225°C and have
salinities near 1 eq. wt. % NaCl. In the HZO-NaCl system a fluid of
this character intersects the liquid-vapor curve at 25 bars pressure.

Stratigraphic reconstruction of the section at the time of miner-
alization and alteration indicates the most deeply exposed parts
of the hydrothermal system in the field area were buried no more than
about 1500 feet (500 meters). This corresponds to a maximum pressure
of 150 bars under lithostatic conditions and 45 bars if hydrostatic.

Homogenization temperatures from inclusions trapped above the
liquid-vapor curve require a correction for pressure to obtain the
true trapping temperature. The maximum pressure of 150 bars would
require these data to be corrected at the very most by +10°C. Because
this value is small with respect to the range of homogenization tem-
peratures, no corrections were made on the data.

Most of the inclusions measured in quartz were considered to be
primary inclusions (e.g., Figs. 15 and 17) as evidenced by the common
negative crystal shape characteristic of inclusions occurring on
growth planes, the large size (up to 100 microns) of individual inclu-

sions, and by their 3-dimensional distribution throughout the crystals.



T-2617 78

Primary inclusions from throughout the study area have homogenization
temperatures that range from about 175°C to 325°C, and salinities of
less than 2 equivalent weight percent.

Secondary inclusions (e.g., Fig. 16) occur along conchoidal
fractures, are generally irregular in shape, and are smaller, normally
reaching sizes of only about 5 to 15 microns. These inclusions have
lower homogenization temperatures than primary inclusions, most clus-
tering near 150°C (Fig. 12).

A few of the inclusions measured were arranged in patterns possi-
bly indicative of necking. Some of these inclusions have homogeni-
zation temperatures of more than 350°C (Table A-2). Necked inclusions
are not plotted on Figure 12.

Many of the quartz crystals examined contained large, primary,
liquid-dominant (Fig. 15) and vapor-dominant (Fig. 17) inclusions dis-
tributed 3-dimensionally throughout the crystal. 1In one sample,
both types were observed in a cluster of inclusions. Roedder (1979)
has shown that the close association of both types of primary inclu-
sions is evidence for boiling of the hydrothermal fluid at the time of
entrapment. There were also many samples of quartz that didn't con-
tain vapor-dominant inclusions, but contained only liquid-dominant
ones. These observations suggest that the hydrothermal fluids under-

went at least episodic boiling, although, perhaps only locally, during
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quartz deposition. The maximum pressure corrections for inclusions
in quartz are the same as those for calcite and therefore not made.

Examination of Figure 12 reveals a peak in the data. This is
due to a sampling bias caused by examining more samples from the
propylitically altered portions of the area. However, Figure 20
shows that homogenization temperatures of primary inclusions in quartz
increase towards the more intensely altered zones. A horizontal
temperature gradient existed in the area that varied from a low of
about 175-225°C in the low-intensity propylitic zone up to 275-325°C in
the silica zone indicating that one of the factors controlling alunite
alteration was temperature. The horizontal temperature gradient was
probably due to upwelling of hydrothermal fluids in the silica and
alunite zones of the altered areas.

The inclusions observed in alunite veins are vapor-dominant and
primary or pseudosecondary in origin, as evidenced by their occur-
rence in the cores of individual crystals, in clusters and/or along
planes, that are enclosed by a clear unfractured rim. The occurrence,
of vapor-dominant inclusions in alunite veins is important because
it indicates that alunite was deposited from vapor-dominant fluids.

Vapor-dominant conditions may occur either below the water table
in vapor-dominated reservoirs, or above a water table that is boiling.
James (1968) and White et al. (1971) have shown that vapor-dominated
conditions arise below the water table in circulating hydrothermal

systems when the amount of water entering the system at the margins
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is less than the water discharged at the top. In such cases, the heat
transfer capacity of the system is increased by the development of a
vapor-dominant zone in which heat is absorbed during vaporization at
the level of boiling, and then released at shallower levels by con-
densation. Within this zone, steam may be rising while condensed water
is descending. White et al. (1971) found that, compared to hot water
systems, the major reservoirs in explored vapor-dominated systems have
low salinities, and temperatures and pressures near 240°C and 34 bars.
This is close to the temperature (236°C) and pressure (31.8 bars) of
vapor of maximum enthalpy (670 cal/gm) (James, 1968). James (1968)
proposed that, below the critical point of water, the temperature and
pressure in these reservoirs is buffered to near the maximum enthalpy
of vapor due to the higher heat content of vapor during condensation.
In most vapor-dominant reservoirs as steam rises to shallower levels
and decreases in temperature and pressure it begins to condense, thus
increasing the enthalpy of the remaining rising vapor until the
pressure and temperature of maximum enthalpy is attained.

White et al. (1971) suggested that the temperature and pressure in
these reservoirs may differ from that of maximum enthalpy steam because
of the effects of dissolved salts and partial pressures of other gases;
components likely to occur in natural systems. He also suggested that
over-pressures could occur in these reservoirs if the supply of heat

produced more steam than can escape through available channels.
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If the hydrothermal system at NG developed a vapor-dominated zone,
under the conditions described by White et al. (1971) and James (1968),
the top of the vapor-dominated reservoir, at 236°C and 31.8 bars, would
from the hydrostatic boiling condensation curve, have been near 360
meters (1,100 feet) below the paleowater table. Stratigraphic recon-
struction of the area indicates that much of the alunite altered rocks
formed at no more than 160 meters (500 feet) below the paleosurface.
Therefore, alunite alteration occurred at levels above that where a
vapor~dominant reservoir, if present, could exist, at pressures and
temperatures less than maximum enthalpy vapor.

Alternatively, vapor-dominated conditions could also exist at
the top of a hydrothermal system in the rocks occurring at and above
the surface of a boiling water table. 1In this case the pressure would
be near atmospheric and the temperature near 100°C. This model seems
the most reasonable because it explains the flat-bottomed morphology
of some of the alunite altered areas, the bottoms of which presumably
record the position of the paleowater table, and provides atmospheric
oxygen which could have produced H2504 from HZS released during boil-
ing, a product necessary to form alunite. Accordingly, alunite may
have been deposited at temperatures near 100°C and pressures near
1 atmosphere.

The composition, temperature, and pressure of the fluids deposit-
ing quartz-sericite-pyrite veins and jasperoid could not be determined.

However, based on paragenetic relations it is reasonable to assume
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that they were deposited within the temperature and pressure range
defined by quartz veins and alunite alteration. Therefore, boiling
may also have been a factor in their formation.

In summary, fluid inclusion evidence records the evolution of the
hydrothermal system from an early nonboiling, hot-water system, to an
episodically boiling, hot-water system, and finally to a boiling hot-
water system.

The exact cause or causes of boiling of the hydrothermal fluids
is unknown. Regardless, boiling is important because of its marked
effect on the physical and chemical conditions of the hydrothermal
fluid and because it has been recognized in numerous hydrothermal
deposits (Buchanan, 1981). Drummond and Ohmoto (1979) showed that, in
the HZO-Nacl--COZ—CHa-HZS-—SO2 system, iscenthalpic boiling, the most
common type, results in an increase in oxygen fugacity, decrease in
sulfur fugacity, increase in pH, and an increase in the concentration
of chloride and metals in the residual liquid relative to the initial
liquid. Conversely, the vapor phase has a lower oxygen fugacity,
higher sulfur fugacity, and lower chloride and metal concentration than
the initial solution. They suggested that these shifts should result
in changing mineral solubilities, promoting the deposition of quartz,
gold and silver metals, and possibly sulfates. Vapor phase condensat-
ion, at higher levels should result in intense hydrogen metasomatism

due to the low pH of these solutions.
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The very low salinity of the fluids, less than 2 eq. wt. % NaCl,
agrees with the results of other studies (see Buchanan, 1981) that
show that hydrothermal fluids in epithermal systems are generally of
low salinity. Oxygen and hydrogen isotopic work by Taylor (1973) on
similar epithermal systems, such as Goldfield, Nevada, showed that the
water associated with these low salinity systems is dominantly of
meteoric origin. This may have also been the case at NG, although a sul-
fur isotope value, discussed in a later section, indicates some com-

ponents of the fluid were derived from other sources.
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ISOTOPIC COMPOSITION OF SULFUR

A sample of relatively pure, fine-grained replacement alunite
from the main metallurgical test pit (Area C, Pl. 4) was obtained by

C. G. Cunningham of the U.S5. Geological Survey and analyzed for 348

32 345

and S (pers. commun., 1982). The alunite was found to have a 328

/
ratio of +1.45 per mil nearly the same as the Canon Diablo meteorite
standard (Cunningham, pers. commun., 1982). Ohmoto and Rye (1979) have
shown that the observed S per mil values of hydrothermal minerals
reflect the varied geochemical history of the sulfur in hydrothermal
fluids, and the proper interpretation of the significance of the S
isotopic composition can be made only through understanding the geology
of the deposit and the many processes of isotopic fractionmation likely
to occur.

Based on geologic considerations there are three possible sources
for sulfur; Mesozoic evaporites, S-bearing volcanics, and magmatic
fluids. Sulfur in evaporites could be incorporated into a hydrother-
mal fluid by movement of the fluids through an evaporite. Isotopic
fractionation of S would take place during incorporation of sulfate
into the fluid. Ohmoto and Rye (1979) demonstrated that when sulfur
species in solution are introduced through dissolution of another
compound, such as anhydrite or gypsum, isotopic fractionation is

controlled by reaction kinetics. They also noted that the kinetic
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affect is most pronounced when the rupturing of a chemical bond
involving the isotopes in question is the rate controlling step of the
reaction. This arises because reaction rates are mass dependent;

with molecules containing the lighter isotopes generally having the

fastest reaction rates. Consequently, the product, in this case H,S,

2
tends to be enriched in the lighter isotope, although fractionation
becomes less pronounced at successively higher temperatures. For
sulfate having an S isotopic value of +20 per mil, the average value
for Mesozoic evaporites (Ohmoto and Rye, 1979), the isotopic value of S
in HZS produced by reduction could range between +20 and -5 per mil,
depending on the extent to which the original sulfate was reduced
and the temperature. Partial reduction of seawater sulfate could result
in the formation of an HZS—bearing fluid with an apparent ''magmatic' S
isotopic composition, but only during the initial stages of reduction.
It seems unlikely that at the temperatures observed in these fluids
that large volumes of HZS would have been produced that had values
near zero per mil, although it is possible. It is unlikely, therefore,
that evaporites were the major source of sulfur.

It is also possible that sulfur was leached from sulfide min-
erals in volcanics exposed in the area. Based on experimental data,
Ohmoto and Rye (1979) suggest that kinetic isotopic effects during
leaching of sulfide minerals are small and that hydrothermal fluids
that obtained HZS by decomposition of sulfides in igneous rocks would

have S values nearly identical to magmatic fluids. Although some of
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the sulfur in the hydrothermal fluid may have been derived from
near-surface volcanic rocks, given the large quantities of sulfur

added to the rocks, about 30 million metric tons, and the average abun-
dance of S in igneous rocks of 300 ppm (Rose et al. 1979), it appears
likely that another source was involved.

Alternatively, sulfur may have been derived from an H,S-bearing

2
hydrothermal fluid exsolved from a cooling magma. Ohmoto and Rye

(1979) have shown that very little isotopic fractionation occurs, during
any reactions likely to proceed, in rising hydrothermal fluids. However,
upon oxidation of the fluid, kinetic isotopic effects tend to produce
sulfate that is successively lighter until most, or all, of the HZS

is oxidized, in which case the isotopic composition of SO4 approaches
that of the original magmatic hydrothermal HZS' The absence of sulfide
minerals, evidence of high f02, and a S value of +1.45 per mil suggest
that a similar process may have operated during formation of alunite.

0f the three possibilities, a magmatic source for S appears the most
likely and is consistent with earlier interpretations suggesting that a

shallow level intrusion is closely related to alteration and mineral-

ization in the area.
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SUMMARY AND GENETIC MODEL

Any model describing the genesis of the NG Alunite Area must con-
sider the following observations.

1. The spatial coincidence of the alunite altered volcanics with
local volcanic centers and local uplift and extension.

2. The coincident age of alunite alteration, approximately
20 m.y., with a belt of rhyolitic volcanic centers 23 to 18 m.y. old.

3. The onset of alteration after an episode of local deformation,
but before emplacement of the rhyolitic volcanic centers observed at
the surface.

4. A likely magmatic source of sulfur in alunite.

5. The zoning, morphology, and size of the altered areas.

6. The paragenesis and accompanying physico-chemical evolution
of the hydrothermal system (see Table 4).

7. The higher temperatures of fluid inclusions in quartz veins
in the most intensely altered areas.

8. The low trace element content of the altered areas.

Observations 1-4 are consistent with the idea that hydrothermal
activity at NG was initiated following emplacement of a shallow level
intrusion. Assuming that an intrusion is present, it is thought to
have been involved in development of the hydrothermal system in the
following manner: it disrupted and fractured the overlying rocks

promoting free fluid circulation to deep levels; the heat provided



89

T-2617

AjTieWRY = Wy {93711kg = £¢g

*UOTIBIAXdIPIUT PUB SUOTIBAIISGO UOTSNIOUT PIN]J UO PasBgsyxy
*e1aqr1Inbs aseyd Teasutw UO paseY x4n
*SJUSWIINSBIW UOTISNTOUT PINTI UO Pasegs

wy Wy Ag Agq £a Ag £d  uoa] ss9aIXY JO
wIioj 9[qels
*¥F % xx=7> i ¥¥2G°9-G"¢  xx/-~9 ¥%[=9 xx2l -9 Hd
{407 {401 ; i *7> *7> %0 £3turtes
A yxxS3% H ¢ x¥21postdy  xON %¥ON sutytog
(0T3IPIB0IPAH xxxOTI2Uydsowly ;21383IS0IpAH ;(o11BIS0IpLy *0ST~02 =*0S1-6Z =x0SI-6Z s1eq g
é #xxF 00T 2 S0ET *0GE-GLT %6€2-00C *5€Z-002 Jo L
v
v g
© o
ol o
x -
Q a 0
& = )
= o ] - =
o + =] ) -~
- e~ et = [
| < o w QL =
- e > N
L] @ o —t + [<]]
> H S o N <& + @ouanbag
- o o > + -
oy = ) N 1 0 D139usleary
) ) 0 Ay o -
g £ £ 3 8 8 8 ur 22p30
L 9 S Y £ < T

UOT]BZT]BIAUTY PUB UOTIBIDITY
BuTpuslly SuOTITpPuO) TEDTWBY) puB 1e91sdyg jo Laeuwmng

"% S1qEL



T-2617 90

produced density differences in ground waters resulting in the convec-
tive circulation of these fluids; and last S, and possibly other
dissolved constituents were derived from the cooling magma.

The evolution of the hydrothermal system is summarized on Figure
21 based on the assumption that an intrusion is present. Experimental
evidence (Brimhall and Ghiorso, 1983), demonstrated that during cool-
ing and solidification of an intrusion, a magmatic aqueous phase may be
generated through the partitioning of water, sulfur, chlorine, carbon
dioxide, and heavy metal complexes from the silicate melt. On the
basis of experimental data and thermodynamic calculations, Burnham
(1979) has shown that the most likely S species formed on exsolution
are H,S and S0, (Fig. 21-1 and 2), which are formed through the
reactions

SH magma + OH magma = HpSvapor + O'zmagma,
SH magma + 50H magma = 30'2magma + S02vapor + 3Hgvapor-

He further demonstrated that the equilibrium distribution of these
species in solution, at magmatic temperatures and pressures, is a func-
tion of f07 which in turn depends on the composition and water content
of the magma. This is due to the likely loss of Hp from the hydrous
magma to the wallrocks during formation of an aqueous phase (Fig. 21-2).
This results in an f0y increase in the magma that causes the ratio
of S0y to SH™ in the magma to increase. Because of the low solubility
of S02 in the magma, nearly all of the S can be partitioned into the

vapor phase. Accordingly, most water-rich silicic magmas tend to
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exsolve SOp-dominant fluids (Fig. 21-3). Burnham (1979) reports that
as the SOp-dominant fluid moves away from the magma to lower temperature
conditions, the S0p hydrolyzes to produce H9S and HpS0, (Fig. 21-3)
according to the reaction

2507 + 2Hp0 = H2S + HpS804 + 03.
The resulting increase in the fugacity of H2S may cause precipitation
of sulfide minerals from any metal-chloride complexes present in the
fluid (Fig. 21-3). A factor not considered by Burnam (1979) is the
possible reduction of H9S0, and loss of Oy from the fluid through oxi-
dation of ferrous iron to ferric iron in the wallrocks. This would
result in the formation of a reduced HpS-rich brine (Fig. 21-4). The
fluid continued to rise to shallower levels where it was diluted and
incorporated into meteoric fluids circulating over the heat source
(Fig. 21-4).

In the near surface regime, it is likely that alteration and min-
eralization took place under the influence of a circulating meteoric
hydrothermal system. The pressure drive that initiated convection
in the water-saturated rocks is thought to have resulted from a
decrease in density of the heated water, due to thermal expansion,
relative to the surrounding cooler water. Cool, dense waters descended
around the margins of the heat source while hot, low density fluids
rose above it (Fig. 21-4 and 5). The veined and altered rocks observed
at the surface today provide evidence of the fluid circulation paths.

The sites of upwelling fluids are recorded by the quartz veins,
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quartz-sericite-pyrite veins, jasperoid bodies, and alunite altered
areas (Fig. 21-4). Lateral temperature gradients indicate that the
sites of alunite alteration were located where the upwelling fluids
were the hottest.

During the early stages of mineralization, prior to alunite
alteration, the rocks were apparently sufficiently permeable, the rate
of fluid flow high enough, and the supply of conducted heat from below,
low enough for most of the water flowing through the system to remain
liquid. However, as evidenced by fluid inclusions in quartz veins,
temperatures were locally high enough, pressures low enough, or both,
for some boiling to occur as the fluids rose. This eventually led to
formation of a vigorously boiling system as evidenced by vapor-
dominant inclusions in alunite.

Upward movement of vapor into the cool rocks overlying the boiling
water table resulted in condensation of the vapor phase, oxidation
of HyS, and formation of sulfuric acid through reactions such as

HpS + 209 = H»S04 and

HpSO, = 3H* +HSO4- + SO,4~2 (Fig. 21-5).
Vigorous boiling eventually caused large amounts of acid-condensates
to accumulate in the rocks above the boiling water table. As boiling
continued, the rocks became saturated with acid-condensates resulting
in expansion of the saturated zone laterally in permeable rocks at
and above the water table to produce the near horizontal, flat-bottomed

alunite altered areas. With a decreasing rate of recharge water, and
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a sufficiently potent heat supply, vapor loss at sites of most vigorous
boiling eventually led to depression of the water table above hot zones
of fluid upwelling. The low-pH condensates percolated downward into
the depressions to produce the funnel-shaped altered areas (Fig. 21-5).
The affects of movement of these acid-condensates through the
volcanic rocks can be thought of as the movement of a hydrolysis front
(Schoen et al. 1974). 1Ions released by dissolution of minerals
accumulate in the pore liquid and move in response to gravity, concen-
tration, pressure, and temperature gradients. Depending on the com-
position of the pore liquid, alteration minerals may precipitate from
some of the ions in solution, while other ions will continue to move in
the pore solution. In the central areas, at high temperatures and low
pH, only silica is stable, with the remaining elements diffusing away
from the hot, low pH portions of the system. Further out, first
alunite and then kaolinite form in response to a decrease in pH. As pH
rises, due to reaction of the fluids with fresh rock and by mixing with
ground water, iron precipitates at a pH of 4 (Schoen et al. 1974) to
form the hematite-clay zone around the margins of the quartz-alunite
altered areas. The massive iron oxide deposits formed by the same
process in open fissures adjacent to the altered areas. Beyond the
hematite halo, solutions enriched in silica and alumina, derived from
alteration near the center of the system, combine with solutions
containing magnesium, calcium, and iron, derived from the alteration

occurring at the margins. Here, montmorillonite is stable forming
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the high propylitic zone. Acid-condensates containing iron that
percolated down below the level of oxidation of H3S to HpS04, con-
tributed to the precipitation of the pyrite found in the quartz-
alunite-sericite-pyrite root zones. Sericite may have formed due to
some combination of the following: higher pH, higher K* activity, or
higher temperature.

During the waning stages of the hydrothermal system, as the
solutions cooled, minor amounts of uranium and other trace elements
were precipitated along cracks and fissures at previous sites of
massive iron oxide deposition.

The hydrothermal system at NG differs from most other epithermal
systems in that larger volumes of rock were altered to advanced
argillic assemblages (Hall, 1978). This may have been promoted by the
forceful emplacement of a shallow level intrusion that fractured the
country rocks thus allowing more fluid contact. The hydrothermal
system may also have been active for a longer period of time because
the intrusion was capable of sustaining boiling conditions long enough
to produce the large amounts of acid condensate necessary to alter the
large volumes of rock occurring at NG.

The low trace element content of the alunite altered areas is
thought to be due to leaching under the low pH, high fOs conditions
that formed these deposits. Outside of the altered areas, the earlier

stages of quartz-sericite-pyrite veining and jasperoid formation
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deposited anomalous concentrations of trace elements possibly due to
higher pH and lower f0; conditions at these sites.

Given the character of the hydrothermal system, it iIs considered
likely that mineralization is present at depth. Likely loci (Fig.
21-6) include: the contact zone of the intrusive, the carbonate

rocks overlying the intrusive, and along fractures at the level where

boiling occurred.
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APPENDIX A

Calibration of the Heating/Freezing
Stage Microscope

A gas-flow, dual-purpose, heating/freezing stage microscope was
used to measure the temperatures of phase changes in fluid inclusions
reported in this paper. A description of the system used is given
in Fahley (1981), as well as calibration data which are presented
in Table A-1 and outlined below. The stage was calibrated at the
temperatures of fluid inclusion homogenization using TEMPILAQ organic
melting point standards at 101, 198, 253, and 302 degrees C. Cali-
bration of the stage at freezing temperatures was made by observing
the melting point of triple distilled water and n-tridecane placed
in sealed capillary tubes. The heating runs conducted by Fahley (Table
A-1) demonstrated that the equipment could measure homogenization tem-
peratures to accuracies within 11 percent of the measured value. In
view of this accuracy, the homogenization temperatures obtained during
the course of this study have not been adjusted or corrected. However,
freezing runs (Table A-1) show that near 0 degrees C, temperature
measurements are about 0.7 degrees C higher than the true value.
Accordingly, the freezing points reported in Table A-2 have been
corrected by 0.7°C. The corrected freezing point measurements are
considered to be accurate to within 0.5°C of the true freezing point of

the inclusions, or 1.0 wt. percent of the true salinity of the fluids.
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During the course of the present study, measurements of the temper-
atures of phase changes in individual inclusions were generally found
to be reproducible to within 0.5 to 1.0% during successive heating

. . o] . . .
runs and to within 0.1 to 0.37C during successive freezing runs.

Procedure

Samples of calcite and quartz were first described and classified
according to their paragenesis. In order to obtain mineral chips
suitable for viewing on the heating/freezing stage microscope, selec-
ted samples were crushed to obtain thin chips about 0.5 to 0.2 cm
across. The chips were then examined under the microscope for the
presence of fluid inclusions. Chips containing fluid inclusions were
then separated for heating/freezing runs. Prior to heating or freez-
ing, each inclusion was drawn to scale, phase relationships noted,
and classified as primary, pseudosecondary, or secondary in origin
based upon criteria presented in Roedder (1979). Because gas-flow
stages of this type have been shown to develop a thermal gradient
from the center of the sample chamber to the wall of the chamber of
about 0.25 degrees C per mm (manufacturer's specifications), sample
chips were positioned as close to the center of the stage as possible.
The thermocouple junction was then placed in physical contact with
the chip under observation. During heating runs, the chip was rapidly
heated until the temperature approached the homogenization temper-

ature when the heating rate was reduced to about 4 degrees C/minute
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(in order to minimize error due to thermal gradients within the chip)
until the homogenization temperature was reached.

The freezing points of inclusions were measured by dropping the
temperature to around -30°C to freeze the inclusions. They were then
heated to nearly the melting point when the heating rate was reduced
to about loC/minute until the last ice crystal melted (if visible)
or until rapid expansion of the vapor bubble occurred. The vapor
bubble expansion method yields only a minimum estimate of the melting
point because small crystals of ice may be present after the bubble
expands. However, in inclusions where melting at the last ice cry-
stal was observed, bubble expansion occurred within 0.1 to 0.2 degrees
C of the final melting temperature of the ice. Salinities were cal-
culated from the freezing point depression of ice using the follow-
ing equation:

We. % NaCl = 0.00 + 1.76958F - 4.2384 x 10~2 F2

+ 5.2778 x 10-[+ F3 + 0.028

where the variable "F'" equals the Freezing point depression in degrees C

(Potter et al, 1978).
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TABLE A-1

RESULTS OF HEATING FREEZING CALIBRATION RUNS

HEATING CALIBRATION

Melting Point Observed Tmelting AVERAGE AT
Standard

TEMPILAQ 101°C 101.6 100.6 100.2 100.8 -0.2°%

TEMPILAQ 198°C 197.3 198.0 197.0 197.4 -0.6°C

TEMPILAQ 253°C 252.7 253.4 253.2 253.1  +0.1%

TEMPILAQ 302°C 304.6 303.7 304.1 304.1  +2.1%

FREEZING CALIBRATION

True Observed
Material Tereezing  ‘freezing AVERAGE AT
Triple distilled -0.1% +0.8,40.4,+0.6 +0.6°c +0.7°%C
H,0

n-tridecane -5.4°¢ -5.4,-5.4,-5.4 -5.4°C 0.0°
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TABLE A-2

Fluid Inclusion Data

Sample Inclusion
Number Number Material Th Tt Origin
19A15 a Quartz 303.0 - Primary

b Quartz 301.8 -0.8 Primary
19A9 a Calcite 152.4 -— Secondary

b Calcite 350 - Necked
19A10 a Quartz 155.5 - Secondary
29A2 a Quartz 355.7 - Necked
29A3 a Quartz 181.4 - Secondary

b Quartz 260.6 - Primary
29A4 a Quartz 99.8 -— Necked
29A5 a Quartz 232.9 -- Primary

b Quartz 220.6 -— Primary

c Quartz 225.6 - Primary

d Quartz 234.5 - Primary

e Quartz 241.0 - Primary

f Quartz 226.8 - Primary

g Quartz 228.3 ~— Primary

h Quartz 228.4 -~ Primary
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Sample Inclusion

Number Number Material

29A9N a Quartz
b Quartz
c Quartz
d Quartz
e Quartz
f Quartz
g Quartz
h Quartz
i Quartz
j Quartz
k Quartz
1 Quartz
m Quartz
n Quartz
o} Quartz
P Quartz

29A13(B) a Quartz
b Quartz
c Quartz
d Quartz

Th

177.6
187.2
266.1
266.6
266.0
264.4
249.9
275.4
266.8
327.2
285.4
266.3
320.8

323.6

225.7
232.6
227.6

229.0

Tf

Origin

Secondary
Secondary
Primary
Primary
Primary
Primary
Primary
Primary
Primary
Primary
Primary
Primary
Primary
Primary
Primary
Primary
Priamry
Primary
Primary

Primary

112
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Sample

Number

29A13(B)

(cont.)

29A14

29A15

Inclusion

Number Material
e Quartz
£ Quartz
g Quartz
h Quartz
i Quartz
3 Quartz
a Quartz
b Quartz
c Quartz
d Quartz
e Quartz
£ Quartz
g Quartz
h Quartz
i Quartz
j Quartz
a Calcite
b Calcite

|5

229.0

240.9

226.4

223.6
191.1
192.0
221.1
231.8
152.7
227.1
216.4
200.0
244.2
210.7

185.0

113

Origin

Primary

Primary
Primary
Primary
Primary
Primary
Primary
Primary
Primary
Primary
Primary
Secondary
Primary
Primary
Primary
Necked ?
Secondary

Secondary
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Sample Inclusion

Number Number Material

29A15 c Calcite

(cont.) d Calcite
e Calcite
£ Calcite
g Calcite
h Calcite
i Calcite
3j Calcite
k Calcite
1 Calcite
m Calcite
n Calcite
o Calcite
p Calcite
q Calcite
T Calcite

29A17 a Quartz
b Quartz
c Quartz

204.7
217.2
225.4
202.1
217.6
233.2
234.4
222.3

221.8

209.6
194.6

190.0

-0.9

114

Origin

Secondary
Secondary
Primary
Primary
Primary
Primary
Primary
Primary
Primary
Primary
Primary
Primary
Primary
Primary
Primary
Primary
Primary
Primary

Primary
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Sample Inclusion
Number Number Material
29A17 d Quartz
(cont.) e Quartz
f Quartz
29A22 a Quartz
29A23 a Quartz
b Quartz
c Quartz
d Quartz
e Quartz
f Quartz
29A25 a Quartz
b Quartz
c Quartz
d Quartz
e Quartz
29AL4 a Quartz
b Quartz
c Quartz
d Quartz

216.1
200.2
216.2
155.0
348.8

369.2

140.7
219.9
206.5
147.8
143.0
162.9
229.1
226.2

309.0

Tf

115

Origin

Primary
Primary
Primary
Secondary
Necked
Necked
Necked
Necked
Necked
Necked
Secondary
Primary
Primary
Secondary
Secondary
Secondary
Primary
Primary

Primary
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‘Sample Inclusion

Number Number Material Th If Origin

29AL4 e Quartz 319.0 Primary

(cont.) f Quartz 221.6 Primary
g Quartz 378(+) Leaked

38A3 a Quartz 200.3 Primary
b Quartz 195.3 Primary
c Quartz 199.7 Primary
d Quartz 217.5 Primary
e Quartz 213.1 Primary
f Calcite 220.9 Primary
g Calcite 226.2 Primary
h Calcite 216.6 Primary
i Calcite 238.9 Primary
j Calcite 232.6 Primary

38A6 a Quartz 205.2 Primary
b Quartz 221.7 Primary
c Quartz 226.1 Primary
d Quartz 220.6 Primary
e Quartz 217.5 Primary

f Quartz 223.3 Primary
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Sample
Number

Inclusion

Material

38A6

{(coat.)

38A7

38A8B

38A13

38A19

Quartz
Quartz
Quartz
Quartz
Quartz
Quartz
Quartz
Quartz
Quartz
Quartz
Quartz
Quartz
Quartz
Quartz
Quartz
Quartz
Quartz
Quartz
Quartz
Quartz

Quartz

223.3
211.1
305.0
300.0
347.0
311.0
255.0
234.3
232.6
234.9
219.0
196.5
242.4
224.5
216.6
172.3
179.4
150.0
200.8
201.7

184.2

Origin

Primary
Primary
Primary
Primary
Necked

Primary
Primary
Primary
Primary
Primary
Primary
Primary
Primary
Primary
Primary
Primary
Primary
Primary
Primary
Primary

Primary
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APPENDIX B
TRACE ELEMENT GEOCHEMISTRY

All analyses were performed by Bondar-Clegg, Inc., except for those
samples designated with a "*" which were analyzed by Cone Geochemical,
Inc. The method of extraction, analysis and the detection limit for
each element is presented for both companies. Although the accuracy
and precision of the geochemical data was not determined, both geo-

chemical laboratories consider their analyses accurate within + 20

percent.
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TABLE B-1

Analytical Results
Trace Element Geochemistry

SAMPLE PPM PPM PPM PPM PPM PPB PPM PPM PPM PPM PPM %
NUMBER Cut+Zn+Pb Cu Zn Pb Ag Au As Sb Mo Sn v F
8Al 14 7 5 2 0.2 5 NA NA 10 NA NA NA
15XT6 46 43 1 2 0.2 5 NA NA 2 NA NA NA
15XT7 7 4 1 2 0.2 5 NA 8 8 NA NA NA
15TBT6 746 5 91 650 1.4 10 100 2 7 NA NA NA
15TBT6* 40 5 S 30 0.8 20 77 NA 9 NA NA NA
15TBT9 7 4 1 2 0.2 5 NA NA NA NA NA NA
15TBT16 6 3 1 2 0.2 5 NA NA 10 NA NA NA
15TBTIg9* 16 6 6 4 0.9 20 84 NA 15 NA NA NA
15NGSK* 333 12 320 1 2.8 20 66 13 6 NA NA NA
17743 9 12 12 6 0.2 5 NA NA 1 NA KA NA
17XT5A 7 4 1 2 0.2 5 NA NA 3 NA NA NA
17XT5C 16 4 1 11 0.2 5 NA NA 13 NA NA NA
17XT14 5 2 1 2 0.2 5 NA NA 2 NA NA NA
17XT23 6 3 1 2 0.2 5 NA NA 1 NA NA NA
17XT26 41 4 1 36 0.2 5 NA NA 11 NA NA NA
194158 -6 -3 -1 -2 -0.2 -5 WA NA -2 NA NA NA
19AIN 36 6 22 8 0.2 5 NA NA 6 NA NA NA
19A2N 11 5 4 2 0.2 5 NA NA 2 NA NA NA
1945 40 11 25 4 0.2 5 NA NA 3 NA NA NA
19A6B 39 22 12 5 0.2 5 KA NA 5 NA NA NA
1946C 9 6 1 2 0.2 5 ©NA NA 5 NA NA NA
1947 50 11 32 7 0.6 5 NA NA 9 NA NA NA
1948 21 6 11 4 0.2 5 NA NA 2 NA NA NA
19410 25 10 11 4 0.2 5 NA NA 6 NA NA NA
21AIN 12 7 3 2 0.2 5 NA NA 2 NA NA NA
21A2N 39 18 17 4 0.2 5 NA NA 7 NA NA NA
21A3 41 32 1 8 0.2 5 NA NA 7 NA NA NA
21PP1 363 6 353 4 0.2 5 NA NA 3 NA NA NA
21PP3 183 6 173 4 0.2 5 NA NA 3 NA NA NA
21XT7 48 33 10 5 0.2 5 NA NA 4 NA NA NA
21XT20 32 8 18 6 0.2 5 NA NA 8 NA NA NA
21NGM19* 427 6 420 1 2.0 20 383 NA 7 6 1 .03
21NGM20* 1665 34 1630 1 1.9 20 118 NA 5 2 2 .06
2INGM21% 412 8 400 4 2.0 20 70 NA 5 2 2 .05
27XT3 273 20 85 168 1.7 10 2 2 2 NA NA NA
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TABLE B-1 (continued)

SAMPLE PPM PPM PPM PPM PPM PPB PPM PPM PPM PPM PPM X%
NUMBER Cu+Zn+Pb Cu Zn Pb Ag Au As Sb Mo Sn W F
27XT16 25 4 1 20 0.2 5 ©NA NA 5 NA NA NA
27XT21 6 2 2 2 0.2 5 NA NA 1 NA NA NA
27XT26W 5 2 1 2 0.2 5 NA NA 2 NA NA NA
29A1 14 4 4 6 0.2 5 NA NA 3 NA NA NA
2944 6 3 1 2 0.2 5 NA NA 8 NA NA NA
29A7 106 3 17 86 0.6 5 NA NA 5 NA NA NA
29A9N 12 5 5 2 0.2 5 NA NA 14 NA NA NA
29A95 43 10 27 6 0.2 5 NA NA 7 NA NA NA
29A12 526 82 362 82 1.3 5 NA NA 8 NA NA NA
29A13A 254 53 179 22 1.4 5 NA NA 5 NA NA NA
29A13B 29 7 7 15 0.9 5 NA NA 4 NA NA NA
29A16 44 11 25 8 0.2 10 NA NA 1 NA NA NA
29A18 349 108 235 6 0.2 10 NA NA 13 NA NA NA
29A19 108 9 40 59 2.2 10 205 19 6 NA NA NA
29421 36 10 24 2 0.2 5 NA NA 3 NA NA NA
29Tnwp3 92 23 51 18 1.3 5 NA RA 4 NA NA NA
31A1 186 65 106 15 0.2 5 390 10 5 NA NA NA
31A2 12 8 2 2 0.2 5 NA NA 1 NA NA NA
31A3 46 9 29 8 0.2 5 NA NA 7 NA NA KA
31A5 205 7 191 7 0.2 5 NA NA 1 NA NA NA
31A7 136 65 64 7 0.2 5 NA NA 8 NA NA NA
31A9 73 1% 39 15 0.2 5 NA NA 66 INT 3 .02
31A10 33 10 17 6 0.2 5 NA NA 4 NA NA NA
31411 158 150 6 2 0.2 5 NA NA 1 NA NA NA
31A12 76 27 46 3 0.2 5 NA NA 6 NA NA NA
31412 57 11 25 21 0.4 5 NA NA 5 NA NA NA
31A13 18 8 8 2 0.2 5 WA NA 1 NA NA NA
31A14 66 9 14 43 1.4 5 NA NA 6 NA NA NA
31A14A 18 9 5 4 0.2 5 NA NA 3 NA NA NA
31XT30 5 2 1 2 0.2 5 ©NA NA 1 NA NA NA
318K 495 36 440 19 1.5 5 NA NA 6 NA NA NA
31qQV 76 33 13 30 1.0 5 NA NA 5 NA NA NA
31NGM18% 113 35 64 14 0.9 20 209 NA 2 2 1 .03
38A4 48 16 23 9 0.2 5 NA NA 1 NA NA NA
38A6 33 4 12 17 0.5 5 NA KA 1 NA NA NA
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TABLE B-1 (continued)

SAMPLE PPM PPM PPM PPM PPM PPB PPM PPM PPM PPM PPM %
NUMBER Cu+Zn+Pb Cu Zn Pb Ag Au As Sb Mo Sn W F
3847 19 2 8 9 0.3 5 NA NA 3 NA NA NA
38A8 47 9 30 8 0.2 20 205 2 11 NA NA NA
3BA13 41 8 26 7 0.2 5 NA NA 5 NA NA NA
38A16 13 4 5 4 0.2 5 NA NA 3 NA NA NA
38A17 23 B 13 2 0.5 30 123 19 393 5 4 .01
38Qv1 55 11 33 11 0.2 5 NA ©NA 5 NA NA NA
38NGM15* 22 7 12 3 0.3 20 10 NaA 2 1 1 .01
38NGM16% 27 6 18 3 0.4 20 43 NA 8 3 1 .02
38NGM17% 31 7 19 5 0.4 20 52 NA 1 4 1 .01
40A2 10 5 2 3 0.2 5 NA NA 7 NA NA NA
40A6 22 7 10 5 0.2 5 NA NA 2 NA NA NA
40A7B 69 4 31 34 1.4 5 NA NA (] NA NA NA
40A8S 10 6 2 2 0.2 5 NA NA 5 NA NA NA
40A10 71 15 45 11 0.2 5 KA NA 20 NA NA NA
40A11 73 35 32 6 0.2 5 NA NA 3 NA NA NA
4DAl4 5 2 1 2 0.2 5 NA NA 1 NA NA NA
40S1B 43 3 18 22 0.6 5 NA NA 2 NA NA NA
4ONGM1* 43 6 20 17 0.7 20 3 NA 1 3 1 .03
4LONGM2* 57 8 27 22 0.7 20 5 NA 1 1 1 .04
4ONGM3* 54 5 34 15 0.6 20 4 NA 2 3 2 .02
40ONGM4* 37 5 22 10 0.8 20 8 NA 1 2 2 .02
LONGMS5* 35 5 12 18 0.7 20 17 NA 1 4 1 .03
4ONGM6* 31 4 12 15 0.5 20 8 NA 1 4 1 .03
4ONGM7* 48 5 28 15 0.8 20 42 NA 3 5 2 .02
4ONGM9* 58 4 30 24 0.6 20 4 NA 2 2 2 .04
40ONGM10%* 51 5 17 29 0.7 20 6 NA 1 3 2 .05
40ONGMI 1% 70 10 38 22 0.8 20 2 KA 1 2 2 .04
40NGM1 2% 74 5 50 19 0.9 20 2 NA 1 2 1 .02
40NGM1 3% 58 4 39 15 0.8 20 3 NA 1 3 1 .04
4ONGM14% 56 5 32 19 0.8 20 4 NA 1 2 2 .04
BLANK 12 5 5 2 0.2 0.5 NA NA 5 NA NA NA

NA = Not Analyzed
INT = Interference
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ANALYTICAL PROCEDURE,

CONE GEOCHEMICAL INC.

Minus 100 Mesh Fraction Used for Analysis

Element Extraction
Mo 4 Acid
Cu do.

Zn do.

Pb do.

Ag do.

Au Agua Regia
As do.

W do.

F Fusion

Sn TIodide Fusion
Sb do.

Method of
Analysis

Atomic Absorption
do.
do.
do.
do.
do.
do.
Colorimetric
Specific Ion
Atomic Absorption

X-ray Fluorescence

Detection Limit

1

1

1

1

.02

l02

ppm

pPpm

Ppm

ppm

ppm

ppm

ppm

ppm

%

ppm

ppm
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TABLE B-3. ANALYTICAL PROCEDURE,
BONDAR-CLEGG INC.

Fraction Used for Analyses: Rocks - 100 mesh

Method of
Element Extraction Analysis Detection Limit
Mo Hot Lefort Agua Atomic Absorption 1 ppm
Regia
Cu do. do. 1 ppm
Zn do. do. 1 ppm
Pb do. do. 2 ppm
Ag do. do. 0.1 ppm
Au Fire Assay and do. 5 ppb
Hot Agua Regia
As Perchloric Nitric Colorimetric 2 ppm
W Basic Oxidizing Colorimetric 2 ppm
Fusion
F Basic Fusion Citrate Buffer- 20 ppm
Specific Ion
Sn do. X-ray Fluorescence 1 ppm
Sb do. X-ray Fluorescence ! ppm
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Figure B-3. Percent Frequency Histogram and Cumulative Percent Frequency Probability Plot -
Lead
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Percent Frequency Probability Plot -

Percent Frequency Histogram and Cumulative

Molybdenum

Figure B-6.
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Percent Frequency Histogram and Cumulative Percent Frequency Probability Plot -

Copper, Zinc, and Lead Product

Figure B-7.



EXPLANATION, GEOLOGIC MAP

20
QUATERNARY ALLUVIUM AND COLLUVIUM 1~ STRIKE AND DIP OF BEOS.

PLIOCENE BASALT OF BRIMSTONE RESERVOIR

35 STRIKE AND DIP OF FOLIATION
RMYOLITE PLUG, DOME, AND FLOW MEMBER, FORMATION OF BLAWN WASH
LATITE ASH-FLOW TUFF MEMBER, FORMATION OF BAWN WASH —4—  VERTICAL FOLIATION

BAUERS TUFF MEMBER, CONDOR CANYON FORMATION QUICHAPA GROUP

MIOCENE

ENEENEEREAEE

MAFIC DIKE AND FLOW MEMBER, FORMATION OF BLAWN WASH

RHYOLITE TUFF ‘MEMBER, FORMATION OF BLAWN WASH

_TERTIARY

BALDHILLS TUFF MEMBER, ISOM FORMATION

WALLACES PEAK TUFF MEMBER, NEEDLES RANGE FORMATION
LUND TUFF MEMBER, NEEDLES RANGE FORMATION

WAH WAM SPRINGS MEMBER, NEEDLES RANGE FORMATION
COTTONWOOD WASH MEMBER, NEEDLES RANGE FORMATION
LAMERDORF TUFF MEMBER, ESCALANTE DESERT FORMATION

UNDIVIDED PALEOZOIC CARBONATES

FauLT- DASHED WHERE APPROXIMATELY LOCATED,
DOTTED WHERE CONCEALED

FAULT- "D" ON DOWNTHROWN SIDE

TRUST FAULT - TEETH ON UPPER PLATE

o A
CONTACT - D N e WeRE
CONCEALED

} —‘A. A
LINE OF CROSS SECTION PRESENTED =
ON PLATE 2 g ’ )

PLATE |
GEOLOGIC MAP

NG ALUNITE AREA

4.0 vt ot e PALEOZOIC
1966), Bont U981, writen

T-2617 ALBERT H. HOFSTRA, 1983

ARTHUR LAKES LIBRARY
COLORADO SCHOOL of MINES
me o ‘GOLDEN, COLORADO 80401

UL580025L888%



EXPLANATION ELEV.

7500

ALLUVIUM AND COLLUVIUM

BASALT OF BRIMSTONE RESERVOIR

7000
RHYOLITE PLUG-FLOW MBR.,FM. BLAWN WASH
LATITE TUFF MEMBER,FM. BLAWN WASH
BAUERS TUFF MBR., CONDOR CANYON FM. 6500
MAFIC DIKE - FLOW MBR., FM. BLAWN WASH
RHYOLITE TUFF MBR., FM. BLAWN WASH
BALDHILLS MEMBER, ISOM FM. 82000
LUND MEMBER, NEEDLES RANGE FM.
WAH WAH SPRINGS MBR.,NEEDLES RANGE FM

5500

COTTONWOOD WASH MBR., NEEDLES RANGE FM.
LAMERDORF TUFF MER., ESCALANTE DESERT FM.
PALEOZOIC CARBONATES, UNDIVIDED 5000
MESOZOIC SEDIMENTARY ROCKS, UNDIVIDED

_ ARROW INDICATES
TRUST FAULT- 5IRECTION OF THRUST 4500

ARROWS INDICATE

NORMAL FAULT= REU ATIVE MOVEMENT

4000
CONTACT
GEOLOGIC RELATIONS ARE INFERRED
BELOW THIS LINE 3500
1000
HORIZONTAL AND VERTICAL
SCALE 1"+ 1000' 3000
FeET
° 000
2500
2000
1500
PLATE 2

GEOLOGIC CROSS SECTION
NG ALUNITE AREA 1000
(SEE PLATE 1)

A
NW

(FT)

&

A

SE

ELEV. (FT)
— 7500

7000

6500

BLUE MOUNTAIN THRU

6000

5500

— so00

— 4500

— 4000

— 3500

— 3000

I— 2s00

— 2000

— 1500

— 1000

T-2617 ALBERT H. HOFSTRA, 1983

Wi

UL8800280845y




EXPLANATION, ALTERATION AND MINERALIZATION

SILICA ZONE

QUARTZ-ALUNITE ZONE
HEMATITE-CLAY ZONE

HIGH PROPYLITIC ZONE

oom

LOW PROPYLITIC ZONE
NC™ MASSVE sLACK iHON OXIDES
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JASPEROID
fise  QUARTZ-SERICITE-PYRITE VEIN

AN

LARGE BOXWORK QUARTZ VEIN
LARGE COARSE GRAINED CALCITE VEIN
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LINE OF CROSS SECTION PRESENTED ON
FIGURE 10,
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PLATE 3
ALTERATION & MINERALIZATION

NG ALUNITE AREA
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EXPLANATION, SAMPLE LOCATIONS

@17 TRAGE ELEVENT GEOCHEMSTRY SAMPLE LOCATION

[l s FLUD INCLUSION SAMPLE LOCATION

@75 Ker AGE DATE SAMPLE LOCATION

/\txro  SULPHUR 1SOTOPE SAMPLE LocATION

PLATE 4
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