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The Atlanta mining district is located in east-central Nevada at the northern end of

the Wilson Creek Range. Detailed geologic mapping of volcanic stratigraphy, structure,

and hydrothermal alteration features of surface exposures and drill holes were used in

conjunction with 40Ar/39Ar age determinations to constrain the timing and structural

control of caldera collapse and associated gold mineralization. The stratigraphy of the

district includes Ordovician and Silurian limestone, quartzite, and dolomite that are

unconformably overlain by five Tertiary ash-flow tuffs, associated lavas, and sedimentary

deposits. The oldest of these eruptions occurred about 33 Ma from a caldera

approximately 35 km southeast of the district, producing rhyolite lavas and bedded tuffs

of the Escalante Desert Formation in this area. The next two tuffs erupted from calderas

that are partly exposed in the Atlanta district. The Wah Wah Springs Formation overlies

the Escalante Desert Formation, and was erupted from the Indian Peak caldera about 29.5

Ma. This formation includes andesite lavas, a voluminous crystal-rich dacite ash-flow

tuff, tuff dikes that are believed to be feeders for the ash-flow tuff eruption, a granodiorite

porphyry plug, collapse breccias and sedimentary deposits along the caldera margin. All

members of this formation are hydrothermally altered to varying degrees. Unmineralized

rhyolite ash-flow tuff of the Ryan Spring Formation overlies the Wah Wah Springs
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Formation. The source caldera for the Ryan Spring Formation, informally named here the

Ryan Spring caldera, was not recognized prior to this study. The margin of the Ryan

Spring caldera is mapped through the district as the boundary between thick (>100 m),

densely welded, intracaldera Ryan Spring Formation and hydrothemially altered,

Paleozoic rocks and Escalante Desert Formation locally overlain by thin (30-40 m),

extracaldera tuff of the Ryan Spring Formation. An 40Ar/39Ar weighted-mean plateau

age determined by step-wise heating of irradiated sanidine from this unit yielded an age of

27.91 ± 0.29 Ma, using two heating steps that contain 68% of the radiogenic Ar gas.

Two rhyolite ash-flows of the Ripgut Springs Formation overlie the Ryan Spring

Formation. Sanidine from the upper ash-flow yielded a three-step 40Ar/39Ar weighted-

mean plateau age of 28.36 ± 0.24 Ma, using 84% of the radiogenic Ar gas. Densely

welded rhyolite ash-flow tuff of the 25.0 Ma Isom Formation caps the Tertiary section

within the district.

The margins of two Oligocene calderas intersect within the district. The older

Indian Peak caldera is bounded by a fault zone that dips 70-90° into the caldera, and is

exposed in the Atlanta open-pit gold mine. The caldera-bounding fault is a one- to six-

meter-wide breccia zone associated with tuff dikes that has accommodated over 500 m of

subsidence of the caldera floor. South of the mine area, the location of Indian Peak

caldera margin is constrained by exposures of Paleozoic sedimentary rocks outside the

caldera and thick collapse breccias containing large blocks of Paleozoic rocks, which thin

into the caldera. The Indian Peak caldera margin is truncated by the Ryan Spring caldera

neax the center of the district.

The fault zone that bounds the Indian Peak caldera locally contains ore-grade gold,

silver, and uranium mineralization within silicified breccias. Siica-pyrite mineralization is

localized along the caldera-bounding fault zone and near tuff dikes within the Atlanta

mine. Adjacent to the silicified zone, intracaldera volcanic rocks are altered to iffite with



some pyrite. Dolomite within the caldera wall is partly recrystallized and contains barite,

calcite, and disseminated hematite. Weathering of pyrite in altered rocks produced

supergene kaolinite alteration, which overprints much of the mineralized area.

The timing of mineralization is constrained by two ash-flow units, the Wah Wah

Springs Tuff and the Ryan Spring Formation. A crystal-rich ash-flow tuff is

hydrothermally altered within the Atlanta mine and inside the Indian Peak caldera, and is

correlated to the Wah Wah Springs Formation by immobile element composition (Ti, Zr,

Al), stratigraphic position, and its close association with the Indian Peak caldera. Ryan

Spring Formation is not hydrothermally altered and is clearly post-mineralization. Thus,

the age of mineralization is absolutely constrained between 29.5 and 28 Ma, and is

hypothesized to be synchronous with the collapse of the Indian Peak caldera.

Evidence for two separate extensional events is preserved in the district. Paleozoic

rocks within the Indian Peak caldera form stratigraphically continuous blocks up to 400 m

in length that are bounded by faults. These exposures are here interpreted to be an

uplifted segment of the floor of the caldera, and not an intracaldera megabreccia, as

proposed by previous workers. The previous interpretation requires tuff matrix between

blocks, which is absent. Intracaldera strata are faulted with normal apparent offset and

rotated up to 55°, suggesting that the caldera experienced extension at its formation (about

29.5 Ma). Sedimentary deposits between post-mineralization ash-flows (the Ryan

Spring, Ripgut Springs, and Isom formations) are thin generally less than 3 meters

suggesting that tilting due to extensional faulting was minimal from 28 to 25 Ma in this

district. Later Basin-and-Range-style extension produced widely spaced normal faults

that clearly cut all caldera-related structures and volcanic units, including the 28 Ma Ryan

Spring Formation and some Quatemary gravels.
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EPITHERMAL GOLD MINERAUZATION RELATED TO CALDERA VOLCANISM
AT THE ATLANTA DISTRICT, EAST-CENTRAL NEVADA

INTRODUCTION AND REGIONAL GEOLOGY

The Atlanta district lies in the center of the Great Basin, at the northern end of

the Wilson Creek Range in Lincoln County, east-central Nevada (Figure 1). The

district has sporadically produced gold and silver since the mid-1800's, and produced

some uranium in the 1950's (Hill, 1916; Sharp and Myerson, 1956; Cox, 1981;

Tschanz and Pampeyan, 1970; Hulse, 1978). Mineralization occurs in several

structurally-controlled sites within the 20 km2 district (Figure 2). The goals of this

study were to decipher the history of ash-flow eruptions, caldera collapse,

hydrothermal alteration, and extension in the Atlanta district, and to assess the district

for other economic gold and silver mineralization.
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Figure 1. Location of the Atlanta district, east-central Nevada.
Contours are in feet.



Contour Interval = 50 feet 4' 7Scale
k /

f= 0 1000 2000 3000 4000 j / ,'\\

?er 0 200 400 600 800 (0)0 / / 7 5 <5_5 -

c/f

/ S

-.5 7/ -5- / / A IanI
1

,- r, ,s" 7 MC
/ ' ) / / / \ (A A

7/
/< /

5/ / /
7 / /

/

//\ / Y/
57/\ ) / /

\ \ / <5' /V " The Great\ /

-<5 / <5)

'5 S' Eastern I '
I

/ 7\ ç 7. " ilv Park)vllne 5Mnrs Dehht /

/
/

/
ç

Explanation of Symi] / /_
'S/ Prospect pit or other old workings 7> 7 '7

Large prospect pit or open pit mine /
7 0 \ ....

Shaft or decline -/7'-.

\

Figure 2. Location of the Atlanta mine, the Silver Park mine, and several small
prospects within the Atlanta district. The primary metal(s) recovered is
listed below the name of the mine.

S.

] \ \
--'5

S .7/- '\ I

7-

((I / 7 / / <5/

'<5'\\' /'',7- (i..---'-- 1'' //
/ .1/)

:\-7/
'-7. )

/'/7.
N, -

< //' 7\ / /,. -

7X

7//F7 )

S 7/
-5--.,

'K

/ -

(\
/ J 1 /

/
/

',,i :

( -.,'5,/
(



3

Tertiaxy igneous rocks in this area are related to the Oligocene - Miocene

"ignimbrite flare-up," an east-west poorly defined belt of large-volume ash-flow

eruptions (Stewart and Carlson, 1976; Best and Christiansen, 1991). Volcanic

activity appears to have begun in central Nevada and Utah approximately 34 Ma and

spread to the south (Figure 3). This shift in location and style of volcanism may be

related to the onset of extension of the Basin and Range in this area, marking a change

in tectonic style from plate convergence to extension in the early Tertiary (Christiansen

and Lipman, 1972). The driving force of this phenomenon is still controversial.

The Atlanta district is unique in its excellent exposure of a caldera margin fault

zone and related volcanic units. The district reveals many details of the eruption and

collapse of a large caldera, with an overprint of regional extension. Study of this area

is significant to understanding both the timing of extension and volcanism in this area,

and to development of a model for caldera-related hydrothermal mineralization. In

many localities described as volcanic-related hydrothermal systems (i.e., Round

Mountain, Nevada [Mills, 1984]), the relationship between the volcanic system and

hydrothermal alteration is not direct. In Atlanta district, the sequence of events that

produced epithermaJ gold and silver mineralization along the margin of a large caldera

clearly links hydrothermal activity to ash-flow volcanism.
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METHODS

Field Mapping

The author conducted geologic mapping of the Atlanta district from June to

November, 1991. This part of the project was coordinated with Gold Fields Mining

Company geologists, who assisted with the mapping and logging of drill holes. At

that time, the company was exploring in the district for economic zones of gold

mineralization. The company provided total field support, including room, board, 4-

wheel-drive vehicle, and mapping equipment. Topographic maps were made by aerial

photogrammetry for Gold Fields for this project at a scale of 1:2400 (10-foot contour

interval) for detailed mapping. The Silver Park mine and accessible benches of the

Atlanta mine were mapped at 1:600. 32 thin-sections and 23 polished thin-sections

were made for petrographic study of rock units from within the district as well as from

their type localities.

4039 Dating

Radiometric dating of key volcanic and intrusive units was necessary in order

to provide absolute age brackets of the mineralization event. Three suitable units were

chosen: the previously undated tuffs of the Ryan Spring and Ripgut Springs

Formations (both of which are post-mineral), and a small tuff dike at the south end of

the Atlanta mine. Mineral separates were made (Appendix I) of sanidine from each of

these units, by magnetic, heavy liquid, and hand-picking separation techniques.

Samples were irradiated at Oregon State University's TRIGA (Training, Research,

and Isotope production General Atomic) reactor, and analyzed in Dr. R. Duncan's

laboratory in the College of Oceanography and Atmospheric Sciences. This procedure

is described in detail in Appendix I.
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Dates were calculated using the following formula:

tct.log{R.F'Ju+ 1}
where: t = corrected age (years)

= inverse of decay constant (1.80375E+09 years)

R = ratio calculated from measured 4OAr*/39Ar valuest

F = flux correction factor

Ju = neutron flux factor (uncorrected), determined by comparison

with known hornblende standards in sample vial

iR (10(Tu/t} - 1) 1 where Tu = 'uncorrected age,' calculated from

measured 40Ar*/39Ar value for each heating step, corrected for atmospheric 'MAr and

Ar isotopes (36Ar, 39Ar, 40Ar) produced by decay of Ca. R value was not corrected

for flux variation from standard.

This calculation was applied to each temperature step for all three samples

(Appendix I). The interpreted age is taken as the weighted mean plateau age,

represented by two or more contiguous temperature steps containing >60% of the total

39Ar released and within analytical error of each other. The weighted mean plateau

age was calculated using hr2 as the weighting factor, and errors reported are one

standard deviation of the mean (lo).

Plateau age [(1/ri2. Tci) + (11r22 . T2) + (h/r32 T3) + ...1

[(1/r12)+(h/r22)+ (l/r32)+...J
where:
Ti, Tc2 T3... = corrected ages for temperature steps 1, 2, 3, etc. in plateau

ri, r2, r3 ... = uncorrected error (measured analytical error) for steps 1, 2, 3...

Only two of the three samples analyzed yielded plateaus, based on the above

criteria. Sample RP-4420 from the Rip gut Springs Formation gave a three-step

plateau, containing 84% of the 39Ar gas from the sample. This produced a weighted

mean plateau age of 28.36 ± 0.24 Ma. Sample RY-0001 from the Ryan Spring

Formation yielded a two-step plateau, containing 68% of the gas. A weighted mean
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plateau age of 27.91 ± 0.29 Ma was calculated from these two steps. Both of these

units are post-mineralization tuffs, thus these provide minimum ages for alteration.

Sanidine separated from a tuff dike (T'B-3242) at the south end of the Atlanta

mine released 67% of the gas in one step (Appendix I). This is not a plateau, and the

apparent age of 90.0 ± 1.6 Ma is not considered reasonable. I interpret this to be an

erroneous age possibly due to addition of 40Ar gas to the sanidine during alteration or,

more reasonably, incorporation of older feldspar into the tuff, as xenocrysts entrained

during eruption. Therefore, the maximum age for mineralization is not constrained by

this age determination.

Chemical Analyses

Because all rocks affected by mineralization were too altered to provide

suitable materials for K-Ar or 40Ar/39Ar dating, chemical analyses of immobile

elements in these altered rocks were performed. Immobile elements were used to

assist correlation with unaltered tuffs elsewhere, to determine the maximum age of

mineralization. Twenty-two altered units from within the Atlanta mine and throughout

the district were analyzed. Samples were crushed with a small, alumina ceramic jaw-

crusher to gravel size. Approximately 25 grams of this material was split for analyses,

and pulverized to -200 mesh (0.074 mm) with a shatter box. The Bureau of Mines

Albany Research Center analytical lab graciously provided these chemical data as a

part of the Cooperative Education Agreement with Oregon State University. Samples

were fused with sodium peroxide, then acidified. Yttrium, niobium, titanium, and

zirconium analyses were determined by ICP (induced-couple plasma). Aluminum

analyses were determined by atomic absorption. Results of analyses are presented in

tabular form in Appendix II.



STRATIGRAPHY

The stratigraphy of the Atlanta district can generally be described as Ordovician

and Silurian miogeoclinal sedimentaiy rocks overlain with angular discordance by

Oligocene ash-flow tuffs. The major units in this area are well-mapped regionally

(Richardson, 1913; Westgate and Knopf, 1932; Kirk, 1933; Chamberlin, 1975;

Cook, 1965; Willis et al., 1987; Best and Grant, 1987; Best et al., 1989). Only the

peculiarities of local exposures will be discussed here.

Pre-Tertiary Units

A well-known, regionally extensive sequence of Ordovician and Silurian

miogeoclinal sedimentary rocks crop out within the study area. These include: the

Tank Hill Limestone Member of the Pogonip Group , the Eureka Quartzite, the Ely

Springs Dolomite, and the Laketown Dolomite (Figure 4). The base of the Pogonip

Group is not exposed in this district, but the thickness exceeds 250 m here. In the

Atlanta area, this Member is characterized by alternating siltstone and limestone layers,

generally no more than a few meters thick. The limestone tends to be fossiliferous;

generally a trilobite hash, with poorly preserved bryozoans, brachiopods, and less

common corals, ostracodes, gastropods, and pelecypods (Westgate and Knopf,

1932).

The overlying Eureka Quartzite is intercalated with the upper 5 to 10 m of

limestone, suggesting a conformable contact. The Eureka is roughly 120 m of fine- to

medium-grained quartz sandstone that is cemented with quartz. Quartz grains are

generally not visible without the aid of a microscope. Red-brown hematite and

goethite staining in a few areas distinguish bedding laminations and cross-bedding up

to 10 cm thick. In most areas, bedding is not apparent.
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Although the contact is brecciated and silicified nearly everywhere in the

district, the Ely Springs Dolomite is regionally conformable with the Eureka Quartzite.

The Ely Springs tends to be black or red recrystallized dolomite, with a stratigraphy

similar to the type section. Actual thickness of the unit in the study area is difficult to

measure because of extensive faulting. It is approximately 175 m thick, and is divided

into three distinct zones: the lower 100 m is flne-grained, black dolomite with sparse

chert nodules, abundant fossils, and an average bed thickness of 60 cm the middle 60

m is dark grey dolomite with more abundant chert than the lower unit, few or no

fossils, and beds 1-2 m thick; the upper 15 m is even-bedded, light and dark grey,

laminated dolomite, which resembles the overlying Laketown Dolomite. The contact

between these two dolomites is gradational (conformable), and very difficult to discern

in the field.

The Laketown Dolomite lies conformably on the Ely Springs (Westgate and

Knopf, 1932). Throughout much of the district, this contact silicifled. At Atlanta, the

Laketown is a light grey, fme- to medium-grained dolomite. It is difficult to

distinguish from the upper Ely Springs, but is finer-grained, more silty, with fewer

fossils. In some areas, up to 30 m of the dolomite is preserved. The top of this unit is

not present in the Atlanta district, Tertiary volcanic rocks rest with angular

unconformity upon the Laketown Dolomite.

For the most part, Paleozoic units occur in the eastern part of the district,

outside the Tertiary caldera margins. Several 'outliers' of Paleozoic carbonate occur in

the western part of the district, near the Silver Park mine (Figure 2). These were

proposed to be large blocks within an intracaldera megabreccia (Best et al., 1989).

Drill data acquired for this study suggest that these exposures may be continuous

beneath the cover of volcanic rocks; rather than isolated blocks, these exposures may

represent the floor of the Indian Peak caldera (Figure 5).
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Tertiary Volcanic and Volcano-Sedimentary Units

Volcanic rocks at Atlanta record volcanic activity of the middle and late

Oligocene, from 32 to 25 Ma. The five large ash-flow tuffs exposed at Atlanta (Figure

6) were erupted from five calderas which engulf the district, intersect it, or are nearby.

This cluster of calderas makes up the Indian Peak Caldera Complex (Figure 7).

The oldest tuffs axe part of the Escalante Desert Formation, which regionally

consists of two, voluminous, multi-cooling unit, crystal-poor, and lithic-rich rhyolite

ash-flow tuffs with interfingering rhyolite and andesite lavas and local epiclastic

deposits (Best and Grant, 1987a). The younger ash-flow has been dated by K-Ar on

biotite as 32.3 ± 1.1 Ma (H. H. Mehnert in Best and Grant, 1987a). This formation

was erupted from the Pine Valley caldera, approximately 30 km southeast of the study

area (Figure 7). In the Atlanta district, the Escalante Desert Formation is represented

by a complex of bedded tuffs, volcaniclastic interbeds, and coarse-grained rhyolitic

intrusions and lavas that are poorly exposed and everywhere propylitically altered

(Kowallis and Best, 1990). Drilling has encountered no more than 50 m of this unit.

This complex was correlated with the Escalante Desert Formation by fission-track

dating of zircons at 32.7 ± 2.8 and 34.8 ± 3.2 Ma, from a rhyolite lava or shallow

intrusive just west of the district and a low-silica rhyolite lava from north of the

district, respectively (Kowallis and Best, 1990). Neither of the major ash-flows of the

formation have been recognized in the district.

Overlying the Escalante Desert Formation is the Wah Wah Springs Formation.

At the type section, approximately 40 km to the southeast, in the Indian Peak Range,

this formation consists of pyroxene-andesite lavas and a voluminous crystal-rich dacite

tuff(>1500 km3), which have an average age of 29.5 Ma, based on 15 K-Ar dates on

homblende and biotite, and one K-Ar date on glass (Best and Grant, 1987a). The

source of this formation is the Indian Peak caldera (Figure 7), which covers over 200
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Description

/ densely welded/ crystal-poor rhyolite ash-flow
with 1-rn thick basal vitrophyre

-'iniice-rich upper ash-flow varies
from densely welded to unwelded.

Lower ash-flow is pumice-poor.
Two basal vitrophyres overlie ash beds.

sandy matrix with coarse cobble layers

biot + plag + Q rhyolitc tuff

similar to matrix of collapse breccia

blocks of Paleozoic rocks in
hydrothermally altered

tuffaceous matrix

densely welded and hydrothermaily
altered plag + bbl + biot

+ px crystal-rich dacite tuff

d&Iç porphyntic andesite, with up
to 15%plag+hbl

crystals in a fm-grained daik matrix
observed only in subsurface

thickness is uncertain

sily altered bedded luff, rhyolite
porphyritic intrusions and lavas

andesite lava ash-flow tuff bedded tuff

S /1? .. Cf

-f/-f

unconsolidated sand tuffaceous dolomite
and gravel breccia

Figure 6. Detailed stratigraphy of Tertiary and Quaternary units. (From the central
graben, about 0.8 km west of the Atlanta mine.) Abbreviations are as
follows: biot = biotite, plag = plagioclase, Q = quartz, hbl = hornblende,
px = pyroxenes.
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Figure 7. Overlapping calderas that make up the Indian Peak Caldera Complex
with distributions of two oufflow tuffs. The oldest caldera, the Pine
Valley caldera, was the source of the Escalante Desert Formation
(delineated by dots). The Indian Peak caldera, shown with a single
heavy line, was the source of the Wah Wah Springs Formation. The
shaded area represents the distribution of the Cottonwood Wash Tuff,
and includes areas where both tuffs are present (Best and Grant, 1987a)

ç2 from the Atlanta district to the south and east (Best and Grant, 1987a). Over 100

m of andesite lava has been encountered in drilling near the Atlanta mine, but it is

unclear whether this is part of the Wah Wah Springs or the Escalante Desert

Formation. The only surface exposures of the Wah Wah Springs Formation in the

Atlanta district are fairly small and extensively hydrothermally altered. I have

tentatively correlated these exposures to the Wah Wah Springs dacite tuff on the basis

of similar immobile element abundances (Figure 8) and relict phenocryst abundances.

Regionally, the tuff contains up to 40% phenocrysts, dominated by plagioclase (20-

25%), hornblende (10%), and biotite (5%), with trace quartz, pyroxene, and opaque

oxides (Best, Christiansen, and Blank,1989). In the Atlanta area, oxides are absent,
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Figure 8. Chemical comparison of ash-flow tuffs using immobile elements. The
regionally extensive Wah Wah Springs and Cottonwood Wash dacite
tuffs (Best, Christiansen, and Blank, 1989) is compared with possibly
correlative, hydrothermally altered volcanic rocks within the Atlanta mine
and from several areas throughout the district. (a) The Atlanta sample
with high A1203 is from a tuff dike from the Atlanta mine. (b) Four
anomalously high Zr values on samples from within the Atlanta mine are
likely due to sampling error. Other samples from the same units do not
share these high Zr values. Analytical errors on Atlanta data are: 0.05
wt% for Ti02, 0.1% for Al203, and 0.6% of Zr value. See text for
discussion.
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possibly replaced by pyrite. Phenocrysts have been obliterated by alteration; clays

have replaced broken crystals of plagioclase (20%), biotite (5-10%), and possibly

homblende (5-10%) remain. Subround lithic fragments up to 0.5 mm make up 1% of

the tuff. This unit overlies the andesite lavas mentioned above (Figure 9).

Another possibility exists for the identity of these altered units. The

Cottonwood Wash Tuff is a simple cooling unit of crystal-rich dacite ash-flow, up to

300 m thick in the Needle Range of western Utah, thought to have a buried source

caldera approximately 10 km northeast of Atlanta (Figure 7; Best and Grant, 1987a).

The Cottonwood Tuff has not been previously recognized in the Wilson Creek Range,

but lies mainly to the north, east, and west. Three K-Ar dates on biotite and one K-Ar

on homblende yield an average age of 30.6 Ma for this tuff (Armstrong, 1970). This

tuff is compositionally indistinguishable from the Wah Wah Springs dacite tuff

(Figure 8). The phenocryst assemblage and welding character of these two tuffs are

also similar. Only age, distribution, and stratigraphic position distinguish the two.

Because of extensive faulting, limited exposure, and hydrothermal alteration, positive

identification of the rocks in question is extremely difficult. The author favors the

interpretation that these altered rocks are part of the Wah Wah Spring Formation,

because they are related to the Indian Peak caldera and are associated with apparently

voluminous andesite lavas.

Several small tuff dikes are exposed in and near the Atlanta mine (Figure 9).

These intrusions are strongly hydrothermally altered, but relict fiamme, flattened 5 to

20:1, are still visible (Figure 10). Compaction foliation appears to be parallel to the

margins of clasts or to the margin of the intrusion. The dike consists mainly of

hydrothermal clays, with roughly 1% small quartz crystal fragments and traces of

sanidine. Hematite is abundant, both as earthy, disseminated and specular in irregular

masses. The age of the tuff dikes is not certain, as they are only observed cutting
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Figure 9. Schematic stratigraphic relationships of the Wah Wah Springs Formation
near the Atlanta mine. (Section represents area about 1 km across.) The
oldest unit included here in this formation is andesite lava (Twa?), which
are only encountered in the subsurface, and correllation is tentative.
Overlying these lavas is the voluminous dacite tuff (Tww), which is the
most extensive member of this formation (Figure 7). A mega-breccia
unit (Twb) is roughly correlative to the oufflow of this dacite tuff, but
consists mainly of large blocks of Paleozoic sedimentary rocks that are
locally mineralized. A siicified breccia (Jwfz) unit occupies the margin
of the Indian Peak caldera, the source of this Formation. A tuff vent site
is surrounded by silicified breccia (Twbv). The tuffaceous material that
remains in the vent channel is labelled 'Twti.' A coarse-grained biotite-
K-feldspar granodiorite porphyry intrusion (Twgi) intrudes faults related
to the collapse of the Indian Peak caldera. The caldera was partly filled
with a collapse breccia (Twbc), which grades into channeled sands (Tss)
and debris flow deposits, and thins away from the caldera margin.

Paleozoic rocks in and around the Atlanta mine. A few intrusions contain clasts of

silicified breccia, angular blocks ranging from a few millimeters to a few meters in

diameter, suggesting that they post.-datethe latest siicification event. Since the Wah

Wah Springs Tuff is older than silicification, the tuff dikes post-date the ash-flow tuff

and must have vented a later tuff unit associated with the Wah Wah Springs

Formation. This unit has not been recognized in the district Compositionally, they

are similar to the Wah Wah Springs Tuff (Figure 8). The tuff dikes are slightly more

altered than the tuffaceous matrix of the collapse breccia, which is described below.

This suggests that they are older than the collapse breccia.
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Figure 10. Plane-polarized light photomicrograph of a tuff dike from the south wall
of the Atlanta mine. The unit contains abundant earthy hematite (dark
areas), and is mainly altered to clays, but relict fiamme (labelled P),
flattened 5 to 20:1 and 0.6 mm long are visible at upper right. Several
carbonate lithic clasts (L), some siicified, occur in the left portion of the
photo. Also note rounded quartz phenocrysts (Q). Field of view = 6
mm across.

A breccia unit found only in the southeastern portion of the district, outside

both caldera margins, is correlated with the Wah Wah Springs Formation (Willis et

al., 1987). The unit is up to 27 m thick, and is composed of 100-200 m long

brecciated and partly-silicified blocks of Ely Springs Dolomite and Eureka Quartzite.

The tuffaceous matrix is hydrothermally altered to clay and poorly exposed. This unit

may have formed as the Indian Peak caldera collapsed and large blocks of wall rocks

slumped into the tuff. Splays of the caldera-bounding fault intersect the unit ('Twb' in

Figure 9, Plate I).

Overlying the Wah Wah Springs Tuff in the center of the Atlanta district is a

thick breccia unit, or series of thinner units, that formed as a result of caldera collapse.

This unit is included with the Wah Wah Springs Formation as a caldera collapse
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breccia member 'Twbc' (Figure 9). This sequence of collapse breccias or debris

flows is only observed in outcrop where it is silicified, but appears to be relatively

unaltered where it is encountered in drill holes. This unit appears to be thickest at the

western edge of Atlanta Peak, where it is at least 150 m thick along the Indian Peak

caldera margin, and thins rapidly to the west (Figure 9). Clast size decreases away

from the caldera margin (to the west), and the matrix appears to be bedded in the west.

These finer-grained bedded units (Tss in Figure 9) appear to interfinger with the

breccia. The breccia is completely absent 1.5 km to the west of the caldera margin,

although it may have originally been more extensive, and has been removed by

erosion. The breccia is matrix-supported, and contains large blocks of Paleozoic

dolomite and limestone, and more rarely quartzite, in a sparse tuffaceous matrix.

Drilling has encountered dolomite blocks that are up to 40 m thick. Wfflis et al. (1987)

included this unit as part of the Wah Wah Springs Formation, because it appears to

have formed within the subsiding Indian Peak caldera after the eruption of the Wah

Wah Springs Tuff. The detailed stratigraphy described above for the Atlanta mine area

supports this interpretation.

Rhyolite ash-flow tuff of the Ryan Spring Formation unconformably overlies

this collapse breccia. Regionally, this formation is made up of two members: an

upper cooling unit designated the Mackleprang Tuff, and a lower cooling unit named

the Greens Canyon Tuff (Best, Christiansen, and Blank, 1989). At the type locality,

near Ryan Spring in the northern Indian Peak Range, Utah, the tuffs are distinguished

by a subtle change in welding character and somewhat decreased lithic content in the

upper unit. In the Atlanta area, a cooling change is not apparent, and lithics were not

observed. The author could not discern whether these exposures correlate to the

Mackleprang or Greens Canyon Tuff, or both. Therefore, the more general name of

"Ryan Spring Formation" is used for this single cooling unit of rhyolite ash-flow tuff.
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Exposures near the Atlanta mine represent a compressed section , or out-flow

member of the tuff, ranging from 15 to 30 m thick. These exposures are correlated to

the Ryan Spring Formation because of the lithology, age and stratigraphic position,

and welding character. The tuff contains approximately 10% phenocrysts in a

devitrified and partly clay-altered matrix. Phenocrysts are approximately 0.5 to 1.5

mm in diameter, and are generally 60% zoned plagioclase, 40% biotite, and trace

sanidine. No quartz was observed. Pumice was not observed in hand samples, but

thin-section examination reveals that it makes up 1-3% of the tuff, is up to 1 mm long

and flattened approximately 10:1. Lithics are absent near the Atlanta mine, but make

up nearly 3% of the tuff in the southwest part of the district. Dulling near the Atlanta

mine has encountered this tuff overlying the Wah Wah Springs collapse breccia and

underlying the Ripgut Springs Formation. Sanidine from a sample collected at the

north edge of the Atlanta mine yielded an 40Ar/39Ar weighted mean plateau age of

27.91 ± 0.29 Ma (Figure 11, Appendix I). Near the southern boundary of the district,

southwest of the Silver Park mine, exposures of densely-welded and devitrified Ryan
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Figure 11. 40Ar/39Ar age spectrum for sanidine from the Ryan Spring Formation.
Sample was taken from the north upper bench of the Atlanta mine.
Procedures for sample preparation and analyses are described in
Appendix I.
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Spring Formation are >50 m thick. The base of the tuff is not exposed here. These

exposures are interpreted to be intracaldera tuff, because of increased thickness and

more intense welding. The margin of the source caldera for this tuff is mapped in this

study to include these exposures. Delineation of this caldera, named here the Ryan

Spring caldera, is discussed below (Caldera-Related Structures).

A variable thickness of unconsolidated fluvial sediments overlies the Ryan

Spring Formation. Near the Atlanta mine, these sediments contain subangular clasts

of siicified breccia, probably derived from the mineralized fault zone exposed in the

mine, and rounded boulders of Ryan Spring Formation within a massive to thinly-

bedded sandy matrix. This unit appears to have been strongly channel-controlled; just

west of the Atlanta mine, it is >15 m thick, but drilling reveals that it pinches out

within 80 m laterally. Farther west, exposures reveal limited channel sands, less than

a meter thick.

Overlying this sedimentary unit is the Ripgut Springs Formation. This ash-

flow tuff is made up of two distinct cooling units: a lower, pumice-poor, crystal-poor

ash-flow and an upper pumice-rich, crystal-poor rhyolite ash-flow tuff. Within and

around the district, both cooling units have a basal vitrophyre. The best exposures of

this tuff within the district are on the low central hills, approximately 1500 m

northwest of Atlanta Peak. At the base of the Ripgut Springs Formation are two air-

fall tuffs, about 1.5 m total thickness, which are overlain by a 1- to 2-meter-thick

vitrophyre at the base of the lower cooling unit. The entire lower cooling unit is

represented by only the vitrophyre in this location. Approximately 2 km south of the

district, nearer to the source of the tuff (Best, Christiansen, and Blank, 1989), this

lower cooling unit is over 100 m thick. Within the Atlanta district, this vitrophyre is

directly overlain by a 1.5 m thick vitrophyre of the upper pumice-rich tuff. Both

vitrophyres consist of black glass, with pink, hydrated pumice distinguishing the
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upper one. This upper vitrophyre grades upward to a brown, densely-welded,

devitrifled middle portion of the tuff, which caps the hill. The top of the tuff is

exposed on the flanks of the conical hill to the north, just west of the Atlanta mine. It

is unwelded and glassy, with non-compressed pumice clasts up to 6 cm long. The top

of this unit has a few small channels containing cross-bedded tuffaceous sand.

Phenocryst abundance varies throughout the section of the Ripgut Springs

Formation, from approximately 1% (volume) in the lower vitrophyre to 3% in the

upper tuff unit. Plagioclase and biotite are the most abundant phenocrysts, at 65% and

35%, respectively. Trace amounts of quartz, sanidine, and opaque Fe-oxides were

also observed. Pumice (fiamme) in the lower cooling unit is generally less than 0.5

mm long, whereas it is up to 1.2 cm long in the upper cooling unit. Sanidine from a

sample of the center of the upper cooling unit yielded an 40Ar/39Ar weighted mean

plateau age of 28.36 ± 0.24 Ma (Figure 12, Appendix I). This age is slightly older

than, but within analytical error of the age of the underlying Ryan Spring Formation.
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Figure 12. 40Ar/39Ar age spectrum for sanidine from the upper ash-flow of the
Ripgut Springs Formation. Sample was taken from the top of the hill
southwest of the Atlanta mine, in the center of the 'central graben.'
Procedures for the preparation of the sample and the analyzing of the gas
are described in Appendix I.
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In the western part of the district, there are several occurrences of

unconsolidated gravels containing pebbles and cobbles exclusively of the Ripgut

Springs Formation (Plate I). Clasts are typically flat and angular to sub-rounded,

usually 5 to 15 cm long, and predominantly from the lower, pumice-poor portion of

the tuff. The age relation of this unit to the Isom Formation, described below, is not

clear; the gravel and Isom Formation are not in contact. These gravels form elongate

SW-NE stringers that may have been paleo-stream channels. However, fluvial

bedding features or sandy matrix were not observed. Several possibilities exist for the

origin of these gravels: 1) they may have been deposited after the collapse of the

White Rock caldera, the source of the Ripgut Springs Formation, south of this area;

2) they could have been formed as the region was uplifted prior to the eruption of the

Isom Formation; or 3) they may be younger, Quaternary features, unrelated to caldera

activity. The data are inconclusive, and permit any of these options. They do not

appear to be related to north-trending normal faults within the district (Plate 1).

Normal faults have not been recognized within 1-3 km south of the district, nearer to

the probable source rocks (Willis et al., 1987).

The Isom Formation is the youngest volcanic unit in this area (Anderson et al.,

1975). Single-crystal fusion of sanidine from this unit yielded an 40Ar/39Ar age of

26.96 ± 0.03 Ma (Best and Christiansen, 1991). The only exposure of this formation

in the Atlanta district is at the top of the small hill north of the mill site, west of the

Atlanta mine (Plate I). This densely-welded, crystal-poor rhyolite ash-flow tuff has a

basal vitrophyre approximately 1 m thick. The tuff contains up to 5% plagioclase

phenocrysts, with trace amounts of pyroxene, opaque oxides, and quartz. The section

of this tuff exposed in the Atlanta district is approximately 25 m thick; the top of the

tuff is absent.
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Pajeozoic rocks within the district lie in the hinterland of the Mesozoic Sevier

thrust belt. Evidence for pre-Tertiary deformation has largely been obscured by

Oligocene caldera collapse and younger extension within the district. No Sevier-

related folds or faults were noted in the study. Exposure of faults within the district is

limited, as relief is low; much of the structural information is obtained from exposures

within the Atlanta mine, small prospect pits, and drill data.

Caldera-bounding Structures

The margins of two Tertiary calderas intersect within the district (Figure 13).

The Indian Peak caldera (IPC) was formed by eruption of the Wah Wah Springs

ignimbrite approximately 29.5 Ma (Best and Grant, 1987a). The IPC is truncated by a

previously unrecognized caldera, formed approximately 28 Ma by eruption of the

Ryan Spring tuff. This caldera is informally named here the Ryan Spring caldera

(RSC). The nature of the Ryan Spring caldera margin is not well-known, as it is

covered by caldera-collapse breccias and conglomerates and Quaternary alluvial

gravels (Plate I).

The location of the Indian Peak caldera margin is fairly well-controlled in the

Atlanta district by surface exposures and drilling. Although it appears linear on a

regional-scale map, the IPC margin is very irregular in detail within the district. This

irregularity appears to be mainly a primary feature of the caldera, but later faulting has

modified the boundary to some degree. Specifically, north of the Atlanta mine, the

IPC margin arcs from a northwest to north-south trend, as observed in a series of drill

holes (Plate I). Here, the caldera margin is offset by at least two later faults, which

also appear to offset a post-collapse normal fault in the subsurface. The IPC margin is
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Figure 14. Photo and sketch of north wall of the Atlanta mine.
a) Photo taken October, 1991, looking north-northeast. Bench at lower

right of photo is approximately 20 m high.
b) Sketch highlights major structures. Note that the Quaternary gravels

(Qal) appear to be draped over the upper portion of the post-mineral
normal fault at the top of the wall. Bedding within these gravels shows
no offset across the fault, and appears to drape over the fault zone,
suggesting that deposition occurred synchronous with the latest fault
motion. Symbols and abbreviations are explained on Plate II.
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offset 200 m to the east at the north edge of the mine by a series of small faults, which

appear to be part of the original caldera fault system (Figure 14). Within the mine, the

caldera margin is a silicifled breccia zone 1 to 6 meters wide, which strikes north and

dips 7Ø0 west. Drilling within the mine reveals that offset along the caldera fault

exceeds 600 m. This fault zone juxtaposes Ordovician Ely Springs Dolomite on the

east with altered Oligocene Wah Wah Springs Tuff on the west (Plate II). At the south

edge of the mine, the IPC margin is offset right-laterally about 450 m by a series of

high-angle east-west striking faults, one of which is exposed in the south wall (Figure

15). This offset appears to be a primary feature of the caldera margin, as these faults

are mineralized or contain tuffaceous intrusions.

To the south, along the west side of Atlanta Peak, the IPC margin is a vertical

fault to a depth of 200 m, as indicated by limited drilling and surface exposures

(Figure 16). At the surface, Ordovician Eureka Quartzite on the east is juxtaposed

with altered tuff on the west. At depth, limestone of the Pogonip Group is juxtaposed

with altered tuff. The fault zone is not siicified in this area. South from this location,

the caldera margin continues to strike parallel the slope of Atlanta Peak (in a south-

southeast direction) until it is bends sharply to the west into an east-west trending

silicified fault zone. Several high-angle faults radiate from this bend in the caldera

margin (Plate I). The western part of this fault zone is the location of the Hulse

uranium mine. Just to the west of this small knoll, the IPC margin appears to be cut

off by the younger Ryan Spring caldera.

The fault zone that bounds the Ryan Spring caldera (RSC) is not exposed in

any prospect pits, and was not drilled. The RSC margin is mapped on the basis of

surface exposures, as the boundary between >100 m apparent thicknesses of the Ryan

Spring Formation, presumably inside the caldera, and hydrothermally altered

Paleozoic rocks and Escalante Desert Formation outside the caldera. Some caldera-
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Figure 15. Photo and sketch of south wall of the Atlanta mine.
a) Photo taken October, 1991, looking directly south.
b) Sketch highlights the major structures exposed. The steeply-dipping

Indian Peak caldera margin trends due south from beneath the
photographer to the siicified breccia zone in the lower part of the wall.
At the top of the wall, a silicified breccia zone cuts through the Pogonip
(Op), and contains a tuff dike; this was probably a tuff vent related to the
Wah Wah Springs Formation. A near-vertical tear fault offsets the
caldera margin approximately 200 m to the west (to the right, out of the
photo). This tear fault is cut by a later normal fault that dips 500 west. A
tear in the normal fault, which offsets this fault about 200 m to the west,
is exposed in the upper face, just below the small exposure of Pogonip.
Abbreviations and symbols are the described on Plate II.
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total offset is not known. Curvature of the nommi fault is not known, hut is shown to he slightly
concave upward to accomodate a reversely-dipping normal fault in the center ot the valley. Both of
these normal faults appear to die out to the south of this section. Symbols explained on Plate II.
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collapse related debris flow deposits (poorly indurated coarse channel sandstones with

cobbles) occur along the margin in the southeastern part of the district (Figure 13).

The RSC margin generally runs from northwest to southeast through the

district, but the boundary is irregular (Plate I). In the western-most part of the district,

the margin trends north-south through the small ravine 500 m west of the Silver Park

mine. Proceeding southward, it then curves to a nearly east-west orientation 500 m

due south of the Silver Park mine. The caldera margin trends east-west to the Hulse

mine, where it truncates the IPC margin, and bends to the south. The RSC margin

trends north-south for 1 km south of the Hulse mine, and then bends eastward again

through the low gully on the south side of Atlanta Peak. An east-west elongate,

poorly-indurated deposit of coarse sandstone and gravel conglomerate, with local

concentrations of boulders, delineates the caldera margin (unit Tgr, Plate I). Clast size

in the conglomerate decreases to the south, and cut-and-fill marks in the channels

suggest that flow direction was to the south, into the Ryan Spring caldera from

topographically higher exterior walls.

Other Caldera-Related Structures

Many small prospect pits in the western part of the district reveal mineralized

faults in the hydrothermally altered Escalante Desert Formation, Wah Wah Springs

Tuff, and Ely Springs and Laketown dolomites (Plate I). These faults occur in rocks

that are within the Indian Peak caldera, but outside the Ryan Spring caldera.

Exposures of these faults are limited, due to low relief and extensive gravel deposits.

The attitudes of some faults in this area are constrained by exposures in

prospect pits, shafts, and aclits. One fault is exposed in a shallow shaft in the saddle

500 m northwest of the Silver Park mine (Figure 2, Plate I). This fault strikes N70°E,

dips 65° N, and juxtaposes partly silicifled Ely Springs Dolomite with propylitically

altered Escalante Desert Formation. Total offset along this fault is not known, but is



31

estimated to be >50 m down-to-the-north, based on surface exposures and nearby

prospect pits and shafts.

This fault may connect with the northwest-striking fault in the Silver Park mine

(Plate 1), because the two faults have similar relative motion. The 'Silver Park mine

fault' strikes N33°W and clips 49° N where it is exposed on the upper (north) bench of

the mine, but appears to change orientation to N69°W, dipping 800 N, on the lower

(south) benches of the mine (Figure 17). This fault is mineralized at depth, and to a

lesser degree, on the southern benches of the mine. In the mine area, the Wah Wah

Springs Tuff lies with angular unconformity on the Laketown Dolomite. Therefore,

tilting must have occurred before the eruption of the Wah Wah Springs Tuff, and

before the formation of the Indian Peak caldera. Bedded tuffs of the Escalante Desert

Formation behaved less rigidly than the Paleozoic sedimentary rocks; small-scale

folding of the tuffaceous sediments may have formed in response to normal motion

along the Silver Park mine fault. Folds were not observed within the Paleozoic rocks.

About 700 m southwest of the Silver Park mine, a 1 to 3 m wide northeast-

striking fault zone, is exposed in shafts and prospect pits of the Solo Joker claim area

(Figure 2, Plate I). At its southern end, near the margin of the Ryan Spring caldera,

this fault strikes N34°E, dips approximately 700 to the west, and juxtaposes silicified

and brecciated Ely Springs Dolomite on the southeast with bleached and silicified

Escalante Desert Formation on the northwest. Total offset along this fault is not

known, but is estimated to be >50 m down-to-the-west, based on limited drilling and

surface exposures. This fault is thought to extend approximately 1 km to the

northeast, beneath younger gravel deposits (Plate I).

Surface exposures in the Great Eastern area (Figure 2) reveal a north-striking,

down-to-the-west fault in a small gully. The dip of this fault is not known, because it

is not exposed in any prospect pits, and was not drilled. It is shown schematically
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Figure 17. Geologic map of the Silver Park mine. Location of this mine is shown on Figure 2 and Plate I.
Targeted mineralization occurs in podiform bodies along bedding in the dolomite. At depth,
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suggests that faulting in this area had tilted the Paleozoic rocks and Escalante Desert Formation prior
to eruption of the Tww. See text for discussion. Abbreviations and symbols explained on Plate 11.
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dipping steeply to the west in Figure 5. On the east side of this fault, partly silicifled

Laketown and Ely Springs dolomites, striking N50°E and dipping 45°S, are overlain

by hydrothermally altered Wah Wah Springs Tuff. The Escalante Desert Formation is

absent. On the west side of the fault, weakly bleached Laketown Dolomite, striking

N68°E and dipping 25°N, is overlain by gravels made up of the Ripgut Springs

Formation (Plate I). Total offset along this fault is not constrained, but the opposing

dips of strata on either side suggest significant rotation.

These faults were all apparently active at the same time: after the deposition of

bedded tuffs of the Escalante Desert Formation and before the eruption of the Wah

Wah Springs Formation. They are narrowly spaced, generally 100 to 1000 m (Plate

I). Most show normal offset, and appear to rotate strata up to 600. These faults may

represent extension of the Indian Peak caldera floor during, or prior to, eruption (see

discussion below).

Extensional Structures

Normal faults were located by surface mapping of offsets in the stratigraphy.

One normal fault is exposed in the Atlanta mine. Drill data were also used to locate

and determine the dip of structures. Through most of the district, mapping of

extensional structures was complicated by caldera-related offsets in the stratigraphy

and facies changes in the ash-flow tuffs and collapse units.

The only exposure of a normal fault is within the Atlanta mine. This fault

strikes north-south, dips 510 west, and juxtaposes unmineralized Ryan Spring

Formation against hydrothermally altered Wah Wah Springs Formation and Ely

Springs Dolomite (Figure 15). Total offset along this fault is not known, but is

estimated to be about 500 m, based on limited drilling. The fault is actually a zone of

parallel to sub-parallel shears 2-3 meters thick, highlighted by iron oxides in the west
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mine wall. Subsurface data from north of the mine reveal that this fault is offset

approximately 200 m left-laterally by east-west striking tear faults, and continues

northward for at least 3 km in the subsurface. It appears to offset the margin of the

Indian Peak caldera down-to-the-west in this area (Plate I).

At the south end of the mine, a series of east-west strildng near-vertical faults

offset the normal fault right-laterally approximately 320 m(Figure 15, Plate 1). The

fault is traced to the south in the subsurface by offset of the caldera collapse breccia

and the Ryan Spring Formation (Figure 16). Subsurface data are sparse to the south

of the Atlanta mine, and significant disturbance of the rocks by two episodes of

caldera collapse complicates the mapping of offset along the normal fault. Based on

the available data, the normal fault appears to die out just north of the Hulse mine

(Plate I).

On the west side of the low hills approximately 1 km southwest of the Atlanta

mine, a north-south striking, east-dipping normal fault juxtaposes unaltered, young

out-flow tuffs of the Ripgut Springs and Isom formations with altered Wah Wah

Springs Formation and Paleozoic sedimentary rocks (Plate I). The attitude of the fault

is not known, as there are no exposures of the fault surface and no drill holes

encounter it. The fault is shown schematically dipping 60° to the east in Figure 5.

This forms the western boundary of the 'central graben' described above.

The only other post-volcanic extension-related structure recognized within the

district is a fault in the northeast-trending gully approximately 700 m south of the

Silver Park mine (Plate 1). This fault offsets the contact between the Ripgut Springs

and Ryan Springs formations approximately 100 m down to the south. Several cold

water springs occur in this gully, presumably along the fault. Because of low relief

and poor exposure in the grassy meadow on the south side of the Silver Park mine,

the fault could not be traced to the north across the Ryan Spring caldera margin.
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Discussion

The collapse of the Indian Peak caldera approximately 29.5 Ma was perhaps

the most profound structural event in the history of the Atlanta district. This caldera

subsided more than 600 m along the ring-fracture zone, mapped here as the structural

margin of the caldera near the Atlanta mine (Figure 16). Several splays of the caldera-

bounding fault have accommodated up to 100 m of down-dropping into the caldera.

These faults are nearly vertical, but some dip 70° into the caldera. Subsidence along

these inclined fault zones may have accommodated regional extension as well as

caldera collapse.

The intracaldera structure of the Indian Peak caldera is highly complex and

controversial. Paleozoic rocks in the western part of the district were previously

interpreted to be large slide blocks within an intracaldera megabreccia formed as the

Indian Peak caldera collapsed (Best et al., 1989). This study suggests an alternate

interpretation: that these exposures represent an uplifted segment of the caldera floor,

which is cut and tilted by numerous faults. Evidence to support this hypothesis

includes detailed mapping and subsurface data. Paleozoic rocks are stratigraphically

continuous at depth (vertically) for >150 m and across 400 m (horizontally) of surface

exposures. If these exposures were blocks within a megabreccia, tuffaceous matrix

would be expected between the Paleozoic blocks. However, matrix was not observed

in drilling nor on the surface. Instead, blocks appear to be bounded by faults that also

cut the relatively thin (40 m) cover of tuffs of the Escalante Desert and Wah Wah

Springs formations (Figure 17, Plate 1). The marginal fault zone of the Indian Peak

caldera is exposed 2.8 km east of the Silver Park mine.

This interpretation implies that a great thickness of intracaldera tuff was

removed by erosion subsequent to uplift. At its type locality near Indian Peak, 45 km

southeast of the study area, the intracaldera Wah Wah Springs Formation is 2000 m
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thick (Best and Grant, 1987). Partial or complete uplift appears to have occurred prior

to the formation of the Ryan Spring caldera, because the younger caldera appears to

have not been affected. It is possible that the younger Ryan Spring caldera volcanic

system produced this uplift of the Indian Peak caldera floor, resulting in erosion of the

Wah Wah Springs Formation.

Faults in the caldera floor have only minor apparent normal offset, generally

less than 100 m, but tilt rocks from 300 to 55°. The nature of these faults is somewhat

enigmatic. They may have formed in response to extension of the caldera during

collapse, similar to faults mapped in the northern El Dorado Mountains, Nevada

(Anderson, 1971; Gans and Landau, 1993). There, extreme extension along closely

spaced normal faults was localized in the thin and thermally weakened rocks of the

caldera floor, over a shallow crustal magma chamber. Similarly, at Atlanta, extension

appears to have affected the interior of the Indian Peak caldera, and not rocks outside

the structural margin. These iniracaldera normal faults would represent an early phase

of extension that is distinct from the post-25 Ma, widely spaced normal faults of Basin

and Range extension.

The Ryan Spring caldera, as recognized here, is distinct from the Indian Peak

caldera, as recognized by Best and Grant (1987). In the Atlanta district, the Ryan

Spring caldera boundary truncates the Indian Peak caldera boundary, and thus locally

cuts intracaldera and extra-caldera rocks of the Indian Peak caldera. However, I infer

that the Indian Peak caldera and the Ryan Spring caldera were related to and broadly

centered on a single eruptive center.

The relative timing of volcanism and extension in the Great Basin is a matter of

some debate (i.e., Best and Christiansen, 1991; Gans et al., 1989). Evidence from

the Atlanta area suggests that extensional normal faulting post-dates caldera activity,

but some earlier extension also may have occurred. Only minor sedimentary deposits



37

were found between the younger tuffs (the Ryan Spring, Ripgut Springs, and Isom

formations). Regional mapping of thin (10-20 m) late Oligocene and early Miocene

ash-flow deposits reveals that these units have wide distributions (Best and

Christiansen, 1991). This phenomenon suggests that regional relief was low, and

therefore there was little extensional faulting during this time (from 28 to 25 Ma).

Basin and Range style extension appears to have post-dated volcanic activity

from both calderas within the Atlanta district. A normal fault in the Atlanta mine cuts

the 28 Ma Ryan Spring Tuff and appears to have moved during deposition of

Quaternary gravels (Figure 14). However, some evidence for extension before the

end of the Oligocene exists at Atlanta. The 'central graben' of the Atlanta district is

bounded on the east by the normal fault exposed in the Atlanta mine and on the west

by a buried normal fault just east of the low hills in the center of the district (Plate I).

This graben is the only occurrence of outflow sheets from the Ryan Spring, Ripgut

Springs, and the Isom Formations within the district (Figure 13). These occurrences

may be remnants of broad out-flow sheets, preserved in a down-dropped normal-

fault-bounded valley. Alternatively, if extension began after the eruption of the Wah

Wah Spring Formation and the collapse of the Indian Peak caldera, the ash-flows of

the Ryan Spring Formation and younger units may have been channeled into a paleo-

valley created by these normal faults.

At least some of the normal faults have moved since the deposition of the

younger tuffs; the normal fault in the Atlanta mine clearly cuts the Ryan Spring

Formation (Figure 15). Regional mapping by Best and Grant (1987) reveals that the

Ryan Spring Formation is largely confined within the topographic margin of the older

Indian Peak caldera. This could also explain the preservation of the younger outflow

sheets in this area. Because of the lack of angular discordances between units within

the graben, and the extensive faulting of the outflow sheets within the graben, the
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activity in this area (post-28 Ma).

In the Snake Range, about 50 km north of the Atlanta district, rapid, extreme

extension (>150%) and volcanism occurred synchronously at about 35 Ma, and are

proposed to be genetically related (Gans and Miller, 1983). Studies of K-feldspar

thermal histories in pegmatites across the range suggest that extension proceeded from

west to east, beginning at 35 Ma, with rapid extension from 20 to 15 Ma (oral comm.,

Dr. Jeffrey Lee, 1994). The proximity of these two areas demands a comparison of

the styles of volcanism and extension. The Snake Range is a highly extended terrane

with a metamorphic core complex, whereas the Wilson Creek Range, which contains

the Atlanta district, has not experienced such great extension. Volcanism and

extension in the Wilson Creek Range occurred later than in the Snake Range; volcanic

rocks range from 30 to 25 at Atlanta and from 36 to 30 in the Snake Range (Gans, et

al., 1989). Younger, post-volcanic extensional faulting at 20 to 15 Ma in the Snake

Range and at <25 Ma in the northern Wilson Creek Range has produced Basin and

Range topography.
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Mineralization in the Atlanta district appears to be related to the volcanic system

that produced the Wah Wah Springs Formation, and the collapse of the Indian Peak

caldera. Hydrothermal fluids precipitated silica, hematite, pyrite, barite, gold, as well

as minerals containing arsenic, uranium, mercury, silver, and minor copper along

favorable channelways throughout the district. Structures control the localization of

ore in most areas of the district, but stratigraphic controls are important in some areas.

Prior to 1959, production from this district totaled 71 kg (2500 oz.) of gold and 400

kg (14,000 oz.) of silver (Tschanz and Pampeyan, 1970).

Atlanta Mine Introduction

The Atlanta open-pit mine produced 4200 kg (147 000 ounces) of gold and

85,300 kg (3 million ounces) silver (oral comm., D. Harmon, formerly of the

Standard Slag Company, 1994) between 1975 and 1985, with an average grade of 2.3

grams per ton (g/t) (0.08 ounces per ton [opt]) gold and 45 g/t (1.6 opt) silver. Ore

was hosted in a silicified breccia zone, elongate north-south, dipping 70-90° to the

west. The ore body exposed in the mine was approximately 220 m from north to

south, 45 m from east to west (Cox, 1981), and extended over 90 m down-dip. The

siicified zone narrows with depth; the ore zone on the lowest levels of the now-

inactive mine is only about 25 m wide (Plate II), but wider zones were reported at

higher levels, now removed (Cox, 1981).

Geology

The geology of the Atlanta mine reveals much of the district's history. A

silicified clast-supported breccia zone that hosts ore apparently occupies the fault zone



that bounds the Indian Peak caldera (unit 'Twfz,' Plate II). The breccia is made up of

altered angular clasts ranging from <1 to >20 cm of Ely Springs Dolomite and

volcanic rocks of the Wah Wah Springs Formation, which occur on the east and west

sides of the fault zone, respectively. The matrix is siicified, with up to 30% porosity.

Motion along this fault created the one- to six-meter-wide breccia zone that was

apparently very permeable to hydrothermal fluids.

Many small tuff dikes were emplaced within the fault zone and on the east

side, in the Ely Springs Dolomite (Plate if). These intrusions contain flamme and

locally up to 40% relict phenocrysts (Cox, 1981), and ase interpreted to have been

feeders to vents for ash-flow tuff of the Wah Wah Springs Formation (see previous

discussion). The tuff dikes are hydrothermally altered to illite, alunite, kaolinite and

other clays, sparse iron oxides, with rare relict quartz phenocrysts. Hydrothermal

alteration, discussed below, appears to be related to these intrusions, as they are the

foci of alteration. One intrusion that appears to be less altered than others also

contains sanidine phenocrysts.

On the west side of the caldera fault in the mine, unaltered Ryan Spring

Formation is juxtaposed over altered Wah Wah Springs Formation by a down-to-the-

west normal fault (Plate II). The glassy matrix of the Ryan Spring Formation has

been altered to clay, perhaps by supergene fluids, but phenocrysts appear unaffected.

A granodiorite porphyry plug is exposed on the upper level at the southwest

corner of the mine (unit 'Twgi,' Plate II). This plug intrudes a fault zone that appears

to be part of the Indian Peak caldera-bounding fault, offsetting the caldera margin

right-laterally at the south end of the mine. This intrusion clearly post-dates

mineralization; biotite crystals within it are fairly fresh. Although the granodiorite is

separated from the Ryan Spring Formation by a fault zone, and thus, does not contact

the tuff, it is thought to be older than the tuff unit. The intrusion is interpreted to be
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part of the Indian Peak caldera volcanic system, based on phenocryst assemblage and

chemistiy, and the Ryan Spring Formation is from a younger volcanic system.

The normal fault exposed on the west side of the mine wall cuts the Ryan

Spring Formation, and is believed to be younger than all volcanism in the area. The

fault zone contains orange and red iron oxides, which formed from supergene

processes related to oxidation of the adjacent mineralized, pyrite-bearing rocks.

Quatemary gravels cover the fault zone on the north side of the mine (Figure 14).

yR7;Ti,

Hydrothermal alteration appears to have been centered along the caldera-

bounding fault and the tuff dikes. The breccia zone was replaced with silica (fine

quartz) and pyrite, forming many 100-300 j.im diameter vugs lined with quartz crystals

(Figure 18), that result in up to 30% porosity. These vugs suggest that brecciation

Figure 18. Drusy, euhedral quartz projecting into vug in the Atlanta ore zone.
Although hand samples of the ore appear to be densely siicified, high-
magnification reveals that the ore is porous (1-3% open spaces). Scale bar
is 100 .tm.
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occurred before the fmal silicification event, although there may have been several

episodes of each. Open spaces may also have been created during hydrothermal

alteration by dissolution of carbonate clasts in the breccia.

Disseminated mercury chloride is common in the lower portion of the exposed

ore zone. Very fme-grained pyrite is preserved in the lowest levels of the mine, but

oxidation has removed much of the sulfides from the upper portion of the ore.

Goethite, limonite, and hematite are common in these areas. Fine-grained pyrite,

galena, and arsenopyrite reportedly comprise up to 30 volume percent of the breccia at

>300 m depth (written conmi., V. Spalding of Gold Fields Mining Company, 1992).

Copper sulfides were not observed at the surface; sparse copper oxides and

carbonates are present in the mine, and copper sulfide (bomite) is rarely observed in

the silicified breccia in deep drilling (>175 m below the surface). Several 5-10 tm

diameter grains of rutile were observed within the ore. Alunite flecks, typically <1 to

2 pm, within the siicified partly-oxidized ore were also observed, but are not

common. Carnotite was reported as a fracture coating on the ore and volcanic rocks at

approximately 45 m depth in the main shaft of the old mine (Hill, 1916), but none was

observed in this study. Autunite veinlets or fracture coatings were observed in two

deep drill holes (>200 m). Au reportedly occurs as native gold (Hill, 1916), but none

was observed in this study, nor by Cox (1981). Ag was observed in this study as

both native silver and argentite, both of which are suspected to be supergene, and as

minor inclusions in Cu-Ni-rich hematite (3 atomic percent). The average silver-to-

gold ratio in ore is 20:1.

To the east of the fault zone, Ely Springs Dolomite is weakly altered,

characterized by disseminated hematite and manganese oxides that color the unit brick

red for more than 700 m east from the mine. Unsilicified dolomite typically does not

contain ore grade gold mineralization. Bedding is somewhat contorted in the
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dolomite, and black chert nodules are commonly brecciated, but do not appear to be

bleached or otherwise altered. Coarsely-crystalline calcite veins are common in the

dolomite. Barite crystals up to 2 cm long occur along fractures in altered dolomite.

No sulfides were observed in the dolomite, at the surface or in core and drill chips

from 300 m depths.

On the west side of the fault zone, volcanic rocks of the Wah Wah Springs

Formation contain up to 5% partly oxidized pyrite and are silicified near the fault.

Away from the sificified zone, mafic minerals appear to have been completely replaced

by pyrite, that has weathered to iron oxides. Up to 1 weight percent copper, nickel,

lead, and zinc occur in solid-solution in pyrite and silver-bearing minerals in the

altered volcanic rocks. Plagioclase is pervasively altered to kaolinite and/or illite. Iffite

is a hypogene mineral, and kaolinite may have formed wholly or partly by supergene

processes, discussed below. Alunite1 + quartz + pyrite veinlets were observed in

several deep drill holes (>150 m) in volcanic rocks on the west side of the caldera fault

(written comm., V. Spalding and J. Ballantine of Gold Fields Mining Company,

1992). Near these veinlets, feldspars are completely altered to kaolinite. Within 1 m

of the veinlets, sericite is present in feldspar sites. Unsiicified volcanic rocks

typically are not ore, but may cany low grade gold and silver mineralization near

silicified ore zones.

Weathering and oxidation of pyrite in the volcanic rocks and the ore zone

produced acids which caused supergene alteration of the surrounding rocks. Limited

deep chilling reveals that this oxidation affects rocks within 150 m of the present

surface, and to depths >320 m along fractures and faults. At the surface, on the east

side of the caldera margin fault zone, dolomite is completely decarbonated within 1-2

meters of the ore zone. Decarbonation also envelopes the tuff dikes, affecting the

1 Drill core and chips were logged with hand lens examination only, and the identities
of fme-grained mineral have not been validated by other means.



dolomite from <0.5 m to 1.5 m of the intrusions. Dolomite in these zones has been

replaced by a powder of hematite and manganese oxides. Alunite in altered intrusions

in the dolomite is suspected to be supergene because it occurs mainly along fractures

in areas of supergene alteration. On the west side of the fault, supergene alteration has

likely produced kaolinite from plagioclase in the dacite tuff of the Wah Wah Springs

Formation. No mafic minerals were observed, although hematite and limonite staining

are abundant in the oxidized mineralized rocks.

Silver Park Mine Area

A small, two-bench Au-Ag test pit was started in 1975 and abandoned shortly

thereafter at Silver Park, because the ore proved to be too low grade (Cox, 1981).

Older workings include two shallow shafts near the crest of the hill and one deep shaft

in the gully on the west side of the hill (Figure 2). Mineralization occurs mainly along

bedding planes in the Laketown Dolomite. These zones appear to have been fed from

faults in what is here interpreted to be the floor of the Indian Peak caldera. One of

these, the main fault in the mine, strikes N56°W and dips 49° to the northeast (Figure

17). This fault has more than 60 m of normal motion, juxtaposing partly recrystallized

Laketown Dolomite on the southwest with altered Escalante Desert Formation on the

northeast. At the surface, the fault is not significantly mineralized. Drilling has

encountered a 12-meter-wide zone of silicification along this fault within 45 m of the

surface.

On the south side of the mine, trenching encountered altered Wah Wah Springs

Formation (Figure 17). One small intrusion, lacking internal structures and

hydrothermally altered to clay, is exposed in the trench wall near the Wah Wah

Springs exposures. This intrusion is not spatially associated with mineralization.

Mineralization at Silver Park consists of silica and pyrite replacement of

dolomite and fault breccias. Silver-to-gold ratios average 75:1, although many of the
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samples analyzed were sub-ore grade (Cox, 1981). At all exposed mineralized zones,

pyrite was oxidized. Siicification is generally less dense here than at the Atlanta mine.

Barite and hematite are less common. Copper oxides, not found in the Atlanta mine,

are sparsely present throughout the mineralized area.

Other Alteration Along Structures

Several other areas within the Atlanta district have been explored and mined on

a small scale since the area was discovered in the mid-1800's. Each of these prospects

reveals a small part of the mineralization history of the district.

A shallow shaft at the top and a small adit along the eastern slope of the hill

approximately 400 m west of the Silver Park mine may be western extensions of the

mining at Silver Park, as they have no other designation. These workings expose a

gold-silver-silica-pyrite mineralized fault zone which strikes N70°E, dips 65° to the

north, and juxtaposes altered Escalante Desert Formation on the north with partly

recrystallized and siicified Ely Springs Dolomite on the south (Plate I). Silicification

appears to be localized along this structure, and branches off along favorable horizons

into the dolomite. Quartz-, calcite-, and barite-lined vugs along with spider-like

silicification stringers are common in the dolomite. Bedding in the dolomite is

somewhat contorted, dipping 30-55° to the northwest along the top of the hill.

Two shallow shafts and several prospect pits make up the Solo Joker prospect

area, approximately 800 m east of Silver Park meadow (Figure 2). The gold-silver

rich zone in this area is silicified breccia formed by a northeast-striking fault which

dips 60-75° to the northwest (Plate I). This fault juxtaposes altered Escalante Desert

Formation on the northwest with partly-silicified Ely Springs Dolomite on the

southeast. Alteration appears to have been focused along the fault zone and only

penetrated the volcanic rocks for roughly 2 meters from the fault zone. Within this

narrow altered zone, the Escalante Desert Formation contains abundant iron oxides
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and is partly silicified. Dolomite on the southeast side of the fault is locally flooded

with hematite, and contains barite crystals up to 3 cm long. Dolomite around the barite

crystals is partly decarbonated. Within 4 meters of the fault zone, dolomite appears

bleached and somewhat recrystallized, but bedding is still recognizable.

The Hulse, or Blue Bird, mine is located near the intersection of the Indian

Peak and Ryan Spring calderas. The mine consists of approximately 85 m of

underground workings along an inclined shaft (Garside, 1973), and reportedly

produced about 270 kg of U308 from 1953 to 1955. Uranium occurs as uraninite

with pyrite and some secondary uranium minerals (Garside, 1973). Mineralization

appears to be contained within a silicified breccia zone along the caldera-bounding

fault zone. Siicified zones are commonly more vuggy than Atlanta ore. Several

planar "rhyolite dikes", which strike N70°E and dip 152O0 northwest, are reported

within the mine (Cox, 1981). No surface exposures of dikes were found in this

study, nor were intrusions encountered in limited drilling near the mine. These

features may be part of the collapse breccia inside the Indian Peak caldera.

Bradshaw Area Mineralization

The Bradshaw area is located on the south slope of Atlanta Peak (Figure 2).

The Bradshaw mine consists of one adit, with about 45 m of underground workings.

Gold-silver mineralization is hosted in a silicified zone along a northwest-striking fault

in Paleozoic rocks. This fault is interpreted here to be related to collapse of the Indian

Peak caldera, although it is external to the caldera boundary. The fault appears to

splay off from the main caldera-bounding fault zone where it bends sharply to the west

(Plate I).

Silica replacement of carbonate is the dominant type of alteration in the

Bradshaw. Cox (1981) reports that the silicification here has fewer open spaces than
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ore from the Atlanta mine. No sulfides were observed, but pyrite boxwork and iron

oxides are common in siicified zones.

Several small prospect pits and shallow shafts occur near the Brarishaw mine.

Many of these explore mineralization in the Wah Wah Springs Formation breccia unit

'Twb' (Plate I, Figure 9). The breccia is up to 27 m thick in some areas, but is not

consistently hydrothermaily altered. Silicification appears to be localized along

contacts between the Paleozoic rocks and the tuffaceous matrix of the unit, and along

faults within the Paleozoic blocks. Similar to other siicification in the district,

silicified breccias here contain abundant pyrite boxwork and hematite. Dolomite

within 1-6 m of the breccia zones is partly recrystallized and contains abundant quartz

stringer veins, which contain hematite and pyrite casts. The tuffaceous matrix is rarely

exposed, except where it is partly siicified, with abundant iron oxides and clay

alteration.

Discussion

This study relates mineralization throughout the district to structures formed by

the collapse of the Indian Peak caldera, approximately 29.5 Ma. In the Atlanta mine,

mineralization occurs along the caldera-bounding fault zone. To the south, in the

Bradshaw area, mineralization is localized along faults that splay off of this fault zone.

Minor mineralization also occurs in the Wah Wah Springs Formation breccia unit in

this area. To the west, mineralization occurs along faults juxtaposing Paleozoic rocks

with the Escalante Desert and Wah Wah Springs formations.

In contrast, Cox (1981) proposed that mineralization was related to intrusion

of a large granitic body beneath the area after the 28 Ma eruption of the Ryan Spring

Formation. He noted that the Ryan Spring Formation is faulted within the Atlanta

mine, and that alteration occurred between and along faults in the mine area.



The present study recognizes three distinct episodes of faulting: 1) faults

related to the collapse of the Indian Peak caldera, including extensional faults within

the caldera floor, as discussed above, 2) faults related to the collapse of the Ryan

Spring caldera (not well exposed), and 3) widely spaced normal faults related to Basin

and Range style extension. Mineralization is localized along the first set of faults, and

appears to be absent along the two younger sets. The fault beneath the Ryan Spring

Formation in the Atlanta mine is interpreted here to be a normal fault related to regional

Basin and Range style extension. Evidence for hypogene hydrothermal alteration of

the Ryan Spring Formation was not observed anywhere in the district, and thus this

unit is believed to post-date mineralization.

Surface exposures at the Atlanta mine reveal that wallrock alteration of the

volcanic rocks includes sericitic (illite + quartz + pyrite) within 10 m of the main

siicified zone (Figure 19), grading outward to argillic (kaolinite). Limited exposures

and drilling do not encounter a propylitic zone outward from this. Much of the

exposed area is affected by supergene alteration, which may be responsible for the

abundant kaolinite at the surface. Deep drilling (>330 m below surface) encountered

kaolinite in feldspar sites around unoxidized pyrite veinlets, suggesting that at least

some kaolinite is hypogene. Deep drill holes also reportedly contain alunite + quartz +

pyrite veins, with one-meter envelopes of kaolinite in sericitically altered tuff. If this

is truly alunite, this alteration assemblage suggests advanced argillic, or acid-sulfate,

alteration.

This deposit can be compared with the Summitville acid-sulfate or advanced

argillic deposit in the San Juan volcanic field, Colorado. There, a zone of 'vuggy

silica' is surrounded by quartz-alunite alteration, which grades outward to illite or

montmorillonite and more distally to propylitic-montmorillonite alteration (Stoffregen,

1987). In general, this alteration zoning is similar to veins at depth at Atlanta,
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Figure 19. Schematic cross-section of alteration at the Atlanta mine. Line of section
shown on Figure 20. See text for discussion.

a) Hypo gene alteration, roughly synchronous with collapse of the Indian
Peak caldera, produced a silicified zone enveloped by sericitic (jute +

quartz + pyrite) alteration which grades outward to argiffic (kaolinite).
b) Supergene alteration may have begun prior to eruption of the Ryan

Spring Formation, and continues to present.
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mentioned above. However, there are some notable differences between the two

districts. Early fluids at Summitville are believed to have had a pH of <2 (Stoffregen,

1987), whereas fluids at Atlanta were in contact with dolomite, so must have been

buffered to near neutral pH. Native sulfur, chalcopyrite, tennantite, covellite, and

visible gold were not observed

at Atlanta, but are well documented at Summitville (Stoffregen, 1986 and 1987).

Uranium concentrations are notably elevated in the Atlanta mine, although not

to ore grades. Because uranium is more soluble in oxidized waters (Langmuir, 1978)

and gold as a bisulfide complex in reduced waters (Sewart, 1973), these two metals

are not likely to have precipitated from the same solutions. Uranium may have been

dissolved into oxidized surface waters circulating in the glassy volcanic rocks of the

Escalante Desert and Wah Wah Springs formations. Devitrification of volcanic glass

has been proposed as a source for the uranium in the fluids (i.e., Finch, 1967), and

interaction of these waters with reduced, hydrothermal waters from at depth may have

initiated precipitation of uranium with the gold and silica.

For this thesis, detailed mineralogy studies of rocks from the Atlanta mine

were not undertaken at the scale necessaiy to adequately describe alteration zoning and

vein mineral assemblages. Further work to study the mineralogy of this area may

advance the understanding of the mechanism of ore precipitation and source(s) of the

metals in these caldera-related epithermal systems.
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CONCLUSIONS

The Atlanta district lies along the northern edge of the Indian Peak Caldera

Complex in east-central Nevada. Tertiary rocks within the district record five large

ash-flow eruptions from this caldera complex. Two of these ash-flow eruptions

occurred from the Indian Peak and Ryan Spring calderas, which intersect within the

district The Wah Wah Springs Formation erupted at approximately 29.5 Ma from the

Indian Peak caldera (Figure 20a). The marginal fault zone of this caldera is exposed in

the mine, dipping 7O9O0 to the west, into the caldera. A vent site is preserved in the

Atlanta mine wall, marked by tuff dikes which contain steeply-dipping fiamme.

Epithermal gold., silver, and uranium mineralization is hosted in a silicifled breccia

within the caldera-bounding fault zone and around the vent site. The hydrothermal

system appears to have been active during the collapse of the Indian Peak caldera

(Figure 20b), shortly after the eruption of a large dacite tuff. The dacite tuff of the

Wah Wah Springs Formation is the youngest mineralized unit, and provides a

maximum age for mineralization of 29.5 Ma. Thick collapse breccias containing large

blocks of country rock cover the margin in some areas, and thin away from the margin

into the caldera. Faulting within the proposed uplifted segment of the Indian Peak

caldera floor suggests that the region was being extended when this caldera collapsed.

These faults suggest an early phase of extension that likely did not form Basin and

Range topography, but was more local, focused within the caldera.

Unmineralized rhyolite ash-flow tuff of the Ryan Spring Formation overlies

the mineralized rocks, constraining the minimum age for mineralization. Sanidine

from this unit yielded a weighted-mean plateau age of 27.91 ± 0.29 Ma. This eruption

formed a caldera not previously recognized, informally named here the Ryan Spring

caldera (Figure 20c), which lies mainly within the older Indian Peak caldera and
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crosses the southern margin of the Atlanta district. The marginal fault zone of this

caldera is not exposed, but its location is inferred by ash-flow tuff thickness and

welding changes, and by the position of intracaldera collapse-related debris flow

deposits.

Two rhyolite ash-flows of the Ripgut Springs Formation overlie the Ryan

Spring Formation. Sanidine from the central portion of the upper ash-flow yielded an

40Arf39Ar weighted-mean plateau age of 28.36 ± 0.24 Ma. This age is slightly older

than, but within error of the underlying Ryan Spring Formation. The Ripgut Springs

Formation is overlain by the 25.0 Ma Isom Formation. The Ryan Spring, Ripgut

Springs, and Isom formations all post-date mineralization. The Ripgut Springs and

Isom Formations were erupted from calderas south of the district, and only the

outflow tuffs are present within the study area. They are preserved in a structural

graben formed by two north-striking normal faults (Figure 20d). Extensional faults

clearly truncate all caldera structures in the district, and do not appear to have rotated

ash-flows between eruptions. Angular discordances between the post-mineralization

tuffs are not observed and sedimentary deposits are minimal. These features suggest

that a second episode of extension post-dates all caldera activity in this district.
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Figure 20. Series of block diagrams illustrating the structural evolution of the Atlantadistrict. Compare with Figure 13. View is toward the northeast. AtlantaPeak is marked by an asterisk for location reference. Scale: 1cm equalsapproximately 1km.
A. Formation of ring fractures and eruption of the Wah Wah Springs Tuff at29.5 Ma from a vent at the future site of the Atlanta mine. Paleozoicrocks underlie thin deposits of bedded tuff of the Escalante Desert

Formation, represented by the stippled pattern on the block surface.B. Following eruption, collapse of the Indian Peak caldera (shaded area) andestablishment of a hydrothermal system along the ring fracture fault zonearound the vent site (dark areas). Shaded area within the caldera
represents andesite lavas and dacite tuff of the Wah Wah SpringsFormation. Outside the caldera, the shaded area marks a breccia unit(Twb, on Plate II.), which is partly mineralized. The dark line throughthe Atlanta mine area represents the line of section for Figure 19.C. Collapse of the Ryan Spring caldera, following the eruption of the RyanSpring Formation about28 Ma. Collapse breccia from the Indian Peakcaldera is shown schematically near the caldera walls.D. Basin and Range style extension post-dates all caldera activity within thedistrict. The 'central graben' is bounded on the east and west by normalfaults, which appear to die out to the south. Shaded area represents thepreserved post-mineral outflow tuff occurrences. Collapse breccias anddebris flow deposits are shown schematically along the margin of theRyan Spring caldera.
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40/39 DATING

Sample Selection

Minerals suitable for radiometric dating were identified in thin-sections of three

units that occur in and around the Atlanta Mine: the Ripgut Springs Tuff, the Ryan

Spring Tuff, and a tuff dike (Twti on Plate II), thought to be a vent intrusive. As

stated earlier, the Ripgut and Ryan Spring tuffs are both relatively unaltered, and are

thought to post-date the latest mineralizing event in the Atlanta area. The vent intrusive

is hydrothermally altered to clay, and contains angular clasts of brecciated, silicifled

ore. All three of these units contain small amounts of optically clear, unaltered

sanidine. In the tuff dike, this is the only mineral suitable for dating. Both the Ryan

Spring and the Ripgut Spring tuffs contain abundant biotite, but this mineral was not

selected for 40Ar/39Ar dating because it is more easily reset by weathering.

Mineral Separation

Once samples were selected for dating, approximately 500 g samples were

crushed with an alumina ceramic jaw crusher and hardened steel disk pulverizer.

Samples were then sieved to remove coarse multi-mineral grains and veiy fine

particles. Single-grain crystals occurred in two distinct size fractions: -35 to +48

mesh ("coarse") and -48 to +80 mesh ("fine"). Magnetic material, mainly steel from

the pulverizer disks, was removed from the samples with a magnet. The size fractions

were cleaned in an ultrasonic cleaner in distilled water to remove any remaining matrix

on the crystals. They were then treated with dilute oxalic acid in the ultrasonic to

remove grain-surface coating of iron-oxides. Paramagnetic minerals, mainly biotite,

and some matrix grains were removed using a Frantz isodynamic magnetic separator.



The portions of the samples that were non-magnetic at 1.5 Amperes in the Frantz

separator were selected for heavy-liquid separation.

Sodium poly-tungstate was used to create a solution at density (p) = 2.50

g/cm3, to float off matrix or glass grains. A solution at p = 2.60 g/cm3 was then used

to separate sanidine from plagioclase in a centrifuge. Quartz grains and remnant

plagioclase grains were removed by hand-picking. Samples were then washed in

dilute hydrofluoric acid in the ultrasonic cleaner for one to two minutes, to remove

small pieces of matrix that adhered to grains.

Each sample was sealed in a quartz tube and placed in the core of Oregon State

University's TRIGA reactor for 10 to 15 hours, receiving a neutron dose of 1.0 - 1.5

X 1018 nvt. The efficiency of conversion of K39 to Ar39 was monitored by a

standard of hornblende of a known age (standard MMhb- 1, 520 Ma; Samson and

Alexander, 1987). Heating steps were devised to attempt to divide the released gas

into six roughly equal portions, but this was not entirely successful (see below).

Samples were initially heated to 400°C to remove any excess Ar gas. Samples were

held at each step setting for 10 minutes, then opened to a system of 'getters', that

remove gases, such as H, from the sample. The argon composition of each gas

increment was measured with a Mass Analyzer Products MAP 2 15-50 mass

spectrometer.

The mass spectrometer was connected to a computer, that recorded the data

and made conections for background, mass fractionation, and isotopic interferences.

The program used to accomplish this was written by Mr. L. Hogan of Oregon State

University's College of Oceanography and Atmospheric Sciences, and is loosely

modeled after "Argus 2.n" by M. McWilliams of Stanford. The following ratios were



computed: 40/36 (HC1 corrected), 40/3 9, 37/40 (Cl corrected), 3 6/40 (uncorrected),

and 35/40. To do this, each mass from 40 to 35 is fitted to a weighted second order

polynomial. Each ratio at the inlet time is computed from the intercepts for the fitted

isotopes. Masses 37 and 36 are corrected for Cl37 and HC1 from the magnitude of the

measured 35 mass. From a plot of the uncorrected 36/40 ratio versus the 35/40 ratio,

the HC1 correction factor and the mass fractionation factor are determined.

Age spectra were constructed using the data output from the computer program

mentioned above. These data are presented in Table Al. ColTections for background,

mass fractionations, and isotopic interferences were applied by the computer program.

The ages were then corrected for flux variations (see discussion in Methods section).

A plateau was recognized as two or more contiguous heating steps that are within error

of each other and contain >65% of the gas. Two of these samples yielded plateaus:

RP-4420 and RY-000l. The weighted mean plateau age was calculated from the steps

that make up the plateau for these samples. RP-4420 from the Ripgut Springs

Formation gave a weighted mean plateau age of 28.36 ± 0.24 Ma, using three

contiguous heating steps containing 84% of the total 39Ar released. Sample RY-0001

from the Ryan Spring Formation yielded a weighted mean plateau age of 27.91 ± 0.29

Ma, using the 1000° and 1200°C heating steps containing 68% of the gas. These ages

are discussed in the text. The age of the Ryan Spring Formation is apparently younger

than the overlying Ripgut Springs Formation, but the ages are within error of each

other. The 800° and 1400°C steps from sample RY-000l are just outside of error of

the plateau. The age of the Ryan Spring Formation was re-calculated to include the

800°, 1000°, 1200°, and 1400°C steps, which do not form a true plateau. The

weighted mean age of these four steps is 28.11 ± 0.87 Ma. This age is not used

because it is not a plateau.



Table Al. Dates Calculations

I
Sample ID

I
Step T°C iAge Unc (Ma)I % Rad Ar

f
Volts Ar39 I % Total Ar39

f
% Ar39

I
Ar40/Ar36

I
Ar40/Ar39

I
Ar39/Ar36

I

400 0.0 0.0% 0.000511 0.03% 0.03% 289.0822 2410.6241 0.119920
600 26.8 16.6% 0.012450 0.67% 0.70% 354.1129 57.1051 6.201072
800 24.1 82.8% 0.250657 13.56% 14.27% 1700.2382 10.2887 165.252677

RP4420 1000 25.5 95.4% 0.659141 35.67% 49.94% 6186.7938 9.4474 654.869502
1200 25.9 98.0% 0.306078 16.56% 66.50% 13917.2045 9.3571 1487.348935
1400 26.0 93.1% 0.580748 31.43% 97.93% 4073.4647 9.8707 412.683992
1600 17.9 12.5% 0.038240 2.07% 100.00% 337.5208 50.6278 6.666705

: 1.847825 100.00%

600 0.0 0.0% 0.01 1723 3.43% 3.43% 286.6222 167.2325 1.713914
800 23.8 44.6% 0.040889 11.96% 15.39% 511.3826 18.8285 27.159957

1000 25.6 69.6% 0.107087 31.33% 46.12% 863.1218 12.9529 66.635256
RY-0001 1200 25.1 30.7% 0.124587 36.45% 83.17% 416.3319 28.7457 14.483292

1400 26.5 55.0% 0.055270 16.17% 99.34% 612.9796 16.9266 36.214013
1600 15.0 19.7% 0.002267 0.66% 100.00% 300.7834 266.3902 1.129108

E: 0.341823 100.00%

400 3195.5 61.2% 0.001007 0.82% 0.82% 761.8903 5003.7168 0.1523
600 1130.0 42.9% 0.000640 0.52% 1.34% 517.4648 1279.7869 0.4043
800 339.1 64.2% 0.004805 3.90% 5.24% 824.2620 203.8755 4.0430

TB-3242 1000 102.7 62.6% 0.015970 12.97% 18.20% 790.6908 59.1751 13.3619
1200 81.9 80.0% 0.082858 67.27% 85.47% 1478.2456 36.7239 40.2530
1400 503.0 87.9% 0.017462 14.18% 99.65% 2445.0735 231.2850 10.5717
1600 3277.1 71.7% 0.000433 0.35% .100.00% 1045.0045 4501.1092 0.2322

: 0.123 175 100.00%



Table Al. (continued) Dates Calculations

Sample
I

Step T°C
I

Uncorr. Age I Error (Ma) R Value
I

Corr. Age
400 0.0000 0.0000E+00 0.000
600 26.7981 2.5 2.1807E-05 29.468
800 24.1081 0.6 l.9618E-05 26.510

RP-4420 1000 25.4878 0.5 2.0741E-05 28.027
1200 25.9112 0.5 2.1085E-05 28.492
1400 25.9783 0.5 2.1140E-05 28.566
1600 17.8885 2.1 1.4557E-05 19.671

600 0.0000 0.0000E+00 0.000
800 23.846 1 1.0 l.9405E-05 26.222

RY-0001 1000 25.6241 0.5 2.0852E-05 28.177
1200 25.1052 0.5 2.0429E-05 27.606
1400 26.4611 0.5 2.1533E-05 29.097
1600 14.9635 18.0 l.2177E-05 16.454

400 3195.5357 55.2 2.6004E-03 3513.860
600 1130.0267 43.1 9.l956E-04 1242.595
800 339.1035 9.6 2.7595E-04 372.883

TB-3242 1000 102.6728 2.8 8.3550E-05 112.901
1200 81.8585 1.6 6.6612E-05 90.013
1400 503.0461 8.9 4.0935E-04 553.157
1600 3277.0723 36.5 2.6667E-03 3603.5 19

ateau Age I Error Uncorr. J Value
(Ma) 1 .56873E-03

I

Corr. J Value
1.72500E-03

28.362 0.239 Mean Age
28.36 t

1 .80375E+09

Mean Age
27.891

27.910 0.285 27.78

28.107 0.871 <-Cakulated using 800, 1000,

1200, & 1400°C Steps

(no plateau)

0\
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Sample TB-3242 did not give a plateau (Figure 21). Instead, 67% of the gas

was released in one step, and the range of apparent ages is 3603 to 90 Ma. The

apparent age of 90 Ma is not consistent with geologic relations observed at the Atlanta

mine, and is interpreted to not be the true age of the intrusive. This sample may have

experienced 40Ar addition in alteration. Alternatively, a portion of the sanidine may

have been picked up as the intrusion moved through older quartzites that underlie

Ordovician rocks in this area. This mixture could cause an apparently older age. The

problem with interpreting data from this sample may have been avoided if heating

steps were designed more carefully, to separate the gas into smaller releases. This

may have revealed more about the history of the sanidine, to aid interpretation.

However, since the meaning of this date is not clear and it contradicts field relations

and chemical correlations (see text), I have chosen not to use the age determined.

3200.0

';' 2400.0

< 1600.0

Apparent Age =90.0±1.6 Ma

10 20 30 40 50 60 70 80 90 100

% Ar 39 released

Figure 21. Age spectrum of sanidine from sample TB-3242, of the partly altered tuff
dike exposed in south wall of the Atlanta mine. Because 67% of the gas
was released in one heating step, instead of over several steps, this is not
considered a plateau.
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APPENDIX II.

CHEMICAL DATA TABLES

Table A2. Immobile element analyses of 24 samples from the Atlanta area. Methods

of analyses are discussed in text (refer to Methods section). Analytical errors

are: 0.1% for A1203, 0.05% for Ti02, 1.0% of Y value, 3.5% of Nb value,

and 0.6% of Zr value. Sample descriptions are given below in Table A4.

Sample ID grams %AlO3 % TiO
I

Y (ppm)
I

Nb (ppm) Zr (ppm)

3901 (a) 29.5 13.3 0.52 3.0 133 222

3902(b) 25.5 13.3 0.48 <1 7.0 212

3903 26.2 9.13 0.01 <1 10.0 10

3904 36.2 0.60 0.07 5.6 309 56

3905 37.0 1.14 0.11 11.0 <1 33

3906 27.2 0.22 0.16 <1 13 82

3907 (m) 27.2 13.8 0.57 14.0 6.0 152

3908 (r) 24.1 13.9 0.55 3.7 7.0 210

3909 27.1 12.0 0.05 8.8 12.0 44

3910 34.5 15.9 0.09 3.1 78 126

3911 35.2 11.1 0.09 3.3 4.0 66

3912(ge) 30.3 13.8 0.52 8.9 11.0 167

3913 28.6 11.5 0.07 21.0 859 90

3915 24.4 14.4 0.30 2.0 8 17

3916 24.2 14.3 1.20 11.7 7 27

3917 22.6 9.1 0.07 6.8 11 15

3918 (a) 25.9 13.8 0.68 10 7 16

3919 (b) 25.0 13.6 0.68 8.2 8 13

TB-3242 24.0 22.5 0.67 7.7 11 21

3921 (m) 23.2 13.9 0.70 9.2 4 19

3922 (r) 24.4 14.3 0.70 4.8 1 11

3923 (ge) 26.9 13.3 0.63 2.5 1 9.7

RP-4420 29.1 9.84 0.10 15.0 110 76

RY-0001 25.0 11.4 0.25 16.0 10.0 211



Samples RP-4420, RY-0001, and TB-3242 are the same as those used for 40Ar/39Ar

dating, described above. Sample numbers followed by letters (i.e., "3901 (a)") were

used to correlate these altered units with the Wah Wah Springs Formation. See text

for discussion.

Table A3. and locations.

ample 11) Description and location
3901 (a) from the northwest corner of the lowest bench in the Atlanta mine. Altered tuff

with about 40% relict phenociysts and 3-5% partly-oxidized pyrite.

3902 (b) from northwest corner of lowest bench in the Atlanta mine. Orange, limonite-
stained, clay-altered matrix with about 30% clay-altered phenocrysts.

3903 from center of the lowest bench in the Atlanta mine. Partly silicified limonite-
stained clay-altered crystal-rich tuff.

3904 from center of lowest bench in the Atlanta mine. 100% silicified fractured
and/or brecciated tuff (?) with limonite along fractures.

3905 from west wall, lowest level of the Atlanta mine. From hanging wall of fault
dipping 55° west. Grey, silicified tuff containing abundant barite crystals.

3906 from west wall, lowest level of the Atlanta mine. From footwall of fault
dipping 55° west. Dark grey, silicified brecciated volcanic rocks.

3907 (m) Unit 'Twgi' from the southwest corner, road-level of the Atlanta mine. Coarse-
grained, clay-altered biotite granodiorite intrusion, with hematite staining along
shears.

3908 (r) from northwest corner of third bench from bottom of the Atlanta mine (approx.
6550' elev.). Altered rhyolite tuff (?) or dike (?), with about 30% relict
phenocrysts and up to 3% partly-oxidized pyrite, as in sample 3901.

3909 from north apex of third bench from bottom of the Atlanta mine (approx. 6540'
elevation). Clay-altered, bedded tuff with 25-30% relict phenocrysts. Appears to
be deposited on 3910.

3910 from north apex of third bench from bottom of the Atlanta mine. Clay-altered,
bedded tuff with 30% relict phenociysts. (Just below sample 3909)

3911 Green, aphanitic tuff from just north of the Solo Joker prospect.

3912 (ge) from south side of the Great Eastern prospect (unit in contact with Paleozoic
carbonate on the south side). Clay-altered, hematite-stained, crystal-rich tuff.

3913 From hill on the northeast side of Silver Park mine. Coarse-grained green
rhyolitic tuff with abundant pea-size black, angular lithic clasts.
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3915 from approximately 450 m west-northwest of the Silver Park mine. Green,
altered porphyritic rhyolite tuff with about 15% relict phenocrysts (quartz
phenocrysts up to 4 mm in diameter).

3916 from hills approximately 1.5 km north of Silver Park mine, along water well
road. Unit Tea? porphyritic andesite with dark grey aphanitic matrix and
approximately 5% plagioclase phenocrysts.

3917 from hill off northeast side of the Silver Park mine dump. Cherty, green bedded
tuff, with limonite stains and rip-up clasts visible in hand samples.

3918 (a) duplicate sample of 3901

3919 (b) duplicate sample of 3902

TB-3242 Clay-altered, hematite-stained tuff dike from south wall of Atlanta mine
(approximately 6850' elevation).

3921 (m) duplicate sample of 3907

3922 (r) duplicate sample of 3908

3923 (ge) duplicate sample of 3912

RP-4420 Unaltered, densely welded and partly devitrified pumice-rich ash-flow luff of the
Ripgut Springs Formation, from the top of the low hills approximately 1 km
southwest of the Atlanta mine.

RY-0001 Devitrified biotite-plagioclase rhyolite tuff of the Ryan Spring Formation, from
the north, upper (road-level, approximately 6700') bench of the Atlanta mine.




