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ABSTRACT 

Late Permian kuroko-type mineralization in the Bully 

Hill area of the East Shasta district formed along two 

horizons within the Bully Hill rhyolite. In the Bully Hill, 

Rising Star, and Copper city mine areas, syngenetic mineral

ization is underlain by alteration zones characterized by 

. . . * add1 t10n of 8102 and Kzo, loss of Na20, CaO, and Fe203 , and 

the assemblage quartz + sericite + pyrite. Quartz precipit-

ation in the upper portion of the zones led to cyclic seal-

ing of fluid flow, rupturing of the seal, quartz supers at-

uration, focused fluid discharge, and formation of sulfide 

mounds on the seafloor. 

Syngenetic mineralization occurred in several 

stages: (1) deposition of fine-grained banded sulfides and 

gangue; (2a) recrystallization of Stage 1 minerals, and 

void-filling by pyrite + weakly chalcopyrite-diseased sphal-

erite ± barite; (2b) deposition of coarsely-crystalline 

pyrite + heavily chalcopyrite-diseased sphalerite; (3a) 

void-filling and replacement by galena + chalcopyrite + 

tetrahedrite-tennantite; (3b) replacement by chalcopyrite; 

and (4) replacement by barite. ~S04= and H2S contents of 

hydrothermal fluids decreased from Stages 2a to 3a. 6~S 

values of sulfides increased successively from Stages 1 

(-15.8 per mil) to 3a (3.0 per mil), reflecting variable 



--_ ...... -

inputs of biogenic sulfur and deep-seated fluid evolution. 

034S values of syngenetic barites range from 12.4 to 22.5 

per mil, reflecting cold seawater and hydrothermal sulfur 

sources, respectively. 

18 

034S values of epigenetic pyrite and barite within 

the alteration zones range from -0.7 to 2.7 per mil and 12.4 

to 24.1 per mil, respectively. Primary and pseudosecondary 

fluid inclusions in epigenetic minerals have filling temper

atures of 240 to 260·C and salinities of 3 to 12.3 equival

ent weight percent NaCl. 

Lower limits of fluid salinities and o~S values of 

barite indicate that seawater was a primary component of the 

hydrothermal fluid, and that seawater also mixed with dis

charging fluids on the seafloor. High fluid salinities, the 

lack of a silica source, and the close link of magmatism 

with mineralization indicate that magmatic fluids may have 

been an important component of the hydrothermal fluids. 



CHAPTER 1 

INTRODUCTION 

Scope of This Study 

The purpose of this study was to reevaluate the 

geology and geochemistry of the Bully Hill portion of the 

East Shasta massive sulfide district in Shasta County, 

California. This work was undertaken as part of a larger 

effort at the University of Arizona which encompasses the 

entire district. 

19 

The most comprehensive work on the district was 

completed by Albers and Robertson (1961). They concluded 

that the ore bodies of the district are epigenetic replace

ment deposits formed along shear zones in volcanic and 

sedimentary rocks. They believed that the mineralizing 

event took place much later than the deposition of the host 

rocks. 

In the late 1960's and early 1970's, many massive 

sulfide deposits similar to the East Shasta ores were re

interpreted to be volcanogenic deposits (e.g., Anderson, 

1969). Although the East Shasta ores have been widely 

reclassified as volcanogenic massive sulfide deposits (e.g., 

Hutchinson, 1973; Meyer, 1981) detailed geologic documenta

tion of the deposits in the district has only been presented 
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for the mineralization in the area of the Afterthought mine 

(Fr~dericks, 1980; Eastoe and Nelson, 1988). 

For this study, the principal areas of mineraliza

tion in the Bully Hill portion of the East Shasta district 

were mapped at various levels of detail in order to provide 

a geologic base for geochemical interpretations. Samples of 

the Bully Hill rhyolite, which hosts the deposits, the 

Dekkas andesite, and examples of the various styles of 

mineralization were examined petrographically. Geochemical 

results, including whole rock, sulfur isotope, and fluid 

inclusion analyses, are combined with these data in order to 

present a geological and geochemical model of the ore-form

ing processes. 

Location 

The East Shasta district is located in Shasta 

County, California, in the southeastern corner of the 

Klamath Mountains geologic province. The district is 

centered on two main areas of mineralization: the 

Afterthought mine area in the southeastern portion of the 

district and the Bully Hill area, which is the subject of 

this study. The study area, which will be referred to as 

the Bully Hill area, lies along the northern shore of the 

Squaw Creek arm of Shasta Lake in the north-central portion 

of the East Shasta district, as defined by Albers and 

Robertson (1961), approximately 27 kilometers northeast of 
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Redding, California (Figure 1). The area includes portions 

of sections 9, 10, 11, 14, 15, 16, 17, 20, 21, 22, 28, 29, 

30 and 31, T 34 N, R 3 W, MDM, on the Bollibokka Mountain 

(1:62500) quadrangle map. 

The Bully Hill area includes the Bully Hill and 

Rising star mines, on the slopes of Bully Hill, the Copper 

city mine, approximately 2 kilometers southwest of Bully 

Hill, and the Shasta May Blossom prospect, about 2.5 kilo

meters east of Bully Hill (Figure 2). Bully Hill, located 

in the southeast quarter of section 16, is a prominent 

positive topographic feature among the generally low-lying 

foothills of Horse and Town Mountains. 

The study area may be reached from Redding by 19 

kilometers of paved road to Jones Valley and then by boat 8 

kilometers across Shasta Lake. Alternatively, there are two 

overland routes to the project area consisting of long dirt 

roads which connect with u.s. 299E and Interstate Highway 5, 

as shown on county maps. These dirt roads range from well 

to poorly maintained. The overland routes from Redding 

to Bully Hill are approximately 100 kilometers long. Un

maintained dirt roads and variably overgrown foot paths 

provide partial access within the generally densely veget

ated study area. 
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Figure 1. Location of study area. BH = Bully Hill; 
Aft = Afterthought mine 
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Figure 2. Simplified geologic map of the Bully Hill 
area, adapted from Albers and Robertson (1961), showing 
sample locations, areas of detailed study, and the Rising 
Star, Bully Hill-Copper City and Shasta May Blossom mineral
ized horizons. See Figure 21 for sample locations in the 
Bully Hill-Rising Star ~ine area. Map areas: A = Dully 
Hill-Rising Star; B = Copper City; C = Shasta May Blossom. 
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Mining History 

The following is an abbreviated summary of the 

history of mining in the Bully Hill area taken largely from 

the more extensive review by Albers and Robertson (1961). 

The discovery of placer gold in the early 1850's in 

Town Creek along the eastern slopes of Bully Hill and in 

many of the gullies draining Bully Hill marked the beginning 

of mining activity in the East Shasta district. The resul 

tant interest in the presence of placer gold led to the 

discovery in 1862 of gold and silver in gossans outcropping 

at what became the Copper City and Bully Hill mines. Gold 

and silver were mined from the gossans intermittently from 

1862 to 1899 from shallow pits and adits. In 1877, the 

Extra Mining Co. built the first mill in the area at Copper 

City and during the next four years the mill produced a 

reported $640,000 in gold and silver. When secondary sul

fide ores immediately below the gossans were encountered the 

mill was no longer effective in extracting the precious 

metals. 

Interest in high-grade secondarily enriched copper 

mineralization below the gossans led to the construction of 

a 150 ton capacity blast furnace by J. R. Delamar and the 

development of the Bully Hill mine on a large scale in 1901. 

By 1902, the ore being mined at Bully Hill had high zinc 

contents that caused metallurgical problems; this led to the 

development of the Rising Star mine. In 1908, the smelter 
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was remodeled and its capacity was increased to 800 tons per 

day in order to keep pace with the 1000 ton per day hoisting 

capacity at the Rising star and Bully Hill mines. The years 

from 1901 to 1910 were the boom years for copper, gold, and 

silver mining at Bully Hill. 

In 1910, the smelter and mines at Bully Hill closed, 

probably because of high zinc to copper ratios in the ores, 

which would have caused direct smelting methods to be un

practical. Smelter damage to nearby crops and forests may 

also have played a role in the closure. From 1915 to 1927, 

several attempts at developing an economic extraction pro

cess for the zinc-rich ores met with varying success, and 

minor amounts of copper, zinc, and precious metals were 

recovered. No metal has been produced from the Bully Hill 

area since 1927. 

In 1944 the Shasta Darn was cc>mpleted and the water 

in the newly created Shasta Lake flooded the lower workings 

of the Copper City mine. All other underground workings in 

the Bully Hill area are also presently inaccessible because 

of caving and closure of the portals. 

In the period from 1900 to 1927, the Bully Hill and 

Rising Star mines combined to produce about 580,000 tons of 

ore containing 49 million pounds of copper, 2.2 million 

ounces of silver and 38,000 ounces of gold. From 1913 to 

1927 approximately 25 million pounds of zinc were produced; 

prior to this time no zinc could be recovered and it was 
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lost in mine waste. The Copper City mine was never an 

important producer; the only known production consisted of 

250 tons of high-grade copper, gold, and silver ore (Albers 

and Robertson, 1961). No ore was produced at the Shasta May 

Blossom prospect. The production at the Bully Hill and 

Rising Star mines represents about 78% of the total tonnage 

mined in the East Shasta district to date. 

Previous Work 

The first geologic publication to include a discus

sion of the Bully Hill area was a report on the geology and 

mineralogy of Shasta County by Fairbanks (1893). A year 

later, smith (1894) reported on the stratigraphy and paleon

tology of the area adjacent to the McCloud and pit Rivers. 

In a report on metamorphic rocks west of Shasta County, 

Hershey (1901) briefly mentioned rocks which occur in the 

Bully Hill area. 

In the early 1900's, Diller published a series of 

reports on the geology of the Klamath Mountains. Included 

in these are a review of the sedimentary stratigraphy and 

paleontology of the Klamath Mountains, with a brief mention 

of the area in the vicinity of the confluence of the Pit 

River and Squaw Creek (Diller, 1903a); a survey of the 

geology of the copper deposits of the Redding quadrangle, 

including the Bully Hill district (Diller, 1903b); an update 

on mining activities in the Redding quadrangle, which in-
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cluded a brief description of the geology of the Rising star 

and Bully Hill mines (Diller, 1904); and the excellent 

geologic map, cross-sections, description of stratigraphy 

and review of the ore deposits of the Redding quadrangle 

published in the Redding Folio (Diller, 1906). The Redding 

Folio is a classic geologic work that has only been refined 

by later studies. 

Aubury (1908), in a review of copper deposits of 

California, discussed the status of mining properties in the 

vicinity of Bully Hill and presented a history of mining in 

the district. A more detailed investigation of the geology 

and ore deposits of the Bully Hill area than Diller's ear

lier work was undertaken by Graton (1910). Further descrip

tion of the geology of the mines and prospects in the Bully 

Hill area was published by Brown (1916). 

Other papers that include references to the geology 

of the area include reports by Hinds (1932) on the Paleozoic 

igneous rocks of the southern Klamath Mountains; Hinds 

(1933) on the stratigraphy of the Weaverville and Redding 

quadrangles; Hinds (1935) on the Mesozoic and Cenozoic 

"eruptive" rocks of the southern Klamath Mountains; and 

Hinds (1940) on the Paleozoic section of the southern 

Klamath Mountains. 

In 1961 Albers and Robertson published a detailed 

report on the geology and ore deposits of the East Shasta 

district. The report includes a geologic map and detailed 



descriptive text. This work has been the ba.sis of all 

subsequent study in the district. 
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More recent literature on the East Shasta district 

includes reports containing Pb isotopic data on ores of both 

the East and West Shasta districts by Doe and zartman (1979) 

and Slawson (1983), a thesis on the volcanic lithofacies of 

the Afterthought mine area of the East Shasta district 

(Fredericks, 1980), a paper documenting the presence of 

sedimentary clasts of sulfides in rocks stratigraphically 

above massive sulfide mineralization in both the East and 

West Shasta districts (Watkins and Stensrud, 1983), a thesis 

on a previously unmapped portion of the district to the west 

of the Afterthought mine area (Nelson, 1986) and a study of 

the geology and mineralization of the Afterthought mine area 

(Eastoe and Nelson, 1988). The geochemistry, petrology and 

tectonic setting of the Nosoni Formation, Dekkas andesite, 

and Bully Hill rhyolite have been presented in a series of 

recent papers (Lapierre et al., 1986; Martin, Lapierre, and 

Coulon, 1985; Martin, Lapierre and Rocci, 1984; and 

Lapierre, Albers, and Martin,1983). Eastoe, Gustin, and 

Nelson (1987) reported on the presence of an olistostrome 

deposit exposed throughout the East Shasta district in the 

lower pit Formation. 
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Field and Laboratory Methods 

Field work was undertaken in the summers of 1983 and 

1985. A 1:4800 scale aerial photograph was used as a map 

base for the geologic mapping of the Bully Hill-Rising star 

and Copper city mine areas. No attempt was made to correct 

for possible distortions in the photos. The Shasta May 

Blossom prospect and regional geology were mapped on the 

U.S.G.S. Bollibokka Mountain 15' topographic map at a photo

graphically-increased scale of 1:24000. The geologic map 

and descriptive text of Albers and Robertson (1961) were 

used as a geologic base for all field work and subsequent 

geologic interpretations. 

All underground workings in the Bully Hill area were 

inaccessible at the time of the field work. Mine and pros

pect dumps were therefore used extensively for petrographic 

and geochemical sampling in order to attain relatively un

weathered samples of mineralized rocks. Drill core of 

Northair Mines Ltd. was also briefly inspected, but not 

sampled. 

Whole rocks were analyzed by x-ray fluorescence by 

X-Ray Assay Laboratories Limited (XRAL) of Don Mills, 

Ontario, and TerraMin Research Labs Ltd. (TML) of Vancouver, 

British Columbia. Fused pellets were used for all elements 

except Y, Nb, and Zr, for which pressed powder pellets were 

utilized. The detection limit for major elements is 0.01%, 

with 10 ppm for Ba, 3 ppm for Zr, and 2 ppm for Y and Nb. 
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Fluid inclusion heating and freezing determinations 

were performed at the University of Arizona on a U.S.G.S.

S.G.E. gas-flow heating-freezing stage. Chromel-alumel and 

iron-constantan thermocouples were used with a Doric 400A 

Trendicator digital temperature indicator, which has a 

resolution of O.l·C. The thermocouples were calibrated 

using Pennsylvania state University pure H20 standards for 

o.o·C and critical point temperature determinations and pure 

CO2 for calibration at the triple point. A Leitz metronic 

microscope with 16x oculars and long-focal-Iength condenser 

was used for fluid inclusion thermometry. A 50x long-focal

length universal stage objective provided the maximum mag

nification of the microscope. This objective has an effec

tive magnification of approximately 32x when used without 

the universal hemispheric stage. 

Pyrite, barite, and anhydrite separates for sulfur 

isotopic analysis were sorted by hand, panned, or both. H2S 

from the sphalerite + galena fraction of complex massive 

sulfide ore was liberated through digestion in boiling 

dilute HCI and reprecipitated as PbS after introduction into 

a solution of lead nitrate. S02 was derived from sulfides 

by reaction with cu20 at 950·C (Robinson and Kusakabe, 1975) 

and from sulfates by reaction with Cu20 and Si02 at 1,100·C 

(Coleman and Moore, 1978). The S02 gas was purified and 

subsequently analyzed at the University of Arizona by a 

modified Micromass 602 mass spectrometer. Calibrations were 
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achieved by mutual comparison of National Bureau of stan

dards 123 (17.2 per mil) and five laboratory standards (-8 

to +17 per mil) from the University of Arizona and the 

University of Tasmania. The Tasmanian laboratory standards 

were tested against standards of the Department of 

Scientific Industrial Research (New Zealand), Bureau of 

Mineral Resources (Australia), and the ontario Geological 

Survey. 

An automated ARL electron microprobe with computer

linked software for data reduction was used in wavelength 

dispersive mode to determine the composition of sphalerites. 

An accelerating voltage of 15kv, a sample current of 30 

nanoamperes, and a beam diameter of 10 microns were used. 

Intensity data were reduced to concentrations using the 

method of Bence and Albee (1969). Energy dispersive mode 

was used to identify several mineral species. 
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CHAPTER 2 

REGIONAL GEOLOGY 

Klamath Mountains Geologic Province 

The Klamath Mountains geologic province of south

western Oregon and northwestern California is bound to the 

north and west by the Coast Ranges province, and is over

lapped to the east and south by the Cascade volcanic pro

vince and sediments of the Great Valley Sequence, respec

tively. It consists predominantly of Paleozoic and Mesozoic 

island arc-related volcanic and sedimentary rocks, 

ophiolitic sequences, and isolated ultramafic bodies of 

uncertain origin (Irwin, 1981). Plutons, largely of 

Jurassic and Cretaceous ages (Hotz, 1971), intrude many 

portions of the province. 

The Klamath Mountains province has been subdivided 

into four fault-bounded tectonostratigraphic terranes named, 

from west to east, the western Jurassic terrane, the western 

Paleozoic and Triassic terrane, the central metamorphic 

terrane and the eastern Klamath terrane (Irwin, 1981; Irwin, 

1966; Figure 3). The western Paleozoic and Triassic terrane 

is further subdivided into the Rattlesnake Creek, Hayfork 

and North Fork terranes. Strata of the eastern Klamath 

terrane have been less formally subdivided into the Yreka-



) 

Pacific 
Ocean 

C~-'",,,,-_ I ,: ... , ....... 

" , 

, , , 

Oregon 

California 

"'Redding Section 

Figure 3. Terrane map of the Klamath Mountains 
province, adapted from Irwin (1981). 
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Callahan area in the north and the Redding section to the 

south (Irwin, 1981). The Middle Ordovician Trinity ultra

mafic sheet (Lanphere, Irwin, and Hotz, 1968) is exposed 

between these and forms the basement of the eastern Klamath 

terrane (Irwin, 1981; Griscom, 1977). 

The entire sequence of terranes forms an imbricate 

gently east-dipping structural section. The geologic frame

work of the province is thought to be the result of the 

sequential tectonic accretion of remnants of oceanic crust 

and island arcs to the western margin of North America in 

the Jurassic (Hamilton, 1969; Irwin, 1981; Lapierre et al., 

1986) . 

Redding Section stratigraphy 

The East Shasta district is located within the 

Redding section of the eastern Klamath terrane (Figure 3). 

The Redding section includes arc-related volcanic and sedi

mentary rocks representative of all of the systems from 

Devonian through Middle Jurassic (Irwin, 1981). These rocks 

form a grossly conformable east-dipping homoclinal section 

with an exposed stratigraphic thickness of more than 10 to 

as much as 15 kilometers (Irwin, 1977). In a regional sense 

the Redding section is only moderately deformed and of low 

metamorphic grade (Lapierre et aI, 1986; Reed, 1984; Barker, 

Millard, and Knight, 1979; Albers and Robertson, 1961). 



35 

Two major accumulations of felsic volcanic rocks 

occur within the Redding section, the Devonian Balaklala 

rhyolite and the Permian Bully Hill rhyolite. These forma

tions host the massive sulfide mineralization of the West 

Shasta (Kinkel et al., 1956) and East Shasta districts, 

respectively. 

In the vicinity of the East Shasta district, rocks 

of the Redding section are unconformably overlain by Plio

Pleistocene volcanic rocks of the Cascade province. These 

include predominantly andesitic to basaltic flows and pyro

clastic deposits (Albers and Robertson, 1961). 

overview of the Geology of the East Shasta District 

The mineralization of the East Shasta district is 

hosted by a Permian island arc sequence which has been 

subdivided into the Nosoni formation, the Dekkas andesite 

and the Bully Hill rhyolite. These volcanic rocks were 

deposited on the McCloud limestone and are overlain by 

sediments of the pit formation (Table 1). 

The McCloud limestone is a fossiliferous limestone 

containing fusulinid assemblages that indicate an Early 

Permian age (Albers and Robertson, 1961). The contact 

between the McCloud and the volcanic rocks has recently been 

reinterpreted as conformable (Lapierre et al., 1983; Roure, 

1984) . 



Table 1. Statigraphy of the Bully Hill Area. 

Age 

Middle 

TRIASSIC 

Early 

Late 

PERMIAN 

Early 

Formation 

pit Formation 

Bully Hill Rhyolite 

Dekkas Andesite 

Nosoni Formation 

McCloud Limestone 

Thickness (m) 

600-1350 (1) 

50-750 (1) 

300-1100 (1) 

0-1000 (1,2) 

0-800 (3,4) 
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References: (1) Albers and Robertson (1961), (2) Lapierre et 

ale (1986), (3) Skinner and Wilde (1969) and (4) Watkins 

(1986) 
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The Nosoni formation is composed of basalt, dacite, 

andesite, and rhyolite lavas and associated pyroclastic 

deposits interlayered with mudstones (Lapierre et al., 

1986). Sparse carbonate rocks containing fusulinids of 

Early to Late Permian age also occur (Lapierre et al., 

1983). Several mafic-to-felsic cycles are present within 

the Nosoni volcanic rocks (Martin, personal communication to 

Eastoe, 1987). 

The Dekkas andesite conformably overlies the Nosoni 

formation (Albers and Robertson,1961). within the East 

Shasta area, the Dekkas andesite consists predominantly of 

andesitic to basaltic flows, breccias, and tuffs interbedded 

with minor fine-grained siliceous sediments. To the north 

of the East Shasta district, the Dekkas andesite contains 

abundant water-lain pyroclastics and, toward the top, 

basaltic lava and discontinuous lenses of shallow-water 

limestone (Miller, 1989). Late Permian fossils occur in the 

lower part of the Dekkas andesite (Albers and Robertson, 

1961), and a late Permian fossil assemblage which includes 

fauna of both Tethyan and North American affinities occurs 

at the top of the formation in the northeastern portion of 

the Redding section. 

The Bully Hill rhyolite, which hosts the bulk of the 

mineralization of the East Shasta district, conformably 

overlies the Dekkas andesite (Albers and Robertson, 1961). 

It represents a thin deposit of felsic volcanic material 
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overlying the relatively thick andesitic accumulation of the 

Dekkas andesite. The Bully Hill rhyolite is composed chief

ly of aphanitic to feldspar-phyric dacitic lavas and 

quartz+feldspar-phyric rhyodacitic to rhyolitic flows, flow 

breccias, and pyroclastic deposits. In the Bully Hill area 

dacitic units are most common at the base of the formation, 

with quartz-phyric units predominating higher in the sec

tion. Andesitic to basaltic lavas, intrusions, tuffs and 

volcanogenic sediments occur sporadically at the top of the 

formation and comprise what is informally referred to in 

this paper as the upper mafic unit of the Bully Hill rhyo

lite. Similar mafic volcanic rocks within the Bully Hill 

rhyolite overlie the felsic rocks west of the Afterthought 

mine (Eastoe and Nelson, 1988). 

The Dekkas andesite and Bully Hill rhyolite appear 

to represent a single mafic-to-felsic cycle. Mafic volcanic 

rocks occur locally near the top of the Bully Hill rhyolite 

and at the base of the pit formation. Late Permian radio

larians found in chert at the base of the pit formation 

immediately above the Bully Hill rhyolite indicate that the 

Dekkas and Bully Hill formations in the Bully Hill area are 

entirely of Late Permian age (Silberling and Jones, 1982). 

Felsic lithologies similar to those of the Bully 

Hill rhyolite are also found interbedded in both the Dekkas 

and pit formations, in many cases making the limits of the 

Bully Hill rhyolite difficult to define. Where this occurs 
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Albers and Robertson (1961) defined the lower contact of the 

Bully Hill rhyolite at the point where felsic rocks predom

inate over more mafic l~thologies typical of the Dekkas 

andesite, and the lower contact of the pit formation at the 

stratigraphically lowest occurrence of shale or mUdstone 

typical of the main mass of the Pit. 

Exposures of the Bully Hill rhyolite are confined to 

the East Shasta district, where it outcrops primarily in two 

areas. The exposure in the southeastern portion of the 

district is host to mineralization of the Afterthought mine 

and adjacent prospects. The lenticular mass of Bully Hill 

rhyolite exposed in the northern portion of the district, 

referred to in this paper as the Bully Hill area, hosts the 

mineralization of the Bully Hill, Rising Star, Copper City 

and Shasta May Blossom mines. Each of these occurrences of 

Bully Hill rhyolite may represent accumulations from sep

arate vents (Albers and Robertson, 1961). 

The pit formation conformably overlies all units of 

the volcanic terrane (Albers and Robertson, 1961). The bulk 

of the pit formation consists of fine-grained sediments, 

including mudstone, shale, siltstone and argillite, and 

interbedded intermediate to felsic pyroclastic deposits. 

The volcanic component is more prevalent in the lower por

tion of the formation. In the East Shasta area the base of 

the pit formation appears to be a large olistostromal depos

it (Eastoe et.al, 1987). The age of the bulk of the pit 
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formation at Hawkins Creek, located approximately 35 kilo

meters northeast of the field area is Middle Triassic 

(Curtis, 1983). 
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The Permo-Triassic rocks exposed in the East Shasta 

district were affected by a low grade of metamorphism. 

curtis (1983) defined a quartz-prehnite zone in the lower 

500 meters and a zone of laumontite subfacies of the zeolite 

facies above 500 meters in the Pit formation at Hawkins 

Creek. Lapierre et al. (1986) recognized zeolite and preh-

nite facies metamorphic assemblages within the Nosoni and 

Dekkas volcanic rocks. 

The base and precious metal mineralization of the 

East Shasta district occurs primarily as isolated or clust-

ered lenses of massive sulfide. These sulfide bodies occur 

predominantly at the contact of the Bully Hill rhyolite and 

the pit formation, and within the Bully Hill rhyolite close 

to this contact. A few lenses occur within the pit 

formation (Albers and Robertson, 1961). Exploitation of the 

massive sulfide ores has been centered about the 

Afterthought mine area near the ghost town of Ingot, and at 

Bully Hill. 

On the basis of geochemical and lithological charac

teristics of the Nosoni, Dekkas and Bully Hill formations, 

Lapierre et ale (1986) suggested that these rocks were 

deposited in a mature island arc environment which formed 

near the North American continental margin in the late 
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Permian. The arc was built upon the McCloud limestone car

bonate platform. The volcanic rocks are of the low-K thole

iitic series, and differentiation was the major process in 

their genesis (Lapierre et al., 1986). This arc was ac

creted to North America in the Jurassic (Hamilton, 1969; 

Irwin, 1981; Lapierre et al., 1986). 
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CHAPTER 3 

STRATIGRAPHY AND ALTERATION OF THE BULLY HILL AREA 

Introduction 

The three principal areas of mineralization in the 

Bully Hill area -- the Bully Hill-Rising Star, Copper City 

and Shasta May Blossom mine areas -- were investigated in 

various degrees of detail. Much of the region underlain by 

the Bully Hill rhyolite between these mineralized areas and 

portions of the Dekkas andesite were also examined in recon

naissance fashion, in order to build a geologic framework 

for the entire Bully Hill area. 

Dekkas Andesite 

In the Bully Hill area the Dekkas andesite consists 

primarily of andesitic massive to autobrecciated lava and 

lithic-rich pyroclastic deposits, with minor intercalated 

lenses of mUdstone. Volcanic rocks of basaltic composition 

are less common. 

Several thin-sections of the Dekkas andesite from 

the section stratigraphically below Bully Hill were ex

amined. The volcanic rocks are extensively hydrothermally 

altered, with titanomagnetite the sole primary igneous phase 

recognized. 
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The lavas, as seen in both massive flows and as 

lithic fragments in pyroclastic rocks, consist of plagio

clase phenocrysts and microlites in an intersertal ground

mass. Pilotaxitic texture and amygdules are common. The 

plagioclase phenocrysts commonly have albite twinning and 

optically continuous rims of plagioclase, and may occur in 

clusters. Petrographic evidence suggests that the igneous 

plagioclase has been extensively replaced by albite; micro

probe analyses indicate albite contents of 97 to 98 mole per 

cent in both the core and rim of a phenocryst which was 

analyzed. Sparse relict pyroxene phenocrysts are pseudo

morphed by secondary minerals, and often contain subophitic 

to ophitic albite microlites. 

The secondary mineral assemblage in volcanic rocks 

of the Dekkas andesite consists of chlorite, albite, iron 

oxides, calcite, epidote, pumpellyite, sphene, leucoxene, 

pyrite, quartz, sericite, prehnite and barite, in approxi

mate order of decreasing volumetric abundance. Paragenetic 

relationships in veinlets, amygdules and alteration of 

igneous phases and groundmass are consistent and suggest an 

alteration sequence of (1) chlorite, (2) calcite with or 

without quartz, (3) chlorite, (4) epidote and pumpellyite 

with or without prehnite, (5) iron oxide, and (6) chlorite. 

Albitization of the feldspars probably preceded all of these 

stages. Hexagonal flakes of hematite may accompany any of 

the chlorite stages. Pyrite occurs disseminated in the 
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groundmass and as an alteration product of feldspar and 

pyroxene, and is paragenetically earlier than pumpellyite. 

sericite and other clay minerals are minor alteration prod-

ucts of feldspar, and barite is an uncommon phase in amyg-

dules. 

Iron oxide alteration of the Dekkas andesite appears 

to be especially prevalent near the contact of the Dekkas 

andesite and Bully Hill rhyolite. In this area, iron oxides 

pervasively replace the groundmass, leaving albite pheno-

crysts and microlites as unreplaced islands within masses of 

iron oxide and creating a breccia texture. In some cases 

the iron oxide replacement can be seen to pervade outward 

from amygdules and irregular veinlets into the groundmass. 

A pre-depositional (primary) phase of hematitization 

is evidenced by andesitic pyroclastic rocks in which some 

lithic fragments are extensively hematitized and others are 

not. Miller (1989) reported similar hematitic lithic frag-

ments within Dekkas pyroclastic rocks near Lake McCloud 

(approximately 40 kilometers north-northeast of Bully Hill). 

Miller (1979) reported that green chloritic volcanic rocks 

predominate in the lower portion of the Dekkas andesite, 

while red hematitic volcanic rocks and fossiliferous shallow 

water limestone are common towards the top of the formation. 

She concluded that the Dekkas section at Lake McCloud repre-

sents a more distal facies of a stratocone than those in the 



East Shasta district, with the vertical lithologic changes 

indicating upward shoaling. 

Bully Hill-Rising Star Mine Area 

Rock units 

45 

Workings and prospects associated with the Bully 

Hill and Rising Star mines are located on the eastern and 

southern flanks of Bully Hill, respectively, entirely within 

the Bully Hill rhyolite near its contact with the overlying 

pit formation. within the Bully Hill-Rising Star mine area 

the Bully Hill rhyolite is subdivided into four units, 

informally named the lower tuff, lava, tuff breccia and 

upper tuff units (Figures 4 and 5). These units are over

lain by various lithologies of the lower pit formation. The 

upper portion of the Bully Hill rhyolite and the lowermost 

pit formation are intruded by mafic sills. 

Lower Tuff unit (bt1). The lowermost unit of the 

Bully Hill rhyolite overlies andesitic pyroclastic deposits 

of the Dekkas andesite. The lower tuff unit consists of 

various quartz-phyric lithic tuffs, ranging from beds of 

well-sorted, finely-layered coarse ash tuffs to lentils of 

poorly-sorted agglomeritic deposits with fragments up to a 

meter or more in the longest dimension. Rhyodacitic quartz 

crystal lithic tuff breccia is the predominant rock type of 

the lower tuff unit. Minor dacitic to rhyolitic flows and 

flow-breccias are also present. Fragments within the tuffs 
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EXPLAl\TATION 

I
t. 

bt2 
b 

bt 

PIT FORMATION 

BULLY HILL RHYOLITE 
Upper tuff unit 
Tuff breccia unit 
Lava unit 
Lower tuff unit 

@E] DEKKAS ANDESITE 

Strike and dip 
bedding 
flow banding 
schistosity 
space cleavage 

~_ Geologic contact, 
\ dashed where inferred 

____ --Fault, dashed where inferred 
.ttl 

_--.-~ Shear zone, showing dip 

..( 1 Axial trace of anticline 

~Overturned anticline 

Wi shaft 

...!:-:::- dirt road 
~,.. 

rrrr" mine dump 

Figure 4. Geology of the Bully Hill-Rising star 
mine area. Explanation is on page 46; map on page 47. Map 
base: aerial photograph. 
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Figure 5. Geologic cross-section of the Bully Hill
Rising Star mine area. Horizontal = vertical scale. Geolog
ic symbols same as in Figure 4. 
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are predominantly subangular to sub rounded coarse lapilli

sized pieces of flow-banded quartz-phyric rhyodacitic lava. 

Exotic rounded fragments of quartz monzonite(?), consisting 

of quartz, plagioclase and biotite, up to 0.5 meters in 

diameter occur with fragments of flow-banded felsic lava in 

an irregular bed of agglomerate in the middle of the unit 

(bt1a) . The source of this plutonic rock is unknown. The 

coarse-grained lithic tuffs of bt1 are clast-supported. 

The well-developed bedding in the fine-grained 

tuffaceous rocks of the lower tuff unit suggests deposition 

in a subaqueous environment. The rounding of the fragments 

in the coarse lithic tuff breccias and agglomerates and 

clast-supported nature suggests that these represent rework

ed pyroclastic deposits (talus breccias). 

Fragmental rocks exposed in the core of the anti

cline on Bully Hill are interpreted to be part of the lower 

tuff unit. These rocks include clast-supported crystal 

lithic tuffs, lithic crystal lapilli tuffs, and rhyodacitic 

flows and flow-breccias, all of which contain quartz pheno

crysts. Lithic fragments within the pyroclastic rocks 

consist predominantly of quartz-phyric flow-banded lava. 

Lava unit (bl). A series of generally highly-al

tered quartz-phyric rhyodacitic to rhyolitic lava flows and 

flow-breccias overlies the lower tuff unit. In unaltered 

exposures, which occur primarily beyond the limits of the 

map area, the groundmass of the lava is typically greenish-
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grey to greyish-black, and plagioclase phenocrysts are also 

present. Flow-banding is common in both the massive and 

autobrecciated lavas. Flow-breccia fragments are angular to 

subrounded, less than one meter in the longest dimension, 

are commonly flow-banded and are of the same composition as 

the matrix lava. 

Phenocryst abundance in the lavas ranges from 5 to 

20 volume percent, with plagioclase predominating over 

quartz phenocrysts. The phenocrysts are up to 5 mm in 

diameter. In the least-altered rocks the former presence of 

sparse ferromagnesian phenocrysts is locally evidenced by 

patches of chlorite, epidote-clinozoisite, pyrite, apatite 

and leucoxene. 

Quartz phenocrysts typically have equant, rounded 

shapes and are commonly embayedi euhedral (locally dipyra

midal) forms also occur. Feldspar phenocrysts are predomin

antly subhedral to euhedral, have poorly- to well-developed 

albite and Carlsbad twinning and commonly occur in clusters. 

Petrographic evidence suggests that the plagioclase is 

albite, with compositions ranging from Ab90-100 (Albers and 

Robertson, 1961). The phenocrysts are locally fractured and 

slightly brecciated. 

The groundmass of the lava is aphanitic, consisting 

of anhedral microcrystalline quartz and subordinate plagio

clase microlites. Chlorite occurs as a minor interstitial 

phase, and probably partially replaced the originally glassy 
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matrix. Minor amounts of epidote, pyrite and sericite with 

or without calcite and iron-rich carbonate are disseminated 

throughout the groundmass. Microspherulitic texture is 

present locally; relict perlitic texture was observed in one 

slightly altered sample. Zircon is present as a trace, 

accessory phase. 

Lenses of tuffaceous rocks (bIt), including clast-

supported lithic tuff breccia similar to rocks of the tuff 

breccia unit (below) and minor thinly-bedded fine-grained 

volcaniclastic rocks, also occur within the lava unit. Only 

a few of these lenses are shown on Figure 4. Examination of 

Northair Mines Ltd. drill core from the Bully Hill mine area 

suggests that the tuffaceous lithologies within the lava 

unit are more prevalent than is obvious from surface ex-

posures. 

Two subunits, not delineated on Figure 4, can be de-

fined within the lava unit. The lower subunit is composed 

predominantly of autobrecciated lava, and its extent is 

largely coincident with the limits of the Type 1 alteration 

zone associated with the Rising star mine (Figure 6; see 

below). The upper subunit is dominated by flow-banded 

lavas, and is capped by the autobrecciated lavas charac-

teristic of the Type 1 alteration zone of the Bully Hill 

mine. 

The presence of thinly-bedded volcaniclastic rocks 

within the lava unit suggests that it was deposited suba-
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queously. The abundant autobrecciated flows may also pro

vide evidence of subaqueous extrusion of the silicic lavas 

(de Rosen-Spence et al., 1980). 
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Tuff Breccia unit (bt2). In the west and southwest 

portion of the map area the lava unit is overlain by a 

fairly uniform unit of quartz ± plagioclase crystal lithic 

coarse lapilli tuff breccia. The tuff breccias are poorly

sorted, and locally exhibit crude bedding. A thin mUdstone 

bed was observed within the tuffs at one locality. 

The tuff breccia is similar to the coarse lapilli 

tuffs of the lower tuff unit. The tuffs are clast-support

ed, and fragments are predominantly sub rounded , consist 

chiefly of quartz-phyric rhyodacite, and are up to 0.5 

meters in the longest dimension. Andesitic to dacitic 

lithic fragments and less commonly fragments of semi-massive 

fine-grained pyrite also occur. In areas where the unit as 

a whole is unaltered, silicified and sericitized felsic 

fragments and chloritized andesitic fragments are present. 

This suggests that the fragments were altered prior to 

incorporation into the tuff. 

To the southeast the tuff breccia unit is inter

bedded with flows of the uppermost portion of the lava unit. 

Tuffaceous rocks identical to those in the tuff breccia unit 

occur sporadically near the top of the lava unit throughout 

the map area and are interpreted to be correlative. Similar 

tuffs in the upper portion of the lava unit have been inter-
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sected by Northair Mines Ltd. in diamond drill holes in the 

Bully Hill mine area. 

The rounded fragments, bedded nature and presence of 

interbedded mudstone in the tuff breccia unit are evidence 

that it was deposited subaqueously. The rounded fragments, 

bedding and clast-supported framework also suggest that this 

unit was deposited as talus breccias deposited during sub

marine slumping events. 

Upper Tuff unit (bt3). The uppermost unit of the 

Bully Hill rhyolite in the Bully Hill-Rising star mine area 

is lithologically heterogeneous and poorly exposed. The 

unit is largely unsilicified, in marked contrast to all of 

the underlying units. The predominant lithology is quartz ± 

plagioclase crystal lithic lapilli tuff. crystal tuffs and 

lithic crystal tuffs also occur. In the southwesternmost 

portion of Figure 4, a thinly-bedded well-sorted crystal 

lithic fine lapilli tuff or tuffaceous sediment is exposed 

at the base of the upper tuff unit along the mine road 

(bt3t ) . 

Where exposure is adequate, bedding is commonly 

discernible within the upper tuff unit. The tuff is usually 

deeply weathered, with a red-orange or less commonly purple 

color. Much of this tuff is identical to the felsic orange 

tuffs characteristic of the lower pit formation. 

In the southeastern portion of the map area the 

upper unit includes breccias apparently formed by slumping. 
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Breccia fragments are up to a few tens of centimeters in the 

longest dimension and consist of angular, variably silic

ified fragments of quartz and feldspar-phyric flow-banded 

lava supported by an unsilicified, clayey and chloritic 

matrix. These breccias are exposed in cuts of the Rising 

star mine access road. Several outcrops of unaltered flow

banded quartz, feldspar and hornblende(?)-phyric lava occur 

about one hundred meters to the south of the road cuts. 

These small outcrops of lava may be transported blocks 

within the slump breccia. 

pit Formation (p). The lowermost pit formation 

exposed in the Bully Hill-Rising star mine area consists of 

andesitic tuffs and minor intercalated beds of mudstone. 

These are overlain by interbedded mudstone and red-orange 

deeply-weathered felsic tuff (Plates 8 and 11, Albers and 

Robertson, 1961). Isolated outcrops of relatively unaltered 

quartz and plagioclase-phyric dacite also occur within the 

pit formation in this area. 

Lithologic complexity and chaotic orientations of 

bedding and minor fold axes characterize the lower pit 

formation in the Bully Hill-Rising star mine area (Plate 8, 

Albers and Robertson, 1961; Figure 4), in contrast to the 

lithologic and structural uniformity of the remainder of the 

overlying pit formation (Plate 1, Albers and Robertson, 

1961). Similar chaotic styles are found in the lowermost 

pit formation on the shores of Shasta Lake near the Copper 
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city mine, where more extensive exposure has led to the 

interpretation that the lower pit formation is an olisto

stromal megabreccia (Eastoe et al., 1987). 
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Mafic Intrusions. Amygdaloidal mafic sills intrude 

the lowermost portion of the pit formation, the upper tuff 

unit and the lava unit (Plate 8, Albers and Robertson, 

1961). These intrusions are too small to be shown on Figure 

4. The majority of the sills intrude the upper tuff unit 

close to its contact with the underlying lava unit. In 

surface exposures and Northair's drill core the sills are 

. unaltered, in marked contrast to the rocks they intrude, 

although Albers and Robertson (1961) reported that some of 

the sills are altered and sheared in underground exposures. 

The sills are largely aphanitic. Where they are 

porphyritic, clusters of plagioclase phenocrysts up to 5 mm 

in diameter occur in a groundmass of abundant felty plagio

clase microlites and interstitial chlorite, which appears to 

replace glass. Minor epidote is also present in the ground

mass. Calcite and quartz are the most common amygdule 

phases (Albers and Robertson, 1961). In one specimen, 

amygdules are composed of barite and two distinct phases of 

chlorite, with filling textures suggesting that barite is 

later than both chlorite types. 

The presence of barite as an amygdule-filling phase 

and the local silicification of the sills suggest that 



intrusion occurred late in the life of the hydrothermal 

system at Bully Hill. 

57 

Limonitic Gossan. Numerous small gossanous bodies, 

not identified on Figure 4, occur within the map area. 

These consist of masses of limonite cementing locally-de

rived rock fragments. The limonite bodies all occur within 

or downslope from faults and sheared contacts within miner

alized areas. The limonite is interpreted to be predominan

tly exotic. 

Hydrothermal Alteration 

six generalized megascopic hydrothermal alteration 

facies (Types 1 through 6, below) have been defined in the 

Bully Hill-Rising Star map area (Figure 6). The facies are 

named sequentially according to overall degree of altertion, 

with Type 1 representing the most extreme alteration facies. 

A seventh facies is assigned to the relatively unaltered 

rocks which occur immediately beyond the map area. 

In this document, fine-grained colorless mica with 

moderately-high birefringence is called sericite. Albers 

and Robertson (1961) determined that this mineral is hydrous 

mica, based on its indices of refraction and a single micro

probe analysis. 

Type 1. Type 1 alteration zones occur entirely 

within the lava unit and outcrop as resistant, craggy north 

to north-northeast-trending ribs which control the topo-
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graphic expression of Bully Hill (Figure 7). Autobrecciated 

lava is the predominant lithologic component of these ridges 

(Figure 8). 

Type 1 alteration consists in essentially complete 

replacement of the protolith by fine-grained quartz, with 

quartz phenocrysts and accessory zircon the only surviving 

igneous phases. Plagioclase phenocrysts are replaced en

tirely by xenomorphic quartz ± sericite. Quartz phenocrysts 

are rimmed by irregular, optically-continuous overgrowths. 

The groundmass consists of anhedral microcrystalline quartz 

and generally less than 10 volume percent sericite. Dis

seminated pyrite is present in varying percentages. Ir

regular relatively coarse-grained areas of quartz flooding 

of the matrix record fluid paths along flow foliations. 

Discrete quartz veinlets may also parallel primary folia

tions in the lavas. Iron-rich carbonate is an important 

alteration phase in one sample of Type 1 alteration. 

Type 1 alteration is characteristically accompanied 

by stockwork mineralization of white quartz, quartz + pyrite 

± chalcopyrite and barite ± pyrite ± quartz veinlets. The 

stockwork mineralization cross-cuts the intense silicifi

cation and disseminated pyrite mineralization. Quartz 

flooding along quartz veinlet selvages is common, and repre

sents a second stage of silicification. Grey-colored quartz 

+ sulfide veinlets are the earliest of the three stockwork 

veinlet types. White quartz veinlets cross-cut and fill 



Figure 7. Rising Star Type 1 alteration zone form
ing ridge on south slope of Bully Hill. 
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voids within the gray quartz + sulfide veinlets. Both types 

of quartz veinlets are commonly highly contorted and ir

regular. 

Barite occurs as irregular veinlets and pods which 

crosscut and partially replace the quartz veinlets (Figure 

9). This epigenetic barite is subdivided into grey and 

white types. Grey barite smells strongly of HzS gas when a 

crystal is freshly broken, contains abundant fluid inclus

ions, is commonly associated with macroscopic and/or micro

scopic sulfide minerals, and is essentially restricted to 

Type 1 alteration zones. White barite emits no HzS odor, 

contains sparse fluid inclusions, is rarely associated with 

any sulfides and occurs in both Types 1 and 2 alteration 

zones. No paragenetic relationships between grey and white 

barite veinlets were observed. 

Extensional gash-filling milky quartz veinlets and 

veins, locally common in Type 1 alteration zones, crosscut 

all of the stockwork vein types. 

At the Bully Hill mine Type 1 alteration is exposed 

discontinuously along and immediately below the contact of 

the lava and upper tuff units. At the Rising star mine Type 

1 alteration overlaps with the updip projection of the 

stoped ore bodies (compare Figures 4 and 11). Type 1 alter

ation is therefore interpreted to occupy semi-conformable 

zones in the immediate stratigraphic footwall of the massive 

sulfide horizons. The stockwork mineralization is inter-
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Figure 8. Close-up of ridge of Type 1 alteration of 
Figure 7 showing autobrecciated l ava of lava unit. 
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preted to have acted in part as feeder channels to the 

overlying sulfide accumulations. The faulted extensions of 

the folded Rising star mine horizons can be traced to the 

north by the linear, north-trending exposures of Type 1 

alteration (Figure 4). 

Type 2. Type 2 alteration is more extensive and 

laterally continuous than Type 1 alteration. It occurs 

within the lava unit and the discontinuous portions of the 

tuff breccia unit contained within it. Although generally 

well-exposed, rocks exhibiting Type 2 alteration do not form 

the resistant ridges characteristic of Type 1 zones. 

Type 2 alteration is similar to Type 1 in all res-

pects except that sericite is a more abundant alteration 

phase and the stockwork mineralization occurs only locally. 

Sericite generally makes up 20 to 40 volume percent of the 

groundmass, and occurs as sparse microveinlets. Alunite 

occurs as fine-grainded subhedral crystals intermixed with 

quartz and sericite in the matrix of one thin-section. 

Type 3. Type 3 alteration is characterized by less 

intense silicification and more prevalent sericitization 

than Type 2. Rocks within this facies are usually more 

deeply weathered and are not as well exposed as rocks ex-

hibiting Types 1 and 2 alteration. 

Although no igneous plagioclase occurs within this 

facies, relict albite twinning in replaced phenocrysts can 

locally be detected. Plagioclase phenocrysts are replaced 
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by variable amounts of quartz and sericite; calcite is a 

locally abundant alteration product of the feldspar. Relict 

plagioclase microlites, replaced by quartz, are present in 

some thin-sections. The groundmass consists of anhedral 

quartz, typically 30 to 60 volume percent sericite and rare 

chlorite. Relict ferromagnesian phenocrysts pseudomorphed 

by quartz, chlorite, apatite, pyrite and leucoxene are 

rarely present. 

Areas of Type 3 alteration lie stratigraphically 

below and laterally beyond the areas of Types 1 and 2 alter-

ation, which are more proximal to the ore horizons of the 

Bully Hill and Rising star mines. Type 3 grades into rela-

tively unaltered rocks in the western and northern portions 

of the map area, and is most intensely developed immediately 

below Type 1 and 2 alteration zones. 

Type 4. Type 4 alteration occurs at the base of the 

lower tuff unit of the Bully Hill rhyolite. Alteration 

minerals include albite, quartz, chlorite, sericite, calcite 

and pyrite. Chlorite contents in the matrix of the lithic 

tuffs range from 10 to 30 volume percent. Plagioclase 

fragments are partially to completely replaced by the secon-

dary minerals. 

Type 5. Type 5 alteration is specific to much of 

the tuff breccia unit. Silicification, as represented by 

microcrystalline replacement quartz in the matrix, is vari-

able but less intensely developed than in the alteration 



Figure 9. Stockwork grey barite mineralization 
within Type 1 alteration zone. 

Figure 10. Blocks of contorted mudstone in tuf
faceous matrix (orange tuff) in lower Pit formation 800 m 
northeast of trench at the Copper City mine. 
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Figure 11. Surface projection or s~opes or ~ne 
Bully Hill and Rising Star mines, from Plate 10 of Albers 
and Robertson (1961). Numbers indicate level of stapes; 
levels are at approximately 100 foot intervals. Rising Star 
Mine: level 1 = 1469 feet above sea level, level 8 = 747 
feet; Bully Hill mine: level 1 = 1610 feet, level 11 = 607 
feet. 
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types discussed previously. sericite is a minor alteration 

phase. Calcite is a common alteration product of the 

matrix, plagioclase fragments and lithic fragments. Chlor

ite is an alteration phase of variable abundance. Albite 

replaces plagioclase crystal fragments 

Alteration intensity within the tuff breccia unit in 

the southwestern portion of the map area increases towards 

its contact with the underlying lava unit. Flow-breccia 

blocks of the lava unit at this contact are often select

ively silicified, chloritized, and sericitized. Pyrite 

contents in both units also increase in this area. 

Type 6. Type 6 alteration is quite distinct from 

the alteration types discussed to this point in that it does 

not include significant silicification. Plagioclase pheno

crysts are relatively unaltered. This zone occurs in the 

upper tuff unit and lower pit formation, lying stratigraph

ically above the previous alteration types. Since these 

rocks are so highly weathered, it could not be determined to 

what extent the alteration assemblage reflects a hypogene 

hydrothermal assemblage. Minerals characteristic of this 

alteration type include sericite, chlorite, clay minerals 

and quartz. Pyrite is present locally. Rocks of this zone 

are locally moderately silicified at the contact with the 

underlying lava unit. 

Type 7. Alteration Types 3, 4, 5 and 6 grade into 

relatively unaltered rocks, generally immediately beyond the 
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limits of Figure 4. Although appearing fresh in hand samp

les, these rocks are actually altered with respect to pris

tine volcanic rocks. This weak alteration facies is Type 7 

alteration, and it is found regionally in the Bully Hill 

area. 

The characteristic mineral assemblage of Type 7 

alteration is quartz, albite, chlorite, epidote-clinozois

ite, pyrite, sericite and leucoxene with or without kaolin

ite, calcite and iron-rich carbonate. Albite phenocrysts 

are fresh to weakly altered, silicification is weak and 

restricted to groundmass replacement with or without quartz 

phenocryst overgrowths, and sericite contents are generally 

well below 10 volume percent. Relict ferromagnesian min

erals are pseudomorphed by chlorite, epidote, apatite, 

pyrite and leucoxene with or without carbonate. 

Copper City Mine Area 

The Copper city mine is located on the north shore 

of Shasta Lake approximately 2 kilometers southwest of Bully 

Hill (Figure 2). The many workings and prospects are lo

cated on the flanks of Kilanger Peak, which forms a slight 

positive topographic anomaly. 

Rock units and Hydrothermal Alteration 

The geology of the Copper City mine area was in

vestigated in less detail than the Bully Hill-Rising Star 



mine area. Figure 12 shows the geology of the Copper City 

area. 
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In the Copper city area, the Bully Hill rhyolite is 

exposed in the core of a north-trending anticline and con

sists of highly silicified dacitic lavas, tuffs and volcani

clastic rocks with rare quartz phenocrysts. Quartz ± sul

fide and barite veinlets occur locally. 

The upper contact of the Bully Hill rhyolite is 

marked by the presence of resistant ribs of Type 1 alter

ation and its associated mineralization, as defined in the 

discussion of the Bully Hill-Rising star mine area. These 

ribs are composed predominantly of intensely silicified 

breccias and massive to autobrecciated quartz phenocryst

poor dacitic lava. The breccias are made up of angular 

fragments of mudstone and the dacitic lava. 

Surface projections of stopes within the Copper city 

underground workings (Plate 14, Albers and Robertson, 1961) 

and the distribution of surface prospects (Figure 12) 

strongly support the interpretation that the Type 1 alter

ation zones are genetically related to and stratigraphically 

below the horizon which contains the massive sulfide de

posits developed to date. The full extent of the Type 1 

alteration zone therefore defines the mineralized horizon of 

the Copper city area. 

The area west of the trench at the Copper city mine 

is underlain by volcaniclastic rocks of the Bully Hill 



p 

0 200m ====-----

\ 

I 
l bhr 

T 
I -
I 

\ 

~80 
p 

~ ··g\ 
I 
\ 
\ 
\ 
\ 
I 

)
--~~ 

~55 
0 

, .... · Iss 

-< adit 
x prospect 
~ trench 

Lake 

~ Type 1 alteration, 
1o ?hawing approx

Imate dip 

69 

Figure 12. Geologic map of the Copper City mine 
area. bhr = Bully Hill rhyolite; other symbols are the same 
as in Figure 4. Map base: aerial photograph 
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rhyolite. Lithologies range from fine-grained thinly-bedded 

tuffaceous sediments to conglomeratic deposits. Some clasts 

were silicified prior to incorporation into the deposits. 

One outcrop consists entirely of pebble-sized clasts of 

coarsely crystalline barite, and a small lens of fJ.agmental, 

reworked massive sulfide is exposed in the trench. Bedding 

attitudes in the volcaniclastic rocks are not consistent 

with the local structure, and may be overturned. These 

characteristics suggest that the volcaniclastic rocks are 

slump deposits. Isolated outcrops of Type 1 altered lava(?) 

. occur at the contact of the unit with the overlying pit 

formation, and may be transported blocks. 

When low lake levels afforded essentially complete 

exposure along the shoreline at Copper City in the summer of 

1985, the lower pit formation was seen to be composed of 

tabular, often isoclinally folded, blocks of mudstone, 

siltstone and shale set within a massive tuffaceous matrix 

(orange tuff) (Figure 10). The orange-weathering tuffaceous 

matrix is identical to tuffs characteristic of the upper 

Bully Hill rhyolite and lower pit formation elsewhere in the 

Bully Hill area. Bedding attitudes within the blocks of 

sediments may be subconformable to the local lithological 

layering or possess chaotic orientations. These charac

teristics led to the interpretation by Eastoe et al. (1987) 

that the lower pit formation is an olistostromal megabrec

cia. 
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Unaltered andesite of the upper mafic unit of the 

Bully Hill rhyolite is exposed west of the northernmost 

extent of the Type 1 alteration zone on the west limb of the 

anticline. The limits of the andesite were not mapped, but 

it is probably part of a large andesitic body mapped by 

Albers and Robertson (Plate 1, 1961). An additional occur

rence of unaltered andesite is found in a single outcrop 

within the volcaniclastic deposit west of the trench at the 

Copper city mine. This is either an exposure of a small in

trusion or a block within the slump deposits. 

Shasta May Blossom Prospect 

The Shasta May Blossom prospect is located approx

imately 2.5 kilometers east of Bully Hill (Figure 2). There 

is no recorded production from the prospect, although a few 

sulfide lenses and some precious metal-rich mineralization 

is reported to have been intersected by the fairly extensive 

underground workings (Tucker, 1923). 

The Shasta May Blossom prospect was examined brief

ly. A sketch map of the geology is presented in Figure 13. 

As is the case in the Bully Hill-Rising Star and Copper city 

mine areas, the Shasta May Blossom is located on a hill 

which is somewhat higher than its immediate surroundings, 

owing to the presence of intensely silicified rocks. 

A curvilinear zone of intensely silicified breccia 

consisting of angular fragments of volcanic(?) rocks and 
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Figure 13. Sketch geologic map of the Shasta May 
Blossom prospect. Symbols are the same as in Figures 4 and 
12. Map base: 15' topographic map 
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fine-grained sediments of the pit formation forms the ridge

line of the hill. The intensity of silicification in this 

zone is similar to that in the Type 1 alteration zones 

previously described, but it is much less extensively de

veloped and no stockwork mineralization is present. Gos

sanous layers up to a few tens of centimeters thick are 

locally interlayered with intensely silicified fine-grained 

sediments within this zone. Albers and Robertson (1961) 

reported that the gossan layers are up to six meters thick. 

Aphanitic andesitic lava outcrops stratigraphically 

below the silicified zone. The lava consists of abundant 

plagioclase microlites, locally forming radial aggregates, 

in a glassy to microspherulitic intersertal groundmass. Up 

to 5 volume percent pyrite is disseminated in the ground

mass. The andesite is part of the upper mafic unit of the 

Bully Hill rhyolite. 

Fine-grained sediments and interbedded orange-weath

ering lithic coarse lapilli tuff of the pit formation over

lie the silicified zone. Lithic fragments in the tuff are 

subrounded, up to at least ten centimeters in the longest 

dimension, and consist of quartz ± plagioclase-phyric rhyo

dacitic volcanic rocks. Lithic fragments containing up to 

50% sulfide are found locally in the tuff. A large, ap

parently disconformable mass of this tuffaceous material 

occurs on the eastern limits of the map area. On the east

ernmost edge of this body, at what may be the stratigraphic 
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top, are large blocks of silicified and mineralized mud

stones and siltstones of the Pit formation, unaltered quartz 

and feldspar-phyric rhyodacitic volcanic rocks and unaltered 

pit sediments. 

The general chaotic lithologic pattern in the area 

of the Shasta May Blossom prospect and the presence of the 

orange-weathering lithic tuff with exotic blocks suggests 

that the andesitic volcanic mass capped by the silicified 

breccia may be one large block within the olistostromal 

megabreccia of the lowermost pit formation. 

Reconnaissance Geology of the Bully Hill Rhyolite and 

Lowermost Pit Formation 

Using the geologic map of Albers and Robertson 

(1961) as a base, several transects through the Bully Hill 

rhyolite in the Bully Hill area were investigated. This 

section reviews significant geologic features of the Bully 

Hill area not covered in the preceding sections. 

Albers and Robertson (1961) identified a vent for 

the silicic volcanic rocks of the Bully Hill rhyolite about 

1 kilometer northeast of Bully Hill. Evidence cited for the 

existence of the vent includes the abundance of pyroclastic 

material, the unusual thickness of the Bully Hill rhyolite, 

the heterogeneous lithologies and the presence of a circular 

mass of porphyritic lava with inward-dipping flow-banding 

suggestive of a cumulo dome -- in this area (Figure 2). 
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Additional evidence from this study includes a felsic dike 

within the cumulo dome, the only dike recognized within the 

Bully Hill rhyolite in the entire Bully Hill area, and the 

presence of exotic blocks of felsic plutonic rock immediate

ly west of the vent within agglomerate of the lower tuff 

unit at Bully Hill. These large fragments were presumably 

transported from a basement source as xenoliths in the 

source magma and extruded from a nearby vent. 

An additional vent in the area of the Copper city 

mine may have extruded the dacitic lavas that form the base 

of much of the Bully Hill rhyolite in the western portion of 

the Bully Hill area. 

To the north and east of the cumulo dome, the out

cropping width of the Bully Hill rhyolite expands signif

icantly owing to the combination of shallow dips and topo

graphic effects. The uppermost tuffaceous unit in this area 

is the quartz-phyric orange tuff characteristic of the upper 

Bully Hill rhyolite and lower pit formation. Four bodies of 

the upper mafic unit of the Bully Hill rhyolite, including 

the andesite at the Shasta May Blossom prospect, are in

cluded within this mass of orange tuff (Figure 2). 

Another body of mafic rock occurs one kilometer 

southwest of Copper city. This portion of the upper mafic 

unit is composed predominantly of unaltered mafic volcano

genic sediments and tuffaceous rocks with subordinate lavas. 

Minor greywacke, hematitic chert and a dense, aphanitic, 



flow-banded basaltic lava with columnar jointing are also 

present within this exposure. 
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Orange tuff underlies this mafic body on at least 

its southwesternmost exposure, is locally interlayered with 

the mafic rocks, and overlies the body. Attitudes in the 

upper portion of the mafic body are often discordant to 

those of the overlying orange tuff, which is part of the 

chaotic orange tuff-Pit sediment megabreccia typical of the 

lower pit formation in this area. 

The southwesternmost" exposure of Bully Hill rhyolite 

consists of flow-banded plagioclase ± hornblende-phyric 

dacite with an autobrecciated and moderately silicified top. 

The lava is overlain by the orange tuff-Pit sediment mega

breccia, which in this area contains fragments of flow

banded dacite. The lava is underlain by various dacitic 

volcanic rocks which Albers and Robertson (1961) placed 

within the Dekkas formation. A zone of intensely silicified 

and pyritized breccia is exposed within the dacitic rocks a 

short distance below their contact with the lava. 

The placement of the contact between the Bully Hill 

rhyolite and pit formation at the first appearance of mud

stone (Albers and Robertson, 1961) may not have paleoen

vironmental significance due to the identical lithology of 

the orange tuff in the upper Bully Hill rhyolite and lower 

pit formation and the interpretation that the lower pit 

formation is an olistostrome. Reconnaissance field evidence 
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suggests that much of the uppermost Bully Hill rhyolite is 

part of the same lithologic package as the lower pit forma

tion. The six bodies of the upper mafic unit in the Bully 

Hill area (Figure 2) are all closely associated with, and 

perhaps completely enclosed within, the orange tuff of the 

upper Bully Hill rhyolite and lower pit formation. These 

mafic bodies may all be blocks within the megabreccia. 
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CHAPTER 4 

STRUCTURE OF THE BULLY HILL AREA 

Primary Foliations 

Bedding attitudes were measured on sediments of the 

pit formation and tuff beds within the Bully Hill rhyolite. 

Although overturning of some beds in the eastern portion of 

the Bully Hill-Rising Star map area is suspected (Figure 5), 

no definite field evidence of this was seen and the 

attitudes are presented as upright on Figure 4. The limited 

bedding data at Bully Hill are consistent with a north

south-trending fold with a south-plunging axis (Figure 14). 

Flow-banding is common in the lava unit of the Bully 

Hill rhyolite. This flow foliation is commonly contorted 

and folded unsystematically, forming primary deformational 

structures. Where the strike of the flow foliation is 

consistent, such as adjacent to lithologic contacts where 

the strike is often subparallel to the contact, attitudes 

were recorded. Even in these areas, however, dips of the 

flow-banding are usually quite variable. 

Folds 

A tight south-plunging anticline, which is 

overturned to the east in the northern half of Figure 4, 
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Figure 15. Spaced cleavage developed in outcrop of 
silicified lava. 
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forms the dominant structural feature of the Bully Hill-

Rising star mine area (Figures 4 and 5). The axial trace of 

the fold trends generally north to north-northeast, with 

topographic considerations indicating that the axial surface 

is steeply dipping to the west. Although the presence of 

the anticline is indicated by the pattern of lithologic 

contacts within the Bully Hill rhyolite, the geometry of the 

fold is defined primarily by the map pattern of the Type 1 

alteration zones (Figure 6). 

Data compiled by Albers and Robertson (1961) from 

underground workings of the Bully Hill and Rising star mines 

provide evidence of the morphology of the anticline. Two 

cross-sections showing the contact of their porphyritic 

quartz keratophyre (lava unit) and metadacite tuff (upper 

tuff unit) in the area of the Bully Hill mine workings indi

cate that this contact is overturned near the surface (Plate 

11, Albers and Robertson, 1961). At the Rising star mine, 

consideration of the cross-sectional outlines and three-

dimensional geometry of the lenses of massive sulfide sug-

gests that the anticline is not overturned in this area and 

that the axial surface of the anticline may dip steeply to 

the west, if one assumes that the lenses are grossly confor-

mabIe to primary layering (Plate 10, Albers and Robertson, 

1961; Figure 11). Massive sulfide lenses on the east limb 

of the fold are elongate, suggestive of cross-sections of 

steeply-dipping lenses similar to those seen in the Bully 
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Hill mine, and mine-Ievel-to-mine-Ievel projections of the 

lenses suggest that they dip steeply to the east. Projec

tions of massive sulfide lenses on the west limb of the fold 

suggest that they dip to the west. Cross-sections of these 

lenses are somewhat oblate, suggestive of more moderate dips 

than those of the east limb. 

Albers and Robertson (1961) identified a tight 

southeast-plunging syncline in the Pit formation east of the 

Bully Hill-Rising star map area. Immediately east of the 

Bully Hill mine area this fold is also overturned to the 

east. 

The north-trending anticline in the Copper city area 

is probably related to these folds at Bully Hill. Sparse 

bedding attitudes and the general geomorphic expression of 

the ribs of Type 1 alteration suggest that the axial surface 

of the fold may dip steeply to the west. The trace of the 

axial surface bends sharply to the northwest north of the 

Copper city map area (Albers and Robertson, 1961). 

These tight north to northeast-trending folds at 

Bully Hill and the Copper city mine area, and several other 

folds with similar trends in the Bully Hill area identified 

by Albers and Robertson (1961), are in contrast to the 

predominant pattern of more open northwest-trending folds 

throughout the East Shasta district. 
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Spaced cleavage: 

A distinctive spaced cleavage is characteristically 

developed within the anticlinal structure at Bully Hill in 

mechanically isotropic rocks. The cleavage is most 

prevalent in massive, highly silicified flows of the lava 

unit within Type 2 alteration zones. It is weakly developed 

or absent in less silicified areas and in inhomogeneous 

lithologies, such as autobrecciated lavas and lithic tuff 

breccias. 

The spaced cleavage is characterized by well-defined 

regularly-spaced cleavage domains typically 2 to 15 centi

meters apart separated by unfoliated lithon domains. The 

cleavage domains form anastomosing patterns at both thin 

section and outcrop scales, resulting in lozenge-shaped 

lithon domains (Figure 15). 

Cleavage domains consist largely of sericite; hema

tite is also common in weathered exposures. In thin sec

tion, anastomosing cleavage domains truncate quartz pheno

crysts, a texture clearly formed by dissolution of the 

quartz. 

Spaced cleavage generally strikes north-south and 

has subvertical dips (Figure 16). It is interpreted that 

the cleavage is an axial planar foliation of the anticline. 

Chemical changes accompanying spaced cleavage form

ation are discussed in CHAPTER 7. 
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Schistosity 

In the Bully Hill-Rising star mine area, schistosity 

is observable within the matrix of many of the lithic tuffs 

and in any lithology which contains a significant percentage 

of sericite. Schistosity dips to the east and west at high 

angles and strikes northwest (Figure 17). This orientation 

parallels the principal structural grain of the East Shasta 

district (Albers and Robertson, 1961), and is interpreted to 

be an axial planar foliation of this regional northwest

trending fold set. 

No cross-cutting relationships between the spaced 

cleavage and schistosity were noted. It is interpreted that 

the broad district-wide northwest-trending folds are younger 

than the apparently localized, tight north-trending folds at 

Bully Hill, since the schistosity is not reoriented by the 

event which formed the spaced cleavage. The spaced cleavage 

also shows no evidence of being reoriented, but this is not 

surprising since: (1) northwest-trending folds are not 

recognized in the area in which the spaced cleavage occurs; 

and (2) the spaced cleavage is developed as a phenomenon of 

pressure solution in massive silica-rich rocks which other

wise would exhibit no deformational foliation, and since the 

lithon domains enclose the volumetrically less abundant 

cleavage domains, no overprinting of the cleavage orien

tations by a younger schistosity is expected. Albers and 

Robertson (1961) also concluded that north-trending folds 
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predated the northwest fold set on the basis of district

wide relationships. 
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The tight, partially overturned folding in the im

mediate vicinity of Bully Hill is interpreted to have formed 

as a consequence of the rheological contrast between inten

sely silicified rocks of the Bully Hill rhyolite and the 

clay-rich lithologies of the upper Bully Hill and lower Pit 

formations. This inherent competency contrast could have 

allowed rocks in this area to accommodate anomalous amounts 

of strain during the earlier deformation. Additional 

detailed mapping in the Bully Hill area would most likely 

reveal further manifestations of this early deformation. 

Faults 

Several faults are recognized in the Bully Hill

Rising Star map area, the most significant of which have 

northwesterly strikes. Two of these structures have obvious 

economic significance. The first is a long shear zone which 

is best exposed in the northwest-trending gully north of the 

Rising Star mine (the East shear zone of Albers and 

Robertson (1961». This shear zone truncates the Type 1 

alteration zone of the Rising Star area on both limbs of the 

anticline. In the underground workings, the shear zone ap

parently truncates the massive sulfide horizons of the 

Rising Star mine on the east limb of the fold; no further 

mineralization was mined to the north of the structure 
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(compare Figures 4 and 11). North of the shear zone on the 

surface, the continuation of Type 1 alteration of the east 

limb is offset approximately 60 meters to the east. This 

possible continuation of the Rising star mine mineralization 

has not been prospected. 

The other fault of possible economic significance at 

Bully Hill truncates the Type 1 alteration zone northwest of 

the Rising star shaft on the west limb of the anticline. 

This fault also appears to truncate ore horizons, on the 

basis of underground stoping data (compare Figures 4 and 

11). The continuation of the Type 1 alteration zone and 

possible associated mineralization across the structure to 

the northwest has apparently not been prospected in detail. 

Albers and Robertson (1961) reported that the 

contact between the lava and upper tuff units is a shear 

zone in the area of the Bully Hill mine, largely on the 

basis of underground exposures. Noting that bedding in 

units adjacent to the structure is conformable to the shear

ed contact, they stated that the shear zone "probably 

formed as a result of shearing and bedding slippage along 

the contact between units of greatly different competencies" 

during the folding event which produced the north-northeast

trending folds, and that "net displacement was probably 

small". 



In the Copper City mine area, several faults of 

minor displacement are identified by offsets in the Type 1 

alteration zones. 
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CHAPTER 5 

MINERALIZATION 

Introduction 

Descriptions of the styles of mineralization in the 

Bully Hill area are included in this chapter; detailed 

petrographic descriptions of various massive sulfide-sulfate 

ore types are presented in CHAPTER 8. 

Bully Hill-Rising star Mines 

Three principal styles of mineralization are present 

in the Bully Hill-Rising star mine area: vein stockwork 

zones, massive sulfide ores with or without banding and 

bedded fine-grained barite. The stockwork mineralization is 

essentially restricted to Type 1 alteration zones, and was 

described in CHAPTER 3. 

The massive sulfides occur as clusters of small 

lenticular bodies (Figure 11). Individual lenses range up 

to 100 meters in length and 10 meters in width (Albers and 

Robertson, 1961). They are composed primarily of various 

combinations of pyrite, sphalerite, galena, chalcopyrite and 

tetrahedrite-tennantite in a fine-grained baritic matrix. 

Pyrite, chalcopyrite and sphalerite-rich ores are three 



common endmembers which occur as individual lenses and as 

bands within lenses (Albers and Robertson, 1961). 

An additional endmember of the massive ores is 

represented by fine-grained barite ± sulfide (Figure 18). 

The massive barite occurs as discrete lenses and as bands 

within massive sulfide bodies. Individual lenses of mas

sive, bedded barite occur in the Bully Hill mine area and 

are closely associated with the massive sulfide lenses. 
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Lenses of gypsum and anhydrite up to 25 meters long 

and 10 meters thick are reported from the Bully Hill mine 

workings (Albers and Robertson, 1961). Masses of gypsum and 

anhydrite also partially engulf massive sulfide lenses in 

the lower levels of the Bully Hill and Rising star mines. 

The lenses of massive sulfide, barite and gypsum

anhydrite in the Bully Hill mine lie along several horizons 

which occur at or immediately adjacent to the contact bet

ween the lava unit and the upper tuff unit (Plate 11, Albers 

and Robertson, 1961; Figure 11). The horizons are confor

mable with this contact. At the Rising star mine the mas-

sive sulfide lenses occur in at least two closely-spaced 

horizons within the lower portion of the lava unit (Figure 

11). These horizons outline the nose of the anticline which 

dominates the structure at Bully Hill, and therefore are at 

least grossly conformable to primary layering in this area. 



Figure 18. Fine-grained banded massive barite. 
Sample BHO. 

Figure 19. Block of massive barite within orange 
tuff of lower Pit formation. 

90 



91 

Copper city Mine 

stockwork and massive sulfide-barite mineralization 

similar to that of the Bully Hill-Rising star mine area is 

also present at the Copper City mine. Calcitized tuff with 

minor pyrite and sphalerite also occurs in several dumps of 

small prospects along the Copper city horizon. 

Shasta May Blossom Prospect 

The numerous prospects on the hill of the Shasta May 

Blossom area explore the silicified zone. Styles of miner

alization found in dumps of these prospects includ~ silicif

ied quartz-phyric lithic tuffs with pods and disseminations 

of carbonate and pyrite, and andesite partially replaced by 

sulfides, calcite and barite. In the andesite, the first 

stage of mineralization is represented by disseminated 

pyrite in the groundmass. This was followed by coarse 

blades of barite with or without minor quartz which replaced 

glass and pervaded the rock along irregular veinlets. 

Calcite then partially replaced the barite and further 

pervaded the groundmass. This was followed by idiomorphic 

pyrite, trace sphalerite and chalcopyrite, quartz, sericite 

and minor barite. This stage formed semi-massive sulfide 

replacement pods within the andesite. A late calcite stage 

replaced plagioclase microlites and glass, and terminated 

the alteration sequence. 
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other Mineralization 

Finely-banded massive sulfide ore occurs in a small 

dump from a covered prospect approximately one kilometer 

west-southwest from Copper City (Sample site SH-45, Figure 

2). Although there is very little exposure in the area, 

this occurrence is correlated with the projection of the 

Copper City horizon. About 100 meters of silicified and 

pyritized volcanic rocks are exposed in a creek 200 meters 

northeast of the prospect. 

A thin bed of carbonate-rich tuff is exposed in 

Horse Creek at the GE-59 sample site (Figure 2). The car

bonate bed is approximately 20 to 30 centimeters thick, and 

is intercalated with thinly-bedded quartz + plagioclase 

crystal tuffs and tuffaceous mUdstones of the pit formation. 

These volcanogenic sediments overlie an agglomerate of the 

uppermost Bully Hill rhyolite. The carbonate-rich tuff 

consists of 80 volume percent coarsely crystalline calcite. 

The calcite replaces the quartz-rich ash matrix, quartz and 

plagioclase crystal fragments, and thin layers and dissemin

ations of pyrite and trace sphalerite. Similar calcitized 

tuffs are found in dumps from prospects in the Copper city 

area. 

A 40 m x 40 m x 10 m block of massive barite occurs 

within the pit formation along the shoreline of Shasta Lake 

1 kilometer southwest of Copper City (Sample site SH-40; 

Figure 19). Lake level must be low for the block and sur-
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rounding orange tuff to be fully exposed. The block con

sists of a central area of a coarsely crystalline barite ± 

pyrite stockwork of veins which cut a matrix of coarsely

crystalline massive barite. The periphery of the block is 

composed of a coarse breccia made up of fragments of the 

main mass of the block cut by additional barite veins. The 

barite block probably formed as a mound from Ba*-rich 

solutions exhaled onto the seafloor. The block appears to 

be a fragment within the olistostromal megabreccia. 

Another block within the megabreccia occurs approxi

mately 0.5 kilometers north of the barite block at sample 

site SH-4l (Figure 2). This block consists of Type 1 al

tered Pit mUdstone with the accompanying quartz and barite 

veinlet stockwork. Barite fills voids in and partially 

replaces the quartz. 
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CHAPTER 6 

GEOLOGICAL SYNTHESIS OF THE BULLY HILL AREA 

Mineralization Genesis 

The mineralization of the Bully Hill area is clearly 

volcanogenic, i.e., consanguineous with the volcanic rocks. 

Evidence of this includes: 

(1) asymmetry of hydrothermal alteration. Intense 

silicification ± sericitization ± pyritization is charac

teristic of rocks stratigraphically below the Bully Hill and 

Copper city ore horizons. Rocks stratigraphically above 

these horizons show little to no effect of hydrothermal 

circulation. 

(2) transported fragments of hydrothermally altered and 

mineralized rocks occur in subsequent deposits within the 

volcanic pile. Fragments of volcanic rocks silicified prior 

to incorporation into subsequent fragmental deposits are 

common in reworked lithic tuffs in the Bully Hill-Rising 

Star, Copper city and Shasta May Blossom areas. The blocks 

of massive barite and Type 1 altered pit sediments within 

the olistostrome deposit of the lower Pit formation are 

large-scale examples. At the Rising Star mine a boulder of 

conglomerate containing rounded sphalerite-rich massive 

sulfide clasts was found in a dump. The fragmental massive 



sulfide ore and the volcaniclastic rock with barite clasts 

exposed in the area of the trench at the Copper City mine 

are further examples of reworked mineralization. 
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The designation of syngenetic or epigenetic to the 

various styles of mineralization is made difficult because 

of the inaccessibility of the underground workings. The 

stockwork mineralization of the Type 1 alteration zones is 

clearly epigenetic. Although replacement textures between 

sulfide minerals in the massive ore are common (see CHAPTER 

5) it is probable that much of this mineralization is syn

genetic. Evidence of this is the stratiform and stratabound 

nature of both the massive ore horizons and sulfide lenses. 

Albers and Robertson (1961) believed that the mas

sive sulfide mineralization in the East Shasta district was 

entirely epigenetic, formed by replacement of the host rocks 

long after their deposition. At the Bully Hill mine, they 

believed that the conformable shear zone which separates the 

lava and upper tuff units localized the ore-bearing solu

tions. In the case of the Rising Star mine, they believed 

the ore bodies were genetically related to several shear 

zones which are clearly discordant to lithologic contacts as 

defined in this study. They conceded, however, that "the 

relation between the larger sulfide lenses and shear zones 

[in the Rising Star mine] is obscure". 

Evidence cited by Albers and Robertson (1961) for 

their interpretation that the massive ores are epigenetic 
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replacement bodies included: blocks of country rock within 

sulfide lenses in which layering in the horses and banding 

of the sulfides is conformable; banding in the sulfides 

which parallels bedding in adjacent rocks; and the grada

tional change in sulfide content from the massive ores to 

barren country rock. The lack of crustification textures 

was cited by the authors to support a replacement versus 

fissure-filling origin for the ores. All of this evidence 

could also be used to argue for a syngenetic origin of the 

massive sulfide ores, an option which had not been widely 

recognized at the time of the study of Albers and Robertson. 

Correlation of Mineralized Horizons/Economic Favorability 

Figure 2 shows the interpreted extensions of the 

Rising star, Copper City and Bully Hill horizons throughout 

the Bully Hill area. The regional placement of these horiz

ons is based on reconnaissance geologic work and a reinterp

retation of the geologic map of Albers and Robertson (1961). 

The mineralization of the Copper city and Bully Hill mines 

is shown as being coeval, and younger than the Rising star 

horizon, since both may lie immediately below the olisto

strome of the upper Bully Hill rhyolite and lower pit forma

tion. The Shasta May Blossom mineralization may have been 

transported to its present position, and is therefore not 

projected beyond the prospect area on Figure 2. 
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The Bully Hill-Rising star mine area has obvious 

potential for additional massive sulfide mineralization. 
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The long north-trending exposures of Type 1 alteration north 

of the Rising star mine area are interpreted to be the 

faulted extensions of the folded Rising star Type 1 zones. 

These extensions are virtually unprospected on both limbs of 

the anticline. silicification and sulfide-barite mineraliz

ation is particularly intense near the summit of Bully Hill, 

which is stratigraphically directly below the productive 

portion of the Bully Hill mine horizon. Unrecognized faults 

and/or fracture zones w~ich ~~dy have localized mineralizing 

fluids at the Bully Hill mine could have been reactivated 

structures which initially funneled ore-forming solutions to 

the Rising star horizon. The Rising star horizon quickly 

loses definition in the Bully Hill area, and further poten

tial of this horizon beyond this area is probably limited. 

The southern extension of the Bully Hill mine hori

zons is also highly prospective. In the area of the nose of 

the Rising star mine, the lava and tuff breccia units are 

highly silicified between their contact with the upper tuff 

unit and the Rising star Type 1 alteration zone (Figure 6). 

pyritization of the lavas and tuff breccia near the hanging

wall contact is locally intense. Barite veins, many of 

which appear to have been remobilized during deformation of 

this area, are also common. The possibility of reactivating 
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hypothetical feeder structures of the Rising star minerali

zation enhances the economic potential of this area. 

The northern extension of the Bully Hill mine hori

zon beyond the area of Figure 4 is folded around the nose of 

the syncline identified by Albers and Robertson (1961) 

(Figure 2). In this area the horizon is the contact between 

intensely silicified and pyritized flow-banded quartz-phyric 

rhyodacitic to rhyolitic lava and the overlying orange tuff. 

The alteration appears to be spatially restricted to the 

immediate footwall of the contact, but since the ore lenses 

in the Bully Hill mine plunge approximately 70° north as a 

group, further mineralization to the north may be deep and 

surface manifestations of the hydrothermal system may be 

subtle. Further exploration in this area is warranted. 

At Copper city, the entire length of the horizon 

stratigraphically overlying the Type 1 alteration zone has 

not been extensively prospected. Although the mineral

ization associated with the Type 1 alteration is not as 

well-developed as in the area of Bully Hill, the Copper City 

area has definite potential for further massive sulfide 

mineralization. 

Southwest from Copper City, the Bully Hill-Copper 

City horizon is interpreted to pass through the prospected 

massive sulfide mineralization approximately 1 kilometer 

west of Copper City (sample site SH-45), below the body of 

mafic volcanic rocks and through the contact of the Pit 
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formation and the moderately silicified autobrecciated 

dacitic lavas in the southwesternmost part of the Bully Hill 

area. Albers and Robertson (1961) mapped a fault along a 

segment of the horizon in this area. The portion of this 

horizon between Copper City and the massive sulfide occur

rence to the west appears to have the highest potential for 

further undiscovered mineralization. The potential of the 

Bully Hill-Copper city horizon between Copper City and Bully 

Hill and in the northeastern portion of the Bully Hill area 

beyond the cumulo dome is unknown but probably low. 

The Shasta May Blossom area is not considered highly 

favorable for prospecting owing to the lack of intense 

alteration, the restricted areal extent of the alteration 

and the absence of significant sulfide or sulfate mineral

ization. 

Geologic History of the Bully Hill Rhyolite 

The following discussion integrates the field data 

from this study with the district-wide data set of Albers 

and Robertson (1961). Reference to Figure 20, which pre

sents a reconstructed cross-section through the Bully Hill 

rhyolite, and Figure 2 is helpful. 

Initial eruptions from a subaqueous vent northeast 

of Bully Hill consisted of feldspar-phyric dacitic lavas 

which are presently exposed in the lowermost Bully Hill 

rhyolite west of the cumulo dome. Pyroclastic eruptions and 
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extrusions of quartz + feldspar-phyric lavas followed, along 

with slumping of the growing felsic pile near the vent. The 

resulting talus-breccias formed the lower tuff unit at Bully 

Hill. 

Feldspar ± hornblende-phyric lavas may also have 

vented in the Copper city area. These dacitic lavas covered 

an area from Horse Creek to the westernmost extent of the 

Bully Hill rhyolite in the Bully Hill area. This magmatic 

center was small, and did not evolve to include more felsic 

extrusions. 

Quartz and feldspar-phyric rhyodacitic to rhyolitic 

lava extrusion began building the cumulo dome, and lava 

flowing down the cumulo dome formed the autobrecciated lavas 

of the lower portion of the lava unit at Bully Hill. A 

pause in volcanic activity allowed a hydrothermal system 

which had been developing to vent metal-rich fluids onto the 

seafloor along the Rising star horizon for a period of time 

sufficient to form the massive sulfide bodies. 

This hydrothermal episode was followed by voluminous 

extrusions of porphyritic rhyodacitic to rhyolitic lava and 

subordinate pyroclastic material which formed the bulk of 

the cumulo dome and the lava unit. The extrusions of lava 

flowed in a westerly direction, off the topographic high of 

the cumulo dome and into a basin at Bully Hill. pyroclastic 

eruptions and slumping of debris off the dome succeeded the 

extrusions of lava, and formed the tuff breccia unit. As 
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volcanic activity waned, hydrothermal systems were again 

able to exhale metal-rich solutions onto the seafloor for an 

extended period, and the mineral deposits of the Bully Hill 

and Copper city horizons were formed. Pelagic sedimentation 

in areas distal from the vent (Copper city area) began to 

dominate. 

Felsic pyroclastic eruptions and slumping of 

material off the dome buried the massive sulfide deposits at 

Bully Hill, forming the upper tuff unit. Extensional stres

ses formed structures which tapped deeper mafic magma, mafic 

sills were intruded into the uppermost portion of the felsic 

pile at Bully Hill, and andesitic to basaltic volcanic rocks 

were extruded throughout the Bully Hill area. Limited 

hydrothermal activity following deposition of the mafic 

volcanics formed the Shasta May Blossom mineralization. 

continued extension caused the formation and subsequent 

seismically-induced collapse of unstable fault scarps of 

felsic pyroclastic material, pelagic sediments and minor 

mafic volcanic material. The resulting olistostrome(s) 

excavated the mineralization of the Shasta May Blossom 

prospect and a portion of the mineralized rocks in the 

Copper City area, and buried the entire Bully Hill area, 

forming the uppermost Bully Hill rhyolite and lower pit 

formation. 
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CHAPTER 7 

WHOLE ROCK GEOCHEMISTRY 

Introduction 

In order to classify rock types and study geochem

ical changes accompanying the hydrothermal alteration in the 

Bully Hill area, thirty-nine rock samples were analyzed for 

their major element and barium contents. Zirconium, titan

ium, yttrium, and niobium were also determined for twenty

two of these samples (Table 2). The samples are located in 

Figures 2 and 21. 

Lithological Classification 

Classification on the Basis of Major Element Chemistry 

Hughes Plot. Albers and Robertson (1961) categor

ized the rocks of the Dekkas andesite and Bully Hill 

rhyolite as spilites, keratophyres, and quartz keratophyres 

on the basis of major element compositions and petrographic 

observations. In order to evaluate these designations, 

analyses of various volcanic rocks of the Bully Hill area 

are presented on a diagram proposed by Hughes (1972) to dif

ferentiate unaltered igneous Na20 and K20 contents from 

those characteristic of spilites, keratophyres, and quartz 

keratophyres (Figure 22). The samples plot in four areas on 
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Table 2. Chemical compositions of selected samples 
from the Pit formation, Bully Hill rhyolite and Dekkas 
andesite. - . . -denotes Fef3 ~s total ~ron. analyses by TML; 
all other ana yses by XRAL; DK = Dekkas andesite; Urn = 
upper mafic unit; Lv = lava unit; Tf = lithic-rich tuff; Qp 
= quartz-phyric lava; Np = quartz phenocryst-poor felsic 
lava 

Satlple Io'ei¢lt percent c:ci.des Parts per m:il.licn Spec. lit 
1«:1. Si02 Al203 C¥:l ~ Na2D K:O Fe1J:)3- !!DO Ti02 P205 LOI SUM Y Zr lib Sa Grav. 'IYP 

PIT Tf G<:-59 73.5 10.00 2.970 3.560 0.97 0.27 3.50 0.060 0.24 0.05 3.17 99.0 18 87 4 490 2.69 

Un G<:-53 63.7 15.50 1.390 2.::00 7.05 0.09 6.42 0.130 0.60 0.13 2.08 99.3 40 90 4 200 2.54 
511-44 51.6 16.50 11.200 2.2SO 2.79 0.06 9.48 0.190 0.84 0.18 3.17 99.2 20 57 4 2l2O 2.92 

Lv ElH4 87.6 6.37 0.010 0.330 <0.01 1.62 0.53 0.010 0.07 0.02 2.62 99.8 30 93 6 5090 2.55 2 
B Bl!-27 93.3 2.67 0.090 0.110 <0.01 0.64 0.84 0.010 0.04 0.02 1.93 99.8 8 48 4 1330 2.65 1 
U "!!Ii-23 87.7 5.29 <0.001 0.2.22 0.04 1.57 0.21 0.001 0.05 1.20 96.3 250 2.53 1 
L "!!Ii-29 88.3 5.10 <0.001 0.260 0.03 1.47 0.41 0.001 0.02 1.15 96.7 7900 2.53 1 
L "BlH3b SS.3 8.88 <0.001 1.790 0.05 1.09 O.!1O 0.004 0.05 3.00 101.1 500 2.51 2 
'I ElH45 SO.l 10.00 O.LOO 0.3iO 4.21 1.90 1.42 0.020 0.12 0.03 0.93 99.5 36 LI:O 6 1140 2.53 7 

"BI!-232 76.6 12.50 0.104 0.174 5.34 2.36 2.09 0.026 0.07 1.40 100.7 760 2.66 7 
!I "!!Ii-234 81.3 10.00 0.389 1.-1.30 2.02 0.95 1.69 0.034 0.07 ·2.35 100.2 1580 2.67 3 
I G<:-58 82.2 9.64 0.150 0.060 6.16 0.08 0.87 0.010 0.10 '0.03 0.85 100.3 56 140 8 540 2.62 7 
L He-3 78.9 11.30 0.330 0.680 4.39 1.32 1.22 0.040 0.11 0.03 1.2.3 100.2 42 150 8 860 2.64 7 
L 

Tf He-1 75.6 10.30 1.300 3.560 1.04 0.::6 2.84 0.050 0.16 0.04 3.SS 99.2 36 130 6 1110 2.65 
R *!lH-30 82.1 8.12 O.::SS 2.750 0.24 0.94 1.76 0.028 0.05 3.15 99.4 460 6 
!I Bl!-31 71.0 7.90 7.::0 2.280 <0.01 0.24 2.60 0.160 0.14 0.04 7.70 99.3 60 90 6 220 2.63 5 
Y *ElH6 86.0 7.18 0.024 6.220 0.03 1.40 0.89 0.006 0.03 2.50 104.3 650 6 
0 Bl!-224 71.2 12.70 0.8SO 2.840 2.11 1.72 3.72 0.140 0.28 0.07 3.2.3 99.1 1440 4 
L *BI!-24J 17.2 10.80 0.050 1.970 0.07 2.39 0.94 0.043 0.08 3.00 97.0 800 4 
I 
T Qp B!!-147 72.2 13.00 0.580 1.890 6.14 0.43 3.31 0.040 0.26 0.05 1.62 99.6 40 140 8 690 2.6i 
E *!lH-lli 75.5 11.50 0.123 1.050 3.37 2.53 2.39 0.036 0.10 1.55 98.1 890 

"B!!-!l1 7i.9 8.12 0.155 O .. jlJ 4.02 0.08 1.39 0.022 0.08 0.80 92.9 270 

/lpG<:-25 69.1 14.70 0.370 1.500 6.49 2.03 3.59 0.070 0.38 0.10 1.31 100.4 38 160 6 700 2.58 
1!C-5 76.2 11.50 1.::00 0.380 3.05 2.06 2.62 0.050 0.31 0.07 2.47 100.5 28 130 6 400 2.06 
EC' _'"'l 73.1 12.40 1.430 1.-1.30 3.82 1.86 2.97 0.070 0.30 0.08 2.62 100.2 J2 130 6 380 2.59 
511-36 72.4 14.60 0.680 0.240 7.57 0.95 1.88 0.030 0.34 0.09 0.70 99.7 46 160 8 1110 2.64 
Sll-J7 63.9 14.80 0.340 0.590 5.44 1.71 5.49 0.070 0.36 0.08 1.62 99.6 44 110 6 1300 2.63 

"~3a 74.0 13.20 <0.001 1.920 0.09 2.53 2.37 0.005 0.07 4.00 98.20 760 2.60 

D *BI!-n6 59.3 15.!1O 2.290 3.-1.30 5.90 0.42 9.65 0.:30 0.57 3.00 100.6 210 
K "B!H30 55.5 17.30 4.280 3.1..:."0 5.46 0.55 9.77 0.119 0.57 3.25 100.6 270 

llC-4 51.9 18.90 4.110 3.350 5.04 1.55 8.80 0.060 0.67 0.11 3.70 98.9 22 6J 6 470 2.31 
A llC-3 65.2 16.::0 0.390 2.510 7.33 0.26 5.26 0.100 0.51 0.15 loSS 100.5 34 130 6 210 2.67 
II EC-1O 60.-1 14.70 4.:;:;0 2.:90 4.32 0.55 8.02 O.:'~I) ~.;o 0.21 2.31 98.9 30 120 6 860 2.~0 

D 511-30 sa.1 14.:0 1.200 1.7i0 5.SS 1.26 4.92 0.100 0.49 0.12 1.54 99.S 42 140 8 660 2.70 
E SH-JJ 60.3 17.90 1.160 2.090 7.34 0.95 6.79 O.l-!o 0.53 0.14 2.2.3 99.7 36 100 8 520 2.68 
5 SIH4 61.7 17 • .:.0 0.'::-0 2 .... ~ 7.49 0.36 6.49 0.040 0.62 0.17 2.54 100.3 54 120 8 360 2.66 
I *ll!{-2 58.4 14.00 4.710 3.4iO 2.43 0.76 10.30 0.176 0.92 3.80 99.0 180 
T "!:!(-4 51.5 17.40 3.:60 6.1.:0 6.2.3 0.45 8.99 0.143 0.60 5.40 100.1 220 
E "!l{-5 60.5 14.90 0.516 1.200 7.59 0.39 5.5Z 0.090 0.38 1.60 98.S 180 
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Figure 22. Alkali differentiation diagram of Hughes 
(1972). Dashed line encloses field of highly altered sam
ples from the Bully Hill-Rising Star mine area. 
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the Hughes diagram: within the igneous spectrum; in the 

field of spilites, keratophyres, and quartz keratophyres to 

the left of the igneous spectrum; in an unusual position to 

the right of the igneous spectrum; and below the igneous 

spectrum. Although the diagram serves to grossly differen

tiate the degree of hydrothermal alteration in these 

samples, it is an inadequate discriminator of original 

lithologies. 

Samples plotting within the igneous spectrum and the 

spilite/keratophyre fields represent the bulk of the Dekkas 

andesite and Bully Hill rhyolite. within the igneous 

spectrum, the diagram classifies samples of the lava unit, 

other quartz-phyric lavas and the feldspar-phyric lavas as 

dacites. The samples of the lava unit plot anomalously 

sodic. The sample from the upper mafic unit of the Bully 

Hill rhyolite that lies within the igneous spectrum plots as 

a tholeiite, and the sample of Dekkas andesite plots as an 

alkali basalt. Samples lying within the spilite/keratophyre 

field are characterized by anomalously low K/K+Na ratios due 

to the metasomatic replacement of K+ by Na+ in feldspars 

(the process of keratophyrization or albitization) . 

All samples from within the area of visible hydro

thermal alteration in the Bully Hill-Rising Star mine area 

(alteration Types 1-6) plot to the right of the igneous 

spectrum. These samples form a crude trend from least to 

most altered, which indicates that total alkali contents, as 
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expressed in weight percentages, decrease while K/K+Na 

ratios increase with increasing degree of hydrothermal 

alteration. Decreasing alkali contents are probably caused 

by a combination of hydrothermal leaching of the alkalis and 

dilution by addition of other components, especially Si02• 

The increased K/K+Na ratios are reflected by the presence of 

secondary sericite in the highly altered rocks. 

Two samples lie in a unique position below the 

igneous spectrum in Figure 22. These samples are rela

tively unaltered, lying stratigraphically above the Bully 

Hill-Copper City horizon remote from the massive sulfide 

mineralization. They are characterized by low total alkali 

concentrations. 

The Hughes diagram identifies two distinct varieties 

of alteration in the Bully Hill area: keratophyrization and 

the hydrothermal alteration associated with massive sulfide 

formation. The alteration of the intermediate to felsic 

volcanic rocks to keratophyres and quartz keratophyres is a 

manifestation of a regional low-temperature interaction 

between the volcanic pile and relatively cool seawater. 

This alteration was locally overprinted by a high-tempera

ture hydrothermal system(s) which produced the massive 

sulfide mineralization. 

Jensen cation Plot. Jensen (1976) presented a ter

nary plot used to classify subalkalic volcanic rocks. The 

classification is independent of components which are highly 
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mobile in hydrothermal systems, such as Na20, Kz0, CaO, and 

si02 • FeO, Fe203 , Ti02 , MgO, and Al203 , relatively stable 

components, are utilized instead. 

The Dekkas andesite samples span the calc-alkaline 

field compositions from dacite to basalt. The felsic rocks 

from the Bully Hill area lie predominantly within the calc

alkaline field of the Jensen cation plot (Figure 23). 

Miller (1989), on the basis of trace element data, and 

Lapierre et al. (1986) and Martin et al. (1984), on the 

basis of major element data, characterized the volcanic 

rocks of the Nosoni formation and Dekkas andesite as island 

arc tholeiites. 

Lava unit samples plot primarily in the rhyolite 

field, and other quartz-phyric lavas and feldspar-phyric 

lavas lie primarily within the dacite field. Pyroclastic 

rocks plot throughout the compositional range in the calc

alkaline field. 

Both samples of the upper mafic unit lie within the 

andesite field, one plotting on the tholeiitic side and the 

other on the calc-alkaline side. 

The scatter of samples from the lava unit on the 

Jensen cation plot suggests that although the Jensen diagram 

crudely classifies the samples, the ore-related hydrothermal 

alteration affected at least some of components used in the 

diagram. Classification of original lithologies in the 
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Figure 23. Jensen Cation plot (Jensen, 1976) of 
volcanic rocks from the Bully Hill area. Symbols are the 
same as Figure 22. 
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Bully Hill area based on major element compositions is 

therefore inadequate. 

Classification Based on Trace Elements 
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Winchester and Floyd Diagram. Winchester and Floyd 

(1977) presented a discrimination diagram for igneous rocks 

based on trace elements which have been shown to be immobile 

during such processes as metamorphism, keratophyrization, 

submarine alteration and, in some cases, extreme hydrother

mal alteration. The plot utilizes ratios of the immobile 

elements, so that alteration processes involving net changes 

in mass will not affect the classification. 

Samples of the lava unit form a tight group which 

straddles the rhyodacite-rhyolite boundary of the Winchester 

and Floyd diagram (Figure 24). The single deviant from this 

group is a sample from the Type 1 alteration zone immediate

ly below the Bully Hill horizon (BH-27), which lies in the 

rhyolite field to the right of the group. The single sample 

of other quartz-phyric lavas lies within the dacite/rhy

odacite field. The feldspar-phyric lavas form a group in 

the lower portion of the dacite/rhyodacite field. 

One sample of the upper mafic unit lies within the 

andesite field and the other in the lowermost portion of the 

andesite/basalt field. This distinction is consistent with 

field and petrographic observations. The pyroclastic 

samples are scattered throughout the dacite/rhyodacite 
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field. The samples of Dekkas andesite lie within the 

andesite and basalt fields, and as a group appear to have 

compositions which are distinct from upper mafic unit 

lithologies. 
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The positioning of BH-27 to the right of the cluster 

of lava unit samples suggests that Nb and/or Y were mobile 

during Type 1 alteration. The overall coherence of the 

Winchester and Floyd classification, however, suggests that 

Zr and Ti were largely immobile in all samples, and vali

dates the use of the Winchester and Floyd diagram as a 

lithologic discriminator for the Bully Hill volcanic rocks. 

Conclusions 

The Winchester and Floyd diagram allows classifi

cation of the original lithologies in the Bully Hill area. 

Volcanic rocks of the Dekkas andesite are primarily andes

itic in composition, with subordinate basalts. This 

composition is in contrast to the dominance of basaltic 

volcanic rocks in the Dekkas andesite north of the Bully 

Hill area (Miller, 1989) and in the Afterthought mine area 

(Eastoe and Nelson, 1988). The lower, feldspar-phyric 

portion of the Bully Hill rhyolite is dacitic in composi

tion. The overlying quartz-phyric lavas consist of rhyo

dacite to rhyolite. The lithic-rich pyroclastic rocks of 

the Bully Hill rhyolite and Pit formation appear to have a 

bulk composition in the dacitic to rhyodacitic range. 



The upper mafic unit contains both andesite and 

basalt. Two samples of the upper mafic unit in the 

Afterthought mine area plot as sub-alkaline basalt on the 

Winchester and Floyd diagram (Eastoe and Nelson, 1988). 
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The Bully Hill area data suggest that the volcanic 

rocks of the Dekkas andesite and Bully Hill rhyolite 

represent a magmatic differentiation trend from basalt and 

andesite (Dekkas andesite) to dacite (lower Bully Hill 

rhyolite) to rhyolite (lava unit of upper portion of the 

Bully Hill rhyolite). Lapierre et al. (1986) carne to a 

similar conclusion. The presence of basaltic volcanics of 

the upper unit indicates that the volcanism became bimodal, 

and is suggestive of rifting during deposition of the Bully 

Hill rhyolite (Eastoe and Nelson, 1988). 

It is evident from the Hughes diagram that the bulk 

of the Bully Hill rhyolite has been altered to quartz 

keratophyre. The failure of the Hughes plot to adequately 

classify the least-altered samples confirms that even these 

samples have been altered to some degree. 

Chemical Changes Accompanying Hydrothermal Alteration 

Introduction 

The lava unit of the Bully Hill rhyolite is the most 

extensive and lithologically consistent map unit in the 

Bully Hill area. The unit extends from the lava dome 

northeast of Bully Hill, through the most intense alteration 
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zones of the Bully Hill-Rising star mine area, and then 

beyond the area of alteration to Horse Creek (Figure 2). 

These characteristics make the lava unit ideal for a study 

of the chemical differences of least-to most-altered rocks. 

Figure 25 shows the positioning of the samples of 

the lava unit relative to a generalized reconstructed cross

section of the Bully Hill area. BH-27 , BH-28 and BH-29 are 

from Type 1 alteration zones, BH-14 and BH-63b are from Type 

2 alteration zones, BH-234 is a sample of Type 3 alteration 

near the hypothesized extension of the Rising star horizon, 

and BH-58 is representative of relatively unaltered quartz 

keratophyre (see Figure 22). BH-3, BH-145 and BH-232 are 

samples of relatively unaltered lavas from Type 7 alteration 

zones distal from the orebodies. 

Methodology 

Comparison of weight percent oxide values in an 

evaluation of gains and losses of chemical components during 

hydrothermal alteration processes is valid only in cases of 

metasomatic replacement involving no net change in mass from 

unaltered protolith to altered product. In an alteration 

reaction involving a net mass change, a density and/or 

volume change must also occur. Calculations of losses and 

gains of chemical components based on the assumption of 

constant volume or density may therefore lead to serious 

errors. Gresens (1967) presented a mass balance calculation 
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Figure 25. Idealized reconstructed cross-section of 
the Bully Hill-Rising star mine area showing distribution of 
alteration Types 1 through 5, syngenetic ore lenses (solid 
black bodies) and lava unit sample locations. Symbols are 
the same as in Figure 6. Samples BH-145 and HC-3 lie beyond 
the limits of the section. bh = Bully Hill horizon; rs = 
Rising Star horizon 
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whereby elements inferred to have been immobile in the 

alteration reaction and the densities of unaltered protolith 

and altered products are used to calculate both the volume 

changes and elemental gains and losses accompanying alter

ation. 

Two laboratories, XRAL and TML, provided the 

geochemical data. Several samples were analyzed by both 

labs to test for interlaboratory consistency. These sample 

analyses are consistent for all components except Ti02' in 

which TML results are systematically lower than the XRAL 

analyses. This difference is noted and accounted for where 

appropriate in the following discussion. 

Application of Gresens Method 

Unaltered Protolith. As evidenced by the Hughes 

plot (Figure 22) and the discussion of alteration (CHAPTER 

3), there are no pristine, unaltered rocks in the Bully Hill 

area. Rocks demonstrated to be least-altered will therefore 

be used as standards to compare with the altered samples in 

the calculations. 

BH-3, BH-145, and BH-232 are designated the least

altered standards in the mass balance calculations on the 

basis of the following criteria: (1) remoteness from 

mineralization; (2) lowest degree of alteration determined 

petrographically; (3) low loss-on-ignition values; (4) 

position within the igneous spectrum of Figure 22; and (5) 
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closest approach to the chemical composition of average 

rhyodacite and rhyolite (Table 3). Even these least-altered 

rocks have significantly higher Si02 and lower CaO contents 

than average rhyolites and rhyodacites. 

Two least-altered standards are used in this 

analysis in order to account for the interlaboratory 

difference in the determination of Ti02 (Table 3). Standard 

1 uses the average Ti02 values from XRAL for BH-3 and BH-

145, and is used to evaluate reactions involving samples 

analyzed by XRAL. Standard 2 uses the average Ti02 value 

determined by TML for BH-145 and BH-232, and is used in 

calculations involving samples analyzed by TML. All other 

components of both standards are the average of TML's BH-145 

and BH-232 data and XRAL's data for BH-3 and BH-145. 

Immobile Elements. Immobile components have 

constant ratios in variably-altered rocks of similar 

parentage, so that a graph of immobile versus immobile 

components will form a straight line that intersects the 

origin (Finlow-Bates and Stumpfl, 1981). The closeness of 

fit of data points to a 'best-fit' line which passes through 

the origin on a plot involving hypothesized immobile 

components is therefore a test of immobility. 

Ti021 A1203 , Zr, Nb, and Y have behaved isochemical

ly in some hydrothermal systems (e.g., Winchester and Floyd, 

1977; Finlow-Bates and Stumpfl, 1981; and Costa, Barnett and 

Kerrich, 1983). Figure 26 presents plots that test the 
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Table 3. Chemical compositions of average unaltered 
andesite, rhyodacite and rhyolite, and of Bully Hill area 
standards (see text) . (1) LeMaitre, 1976; (2) Chayes, 1969 

AVWQ; 
mtollIC lieiqht percent o:ddes Parts per millicu Spec. 

ca1I'OSrnCN Si02 illXl.l CaO M;oO l/a20 ICX) Fe203* !!DO Ti02 ~ WI '{ Zrllb Sa Grav. 

Rbyolite (1) 72.8 13.27 1.140 0.390 3.55 4.30 2.59 0.C60 0.28 0.07 
Rhyo:laci te (1) 67.5 15.53 3.350 1.5&0 3.90 3.16 4.26 0.60 
~te (1.2) 58.1 17.14 6.860 3.280 3.35 1.62 7.28 0.140 0.84 0.21 

B.H. AREA IlAL\ 

Ave. Dekkas 61.9 16.60 1.790 2.400 6.75 0.58 6.67 0.110 0.61 0.17 
St:3ndard 1 78.8 11.21 0.201 0.403 4.53 2.04 1.61 0.029 0.12 0.03 1.14 39 150 7 902 2.64 
StaOOard 2 78.8 11.21 0.201 0.403 4.53 2.04 1.61 0.029 0.08 1.14 902 2.64 
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immobility of Ti02' A1203 , Zr, Nb, and Y in the lava unit 

suite. Zr, Ti02' and Al203 appear to have behaved isochemi

cally. Exceptions to this are BH-27 (the sample of Type 1 

alteration) on the Zr-AI203 plot, suggesting Al mobility in 

this sample, and the scatter of data on the AI203-Ti02 plot, 

which is largely due to the systematic laboratory differ

ences in the determination of Ti02• 

Linear trends are evident in plots involving Nb, but 

the absolute concentrations of Nb in the samples (4 to 8 

ppm) are too close to the detection limit of the analyses (2 

ppm) for sufficient resolution of the data points. It is 

clear, however, that Nb was added in BH-27. Plots involving 

Y also show linear trends with a fair amount of scatter. Y 

was apparently somewhat mobile in the alteration reactions. 

In summary, Zr and Ti02 are considered to be im

mobile in all of the alteration reactions to be analyzed. 

Al203 is also considered immobile except in BH-27, the most 

extremely altered sample. Nb and Y were apparently mobile 

in at least the highly altered samples, and therefore will 

not be considered to be immobile in any reaction. These 

conclusions are similar to those of Finlow-Bates and Stumpfl 

(1981), who summarized data from five volcanogenic massive 

sulfide deposits and found Zr and Ti02 to have been immobile 

during intense hydrothermal alteration, while Nb and Y were 

in some cases extremely mobile. 
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Figure 26 a-j. Plots of: a. Ti02 versus Al2o3 ; b. Zr 
versus Ti02; c. Al2o3 versus Zr; d. Al2o3 versus Nb; e. Tio2 
versus Nb; f. Zr versus Nb; g. Y versus Nb; h. Y versus Zr; 
i. Al2o3 versus Y; and j. Ti02 versus Y for lava unit samp
les. Figures a-c also show average igneous compositions 
(Al 2o3 from LeMaitre, 1976; Ti02 and Zr from Winchester and 
Floyd, 1977) and differentiation trends. AND = andesite; D-
RD = dacite -rhyodacite; RHY = rhyolite 
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Igneous differentiation trends showing the average 

concentrations of Tio2, Zr, and Al203 in andesites, dac

ite/rhyodacites, and rhyolites from LeMaitre (1976) are 

superimposed upon the plots in Figure 26a-c. The following 

conclusions may be derived from these graphs: (1) the 

immobile element signatures of the lava unit suggest a bulk 

composition of rhyolite; (2) the trend of the data points 

from Type 1 alteration through least altered samples along 

the 'best-fit' lines represents a trend from most- to least

altered rocks, in a sequence that agrees with field and 

petrographic observations; (3) this alteration trend is a 

dilution trend, since the concentrations of immobile 

elements in all altered samples are less than those of the 

least-altered samples; and (4) even the least-altered 

samples have diluted immobile element concentrations 

relative to average igneous values. 

Mass Balance Calculations. The graphical means of 

presenting Gresens' (1967) method presented by Grant (1986) 

is used in this discussion (Figure 27). In these isocon 

diagrams, the chemical components of an altered sample are 

plotted against the average concentrations of the least

altered standards, and the alteration reaction which 

produced the altered product from the least-altered standard 

can be examined. Concentrations of the chemical components 

may be multiplied by arbitrary factors to facilitate the use 

of the isocon diagrams. 
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On an isocon diagram, a line, called an isocon, is 

drawn through the origin and components considered to be 

immobile in the alteration reaction being considered. 

Components which lie above the isocon line have been added 

to the altered sample during the alteration reaction, while 

those lying below the isocon line have been subtracted. The 

percentage gain or loss of any component can be calculated 

graphically using the intersection of a line defined by the 

component and the origin with a vertical scale constructed 

on the graph (Figure 27a). The slope of the isocon line is 

used to calculate mass and (if density data are available) 

volume changes in the alteration reaction. 

An isocon drawn on the basis of constant volume is 

also shown on Figure 27b. Since differences in density 

between the altered samples and standards are small in every 

reaction examined, constant mass isocons are virtually 

identical to constant volume isocons. 

Results 

Both keratophyrization, represented by BH-58, and 

the relatively high temperature hydrothermal alteration as

sociated with the Bully Hill-Rising star mineralization are 

evaluated. Although the sample coverage is far from 

comprehensive, important chemical changes are indicated from 

the data. Figure 28 presents the percent gains and losses 
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derived by the Gresens analysis of some of the chemical com-

ponents on reconstructed cross-sections. 

Keratophyrization. The most significant chemical 

changes in BH-58 are an essentially complete loss of ~O and 

a 50% gain of Na2o. This roughly corresponds to a 1:1 

replacement of K by Na, the dominant process of kerato-

phyrization (Hughes, 1972). Mineralogically this is 

represented by the albitization of igneous potassium 

feldspars. The loss of 20% CaO from BH-58 also distin-

guishes it from the high temperature hydrothermal suite, 

which is characterized by almost total loss of CaO. 

* -Significant quantities of MgO, MnO, and Fe203 have also been 

removed from the sample, and may represent overprinting of 

the high temperature hydrothermal event. 

Bully Hill-Rising Star Alteration Zone. silicif-

ication is the dominant process of the hydrothermal system 

in the Bully Hill-Rising Star mine area, affecting all 

altered rocks. Gains in Si02 range from up to 250% in Type 

1 alteration zones to about 20% in Type 3 zones. Si02 gains 

have a direct positive correlation with degree of alteration 

in the high-temperature alteration suite. 

K20 additions of up to 60% occur in samples from 

alteration Types 1 and 2. Although the bulk of Type 3 

alteration would probably also show ~O additions, sample 

BH-234 is depleted in K20 relative to the standards. This 
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Figure 28a-d. Schematic cross-sections showing 
percent gain or loss of chemical components from altered 
samples of the lava unit, calculated from data compiled in 
Figure 27. For sample numbers, refer to Figure 25. 
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is because sericitization in BH-234 is not as prominent as 

in most rocks from Type 3 zones. 

Na20 is essentially completely leached in alteration 

Types 1 and 2. BH-234 is depleted by 50%, suggesting that a 

halo of decreasing Na depletion surrounds the footwall area 

of the mineralizing systems. 

CaO is essentially totally removed in all samples 

except BH-27 and BH-234. In these latter samples, the 

presence of CaO is due to carbonate alteration. 

* Fe203 has been removed from all of the footwall 

rocks sampled, except for BH-27, with relative depletions 

decreasing away from the orebodies. The 60% gain in BH-27 

is due to the presence of iron-rich carbonate alteration and 

quartz-pyrite veinlets. 

with the exception of BH-27, MgO has been added to 

the altered rocks in increasing amounts with increasing 

distance from the orebodies. MgO has been depleted by 20% 

in BH-27. 

In the Bully Hill area, barite occurrence provides 

an excellent guide to proximity to syngenetic horizons, even 

in areas distal to known massive sulfide mineralization. 

For example, BH-36 and BH-37 cannot be identified as anom-

alously altered or mineralized on the basis of major element 

chemistry (see Figure 2 and following discussion of altera-

tion index), but their Ba contents (>1000 ppm) are highly 

anomalous with respect to other Bully Hill area samples. 
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The anomalous Ba contents can be related to their proximity 

to the Bully Hill-Copper city horizon (Figure 2). Within 

the lava unit, large additions of Ba occur in all samples of 

Type 1 alteration and in the sample of Type 2 alteration 

which is proximal to the Bully Hill horizon. BH-63b is a 

highly altered lava from a Type 2 zone relatively distal 

from the Bully Hill horizon, and actually shows a Ba 

depletion. The approximately 100% gain in Ba in BH-234 is 

consistent with its location close to the projection of the 

Rising star horizon. 

Gains in volume occur in all of the altered rocks. 

Volume additions range from 200% in the most-altered Type 1 

zones to 10% in the sample of Type 3 alteration. As is the 

case with Si02 and L.O.I. gains, the magnitude of volume 

gains has a direct positive correlation with degree of 

hydrothermal alteration. 

The volume gains in Type 1 alteration range from 100 

to 200%. Additions of this magnitude were largely the 

result of extensional fracturing and subsequent infilling 

with quartz veinlets. Type 1 zones developed immediately 

below the sea water/sea floor interface, which would allow 

essentially unlimited extension. The volume additions of 

30-70% indicated for the samples of Type 2 alteration are, 

however, surprisingly high. These results are merely a 

quantification of the dilution trends indicated on Figure 

26. Since only very small changes in density accompanied 



the alteration reactions, the hydrothermal additions that 

caused the dilution were taken up almost exclusively by 

increases in volume. 
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Constant volume isocons can be used to test the 

alternative hypothesis of constant volume reactions. The 

constant volume isocon on Figure 27b demonstrates that a 

constant volume assumption is untenable in the case of BH-

27. For example, a gain of only 15% Si02 is indicated in 

this sample, which is essentially completely silicified 

(93.3 wt.% Si02). Large depletions in Ti02 , Al203 , and Zr 

are indicated in all of the samples under the assumption of 

constant volume. Because these components have constant 

ratios in the alteration reactions, the magnitude of the 

depletions are identical in each reaction considered. Since 

these components occur in a wide variety of mineral phases 

(Ti in biotite and sphene, Al in feldspar and chlorite, Zr 

in zircon and allophane), it is highly unlikely that each 

element would be leached in exactly the same proportion. 

Elemental Changes in the Dekkas Andesite 

Si02 additions to lava unit samples in the Bully 

Hill-Rising Star mine area are uniformly high. Smaller 

silica additions in areas distal to massive sulfide mineral

ization are evidenced by the common presence of groundmass 

replacement by fine-grained quartz in samples of Type 7 

alteration. Taken as a whole, huge additions of silica are 
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necessary to account for the extensive silicification of the 

Bully Hill rhyolite in the Bully Hill area. The Dekkas 

andesite underlying the Bully Hill rhyolite in the Bully 

Hill area is highly altered, and is a potential source of 

the silica. 

In order to evaluate elemental gains and losses in 

the Dekkas andesite, four of the five samples of the Dekkas 

andesite that plot within the andesite field on Figure 24 

(HC-8, HC-10, SH-33, and SH-34) were averaged and plotted 

against a standard consisting of an average andesite 

composition (Table 3; Figure 29). The fifth sample of the 

Dekkas andesite (SH-30) was excluded because of its anomal

ously high SiOz contents and position close to the rhyo

dacite/dacite field of Figure 24. Since the andesite 

standard is not necessarily representative of the composi

tion of unaltered comagmatic Dekkas andesite, the results 

can only be applied in a qualitative manner. 

Two isocons are shown on Figure 29, one constructed 

on the basis of TiOz immobility and the other on the basis 

of Alz03 immobility. The reason these components do not lie 

on a single isocon is probably that the samples of Dekkas 

andesite are not comagmatic with the average unaltered 

andesite standard, so that primary compositional distinc

tions between the Dekkas andesite and the standard are 

evident. Results from Figure 29 must therefore be treated 

qualitatively. 

=--_ ........... - . - -r 
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Keratophyrization of the andesite samples is evident 

from the large addition of Na20 and depletion of KzO; the 

significant depletion of CaO is probably a manifestation of 

the hydrothermal system which formed the Bully Hill-Rising 

star orebodies. 

Regardless of which isocon is chosen, Si02 has not 

been leached from the Dekkas andesite. It is likely that 

Si02 has actually been added to the samples of the Dekkas 

andesite. The andesites lying beneath the Bully Hill 

rhyolite in the Bully Hill area do not appear to be a viable 

source of silica for the overlying felsic rocks. 

Alteration Index 

The following is an index which can be used with 

whole rock data to estimate the degree of ore-related 

hydrothermal alteration, and hence proximity to ore, in 

felsic rocks of the Bully Hill area: 

(K20+Si02/20) 100/ (KzO+Na20+CaO+MgO+Si02/20) 

adapted from the index of Ishikawa et al. (1976) for the 

Kuroko district. This index ranks alteration by the degree 

of silicification and sericitization and the magnitude of 

CaO and Na20 depletions. Since MgO additions within altered 

rocks increase with distance from the ore horizons, place

ment of MgO in the denominator serves to differentiate 

samples within altered zones. 
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Figure 31 is a map of alteration indices in the 

Bully Hill area. Indices below 45 generally identify quartz 

keratophyres, although rocks with significant carbonate 

alteration are also included in this range. Relatively 

unaltered samples lie in the range 45-55. Samples with 

indices >55 define the limits of the visually-obvious 

hydrothermal alteration zone in the Bully Hill-Rising Star 

mine area, with values in the 95-100 range restricted to 

samples from Type 1 alteration zones. 

Chemical Changes Accompanying Spaced Cleavage Formation 

Spaced cleavage forms by the process of pressure 

solution. Mobile components, such as quartz and calcite, 

are removed and relatively immobile components, such as clay 

minerals, chlorite, and micas, are residually concentrated 

(Ramsay, 1980). A Gresens analysis is used to determine the 

mobility of chemical components during formation of the 

solution cleavage in the lava unit. The alteration reaction 

examined is the change from unfoliated rock (lithon domain) 

to foliated rock (cleavage domain) during pressure solution, 

a process which postdated hydrothermal alteration of the 

rocks. The analysis is valid only if the system was open, 

and all components removed during formation of the cleavage 

domain were lost from the system. 

A sample of a cleavage domain and one from the 

lithon domain immediately adjacent to it are presented on an 
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Figure 31. Alteration Indices (A.I.) of felsic 
volcanic rocks from the Bully Hill rhyolite and Pit forma
tion plotted on a map showing the Bully Hill-Copper City and 
Rising Star mineralized horizons. Outline encloses area of 
A.I. > 55. See text for explanation of A.I. 
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isocon diagram in Figure 30. Ti02 and A1203 lie along a line 

which intersects the origin, so these components are assumed 

to have behaved isochemically during cleavage formation. 

* The isocon indicates that 80% Fe203 , 55% ~O and 25% Na20 

have been added to the cleavage domain, while 40% Si02 and 

25% MgO were removed. Although Ba remained immobile in this 

reaction, barite was remobilized into cleavage domains in 

other areas. A volume loss (equal to loss of mass) of 

about 30% accompanied cleavage formation, which is consis-

tent with other data from solution cleavage studies 

(Groshong, 1988). 

* The Fe203 increase is due to the supergene enrich-

ment of hematite in the cleavage domains of the sample. The 

K20 and Na20 increases indicate that these components were 

not only residually enriched, but were also added to the 

cleavage domain by ·the fluids involved in the solution 

process. These components are present as K-Na clays and 

micas in the cleavage domain. 
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CHAPTER 8 

ORE PETROLOGY 

Introduction 

Eight polished thin-sections of sulfide-rich syn

genetic mineralization and one of an epigenetic vein were 

examined in both transmitted and reflected light. The 

syngenetic samples were taken from dumps from underground 

workings in the Bully Hill (BH-300 and BH-500), Rising star 

(BH-251 and BH-252), and Copper City (CC-37, CC-30-1 and 

CCD-2) mine areas, and from a dump to the prospect located 

one kilometer west-southwest of the Copper City mine (SH-

45). The samples were selected to represent diverse types 

of mineralization, but are more representative of what was 

waste rock (relatively sphalerite-rich) than what was are 

(relatively copper-rich) at the time the mines were in 

production. The epigenetic samples (BH-61) came from a dump 

at an adit that explores a vein on the southwest slope of 

Bully Hill (Figure 21). 

One dump sample from the Copper city mine area (CC-

30-1) is made up of a breccia of mUdstone fragments. Sul

fide-sulfate mineralization partially replaces the fragments 

and fills open spaces between them. This sample is clas

sified as syngenetic are since the first occurrence of mud-
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stone in the area is along or immediately above the Copper 

City horizon, and the mineralization has parageneses and 

textures identical with those of the other syngenetic ore 

samples. 

Paragenetic relationships in the syngenetic samples 

are consistent and have led to the delineation of four 

stages of mineralization (stages 1 through 4, below) defined 

by mineral assemblages of similar paragenesis and texture 

(Figure 32). Several of the stages are represented in each 

polished section, with one stage usually predominating. 

Mineral abundances in six of the syngenetic samples 

are grossly similar, with sphalerite ~ barite> pyrite> 

galena > chalcopyrite > tetrahedrite-tennantite »> bornite 

> pyrrhotite. These mineral proportions correspond to 

massive black or semiblack ore of the Kuroko district 

(Eldridge, Barton and Ohmoto, 1983). The seventh specimen 

(CCD-2) contains pyrite> chalcopyrite> sphalerite> bar-

ite, which is grossly similar to powdery yellow ore of 

Kuroko. Quartz, chlorite, sericite, calcite, and anhydrite 

are additional gangue minerals which occur in variable quan-

tities in the specimens examined. The epigenetic vein 

sample contains barite > sphalerite > chalcopyrite > pyrite 

» tetrahedrite-tennantite » bornite. 
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Stage 1 Stage 2 Stage 3 Stage 4 
a b a I b 

py r I t e - - -
I 1 

sphalerite 
1 

tet -tenn -7- -?- 1 -1 
galena -?.:... -?- 1 _I 

1 
chalcopyrite -?-?- 1 

1 
ba r I t e 

1 
quartz ------- 1 - - -

1 
sericite ------- 1 

1 
chlorite - - - - --- 1 

1 1 
calcite ------- I 1 - - -

I I 

Figure 32. Paragenetic sequence of stages 1 to 4 in 
syngenetic sulfide-sulfate mineralization. 
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stage 1. stage lore is characterized by banded 

fine-grained pyrite + sphalerite ± gangue (Figure 33). 

stage 1 is similar to Kuroko ores classified as facies 1 by 

Eldridge et ale (1983) and primitive ore by Barton (1978). 

pyrite occurs as fine-grained (usually ~25 ~m) framboids, 

cubes and colloform growths (Figures 34 and 35). Some col

loform masses are up to 2 rom in the longest dimension. 

Sphalerite occurs in polycrystalline anhedral masses which 

are identified as Stage 1 mineralization by their conform

able interlayering with Stage 1 pyrite bands and absence of 

open space crystalline growth. Stage 1 gangue minerals 

include fine-grained to cryptocrystalline barite, quartz, 

Mg-rich chlorite, anhydrite and sericite. 

Galena and tetrahedrite-tennantite occur in minor 

amounts as irregular patches and blebs within Stage 2 sphal

erite interpreted to be recrystallized Stage 1 sphalerite 

(see below), and rarely as layers within colloform pyrite in 

cases where a replacement origin or coexistence could not be 

determined. These occurrences may represent additional 

Stage 1 mineralization. No evidence of Stage 1 chalcopyrite 

was observed. 

Stage 2. Stage 2 mineralization is divided into two 

substages, Stage 2a and Stage 2b. Stage 2b ore is distin-



Figure 33. Banded Stage 1 pyrite and sphalerite 
ore. Sample SH-45. 
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Figure 34. Photomicrograph of Stag~ 1 colloform 
pyrite (dull grey) in quartz gangue (white), in partial 
reflected and transmitted plane-polarized light. Colloform 
masses are broken and connected by quartz crystal fibers. 
Width of field is 0.7 mm. Sample SH-45. 
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guished from stage 2a ore by larger grain size and greater 

development of chalcopyrite disease in sphalerite. 

Sphalerite and pyrite dominate stage 2a mineraliza

tion; barite is less common. These minerals occur as recry

stallized Stage 1 phases and as coarse-grained (commonly 0.1 

to 1 mm) subhedrally- to euhedrally-terminated crystals 

lining former cavities within masses of recrystallized Stage 

1 mineralization (Figure 36). stage 2a minerals fill ir

regularly-shaped vein-like openings, tubular channels and 

vugs. stage 2a is similar to facies 2 mineralization of 

Eldridge et ale (1983). 

Stage 2a pyrite is commonly formed by the recrystal

lization of fine-grained colloform pyrite of stage 1 into 

euhedral cubes. In areas where stage 1 pyrite was abundant, 

adjacent cubes may coalesce into larger cubes (Figure 37). 

In some cases, partial replacement of stage 2a cubic pyrite 

by later sulfides creates atoll textures which reveal cores 

of fine-grained stage 1 colloform pyrite~ Microprobe scans 

of several Stage 2a pyrites using energy dispersive analysis 

revealed the presence of gold. 

stage 2a pyrite typically contains inclusions of 

other sulfide minerals. Sphalerite inclusions are most 

common, but all of the hypogene sulfide minerals listed 

above are represented as inclusions. Inclusions within 

stage 2a pyrite represent the sole occurrence of pyrrhotite 

and the predominant occurrence of bornite in the sections 
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examined. Included blebs of sphalerite, tetrahedrite-ten

nantite, galena and chalcopyrite may have formed predomin

antly by trapping of adjacent phases during the recrystal

lization of stage 1 pyrite, although a replacement origin 

cannot be ruled out in most cases. Bornite and chalcopyrite 

commonly occur together in single inclusions, suggesting 

that bornite is the product of a reaction between the host 

pyrite and included chalcopyrite. 

The size of anhedral sphalerite crystals within 

recrystallized masses of stage 1 sphalerite is determined by 

examination of cleavage traces and crystallographically

oriented chalcopyrite disease. stage 2a sphalerite has 

weakly-developed chalcopyrite disease and contains less than 

0.001 mole percent FeS (see below). stage 2a sphalerite 

replaces stage 2a pyrite in some cases, and shows mutual 

boundary relationships in other cases. 

stage 2a barite occurs as patches of anhedral to 

subhedral crystals of recrystallized stage 1 barite and as 

subhedral to euhedral open space-filling laths. cavity

filling barite may in part be younger than the open space

filling stage 2a sphalerite and pyrite. 

Although crude banding is commonly discernible in 

hand specimen and/or thin-section in samples dominated by 

stage 2a mineralization, it is a remnant stage 1 texture 

which is variably preserved during stage 2a recrystalliz

ation. These bands vary from alternating millimeter-scale 
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Figure 35. Photomicrograph of Stage 1 framboidal 
pyrite (white) in quartz gangue (dark grey), in reflected 
light. Some framboids show partial recrystallization into 
masses of fine-grained pyrite cubes. Width of field is 0.18 
mm. Sample SH-45. 
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pyrite-rich and sphalerite-rich layers to thin, discon-

tinuous layers of fine-grained cubic and colloform pyrite 

within recrystallized sphalerite-rich masses. Weakly defin

ed layers of coarsely-crystalline cubic pyrite within sphal

erite masses less-commonly preserve stage 1 banding. 

Mineralization which cross-cuts stage 2a is charac-

teristically restricted to stage 3a (see below), so that 

chalcopyrite contents of samples dominated by stage 2a 

mineralization are low and galena contents are relatively 

high. 

stage 2b is characterized by large, equant, growth

zoned sphalerite crystals up to 3 mm in diameter and 1 to 2 

mm pyrite cubes. In addition to their exceptional size, 

stage 2b sphalerite crystals are extensively attacked by 

chalcopyrite disease and contain 0.005 to 0.012 mole per 

cent FeS. stage 2b mineralization does not coexist with 

stages 1 and 2 in the specimens examined, but is charac-

teristically overprinted by chalcopyrite-rich stage 3b 

mineralization. Banding is not present in samples dominated 

by stage 2b mineralization. stage 2b is equivalent to 

coarse-grained facies 2 of Eldridge et al. (1983). 

stage 3. Chalcopyrite characterizes stage 3 miner-

alization, which is subdivided into stages 3a and 3b. 

Galena and tetrahedrite-tennantite occur in the relatively 

chalcopyrite-poor stage 3a ore, while stage 3b ore is domin-

ated by chalcopyrite. 
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stage 3a mineralization is dominated by open-space 

filling galena and subordinate amounts of tetrahedrite-ten

nantite and chalcopyrite. stage 3a ore cross-cuts stage 2a 

mineralization, infills the remaining voids into which stage 

2a crystals projected, and partially replaces all minerals 

from the previous two stages. Euhedral crystals of stage 2a 

pyrite and sphalerite are commonly rounded when in contact 

with stage 3a minerals (Figure 36). stage 3a minerals 

replace stage 2a minerals along grain boundaries and fill 

preexisting fractures in stage 2 minerals (Figure 36). 

stage 3a has no counterpart in the classification of Kuroko 

ores by Eldridge et al. (1983). 

Tetrahedrite-tennantite is closely associated with 

stage 3a galena. Both mutual boundary relationships between 

the minerals and textures suggestive of galena replacement 

of tetrahedrite-tennantite are common; textures indicating 

tetrahedrite-tennantite replacement of galena are least 

common. 

stage 3a chalcopyrite has both mutual boundary 

relationships with galena and tetrahedrite-tennantite in 

some cases and replacement textures in other cases. Regard

less of its paragenetic relationship with stage 3a galena 

and tetrahedrite-tennantite, stage 3a chalcopyrite is clear

ly associated with these minerals. stage 3a chalcopyrite 

replaces all stage 1 and 2 phases, and is probably present 



as the weakly-developed chalcopyrite disease in stage 2a 

sphalerite. 
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stage 3b mineralization is dominated by chalcopy

rite, which replaces all previous sulfide mineralization. 

coarsely-crystalline pyrite appears to be closely associated 

with stage 3b chalcopyrite in some specimens, but the chal

copyrite rep'laces this pyrite in all cases. stage 3b chal

copyrite characteristically replaces stage 2b sphalerite and 

pyrite, and rarely cross-cuts ore dominated by stage 1 or 2a 

mineralization. Advanced chalcopyrite disease in stage 2b 

sphalerite is locally seen to pervade its host from frac

tures filled by stage 3b chalcopyrite, suggesting that the 

high degree of chalcopyrite disease in stage 2b sphalerite 

is a manifestation of stage 3b mineralization. stage 3b is 

similar to facies 3 of Eldridge et ale (1983). 

stage 4. Barite, with or without trace quartz and 

calcite, is the latest stage of mineralization and most 

common type of barite in the sections examined. stage 4 

barite is most abundant in samples characterized by stages 

2a and 3a mineralization, and significantly dilutes the base 

metal contents of these samples in many cases. stage 4 

barite is a minor constituent of samples dominated by stages 

2b and 3b. 

Voids filled by stage 4 barite formed when fluids 

undersaturated with respect to all sulfide minerals eroded 

channels and vugs in the ores. Barite was precipitated as 
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laths, which occasionally occur in fan-shaped aggregates, 

and in masses of anhedral crystals. Sphalerite was dis

solved preferentially over galena, pyrite and chalcopyrite 

(Figure 38). In cases of advanced dissolution, a sponge

like mesh of sphalerite and Stage 2a cavity-filling mineral

ization is filled with Stage 4 barite. Eldridge et ale 

(1983) do not identify a similar stage of mineralization in 

the Kuroko ores. 

other Minerals. Trace amounts of colorless fine-

grained mica occur as subhedral to euhedral unoriented acic

ular crystals which cross-cut all sulfide and gangue min

erals of the four stages of mineralization. It is inter

preted to be a metamorphic phase. 

Covellite is an uncommon mineral in the sections ex

amined. It occurs as thin films along sulfide-gangue con

tacts and as replacements of chalcopyrite, galena and sphal

erite. It is interpreted to be of supergene origin. 

Syndepositional Textures. Clastic textures are 

common in many of the specimens examined. Clasts of various 

stages of mineralization, as well as massive syngenetic 

barite and lithic fragments, commonly occur within single 

thin-sections (Figure 39). Ore samples may be entirely 

clastic, or may have been mineralized subsequent to incor

poration of the clasts. 

Crystal fiber growths of quartz, barite and calcite 

are occasionally developed adjacent to extended sulfide-rich 
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Figure 36. Photomicrograph of subhedral void-filT
ing Stage 2a sph a l erite (brown-grey) and pyrite (white), 
infilled and partially repl aced by Stage Ja galena (grey
white), tetrahedrite-tennantite (light grey) and chalco
pyrite (off-white), in reflected light. Note rounding of 
sphalerite and pyrite euhedra, fracture filling of galena in 
sphalerite in center of photo, and mutual boundary of tetra
hedrite-tennantite and galena at bottom left corner. Width 
of view is 0.18 mm. Sample BH-251. 
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masses (Figure 34), usually along planes developed at high 

angles to stage 1 layering. These extensional features are 

in many cases cross-cut by late-stage mineralization, and 

are interpreted to be related to the slumping events which 

formed the clastic ores. 

These clastic and extensional textures suggest that 

sulfide rich accumulations on the seafloor were commonly 

transported and redeposited. Clastic textures are quite 

common in Kuroko ores (e.g., Barton, 1978; Eldridge et al., 

1983) . 

Epigenetic Mineralization 

The single vein sample studied is from a dump to a 

small prospect on a vein in the footwall of the Bully Hill 

horizon, distal to the Bully Hill mine orebodies. In this 

sample, the earliest phase is fine-grained (~50 ~m) cubic 

pyrite. The cubic phase is overgrown by coarsely-crystal

line pyritohedral pyrite. Chalcopyrite, which is relatively 

abundant in this sample, preferentially replaces the pyrito

hedral pyrite, exposing the cubic cores. Sphalerite, which 

does not exhibit chalcopyrite disease, replaces the chalco

pyrite and both stages of pyrite. Late-stage coarsely crys

talline barite replaces all of the sulfide minerals. Small 

amounts of galena and tetrahedrite also occur in the sample, 

but their position in the paragenetic sequence is uncertain. 



157 

It is interpreted that the epigenetic mineralization 

can be correlated with the syngenetic paragenesis outlined 

above. The fine-grained and coarse-grained pyrite phases 

may represent stage 2a and stage 2b, respectively. The 

chalcopyrite and barite are likely representative of stage 

3b and stage 4, respectively. 

Model of Orebody Evolution 

On the basis of ore textures in the Hokuroku dis

trict, Eldridge et al. (1983) defined three ore facies 

(facies 1, 2 and 3) and proposed a model for the evolution 

of the massive sulfide bodies. These facies are commonly 

deposited in ascending numerical sequence at any point 

within the sulfide mound, but in some specimens the sequence 

is repeated. Since they considered that all of the facies 

were deposited synchronously in different portions of the 

mound, the term facies was chosen instead of stage. Their 

basic model for the formation of the three facies is sum

marized below. 

Facies 1 mineralization forms when metal-bearing 

hydrothermal solutions exhale into and mix with cold sea

water. This results in rapid precipitation of fine-grained, 

commonly colloform sulfides and gangue. As wallrock temp

erature increases in the footwall of the sulfide pile, the 

temperature of discharging fluids increases. Facies 1 

minerals exposed to the high temperature solutions are dis-
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Figure 37. Photomicrograph showing recrystalliza
tion of Stage 1 pyrite frarnboids into Stage 2a crystalline 
pyrite (white) within Stage 2a sphalerite (grey), in reflec
ted light. Width of view is 0.18 rnrn. Sample BH-300. 

Figure 38. Photomicrograph of framboidal pyrite 
(highly reflective) replaced by Stage 4 barite (grey), in 
reflected light. Preexisting sphalerite was completely 
replaced. Width of view is 0.18 rnrn. Sample BH-500. 
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solved and reprecipitated as coarse-grained facies 2 min

erals. Facies 1 minerals continue to precipitate in the 

outer portions of the growing mound. Further increases in 

temperature of the hydrothermal fluids discharging into the 

mound result in the replacement of lowermost portions by 

facies 3 chalcopyrite, and the migration of facies 2 and 1 

mineralization outward in the pile. These mound-building 

processes produce: the observed zoning of zinc-rich over 

copper-rich ore; the downward increase in grain size, which 

reflects both increasing proportion of facies 2 to facies 1 

minerals and increase in size of facies 2 crystals; the 

downward increase in abundance of vug-filling crystals; and 

the downward increase in degree of chalcopyrite disease in 

sphalerite. 

Ore textures in the Bully Hill area closely resemble 

those of the Hokuroku district. The three stages of miner

alization described above are largely equivalent to the 

three facies of Eldridge et ale (1983), and probably formed 

in a similar manner. The model proposed by Eldridge et ale 

(1983) is considered to be applicable to the Bully Hill area 

ores, with a few minor additions. 

The banding typical of stage lore may have formed 

by sequential sedimentary deposition of minerals from par

ticulate suspensions in mixed fluids above the seafloor. 

Although Eldridge et ale (1983) suggest that growth of the 

mound was achieved primarily through facies 1 deposition, it 



is unlikely that this would have been an efficient mound

building process owing to the likely loss of metals from 

dispersion into the ocean. 
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When the sedimentary accumulations were extensive 

enough to blanket areas venting the hydrothermal solutions, 

some of the stage 1 mineralization would be directly exposed 

to high temperature hydrothermal exhalations and the forma

tion of stage 2a mineralization would ensue. A rind of 

anhydrite probably covered the growing mound, as proposed by 

Franklin (1986). Growth of the sulfide mound could now be 

accomplished by stage 2a open space-filling of cavities 

dissolved in stage 1 mineralization, replacement of anhy

drite rind by stage 2a minerals and continued settling of 

stage 1 mineralization on top of the pile. Precipitation of 

stage 2a minerals could result from mixing of hydrothermal 

fluids with warmed seawater, which would probably infiltrate 

the mound. stage 2b mineralization, represented by coarse

grained pyrite and highly chalcopyrite diseased sphalerite, 

probably formed at the lowermost portion of the area charac

terized by the stage 2 assemblage. 

stage 3a mineralization is relatively chalcopyrite

poor compared with stage 3b. The stage 3a assemblage formed 

within areas dominated by stage 2a mineralization, in the 

mid to upper portions of the mound, from solutions which had 

already deposited much of their copper as stage 3b (facies 

3) mineralization. 
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In the waning stages of the hydrothermal system, the 

exhaling fluids became undersaturated in all of the sulfide 

minerals due to decreases in temperature. The low temp

erature solutions eroded channels in the sulfides throughout 

the mound and eventually deposited the late-stage barite. 

The collapse of the hydrothermal system into the Type 1 

footwall zones may have brought about deposition of much of 

the late epigenetic barite as well. 

The sequence of mineralization in the epigenetic 

vein sample represents peak hydrothermal mineralization 

overprinted by a retrograde hydrothermal assemblage. During 

prograde development of the deposit, stage 2b pyrite is 

replaced by stage 3b chalcopyrite. Subsequent collapse of 

the hydrothermal system, with associated decrease in temper

ature, resulted in retrogressive replacement of Stage 3b 

chalcopyrite and earlier pyrite by sphalerite, and even

tually all sulfides by stage 4 barite. The formation of a 

sulfide retrograde assemblage may be due to the insulating 

effect of the wa11rocks, which would allow cooling of the 

hydrothermal system to occur gradually. within the mound, 

however, infiltrating seawater could quickly dominate the 

less-vigorous introductions of relatively cool hydrothermal 

solutions, resulting in dramatic temperature reduction. 
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Figure 39. Photomicrograph of clastic ore, in 
plane-polarized transmitted light. Dark clasts are single 
crystals of Stage 2b sphalerite and pyrite. Light clasts 
are rock fragments and coarsely crystalline barite. Width 
of view is 5.4 mm. Sample CC-37. 
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Geochemistry of Ore Formation 

The evolution of a portion of the sulfide mound 

through stages 2a, 2b, and 3a mineralization involves phys

icochemical changes which can be examined on a plot of a~ 

versus aH2S (Figure 40). Eastoe and Nelson (1988) con

structed this plot in their evaluation of Afterthought area 

mineralization because many of the mineral-mineral equil

ibria do not depend on pH and the relative quantities of 

reduced and oxidized sulfur species are easily presented. 

stage 1 mineralization cannot be represented on the plot 

since it formed by the quenching of hot metal-rich solutions 

by seawater, and therefore does not approach an equilibrium 

process. stage 3b chalcopyrite and stage 4 barite probably 

formed at temperatures significantly higher and lower, 

respectively, than that of stages 2 and 3a, and therefore 

are also excluded from Figure 40. 

The temperature of the system (250'C), the salinity 

of the hydrothermal solutions (0.8 molal NaCI) and a pres

sure sufficient to prevent boiling of these fluids (50 bars) 

were derived from sulfur isotope and fluid inclusion data 

presented in later chapters. The presence of sericite and 

lack of potassium feldspar and kaolinite in alteration 

assemblages in footwall rocks suggests the pH was between 3 

and 6 at probable values of a~ (Barton and Skinner, 1979, 

figure 8.6). A pH of 5 is used in Figure 40. The hydro

thermal fluids are assumed to be saturated in pyrite in 
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Figure 40. Conditions of mineralization Stages 2a, 
2b and Ja, shown on a log a~ vs. log a~s diagram (modified 
from Eastoe and Nelson, 1988). Cross-hatched fields cor
respond to mineral assemblages (2ass = Stage 2a sphalerite + 
barite; 2bs = Stage 2b sphalerite; Ja~ = Stage Ja chalco
pyrite+ galena). 
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order to calculate chalcopyrite, bornite, covellite and 

sphalerite-FeS equilibria (Ohmoto et al., 1983). On the 

basis of microprobe analyses, the mole per cent FeS in stage 

2a sphalerite is less than 10-3 (10-3•7 to 10-3.'), and ranges 

from 10-2•3 to 10-'·9 in stage 2b sphalerite. 

The temperature of formation of stages 2b and 3a 

mineralization was probably somewhat higher than that of 

stage 2a. The presence of galena and tetrahedrite-tennan

tite in the stage 2b assemblage and the similar mineralogy 

of stages 2a and 2b, however, suggest that the temperature 

differences are not significant for the purposes of the 

activity diagram. Thermochemical data are from Barner and 

Scheuerman (1978), except for data relating to aqueous 

chloride complexes of lead, zinc and barium (Ohmoto et al., 

1983) and Naso4- (treated as in Ohmoto, 1972). 

Standard states are as follows: pure crystalline 

substances at the pressure and temperature of interest for 

minerals; a hypothetical ideal 1 molal solution at the 

pressure and temperature of interest for dissolved species, 

including H2S; and a hypothetical ideal gas at 1 bar and the 

temperature of interest for H20 gas. Activity coefficients 

were calculated with the modified Debye-Huckel equation of 

Helgeson (1969), assuming 90 per cent dissociation of NaCI. 

Values of a were estimated from Garrels and Christ (1965, p. 

62). Pressure corrections to equilibrium constants are 

assumed to be negligible. 
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On Figure 40, activity, molality, and XFeS contours 

are numbered in log units. Solid lines and XFes contours are 

independent of pHi other lines are not. The XFeS contours 

give the FeS content of sphalerite in equilibrium with 

pyrite. The XFes contours were calculated using an activity 

coefficient of 2.4 for FeS (Barton and Toulmin, 1966). 

NaS04- is the predominant aqueous sulfate species 

under the specified conditions and therefore represents 

total aqueous sulfate. Lines representing NaS04-/H2S molal

ity ratios of 10, 1 and 0.1 are shown. The presence of 

significant syngenetic and epigenetic barites in Stages 1, 

2a, and 4 with O~S values up to 12 per mil higher than con

temporaneous seawater sulfate indicates that significant 

quantities of aqueous sulfate were supplied by the hydro

thermal solutions (CHAPTER 10). It is therefore unlikely 

that hydrothermal fluids ever had ~S04= contents significan

tly less than 10-5 m. 

Stability fields corresponding to mineral assem

blages of Stages 2a, 2b, and 3a mineralization, along with a 

suggested path of evolution of the hydrothermal fluids, are 

shown on Figure 40. The assumption that the total molality 

of all aqueous lead, zinc, barium, sulfate, and sulfide 

species in the hydrothermal fluids must exceed 10-5 prior to 

ore deposition in order to form significant concentrations 

of minerals containing these elements (Anderson, 1977) is 

used to limit the fields. The interpretation that ~S04= did 



167 

not fall significantly below 10-5 m in stages 2b and 3a 

places an additional constraint on these field boundaries; a 

limiting S04=/H2S ratio of 0.1 is selected. 

Under the assumptions of constant temperature and 

equilibrium conditions, a H2S and possibly the S04=/H2S ratio 

of the hydrothermal fluid decrease from stage 2a to stage 

3a. The concentration of H2S in the hydrothermal fluid 

decreases from approximately 10-3.5 to between 10-4.5 and 10-5 

molal, while :ES04= decreases from approximately 10-3 to 

between 10-5 and 10-6 molal along the path of fluid evol

ution. These changes are accompanied by constant to slight

ly decreasing a02 • 

Figure 40 suggests that the concentration of :ES in 

fluids which precipitated stage 2a and 3a minerals was 

approximately 10-3 and 10-4.5 molal, respectively (aqueous 

sulfur concentrations less than 10-4.5 molal are probably 

insufficient to produce sulfide-sulfate orebodies). The 

field of stage 2b mineralization is delimited by microprobe 

analyses of FeS contents in sphalerites from a single sec

tion. sphalerites from samples of mineralization trans

itional to stages 2a and 2b as described above would most 

likely occupy a field which spans the space between the 

fields of stages 2a and 2b on Figure 40. 

stage 2a fluids have significantly greater aqueous 

sulfate and sulfide concentrations than stage 3a fluids. If 

the model for the evolution of the sulfide mound of Eldridge 
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et al. (1983) is applicable to the Bully Hill area ore

bodies, each stage of mineralization was forming in dif

ferent portions of the mound at the time stage 3 mineraliza

tion began. In this model the path of fluid evolution shown 

on Figure 40, which would be reversed from the perspective 

of a fluid flowing from the base of the mound outward, must 

therefore be controlled by intramound processes, not by 

deep-seated evolution of the hydrothermal fluids. Intra

mound sources of sulfur include stage 1 mineralization and 

seawater. stage 1 mineralization that is dissolved by the 

high temperature solutions which ultimately precipitate 

stage 2a ore could provide both H2S and S04= to the hydro

thermal fluids. Sulfate could also be supplied by seawater 

which infiltrates the sulfide pile, and could result in the 

interpreted increase in S04=/H2S ratios in stage 2a fluids 

relative to Stage 3a fluids. Alternatively, the facies con

cept of Eldridge et al. (1983) is not rigidly applicable, at 

least to the specimens examined, and differences in sulfur 

concentrations were controlled by deep-seated processes 

within the hydrothermal system. 



169 

CHAPTER 9 

FLUID INCLUSIONS 

Introduction 

Numerous samples of quartz and grey barite from 

epigenetic mineralization were collected for fluid inclusion 

study. Five of these samples, containing both quartz and 

barite, were prepared for analysis. Only two quartz samples 

(BH-10and SH-41) contain primary fluid inclusions of suffi

cient size to be analyzed. Three of the barite samples 

(BH-IO, BH-149 and SH-41) contain inclusions suitable for 

analysis. 

The three samples analyzed are from Type 1 alter

ation zones. BH-IO is from the northern extension of the 

Rising Star mine mineralization and BH-149 is a sample of 

the Bully Hill mine stockwork zone. SH-41 is from the· 

allochthonous block of intensely silicified mudstone which 

occurs within the megabreccia of the lower Pit formation 

southwest of the Copper city mine. The style of alteration 

and mineralization in this block is identical to that of 

Type 1 alteration zones associated with the Bully Hill, 

Rising Star and Copper City mines, but its point of origin 

is unknown. 
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The quartz in BH-10 consists of euhedral, growth

zoned crystals infilled by a later stage of interlocking 

anhedral crystals. Oxidized sulfide minerals are associated 

with the anhedral quartz stage. Fluid inclusions from the 

growth zones of the largest of the euhedral crystals were 

analyzed in detail; the anhedral quartz contains fluid 

inclusions which are too small for analysis. In SH-41, the 

quartz consists of numerous growth-zoned crystals lining a 

cavity in silicified mudstone. 

The barite in all of the samples consists of ag

gregates of euhedral open-space-filling crystals. The 

barite is the youngest mineral phase in each of the samples, 

and partially replaces the earlier crystalline quartz. 

Analytical Methods 

Homogenization temperatures and freezing point 

depressions from approximately 150 fluid inclusions were 

measured (Figures 44 through 47). Uncertainties in tempera

ture measurements are generally less than 5°C for homogeniz

ation temperatures and 0.1° C for freezing temperature 

determinations (±0.2 equivalent weight per cent NaCl; Potter 

et al., 1978). All homogenization temperatures are from 

inclusions which homogenized to the liquid phase. The small 

size of many of the fluid inclusions presented optical 

limitations which precluded measurement of both the filling 

temperature and salinity in every inclusion. 



Figure 41. Isolated two phase primary-appearing 
fluid inclusion in quartz between planes of secondary in
clusions, in plane-polarized transmitted light. Width of 
view is 0.18 mm. Sample BH-10. 

171 



172 

Fluid inclusions larger than 15 ~m in BH-10 quartz 

generally leak or decrepitate during heating runs, often 

before homogenization temperature is reached. In one case 

leaking could be attributed to tiny fractures present ad

jacent to the inclusion prior to heating. To circumvent 

this problem the sample was subdivided into many small 

chips, freezing temperatures were determined on selected 

inclusions from each chip, and then filling temperatures 

were determined on a limited number of the smaller inclu

sions (generally 2 to 8 ~m). Vapor bubble sizes before and 

after the heating and freezing runs were carefully observed; 

filling temperatures were accepted only when they were 

reproducible and from inclusions which displayed no visible 

change in the size of the vapor bubble following the heating 

runs. 

Nature of Inclusions 

Fluid Inclusions 

Planes of secondary fluid inclusions predominate in 

all of the samples examined (Figure 41). These planes 

commonly have irregular phase ratios ranging from all liquid 

to vapor-rich inclusions, but in general have liquid/(vapor 

+ liquid) volume ratios greater than 0.5. Planes of secon

dary fluid inclusions which have little or no vapor phase at 

room temperature and show abundant evidence of necking down 

are common. 
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Primary-appearing fluid inclusions were selected on 

the basis of criteria outlined by Roedder (1984) (Figure 

41). These inclusions range up to approximately 35 ~m in 

the longest dimension. Most of the primary fluid inclusions 

identified have liquid/(vapor + liquid) volume ratios great

er than 0.5 at room temperature. 

Growth zones in the quartz of samples BH-10 and SH-

41 occur as alternating clear and cloudy bands (Figure 42). 

The cloudy bands are delineated by dense concentrations of 

primary fluid inclusions, while the clear bands have rela

tively few fluid inclusions. In SH-41, two clear zones are 

separated by one fluid inclusion-rich zone. Quartz crystals 

in BH-10 contain seven well-defined inclusion-rich zones 

which separate eight inclusion-poor zones (Figure 42). 

These growth zones are numbered consecutively, with zones 1 

and 15 representing the innermost and outermost zones, 

respectively. At high magnification the outermost zone can 

be subdivided into zones 15a and 15b. 

Primary fluid inclusions in the fluid inclusion rich 

zones are irregularly shaped and usually less than 10 ~m in 

the longest dimension. In SH-41, fluid inclusions in the 

inclusion-rich zone have highly irregular phase ratios, 

ranging from liquid-rich to vapor-rich. 

In the eight clear growth zones in BH-10, primary 

fluid inclusions occur predominantly along growth linea

tions. These lineations lie perpendicular to the faces of 
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Figure 42. Growth-zoned quartz crystal utilized in 
fluid inclusion study, in plane-polarized transmitted light. 
Seven dark bands separate eight clear zones; zone 1 is the 
clear zone on the bottom left side, zone 6 is the thickest 
dark band and zone 15 is the wide clear band which rims the 
crystal. Width of view is 6 mm. Sample BH-10. 
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the crystal, and are defined by trains of prismatic primary 

fluid inclusions which are generally elongate in the linea

tion direction. 

In the barites, most fluid inclusions are of in

determinate origin or are too small to analyze. Primary

appearing fluid inclusions in the barites have highly ir

regular liquid/vapor ratios. Wide ranges of filling temper

atures from fluid inclusions in barite from Kuroko deposits 

have been reported, and are attributed to leakage, stretch

ing and/or necking down of the inclusions (e.g., Tokunaga 

and Honma, 1974; and Pisutha-Arnond and Ohmoto, 1983). 

Bodnar and Bethke (1984) concluded that fluid inclusions in 

barite yield unreliable filling temperatures due to stretch

ing of the inclusion walls, which may occur naturally or in 

the laboratory. Barite-hosted inclusions are also prone to 

necking down (Roedder, 1984). Since post-entrapment changes 

are indicated by the irregular phase ratios of barite-hosted 

fluid inclusions examined in this study, homogenization 

temperatures were not accepted as meaningful, and therefore 

are not evaluated. 

Planes of pseudosecondary fluid inclusions occur in 

several growth zones in BH-I0 quartz and in the inner zone 

of SH-41 quartz (Figure 43). No pseudosecondary inclusions 

were recognized in the barite samples. 

In SH-41, liquid/(vapor + liquid) ratios of inclu

sions within single planes of pseudosecondary inclusions in 
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quartz range from 0.1 to 1.0. Halos of tiny fluid inclu

sions are visible around a few of these pseudosecondary 

inclusions, indicative of partial decrepitation (Lemmlein, 

1956). No salinity data were obtained from the vapor-rich 

pseudosecondary fluid inclusions because an ice phase could 

not be recognized. 

Solid Inclusions and Trapped Salts 

A small percentage of primary fluid inclusions in 

zone 1 of BH-10 quartz contain relatively large, prismatic, 

birefringent salts of indeterminate composition. The large 

size of the salts relative to the host inclusions, and the 

presence of similar-appearing solid inclusions within the 

same zone suggest that the salts were trapped by the fluid 

inclusions. A few other fluid inclusions in this zone 

contain hair-like birefringent crystals which may be daught

er salts. Sparse opaque solid inclusions are also present 

in BH-10 quartz. 

The outermost clear zone of SH-41 quartz contains 

abundant, somewhat blocky birefringent solid inclusions with 

irregularly-rounded edges. The habit and birefringence of 

these solid inclusions are suggestive of barite. 

Solid inclusions and apparent daughter salts in 

fluid inclusions are common in the barite samples. Up to 

three solid phases occur within a single fluid inclusion. 

The most common solid phase is highly birefringent and has a 
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platy, prismatic shape. These characteristics suggest that 

the solid may be anhydrite, which occurs extensively in the 

Bully Hill-Rising star mine area. Volume ratios of this 

solid to the host inclusion are quite variable, and two 

crystals of the salt are present in some inclusions. This 

phase is also a common solid inclusion in the barite; in one 

crystal the solid inclusions define an apparent growth zone. 

These relationships suggest that the solid phases were 

trapped by the fluid inclusions, and therefore the presence 

of this salt is used as a criterion of primary origin of the 

host fluid inclusions (Roedder, 1984). At least two non

birefringent salts and one opaque phase of unknown composi

tion also occur in fluid inclusions hosted by barite, and 

opaque solid inclusions are common. 

A peculiar occurrence of the highly birefringent 

salt in barite is in fluid inclusions making up secondary or 

pseudosecondary planes. Two large crystals, relative to the 

size of the host inclusions, are commonly contained within 

each fluid inclusion in some of these planes, with each salt 

occupying an irregular, amoeboid extremity of the inclusion. 

These relationships suggest that these salts were trapped by 

the fluid inclusions. 
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Figure 43. Several planes of pseudosecondary fluid 
inclusions in quartz which terminate on a growth zone boun
dary (diffuse, dark vertical band on left side of photo), in 
plane-polarized transmitted light. Planes of pseudosecon
dary inclusions strike subhorizontally across the photo. 
Width of view is 0.18 mm. Sample SH-41. 
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Results 

BH-10 and BH-149 

Salinities of primary and pseudosecondary fluid 

inclusions in BH-10 quartz range from 3.5 to 6 equivalent 

weight percent NaCl, with a mean of 4.6 and a mode of 4.9 

(Figure 44). There is a gradual increase in salinity from 

the core of the crystal to zone 15b, punctuated by anom

alously high salinities from a plane of pseudosecondary 

inclusions that terminate at the top of zone 1, primary 

inclusions from the upper portion of zone 15a and an in

clusion from a pseudosecondary plane which terminates at the 

top of zone 15a. Inclusions from the zone 1 pseudosecondary 

plane have a mean salinity of 5.3 equivalent weight percent 

NaCl. The zone 15a inclusions have the highest salinities 

recorded in BH-l0 quartz, with a modal salinity value of 5.9 

equivalent weight percent NaCl. The modal salinity value of 

zone 15b, which rims the quartz crystal, drops to 4.7 equiv

alent weight percent NaCl. Zone 6 is the only inclusion

rich zone for which data from primary inclusions were ob

tained. 

The salinity values of the primary and pseudosecon

dary inclusions in BH-10 quartz are similar to or higher 

than average seawater salinity (~3.5 equiv. wt % NaCl). 

Salinities of secondary fluid inclusions range to slightly 

lower values than primary inclusions (Figure 45). 
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Figure 44. Histogram of salinities of primary and 
pseudosecondary fluid inclusions from BH-10 quartz and 
barite from BH-10 and BH-149. Numbers in parentheses indi
cate growth zone. Data points for pseudosecondary inclu
sions are averages; numbers in brackets indicate the number 
of inclusions analyzed within each plane. sw = seawater 
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Figure 46. Histogram of filling temperatures of 
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BH-10 quartz. Arrows indicate minimum filling temperatures 
of primary inclusions (see text), and numbers within primary 
inclusion boxes and above arrows indicate growth zone. P1 = 
pseudosecondary inclusion from termination of zone 1. 
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The filling temperatures of primary and pseudosecon

dary fluid inclusions from zones 1 through 15a range from 

240 to 260°C, with a mean of 248°C (Figure 46). Five addi

tional fluid inclusions too small (~2~m) to observe final 

homogenization yielded minimum filling temperatures ranging 

from 200 to 230°C. In these inclusions, the vapor bubble 

disappears into the dark borders of the inclusion well 

before homogenization is reached. These minimum tempera

tures are consistent with the homogenization data, and are 

considered significant because no inclusions of this size 

leaked during the heating and freezing runs. Fluid inclu

sions from zone I5b have a mean filling temperature of 

186°C. While no change in filling temperatures accompanies 

the salinity increase from zones 1 to 15a, the limited data 

suggest that both filling temperatures and salinities 

decrease from zone 15a to 15b. 

Two planes of secondary inclusions with consistent 

phase ratios in BH-10 were analyzed. The mean homogeniza

tion temperatures of the two planes are 158 and 170°C 

(Figure 46), and the salinity values of inclusions within 

these planes are close to the salinity of seawater. 

The salinity values of primary fluid inclusions in 

the barites range from 4 to slightly more than 6 equivalent 

weight percent NaCl (Figure 44). Most of the primary in

clusions did not freeze at temperatures as low as -110°C, 

however. 
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SH-41 

Primary fluid inclusions in SH-41 quartz are res

tricted to the inclusion-rich growth zone. The four in

clusions analyzed have salinity values ranging from 3 to 4.5 

equivalent weight percent NaCl (Figure 47). Homogenization 

temperatures of three of these inclusions are 169, 171 and 

189.5·C, although liquid/vapor ratios of primary fluid 

inclusions within this zone generally vary widely. 

Salinities of pseudosecondary fluid inclusions in 

the quartz range from 2.6 to over 12 equivalent weight 

percent NaCl; all but one of the 27 inclusions analyzed have 

salinities equal to or greater than that of seawater (Figure 

47). Some of the pseudosecondary inclusions do not freeze 

at temperatures as low as -110·C. Salinity values of in

clusions within single pseudosecondary planes vary by as 

much as 4 equivalent weight percent NaCl. No pseudosecon

dary planes cross-cut the outermost clear zones, but in most 

cases it was not possible to determine if the pseudosecon

dary planes terminated at the top of the central clear zone 

or the top of the fluid inclusion-rich zone. 

Salinities of a limited number of secondary fluid 

inclusions in SH-41 quartz range from 0 to over 5 equivalent 

weight percent NaCl (Figure 45). Liquid/vapor phase ratios 

of these inclusions are irregular. Several planes of in

clusions in which a secondary or pseudosecondary habit could 

not be definitively assigned have salinity values ranging 
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Only three primary fluid inclusions in SH-41 barite 

would freeze at temperatures as low as -110°C (Figure 47). 

Two have salinity values of approximately 10.5 equivalent 

weight percent NaCl. The third inclusion yielded only a 

minimum salinity estimate, 7.6 equivalent weight percent 

NaCl, owing to the metastable absence of a vapor phase at 

the temperature of melting (Roedder, 1984). These inclu

sions contain no daughter salts. 

Interpretations 

Evidence of Boiling 

Evidence for or against boiling is important because 

boiling of hydrothermal fluids can cause ore deposition, and 

fluid inclusions that trap boiling fluids can lead to an 

accurate estimate of the pressure at the time of trapping. 

The fundamental evidence that fluid inclusions have trapped 

boiling fluids is the coexistence of vapor-rich, relatively 

low-salinity inclusions with liquid-rich, relatively high

salinity inclusions which homogenize to the vapor and liquid 

phase, respectively, at approximately the same temperature 

(Roedder, 1984). 

In this study, evidence suggestive of boiling in

cludes highly variable liquid/vapor ratios in primary and 

pseudosecondary fluid inclusions and the widely varying 
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salinities in the pseudosecondary inclusions in SH-4l 

quartz. The extreme range in salinity values, the fact that 

the variable salinities are all from liquid-rich inclusions 

and the evidence that at least some of the variability of 

phase ratios is due to partial decrepitation, all argue 

against boiling. Volatile loss during boiling due to de

creasing pressure in a convective upflow leads to a rela

tively small salinity increase; a maximum increase in salin

ity of only about 30% results from the extreme example of 

adiabatic boiling and steam loss from 300·C to 100·C 

(Hedenquist and He~ley, 1985). Boiling cannot solely ac

count for the observed range in salinity. The variable 

phase ratios are probably due to one or more of the post

entrapment processes of partial decrepitation, leaking and 

necking down. 

As is discussed below, episodic boiling could have 

produced the fluid inclusion-rich zones in the quartz 

samples. This possibility cannot be evaluated, and is not 

sufficient to prove that the hydrothermal solutions boiled. 

Pressure correction on Homogenization Temperatures 

As there is no convincing evidence that the ore 

fluids boiled, the pressure in the Type 1 alteration zones 

during deposition of the quartz and barite must have ex

ceeded the vapor pressure of the saline hydrothermal fluids 

at temperatures up to 250· C. This pressure can be estimat-
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ed from the vapor-pressure curve of pure water since addi

tions of NaCI in the amounts indicated from the fluid in

clusion data result in negligible changes in the vapour

pressure curve (Roedder and Bodnar, 1980). Since Type 1 al

teration zones formed at the seawater/seafloor interface, 

the pressure of the rock column was negligible and the total 

pressure can be assumed to have been from the overlying 

seawater column. In this case the minimum depth of seawater 

necessary to prevent boiling was approximately 400 meters 

(40 bars of water pressure). 

Previous workers in the East Shasta area have 

suggested that the Late Permian volcanic arc was partly or 

intermittently emergent (Lapierre et al., 1986; Martin et 

al., 1985; and Albers and Robertson, 1961). Lapierre et ale 

(1986) concluded that the Nosoni, Dekkas, and Bully Hill 

formations were formed in a moderately deep to shallow 

submarine environment, with ignimbritic textures in some 

felsic volcanic rocks of the Nosoni formation suggesting 

that the volcanic arc was sometimes emergent. Geologic 

evidence from this study suggests that the Bully Hill rhy

olite was erupted in a subaqueous environment. 

Faunal evidence, including corals and fusulinids 

from small reefs preserved in shallow water limestone near 

the top of the Dekkas andesite in an area where the Bully 

Hill rhyolite is absent (Miller and Wright, 1987), and 

various neritic fauna represented in fossils throughout the 
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pit formation (Albers and Robertson, 1961), suggests that 

shallow waters prevailed throughout much of the arc environ

ment. The presence of vesicular igneous rocks in the Dekkas 

andesite, the upper mafic unit of the Bully Hill rhyolite 

and the mafic sills immediately overlying the Bully Hill 

mine horizon also indicate shallow water depths. It is 

likely that the Bully Hill area was submerged under less 

than 1000 meters of seawater when the orebodies formed. 

This depth corresponds to a pressure of about 100 bars. 

Using a maximum depth of seawater of about 1000 

meters, the maximum increase in homogenization temperatures 

due to the pressure correction is about 10°C (Potter, 1977). 

Since homogenization temperatures have an uncertainty of ± 

5°C, the magnitude of the pressure correction is insignif

icant. 

Discussion of Results 

Samples BH-149 and BH-10 are from the Type 1 alter

ation zones associated with the Bully Hill and Rising Star 

mineralized horizons, respectively. Geologic and sulfur 

isotopic evidence suggests that the stockwork mineralization 

associated with the Type 1 zones is genetically related to 

the syngenetic orebodies of the mines. 

Results from BH-10 quartz suggest that temperatures 

of the hydrothermal fluid in the stockwork zone immediately 

below the seafloor reached 250°C. The second stage of 



.-

189 

quartz, from which no inclusions could be analyzed, is 

associated with sulfide minerals and may represent the main 

stage of mineralization. If this is the case, temperatures 

may have exceeded 250·C at the height of ore deposition. 

Salinities indicated from BH-10 and BH-149 suggest 

that the hydrothermal solutions in the Rising Star and Bully 

Hill systems were similar to or higher than the salinity of 

unmodified seawater. The coincidence of the lower limit of 

hydrothermal salinities with seawater salinity suggests that 

seawater was an important component of the hydrothermal 

solutions. 

As a component of the hydrothermal solutions sea

water could be the source of the hydrothermal fluid, an 

endmember in a mixed hydrothermal solution, or a combination 

of these involving mixing of modified seawater solutions 

with cold seawater. with seawater as the source fluid, 

elevated salinities could result from reactions with country 

rocks at high temperatures in a convective hydrothermal 

system. Pisutha-Arnond and Ohmoto (1983), based on fluid 

inclusion and isotopic data from Kuroko deposits, proposed a 

model whereby consumption of water from an evolving seawater 

solution during the formation of hydrous minerals in country 

rocks results in an increase in the salinity of the residual 

fluids. To attain salinities close to twice that of sea

water, as in fluids trapped by the inclusions in BH-10 and 

BH-149, approximately one half of the mass of seawater in 
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the evolving hydrothermal solution must be consumed by 

hydration reactions. ,Hydrous minerals are abundant in 

altered rocks in the stratigraphic footwall of the Rising 

star and Bully Hill horizons. Loss-on-ignition gains, which 

largely represent additions of H20, in samples from this 

area range from 100 to 450% (see CHAPTER 7). Hydrous al

teration mineral phases are also abundant regionally in the 

Bully Hill rhyolite and Dekkas andesite. 

In a hypothesis of mixing at the site of deposition, 

seawater represents the low salinity endmember, and the 

unmixed hydrothermal endmember has a salinity in excess of 6 

equivalent weight percent NaCI. Since the seawater endmem

ber would presumably have a much lower temperature than the 

hydrothermal endmember, the lack of an increase in homogeni

zation temperatures as salinity increases from zones 1 to 

15a is not consistent with the mixing hypothesis. If mixing 

is an important process, either the temperature data are 

flawed or the seawater endmember was heated prior to mixing 

without experiencing a significant salinity increase. 

The alternation of fluid inclusion-rich zones with 

relatively inclusion-poor zones in BH-10 and SH-41 quartz 

records episodic conditions in the growth of the crystals. 

The inclusion-rich zones were probably formed during periods 

of rapid, dendritic growth in the crystals (Roedder, 1984). 

This suggests that the hydrothermal solutions underwent 

episodic physicochemical changes which led to supersat-
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uration and rapid precipitation of quartz. Decreases in 

temperature and/or pressure are the most efficient processes 

for quartz deposition; the solubility of quartz is nearly 

independent of pH, ionic strength and redox reactions 

(Holland and Malinin, 1979, and the references within). 

Episodic boiling or mixing with cold seawater (taking into 

account the effects of dilution upon mixing) are two pos

sible mechanisms which could have led to quartz supersatur

ation in the crystals. If mixing with seawater caused 

quartz supersaturation, salinities of inclusions within the 

inclusion-rich zones should reflect the seawater component. 

The salinities of five inclusions from zone 6 of BH-10 

quartz, the only data obtained from an inclusion-rich zone 

in the sample, do not deviate from the gradually increasing 

salinity trend of the sample as a whole. This suggests that 

mixing with cold see.wRter did not cause the formation of the 

inclusion-rich zones in this sample. 

The limited salinity data from primary inclusions of 

SH-41 quartz are consistent with the results from BH-10 

quartz and barite. The salinities of the pseudosecondary 

inclusions in SH-41 quartz range to much higher values, 

however. The wide range of salinity values within single 

pseudosecondary planes is particularly difficult to explain. 

Two mechanisms could explain the variation: leakage of 

fluids into the inclusions, or mixing of fluids during 

entrapment. In the first case, variable amounts of presum-
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ably low salinity fluids leak into the inclusions and re

place some of the primary fluids, which have salinity values 

close to 12 equivalent weight percent NaCI. 

In the second mechanism, fractures in the quartz 

crystals fill with hydrothermal fluids which are actively 

mixing, the fluids precipitate quartz and inclusions are 

trapped as the fractures progressively heal. In this case, 

the inclusions are actually a special case of primary in

clusions. The lower limit of salinity values again suggests 

that the mixed fluids have a low salinity seawater component 

and a high salinity hydrothermal component. Consideration 

of the spatial arrangement of inclusions within single 

pseudosecondary planes versus their salinity values shows 

the presence of two dimensional salinity gradients within 

some of the planes. Although the data are too limited to 

provide convincing evidence, these relationships are consis

tent with a mixing mechanism. 

Regardless of the process, the salinity data from 

pseudosecondary inclusions in quartz and the primary in

clusions in barite from SH-41 document the existence of 

relatively high salinity fluids. In fluid inclusion studies 

of Kuroko deposits, the highest salinities reported are 

about 8 equivalent weight percent NaCI (Urabe and Sato, 

1978). There are no evaporites reported in the Nosoni, 

Dekkas, Bully Hill or older formations which could act as a 

source for high salinity fluids. In order for the wallrock 
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hydration mechanism proposed by Pisutha-Arnond and Ohmoto 

(1983) to account for salinities as high as 12 weight per

cent NaCl, 70% of the water in the initial seawater solution 

must be consumed. This seems unreasonably high. Unless an 

unknown source or mechanism provided a high salinity source, 

a magmatic component to the fluids which formed the stock

work mineralization represented by SH-41 is indicated. 
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CHAPTER 10 

SULFUR ISOTOPES 

Introduction 

The sulfur isotopic compositions of 68 samples from 

the Bully Hill area are presented in Table 4. Analytical 

uncertainty is ± 0.2 per mil. Sample locations are present

ed on Figures 2 and 21. 

The four 834S values of syngenetic sulfides from the 

Rising Star and Bully Hill mines are from composite sphaler

ite + galena separates. Stage 2a sphalerite makes up over 

90 weight percent in each of the separates. The addition of 

such small amounts of galena to the sphalerite samples will 

not significantly alter the 834S values from those of pure 

sphalerite. For example, if the galena has a 634S value of 

+3 per mil, the addition of 10 weight per cent galena to the 

sphalerite alters the 634S value of pure sphalerite by less 

than 0.3 per mil. 

The barites extracted from the matrices of the syn

genetic sulfide ores are composite samples of several stages 

of mineralization. The samples are dominated by Stage 4 

barite; the amount of barite from Stages 1 and 2a which is 

recrystallized or masked by the stage 4 barite is difficult 

to determine. 
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Table 4. Sulfur Isotope Data 

Sample No. Mineral1 Habit2 o34S (per mil) 

RISING STAR HORIZON MINERALIZATION 
BH-35-1 PY A 0.8 
BH-35-2 BA-g A 15.5 
BH-38 BA-g A 19.6 
BH-48 PY A 2.2 
BH-72 BA-g A 23.4 
BH-116 PY A 0.6 
BH-131 PY C 0.3 
BH-132 BA-g A 24.1 
BH-176 BA-g A 23.S 
BH-251 SP+GN 2a -1.6 
BH-251 BA 4 18.4 
BH-251 AN ? 16.1 
BH-252 SP+GN 2a -3.8 
BH-252 BA 4 19.6 
BH-253 PY 1 2.6 

BULLY HILL HORIZON MINERALIZATION 
BHO-1 PY A 0.4 
BHO-2 BA S 22.5 
McC PY C 1.5 
BH-11 BA-g A 19.3 
BH-27 PY A -0.6 
BH-27 BA-w A lS.0 
BH-S9 PY B 0.1 
BH-61 PY B -0.7 
BH-61 BA-g B 21.8 
BH-64 PY C 1.2 
BH-77 BA-w B 13.3 
BH-99 BA-g A 22.7 
BH-104 PY A 0.5 
BH-146 BA-w 14.2 
BH-149 BA-g A 21.6 
BH-151-A BA-g A 22.1 
BH-242 PY A 0.4 
BH-300 SP+GN 2a -6.4 
BH-300 BA 4 14.1 
BH-500 SP+GN 2a -S.S 
BH-SOO BA 4 12.4 
BH-600 BA S 14.4 
GE-16-1 PY B 2.7 
GE-16-2 BA-w B lS.7 
GE-49 BA-w B 12.4 

COPPER CITY HORIZON 
CCD-1 BA S lS.2 
CCD-2 PY+SP 2b -0.6 
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Table 4, cont. 

Sample No. Mineral1 Habit2 6'34S (per mil) 

CC-21-1 PY A -0.4 
CC-21-2 BA A 22.5 
CC-28 BA A 22.6 
CC-30-1 GN 3a 3.0 
CC-30-2 BA S 13.9 
CC-37-A PY 2b 1.1 
CC-37-B SP 2b 0.8 
CC-38 BA S 17.2 
CC-43-1 PY A 0.1 
CC-43-2 BA A 21.1 
SH-45 PY 1 -15.8 

SHASTA MAY BLOSSOM MINERALIZATION 
SM-20-1 PY D -3.6 
SM-22-A PY D 6.1 
SM-22-B PY R 5.0 

NOSONI FORMATION 
SH-1 PY D -26.1 

DEKKAS ANDESITE 
SH-32 PY D -2.4 

BULLY HILL RHYOLITE 
BH-217 PY K 29.4 
GE-46 PY C -0.5 
GE-58 PY D -2.4 
HC-5 PY D -7.1 
SH-38 PY K 50.4 

PIT FORMATION 
GE-59 PY F -14.3 
SH-40 PY F -5.6 
SH-40 BA S 12.6 
5MB-13 PY M -18.3 
SH-1 PY D 

lpy = pyrite; SP = sphalerite; GN = galena; BA = barite; AN 
= anhydrite; g = grey; w = white 
21 , 2a, 2b, 3a, 4 = mineralization Stages as outlined in 
text; A, B, C = mineralization in alteration Types 1, 2, and 
3, respectively; D = disseminated pyrite; F = fine-grained 
pyrite; K = sulfide clast; M = framboidal pyrite in mud
stone; R = sulfide replacement; S = massive syngenetic 
barite 
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In this chapter, the isotopic results of the miner

alization of the Bully Hill, Rising star and Copper City 

mine areas are treated in detail. Included in this discus

sion are an evaluation of various mechanisms which might 

control the isotopic system, including inorganic, organic 

and seawater mixing processes; the seawater mixing model is 

examined numerically in detail. Conclusions are then drawn 

on the applicability of each of the mechanisms to the Bully 

Hill area system, and potential sources of the sulfur are 

evaluated. Finally, isotopic results from mineralization 

peripheral to the mine areas are evaluated. 

Results 

Barites have a 634S range of +12.4 to +24.1 per mil. 

Epigenetic grey (fetid) barites from Type 1 alteration zones 

from the three mine areas range from +15.5 to +24.1 per mil; 

9 of the 12 samples have values greater than +21 per mil. 

One sample of grey barite from a sulfide-rich vein in Type 2 

alteration stratigraphically above the Rising star horizon 

has a 6~S value of +21.8 per mil. Epigenetic white bar-

ites from Type 1 and 2 alteration zones related to the Bully 

Hill horizon, and one sample from the Bully Hill horizon 

less than a kilometer northeast of Bully Hill, range from 

+12.4 to +15.7 per mil. Massive syngenetic barites from the 

Bully Hill, Rising star and Copper city mine areas range 

from +13.9 to +22.5 per mil; barites from the matrix of 
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syngenetic massive sulfide samples from the Bully Hill and 

Rising star mines range from +12.4 to +19.6 per mil; and 

barite from the block within the lower pit formation south

west of the Copper city mine has a 034S value of +12.6 per 

mil. One sample of anhydrite from the matrix of a massive 

sulfide sample from the Rising star mine has a 034S value of 

+16.1 per mil. 

Sulfide minerals have a 034S range of -26.1 to +50.4 

per mil. Pyrites from concentrated disseminations and 

stockwork veinlets in Type 1 alteration zones from the three 

mine areas range from -0.6 to +2.6 per mil. Two samples of 

disseminated pyrite and one vein pyrite in Type 2 alteration 

stratigraphically above the Rising star horizon have 034S 

values of +0.1, +2.7 and -0.7 per mil, respectively. Dis

seminated pyrite from Type 3 alteration zones lying strati

graphically between the Bully Hill and Rising star horizons 

range from +0.1 to +1.5 per mil. A sample of disseminated 

pyrite from Type 3 alteration in the lower tuff unit of the 

Bully Hill-Rising star mine area has a 034S value of -0.5 

per mil. Pyrites from a fragment of massive pyrite within a 

lava flow near the top of the lava unit northeast of Bully 

Hill and from a sulfide clast within a silicified sedimen

tary(?) breccia at the base of the Bully Hill rhyolite at 

its westernmost occurrence in the Bully Hill area have 034S 

values of +29.4 and +50.4 per mil, respectively. Sphalerite 

+ galena mixtures from syngenetic massive sulfide samples 
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from the Bully Hill and Rising star mines range from -6.4 to 

-1.6 per mil, samples of sphalerite, pyrite and galena from 

massive sulfide are of the Copper City mine area range from 

-0.6 to +3.0 per mil and pyrite from massive sulfide from 

the prospect on the Copper city horizon 1 kilometer west

southwest of Copper City has a 034S value of -15.8 per mil. 

Two samples of disseminated pyrite from the Shasta 

May Blossom prospect have 034S values of -3.6 and +6.1 per 

mil. Pyrite from a semi-massive replacement pod in aphan

itic andesite at the Shasta May Blossom has a 034S value of 

+5.0 per mil. Pyrite from the barite block in the lower pit 

formation has a 034S value of -5.6 per mil. A thin layer of 

fine-grained pyrite-from the calcitized tuff bed at the 

contact of the Bully Hill rhyolite and pit formation exposed 

in Horse Creek has a 034S value of -14.3 per mil. Two 

samples of disseminated pyrite in Bully Hill rhyolite dis

tant from highly altered and mineralized areas have 034S 

values of -7.1 and -2.4 per mil. Framboidal pyrite from a 

sample of pit mudstone has a 034S value of -18.3 per mil. 

Pyrite from a small prospect within the Nosoni 

formation near the Shasta Iron mine has a 034S value of 

-26.1 per mil. Disseminated pyrite in andesitic lava from 

the Dekkas andesite about 1.2 kilometers east of the Shasta 

Iron mine has a 034S value of -2.4 per mil. 



200 

Discussion 

The ranges of 034S values from epigenetic and syn

genetic barites and sulfides from the Bully Hill, Rising 

star and Copper City mine areas are similar (Figure 48). 

This suggests that they were deposited from hydrothermal 

fluids which were similar in terms of their sulfur isotopic 

characteristics, and they will therefore be discussed to

gether. 

Bully Hill, Rising star and Copper City Mine Areas 

Sulfates. The coincidence of the ranges of epigen

etic (grey together with white) and syngenetic barite 034S 

values strongly suggests that they are genetically related. 

Both have a lower limit of +12 per mil, which is within the 

range of Late Permian seawater sulfate (+11 ± 1 per mil; 

Holser et al., 1988). This strongly suggests that unmod

ified seawater was a source of sulfate to the barites, and 

that this seawater had a value of +12 per mil at the time of 

deposition of the Bully Hill rhyolite in the Bully Hill 

area. Epigenetic and syngenetic barite 034S values up to 12 

per mil greater than the 034S value of contemporaneous 

seawater sulfate demand an additional source of sulfate as 

well. 

In contrast to white epigenetic barites, grey epi

genetic barites emit an odor of H2S gas when a crystal is 

freshly broken. The H2S gas is probably released from 
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ruptured fluid inclusions, which are abundant in grey barite 

crystals. This suggests that the grey barites precipitated 

from solutions which had low S04=/H2S ratios relative to the 

solutions which deposited the white barites. This geochem

ical distinction is accompanied by the isotopic differences 

of the grey and white barites. 

Sulfides. Epigenetic pyrites from the three mine 

areas have 034S values of +1 ± 2 per mil. This range over

laps the range of a ± 3 per mil suggested for magmatic 

sulfur (Ohmoto and Rye, 1979). The +1 per mil modal value 

is 11 per mil lower than the seawater sulfate value in 

dicated by the sulfate data; most Phanerozoic volcanogenic 

massive sulfide deposits have sulfides with 034S values 

about 17 per mil lower than that of contemporaneous seawater 

(Sangster, 1976). 

Syngenetic Stage 2b sphalerite and pyrite from the 

Copper city mine area have a range of 034S values which 

overlaps that of pyrite mineralization in the Type 1 alter

ation associated with the Copper City horizon. This sug

gests that the pyrites from the Type 1 alteration zone 

precipitated from solutions which ultimately formed the 

massive sulfide deposits. 

Geochemical relationships in the massive sulfide 

mineralization from the Bully Hill area suggest that the 

S04=/H2S ratio of the hydrothermal solutions which precip

itated the sulfide minerals may have decreased from stage 2a 



,--~~ 

203 

to stage 3a mineralization (Figure 40). The 034S values 

increase from less than -1.5 per mil in stage 2a sphalerite 

from the Bully Hill and Rising star mines, to values between 

-1 and +1 per mil in stage 2b sphalerite and pyrite from the 

Copper City mine area, to +3.0 per mil in the sample of 

stage 3a galena from the Copper City mine area. The in

creasing 034S values are consistent with decreasing S04=/H2S 

ratios along the fluid evolution path shown on Figure 40. 

The sphalerite composites extracted from specimens 

of syngenetic ore from the Bully Hill and Rising star mines 

are samples of stage 2a sphalerite. Since some stage 2a 

sphalerite includes recrystallized Stage 1 sphalerite, an 

unknown isotopic signature inherited from Stage 1 may be 

included in the composite samples. The 034S values of these 

stage 2a sphalerite samples are distinctly lower than those 

of epigenetic pyrites from underlying Type 1 alteration 

zones. This distinction remains when corrections are made 

for the differing fractionation factors of pyrite, sphaler

ite and galena with aqueous H2S (equations from Ohmoto and 

Rye, 1979). 

Possible mechanisms to account for the shift to 

lower 034S values in the syngenetic stage 2a sulfides in

clude: (1) H2S in the hydrothermal fluid is partially oxi

dized close to the seawater/seafloor interface and becomes 

isotopically lighter; (2) the epigenetic sulfides precip

itated from solutions which were isotopically distinct from 
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those that deposited the syngenetic sulfides, with the shift 

in isotopic values being the result of inorganically-con

trolled isotopic fractionation in the hydrothermal fluid; 

(3) H2S in the hydrothermal fluid mixes with a biogenic 

source of isotopically light H2S close to the seawater/sea

floor interface; and (4) the hydrothermal fluid mixes with 

cold seawater close to the seawater/seafloor interface, and 

the H2S becomes isotopically lighter through partial equili

bration with seawater sulfate. 

The first possibility is unlikely since there is no 

plausible oxidant in large enough quantities available in 

the shallow subsurface (seawater sulfate will not oxidize 

H2S). The remaining mechanisms will be examined below. 

Sulfide-sulfate relationships. Assuming isotopic 

equilibrium and temperatures between 250 and 325°C, epigen

etic pyrite with 034S values of 1 ± 2 per mil would precip

itate from a hydrothermal fluid containing H2S with a 034S 

value of about 0 per mil (Figure 49). Aqueous S04= in 

equilibrium with this H2S, and barites which precipitate 

from the aqueous solution, would have 034S values of +19 to 

+24 per mil at these temperatures (equation 18, Ohmoto and 

Lasaga, 1982), which is the range of 034S values for grey 

barites. since the temperature range is reasonable on the 

basis of the limited fluid inclusion data, this suggests 

that epigenetic pyrites and grey barites are isotopically 

linked. Textural evidence, however, suggests that the 
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between aqueous sulfate and sulfide species at 250·C, where 
o~s~ = 12 per mil. Adapted from Ohmoto and Rye, 1979, 
figure 10.10. 
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epigenetic barite is later than the epigenetic pyrite. To 

satisfy both constraints, no significant fractionation of 

isotopic ratios in the hydrothermal fluids could have oc

curred during the interval of time between precipitation of 

the pyrites and barites. 

There is a correlation of lower 034S values of stage 

2a sphalerite with lower 034S values of sulfate in the 

samples of massive syngenetic ores from the Rising star and 

Bully Hill mines (samples BH-251, 252, 300 and 500; Table 

4). The A(barite-sulfide) values are grossly similar to 

those of the epigenetic mineralization, even though the 

barites are predominantly from stage 4 mineralization. A 

genetic link in the sulfur isotopic syst.ematics between the 

syngenetic sulfides and sulfates, and by inference the 

epigenetic and syngenetic sulfides and sulfates, is there

fore indicated. 

Isotopic temperatures. Attainment of isotopic 

equilibrium between mineral pairs is required for sulfur 

isotopic geothermometry. Textural evidence suggests that 

epigenetic and syngenetic barites and sulfides coexist but 

are largely not contemporaneous (CHAPTERS 3 and 8). In this 

case, attainment of isotopic equilibrium requires that no 

physicochemical or biogenic fractionation of isotopic ratios 

in the hydrothermal solution occurred in the interval of 

time separating precipitation of the mineral pairs, and that 

the minerals precipitated in isotopic equilibrium with the 
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solutions. If the temperature of the hydrothermal fluids 

decreased between deposition of the epigenetic sulfides and 

barites, meaningful isotopic temperatures can still be 

calculated as long as the aqueous sulfur species did not 

reequilibrate. In this case, the resultant disequilibrium 

isotopic ratios would preserve earlier high temperature 

relationships when isotopic equilibrium was attained. 

Mineralization at the Rising star mine is older than 

that of the Bully Hill mine, so that isotopic data from 

these mines can be used to evaluate the temporal constancy 

of isotopic ratios. The 034S ranges of epigenetic pyrite 

from the two areas are small and overlap. Epigenetic grey 

barites from the Rising star mine have 034S values about 1 

per mil higher than those from the Bully Hill mine, and the 

ranges from each mine area are again small. Clear modal 

values of epigenetic pyrite and grey barite emerge from the 

compilation of data from the Rising star, Bully Hill and 

Copper city mine areas. On the basis of these limited data, 

the variation in isotopic ratios of epigenetic barites and 

pyrites between the time of mineralization of the Rising 

star and Bully Hill mines is slight. 

Table 5 presents isotopic temperatures indicated 

from sulfide-barite pairs from single hand specimens and 

modal values of data compiled from the three mine areas, 

using the equilibrium fractionation equation of Ohmoto and 

Lasaga (1982). If the criteria for isotopic equilibrium 
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Table 5. Sulfur Isotopic Temperatures 

Type of Isotopic Pair' sample No. Tempera ture2 

EPIGENETIC GREY BARITE-PYRITE PAIRS 

Single handspecimen 
Rising Star horizon modes 
Bully Hill horizon modes 
Copper city horizon modes 

BH-61 

SYNGENETIC BARITE-PYRITE PAIRS 

Single handspecimen BH-251 
single hand specimen BH-252 
Single hand specimen BH-300 
Single handspecimen BH-500 
Single handspecimen SH-40 

258·C 
264 
276 
252 

304 
259 
296 
338 
316 

'Modes are derived from Figure 48 
2calculated using equation 18 of Ohmoto and Lasaga (1982), 
and correcting for (pyrite - H2S) ~ 1 in the temperature 
range of 200 to 400·C (Ohmoto and Rye, 1979). 
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outlined above were met, any of these pairs require legit

imate consideration. Calculated temperatures range from 250 

to 340·C. Epigenetic pairs, utilizing data from grey bar

ites, yield temperatures ranging from 250 to 280·C, consis

tent with fluid inclusion results from associated quartz 

veins. syngenetic mineral pairs yield temperatures ranging 

from 260 to 340·C. The higher temperature range in the 

syngenetic pairs is probably due to conditions imposed upon 

the isotopic system near the seawater-seafloor interface 

(see below). 

Isotopic modeling. On the basis of the relation

ships outlined above, it is likely that the sulfate and 

sulfide mineralization formed from a hydrothermal system of 

uniform isotopic character. The isotopic data, therefore, 

provide constraints on geochemical models of the hydro

thermal system. Such constraints include: the isotopic and 

physical distinction of grey and white epigenetic barites; 

the coincidence of the lower limit of epigenetic and syn

genetic barite 034S values with contemporaneous seawater 

sulfate; the 12 per mil range in sulfate values; and the 

anomalously low 034S values in syngenetic stage 2a sulfides 

at the Bully Hill and Rising Star mines. 

Three mechanisms could have resulted in the observed 

isotopic ratios in the sulfide and sulfate mineralization: 

(1) inorganically-controlled equilibrium fractionation; (2) 

mixing of hydrothermal solutions with a biogenically-pro-
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with seawater. 
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(1) Equilibrium fractionation: Physicochemical changes 

(e.g., temperature, pH and/or f02) in the hydrothermal fluid 

cause isotopic fractionation which ultimately leads to 

variable 034S values in the barites and sulfides. The 

coincidence of limiting barite 034S values with the seawater 

value suggests that seawater sulfate was the principal 

source of sulfur in the hydrothermal fluid. Inorganically

controlled physicochemical variations imposed upon this 

fluid result in partial reduction of the seawater sulfate to 

H2S which, under equilibrium or near equilibrium conditions, 

results in isotopic fractionation between the aqueous sulfur 

species. In one widely accepted model, fractionation occurs 

as seawater sulfate is partially reduced at elevated temper

atures by Fe++ contained in the volcanic rocks deep within 

the hydrothermal system (Sasaki and Kajiwara, 1971). This 

forms an evolved or modified seawater solution and results 

in shifts to higher 034S values of the remaining sulfate in 

the hydrothermal fluid. Reduced carbon contained within 

sediments of the Nosoni formation and Dekkas andesi-te could 

also act as the reducing agent. 

The 034S values of aqueous H2S and S04 = are linked by 

fractionation factors, which vary as a function of temp

erature. Since temperatures consistent with other volcano

genic massive sulfide systems (e.g., Pisutha-Arnond and 
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Ohmoto, 1983) are indicated from the gross sulfide-sulfate 

relationships discussed above, and from isotopic mineral 

pairs, this model is consistent with the isotopic data. 

The ranges of barite and sulfide 634S values record 

the isotopic shifts in the evolving seawater solution. 

Isotopically light stage 4 barite, stage 2a sphalerite and 

epigenetic white barite form from the least-evolved, rela

tively H2s-poor solutions. More highly evolved, H2s-rich 

solutions would deposit the epigenetic grey barites, stock

work pyrite mineralization, stage 2b and 3a sulfides, and 

isotopically heavy stage 4 barite. 

The lower 6 34S values of the barites and sulfides 

either record the waxing stage of the hydrothermal system, 

when temperature is increasing and partial reduction of sea

water sulfate ensues, or the waning stages of the system, 

when temperature decreases and/or reductants in the volcanic 

pile are consumed and partial reduction gradually ceases. 

Textural evidence in combination with the isotopic 

data suggests the following sequence of mineralization. The 

onset of mineralization produces stage 1 and then stage 2a 

minerals, which precipitate from modified seawater solutions 

characterized by S04=/H2S ratios of about 3 (Figure 49; 

S04=/H2S values are derived from Ohmoto and Rye (1979), fig. 

10.10a, assuming a constant temperature of 250·C and 634S~ = 

12 per mil). As the temperature of the hydrothermal system 

increases, the S04=/H2S ratio of the fluid decreases to 
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approximately 1 and epigenetic pyrite, epigenetic grey 

barite, and syngenetic minerals of stage 2b are precipit

ated. stage 3a and 3b mineralization form from the most 

evolved solutions, which have S04 =/H2S ratios of about 0.3. 

The S04=/H2S ratio gradually increases as the hydrothermal 

system wanes, and is recorded by the range of 034S values of 

epigenetic white barite and stage 4 syngenetic barite. 

syngenetic and epigenetic white barite with 034S values near 

12 per mil require S04 =/H2S ratios of at least 50 (Figure 

49) • 

The S04= /H2S ratios derived above are within the 

limits of each stage of mineralization imposed by Figure 40. 

The inorganic fractionation model requires the path of fluid 

evolution on Figure 40 to be the product of deep-seated 

processes, not the result of intra-mound processes. This in 

turn requires that the stage 2a sphalerites analyzed were 

not synchronous with the sulfides analyzed from stages 2b 

and 3a. 

At least two similar episodes of evolving physico

chemical conditions (i. e, changes in temperature or f 02 ) 

within the hydrothermal system must have occurred to explain 

the spread in the isotopic data from both the Rising star 

and Bully Hill mines. Two thermal cycles are required, 

since reduct ants within footwall rocks could not have been 

consumed twice, and abundant Fe++ is still present within 

the Dekkas andesite. Thermal pulses could have been related 
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to igneous processes, manifested by the extrusion of the 

lavas which constitute the lava unit of the Bully Hill 

rhyolite. The lava unit is composed of two lava subunits 

capped by autobreccias, and deposition of each subunit is 

succeeded by a mineralization event culminating in massive 

sulfide and barite formation. These igneous processes could 

affect the hydrothermal system indirectly, through temper

ature changes, or directly, by addition of magmatic com

ponents (although the model requires no significant input of 

magmatic sulfur). 

(2) Mixing with biogenic sulfur: Biogenic reduction of 

seawater sulfate close to the seawater/seafloor interface in 

a system semi-closed to sulfate produces a reservoir of 

isotopically heavy sulfate and light sulfide. This reser

voir is available to mix with the hydrothermal solution, 

characterized by 0 per mil aqueous H2S and essentially no 

aqueous sulfate. Various sulfate isotopic reservoirs could 

be formed, depending on the degree of reduction and extent 

of replenishment of seawater sulfate. The variably-shifted 

biogenic sulfate is then available to combine with Ba++ from 

the hydrothermal fluid to produce the observed range of 034S 

values in barite. The proposed reservoir must persist out 

of contact with seawater, and would be necessarily small. 

Alternatively, biogenic reduction of seawater and/or 

hydrothermal sulfate within the environment of the growing 

sulfide mound produces isotopically light H2S which becomes 
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fixed in stage 1 sulfides. stage 1 pyrite from an outlying 

occurrence of massive sulfide mineralization on the Copper 

City horizon provides evidence of this biogenic component (-

15.8 per mil; see below). Recrystallization and/or dissolu

tion and reprecipitation of the isotopically light stage 1 

H2S by stage 2a processes could result in anomalously low 

834S values in stage 2a sphalerites. The presence of rem

nant stage 1 textures and minerals within samples from which 

the stage 2a sphalerites were extracted is consistent with 

this model. Processes of inorganic fractionation or sea

water mixing must be coupled with this mecha~ism to produce 

the observed ranges in barite mineralization, however. 

(3) Mixing with seawater: The range in barite 834S 

values represents a mixing trend between sulfate from un

modified seawater (+12 per mil) and hydrothermal fluids 

(~+23 per mil). White epigenetic and isotopically light 

syngenetic barites form from mixtures dominated by seawater 

sulfate, while grey barites and isotopically heavy syngen

etic barites form from mixtures dominated by hydrothermal 

sulfate. 0 per mil H2S in the hydrothermal fluid, which 

precipitated the stockwork pyrites, partially reequilibrates 

with aqueous sulfate, representing a mixture from hydro

thermal and seawater sources, to produce the isotopically 

light syngenetic sulfides. This process of mixing and 

partial equilibration couples light H2S and heavy S04=' The 



source of sulfur in the hydrothermal fluid is essentially 

unconstrained by this model. 
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There is abundant evidence for mixing of the hydro

thermal solutions with seawater at the seafloor/seawater 

interface. Albers and Robertson (1961) reported massive 

anhydrite and gypsum replacements of the Bully Hill rhyolite 

in lower levels of the Rising star and Bully Hill mines. 

Anhydrite also occurs as a fine-grained matrix mineral in 

some of the samples of massive sulfide from the Rising star 

mine. Anhydrite has retrograde solubility, and heated 

seawater reaches anhydrite saturation at approximately 110·C 

along the vapor pressure curve (Glater and Schwartz, 1976). 

Since the hydrothermal solutions probably vented at tempera

tures ~250·C, anhydrite precipitation is predicted by the 

mixing model. Anhydrite formation through mixing of hot 

hydrothermal solutions with seawater has been documented at 

high-temperature submarine hydrothermal vents on the East 

Pacific Rise (Spiess et al., 1980), and isotopic constraints 

suggest that mixing of seawater with hydrothermal solutions 

has led to voluminous anhydrite precipitation at the 

Fukazawa and Kosaka mines in the Kuroko district (Farrell 

and Holland, 1983). The single analysis of anhydrite from 

the Rising Star mine has a 034S value which lies between the 

modal grey barite and seawater sulfate values. The presence 

of Mg-rich chlorite mixed with barite in the matrix of the 

syngenetic ore samples is further evidence of mixing, as 
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heated seawater precipitates magnesium almost instantaneous-

ly (Seyfried and Bischoff, 1977) 

In a review of recent data compiled from active 

seafloor hydrothermal vents, Franklin (1986) developed a 

model for the formation of the massive sulfide accumulations 

in which mixing of hydrothermal fluids with seawater plays a 

vital role. A mat of anhydrite, precipitated from heated 

seawater, forms a continually-renewing protective cap to the 

growing sulfide mound. This cap traps much of the emergent 

hydrothermal fluid. Infiltrating seawater mixes with and 

cools the retarded hydrothermal fluids, leading to the 

precipitation of the sulfide minerals. Cooled, spent fluids 

escape from the mound and form white smokers, as further hot 

hydrothermal solutions are introduced at the base of the 

mound. 

Seawater mixing calculations. The seawater mixing 

model is clearly consistent with the sulfate isotopic data, 

and is supported by geologic data. In order to evaluate the 

sulfide isotopic affects of mixing and reequilibration, the 

mixing process is modeled numerically here. 

Variables used in the calculations include: 

(1) Properties of the hydrothermal fluid: 634SS04 = +23 

per mil and 634SH2S = 0 per mil; 2:S = 10-4.5 m to 10-4 m; 

S04 =/H2S ratio = 0.1 to 1. The use of 634S values indicated 

by modal stockwork pyrite (with Acpyrite-H2S) = 1) and grey 

barite ignores the possibility of any mixing prior to pre-
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cipitation of the epigenetic mineralization. Hydrothermal 

fluids which precipitated stage 2b minerals probably had 

S04 =jH2S ratios of between 0.1 and 1, and :ES contents of bet

ween 10.4 and 10.4.5 m (Figure 40 and discussion in CHAPTER 8) 

before entering the environment of deposition of stage 2a 

mineralization. 

(2) Properties of seawater: 034S504 = +12 per mil; :ES = 

0.03 m (assuming the composition of Permian seawater was 

approximately that of modern seawater). 

(3) Properties of the mixed fluid: :ES = 10.4 to 10.3 m; 

SO 4 = jH2S = O. 1 to 100; temperature = 250· C . Thermochemical 

data in combination with assumptions underlying the delin

eation of the stage 2a field of mineralization on Figure 40 

control the values of total aqueous sulfur and approximate 

S04=jH2S ratio of the mixed fluids. The temperature of the 

mixture controls equilibrium fractionation of the aqueous 

sulfur species and the time necessary to obtain a specific 

degree of equilibration. The sulfur isotopic data suggest 

that the stockwork mineralization in Type 1 alteration zones 

formed at temperatures of 250 to 280·C, temperatures which 

are consistent with fluid inclusion data. A temperature of 

250·C is valid in the calculations as long as the amount of 

seawater in the mixture is low. 

(4) Isotopic values of sulfides precipitated from the 

mixed aqueous solution: -1.6, -3.8, -5.5 and -6.4, per mil 
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(values of syngenetic stage 2a sphalerite from the Bully 

Hill and Rising star mines). 
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An isotopic balance equation, modified from Eastoe, 

Solomon and Garcia-Palomero (1986) to include aqueous hydro-

thermal sulfate, was used to calculate mixing ratio (w) and 

degree of attainment of equilibrium (F) for each of the four 

samples, where F is defined as 

( 1) 

where 

A = r34S r34S 
o S04 - u H2S 

and subscripts i, f and e refer to initial, final and equi

librium states, respectively: 

w· (mS04 ,sw) . Ssw + (l-w) [ (mS04 ,ht) • (oS04,ht) + 

(mH2S ,ht) • (OH2S,ht)] = (os04,mix)' [w· (mS04 ,sw) + (l-w)· (mS04,ht)] + (1-

w)· (mH2S ,ht)' (oH2s,mix) (2) 

where 

(3) 

and, rearranging equation (1) 

(4) 



where 

Ai = (OS04,mix,i) - (OH2S,ht) 

where 

° 4 .. = SO ,mlx,l 
w· mS04.sw· 0S04.sw + (l-W)' mS04 .ht · 0S04.ht 

w'mS04,sw + (l-w) 'mS04,ht 

where m = molality, ° weight sw 

weight (sw + ht) 

219 

(5) 

(6) 

and subscripts sw, ht and mix refer to seawater, hydrother-

mal fluid and mixture, respectively. 

Figure 50 presents the results from the modeling of 

a hydrothermal solution with ~s = 10-4 m and S04=/H2S ratio = 

1. The maximum mixing ratio, constrained by S04=/H2S =:;100 

in the mixed fluid, is 0.14. The F = 1 curve is generated 

by solving equation (2) for 0H2s,mix at various mixing ratios. 

The horizontal line at the top of the graph is the F = 0 

line. The value of F for any value of 0H2S mix can be solved , 

graphically, as F varies linearly along a vertical line 

drawn between F=O and the F=l curve at any specified mixing 

ratio. The dashed lines are contours of 0S04,mix values with

in the field of possible values of 0H2s,mixI generated by 

solving equation (3). 

The low mixing ratios are deceiving, since much of 

the sulfate in seawater would be stripped by anhydrite 
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Figure 50. Graph showing the 6~S values of aqueous 
sulfide and sulfate at various mixing ratios and degrees of 
attainment of equilibrium. Symbols are explained in text. 
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precipitation. The values of w therefore represent equival

ents of seawater at a sulfate concentration of 0.03 m. 

The stage 2a sphalerite isotopic results can be 

produced by the processes of mixing and partial reequili

brat ion of aqueous sulfur species. The time necessary to 

achieve the various degrees of equilibrium presents a con

straint on the applicability of the model, however. 

The time (t) required for various mixtures to attain 

the specified degree of equilibrium is a function of temper

ature, pH, F and total sulfur concentration of the mixed 

fluid, and can be solved using the rate of the sulfur iso

topic exchange reaction in the pH range of 4 to 7 determined 

by Ohmoto and Lasaga (1982). Table 6 presents t for the 

modeled 034S values at various mixing ratios. At the limit

ing mixing ratio of 0.14, times of 1 to 3.5 years are neces

sary to achieve the observed sulfide 034S values. Values of 

coexisting sulfates are approximately 12 per mil at this 

mixing ratio. Mixing ratios succ~ssively less than 0.14 

yield progressively greater values of t, since lower 0H2s,mix 

values require significantly greater reequilibration times, 

and constrain coexisting sulfate to higher 034S values. 

An S04=/H2S ratio of 0.1 in a hydrothermal fluid with 

~S = 10-4 m allows greater mixing ratios (maximum w = 0.23) 

than those modeled above, and therefore lower 034S values of 

coexisting sulfates are possible. The higher concentration 

of sulfur in the mixed fluids also decreases t values by 
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Table 6. Reequilibration Times For various Mixture Ratios 

I:Sht 
= 10-4 m, S04=/H2S = 1 

Mixing ratio -1.6 -3.8 -5.5 -6.4 6H2S'mix R'mix 

.001 111 (years) 2 

.003 25 91 3 

.005 19 55 258 4 

.010 9 26 104 152 7 

.015 6 17 28 35 10 

.14 0.7 2 3 3.5 100 

I:Sht = 10-4 m, S04= /H2S = 0.1 

Mixing ratio -1. 6 -3.8 -5.5 -6.4 6H2S'mix R'mix 

.001 124 (years) 0.4 

.003 34 110 329 1 

.005 19 57 108 164 2 

.010 9 26 44 59 3 

.015 6 17 28 36 5 

.02 4 13 21 27 7 

.03 3 8 14 17 10 

.23 0.4 1 1.5 2 100 

R = (S04=/H2S) mix 
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about one half at the limiting mixing ratio (Table 6). For 

hydrothermal solutions with :ES = 10-4.5 m, values of tare 

slightly higher than those shown in Table 6 due to lower 

concentrations of sulfur in the mixed fluids. 

Cathles (1983) estimated that the time required to 

form a typical Kuroko deposit was between 100 and 5,000 

years on the basis of numerical modeling of the hydrothermal 

systems, with a single lens of massive sulfide probably 

forming in 500 years or less. Ohmoto et al. (1983), largely 

on the basis of sedimentation rates and thicknesses of sedi

ments included within sulfide lenses in the Hokuroku dis

trict, estimated a time range between 200 and 50,000 years 

for the formation of a single massive sulfide lens. 

Franklin (1986) considered that several tens or hundreds of 

years of venting of solutions at one site are necessary to 

form the larger (~106 tonnes) accumulations of sulfides in 

modern black smoker environments. 

If the model for growth of sulfide mounds in modern 

oceans proposed by Franklin (1986) is applicable to ancient 

land arc environments, the time limits modeled for the 

isotopic data are within the active life span of a mound. 

Hot hydrothermal solutions could potentially pond within the 

mound, and the ponded solutions could then mix with cooler 

seawater which infiltrates the mound. The temperature of 

the mixture could be buffered by the ambient temperature of 
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the mound, which is maintained by constant influx of hydro

thermal fluids. High mixture temperatures could by main

tained even when mixing ratios are high if this process 

operated. The benefits of higher mixture temperatures to 

the model are partially offset by the probable removal of 

much of the seawater sulfate in the mixture by precipitation 

of anhydrite, however. As the hydrothermal system col

lapses, seawater mixing could descend into the footwall 

rocks and cause the formation of the paragenetically-late 

white and grey barites. 

Although the resident times of ponded fluid in the 

growing sulfide mound might locally reach several tens or 

even hundreds of years in remote areas of the mound, modeled 

times much greater than the minimum values of t presented in 

Table 6 are probably unreasonable. The minimum t values 

impose tight limits on possible mixing ratios, 034S values 

of contemporaneous sulfate, and geochemical conditions of 

formation of stage 2a sulfides (Figure 40). In addition, 

FeS contents demand S04=/H2S ratios ~ 10 in at least some of 

the stage 2a sphalerites (Figure 40). In the absence of 

corroborative 034S values of coexisting stage 2a barite, 

these limits suggest that mixing alone is not responsible 

for the observed isotopic data. 

Conclusions on Isotopic Models. Inorganic frac

tionation is the only mechanism which, on its own, is con

sistent with all isotopic constraints. This does not ex-
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clude the possibility that processes of seawater mixing or 

biogenic fractionation operated as well, however. Biogenic 

processes are interpreted to have produced fractionation of 

sulfur elsewhere in the Bully Hill area (see below). Mixing 

with seawater sulfate, with little or no isotopic reequili

bration of aqueous sulfide species, is probably an important 

process in the formation of the white epigenetic barite and 

isotopically light syngenetic barite, where inorganic frac

tionation processes alone would need to produce S04=/H2S 

ratios in excess of 50. 

Source of Sulfur. The ultimate source of sulfur in 

the hydrothermal system{s) which formed the deposits at the 

Bully Hill, Rising Star and Copper city mine areas is con

strained to be seawater if inorganic reduction of sulfate 

was the sole mechanism which produced the observed isotopic 

ratios. As discussed above, however, mixing of the evolved 

seawater solutions with unmodified seawater sulfate at the 

seawater-seafloor interface probably occurred. If this was 

the case, the lower limit of barite 034S values at the value 

of seawater sulfate does not limit possible sulfur sources 

to seawater alone. 

The models proposed by Franklin (1986) and Eldridge 

et ale (1983) for the formation and growth of sulfide mounds 

on the seafloor suggest that the position of Stage 3 miner

alization in the lower, central portion of the mound would 

serve to insulate it from physicochemical processes, such as 
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mixing with seawater, which operated within the mound en-

vironment. Solutions which precipitated Stage 3a and 3b 

mineralization would therefore most closely reflect the 

geochemistry of discharging hydrothermal fluids. 
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The sample of Stage 3a galena has the highest 034S 

value of any sulfide from the Bully Hill, Rising Star and 

Copper City mine areas. Under equilibrium conditions at 

250·C, this galena would precipitate from aqueous H2S with a 

034S value of approximately +5 per mil. Figure 40 suggests 

that Stage 3a mineralization precipitated from solutions 

characterized by S04=/H2S ratios of 0.1 to 1. If these 

conditions reflect those of the fluids within the hydrother-

mal system, and the hydrothermal system was closed to sul-

fide (i.e., no major loss of aqueous H2S through precipita

tion of sulfide minerals prior to galena precipitation), the 

O~S value of the galena can be used to indicate the o~S 

value of total sulfur in the hydrothermal system. 

Under equilibrium conditions at a temperature of 

250·C, aqueous S04=/H2S = 0.1 to 1.0 and 034S value of hydro-

34 . thermal H2S =+5, the 0 S value of total sulfur 1n the hydro-

thermal solution lies between 7 and 17 per mil (Ohmoto and 

Rye, 1979, equation 10.9). These calculations require that 

coexisting aqueous sulfate had a 034S value of 29 per mil 

(since A = 24 per mil at 250·C); no barites record isotopic 

ratios this high. At 300·C, coexisting sulfate has a 034S 
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value of 25 per mil, for the same range of total sulfur 034S 

values. 

stage 2b mineralization also developed in lower 

portions of the sulfide mound. using the same geochemical 

constraints outlined above, stage 2b pyrite and sphalerite, 

which have 034S values identical to epigenetjc pyrite, yield 

a range of total sulfur 034S values of 2 to 12 per mil and a 

coexisting sulfate 034S value of 24 per mil at 250°C. 

Seawater sulfate (0
34S = 12 per mil) is within the 

calculated range of total sulfur 034S values. Ohmoto and 

Rye (1979) calculated that fluids expelled from felsic 

magmas, given the proper geochemical conditions, could have 

034S values of aqueous HzS which evolve to as high as 7 per 

mil. The isotopic values of igneous sulfur in the Dekkas 

andesite and Bully Hill rhyolite are not constrained by data 

from this study, but are probably within the range of mag

matic fluids. The source of sulfur therefore cannot be 

rigorously constrained by the sufur isotopic data. 

Urabe (1987) considered that the overlap of the 

sulfur isotopic values of Kuroko ore sulfides (+5 ± 4 per 

mil) with values of igneous sulfur reflects a magmatic 

source of sulfur. Seawater sulfate cannot be excluded as 

the sulfur source, however, since inorganic reduction of 

contemporaneous seawater sulfate (+20 per mil) can account 

for the isotopic compositions of the Kuroko sulfides. In 

the case of the Bully Hill ores, Late Permian seawater 
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sulfate had a 034S value of +12 per mil, the lowest value in 

the history of the Earth. By analogy with the Kuroko isoto

pic system, therefore, Bully Hill ore sulfides should have 

negative 034S values. stage 2b syngenetic sulfides, 3a 

syngenetic sulfides, and epigenetic pyrites in the Bully 

Hill ore systems, which apparently did not incorporate 

significant biogenic or unmodified seawater components, have 

a strong modal 034S value of +1 per mil. This may give 

evidence of a magmatic source of sulfur at Bully Hill. 

other Mineralization 

Framboidal pyrite from a sample of Pit Formation 

mudstone remote from massive sulfide mineralization has a 

634S value of -18 per mil, which is significantly lower than 

634S values of any of the sulfides associated with the three 

mine areas. This isotopically light sulfide was probably 

produced diagenetically by bacteriogenic reduction of sea

water sulfate in a euxinic environment. pyrite from the 

calcitized tuff in Horse Creek and stage 1 colloform pyrite 

from the massive sulfide prospect west-southwest of Copper 

City have 034S values of -14 and -16 per mil, respectively. 

It is likely that the sulfur in these pyrites also has a 

predominantly biogenic origin. 

The two samples of pyrite from fragments within 

rocks of the Bully Hill rhyolite have 034S values of +29 and 

+50 per mil. The pyrite in these fragments is interpreted 
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to have been produced biogenically by the low temperature 

reduction of seawater sulfate in a system closed to S04= and 

open to H2S, and were subsequently incorporated into their 

host rocks as exotic clasts. 

The massive barite block from the lower pit forma

tion has pyrite with a 034S value of -6 per mil and barite 

with a value of +12 per mil. These values coincide with the 

ranges of syngenetic mineralization at the Bully Hill and 

Rising star mines, and are likely to be of similar origin. 

The three samples of epigenetic pyrite (034S = -3.6, 

+5.0 and +6.1 per mil) from the Shasta May Blossom area fall 

outside the range of 034S values of epigenetic pyrite from 

the Rising star, Bully Hill and Copper City mine areas. The 

sample with the lowest 034S value may have formed by anyone 

of the three mechanisms considered in the evaluation of the 

Bully Hill and Rising Star mineralization. The two pyrite 

samples with high 034S values may have precipitated from 

relatively evolved solutions with low S04=/H2S ratios, simil

ar to Stage 3a galena from the Copper City mine. Alter

natively, the sulfur in the pyrites had a source which is 

isotopically distinct from that of the main mine areas. 

The two samples of disseminated pyrite (034S = -7.1 

and -2.4 per mil) in the Bully Hill rhyolite northwest of 

Bully Hill and the sample of pyrite (034S = -2.4 per mil) 

from the Dekkas andesite east of the Shasta Iron mine occur 

within restricted zones of alteration and disseminated 
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mineralization. Their occurrence in rocks exhibiting anom

alous degrees of alteration and mineralization with respect 

to surrounding rocks suggests that the pyrites are hydro

thermal in origin, and therefore they do not represent 034S 

values of pristine igneous sulfur. 

The single pyrite analysis from the Nosoni formation 

(034S = -26.1 per mil) is from a dump to a small prospect 

near the Shasta Iron mine, and may be related to the hydro

thermal system associated with the magnetite mineralization 

which occurs at the mine. 



CHAPTER 11 

DISCUSSION 

Evolution of the Hydrothermal System 

Regional Hydrothermal Alteration 
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There are few, if any, pristine volcanic rocks in 

the Bully Hill area. A district-wide hydrothermal event has 

altered volcanic rocks of the Bully Hill rhyolite and Dekkas 

andesite to quartz keratophyres and keratophyres. The 

process of keratophyrization involves the enrichment of 

sodium and quantitative depletion of potassium in the vol

canic rocks. 

Thermodynamic data suggest that alteration of felsic 

rocks by hydrothermal solutions with Na/K molar ratios of 

approximately 28 (equivalent to present-day unmodified 

seawater) at high water/rock ratios favors albite over 

potassium feldspar at temperatures ~ ~150·C, while potassium 

feldspar is favored at lower temperatures (Munha et 

al.,1980). These results are supported by experimental 

seawater-basalt reactions (e.g., Mottl et al., 1974). It is 

therefore likely that seawater-dominated solutions reacted 

with the volcanic rocks in the Bully Hill area at a temper

ature of 150·C or higher, resulting in the enrichment of Na 

and depletion of K in the rocks. This low temperature 
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alteration is interpreted to be the result of district-wide 

elevated temperatures within the volcanic pile at the time 

of deposition of the Dekkas andesite and Bully Hill rhyo

lite. 

Ore-forming Hydrothermal System 

Source of Heat. The orebodies of the Bully Hill and 

Rising star mines formed within vent-proximal quartz-phyric 

felsic volcanic rocks which extruded from the cumulo dome 

northeast of Bully Hill. Both periods of mineralization 

occurred immediately following extrusion of autobrecciated 

lava from the vent. Copper city mineralization immediately 

overlies autobrecciated quartz phenocryst-poor dacitic lava. 

Flow-banded dacitic lavas with autobrecciated tops make up 

the bulk of the olistostromal portion of the Bully Hill 

rhyolite in the Copper City area. It is likely that these 

dacitic lavas vented near the Copper City mine. The source 

of energy for the hydrothermal systems which ultimately 

formed the Bully Hill-Rising star and Copper city mineraliz

ation is interpreted to be the subvolcanic bodies of magma 

which fed the two vents. These intrusions would have served 

to provide local thermal anomalies within the regional 

elevated temperature regime in the volcanic pile. Neither 

of these hypothesized intrusions is presently exposed. 

Source of Hydrothermal Fluids. Salinities of fluids 

which formed the Type 1 alteration zones are equal to or 
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greater than the salinity of average modern seawater. The 

coincidence of the lower limit of salinity of the hydrother

mal fluid with seawater salinity suggests that seawater was 

a component of the hydrothermal fluid. The consistent, 

gradual increase in salinities at constant temperature of 

fluids which formed BH-IO quartz suggests that mixing of 

relatively hot high salinity hydrothermal fluids with un

modified seawater at the site of deposition did not occur, 

at least during deposition of the quartz. The high 6~S 

values of stockwork grey barite mineralization in the Type 1 

zones suggest that little, if any, unmodified seawater 

sulfate mixed with the hydrothermal fluids at the site of 

deposition. The seawater component of fluids which formed 

Type 1 zones probably originated as pore water within the 

volcanic pile. If a circulation cell developed, additional 

seawater could have been added to the system by influxing at 

recharge sites. 

Salinities almost twice that of seawater in fluids 

which precipitated BH-IO quartz were the result of deep

seated processes. possible processes include high temper

ature evolution of the seawater solution through wallrock 

hydration reactions and/or mixing of the seawater with 

magmatic fluids. 

The trend of gradually increasing salinities of 

fluids recorded in BH-IO quartz is punctuated twice by 

relatively high salinity events associated with development 
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of pseudosecondary planes of fluid inclusions (Figure 44). 

One of these events involved a fluid with a salinity of 

about 6 equivalent weight per cent NaCI, the highest in the 

sample. Pseudosecondary inclusions from SH-41 quartz con

tain fluids with salinities up to 3.5 times greater than 

that of seawater, suggestive of a magmatic component. The 

coupling of these anomalously high salinities with intra

growth cracking of quartz crystals within Type 1 zones 

suggests that tectonic events may have been associated with 

periodic magmatic imputs to the modified seawater solutions. 

Alteration of Footwall Rocks. Alteration Types 1, 2 

and 3 occur in a zone stratigraphically below the productive 

portions of the Bully Hill and Rising star horizons. This 

zone probably represents the upper portion of 'pipes' of 

extreme hydrothermal alteration typical of most hydrothermal 

vent-proximal massive sulfide systems (Franklin et al., 

1981). In the Bully Hill-Rising star mine area, alteration 

Types 1 and 2 occur as two extensive silicified caps, one at 

each mine, above Type 3 alteration zones. The structurally

restored composite zone of extreme hydrothermal alteration 

in the Bully Hill-Rising star mine area covers approximately 

one cubic kilometer; the alteration zone in the Copper City 

area is significantly smaller, although it is largely unex

posed owing to structural effects. 

Rocks within the top of the alteration pipe in the 

Bully Hill-Rising star mine area are characterized by per-
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vasive depletion of CaO and Na20, and addition of Kz0 and 

especially Si02 • Similar geochemical trends for the al

kalies and calcium are typical of alteration pipes in most 

massive sulfide districts (e.g., Franklin et al., 1981, and 

references within); quartz is a significant product of 

alteration in Kuroko ore systems (Date et aI, 1983; and 

Urabe et al., 1983). 

Quartz and sericite are the predominant alteration 

minerals in the alteration zones associated with the Bully 

Hill-Rising Star ore system. Albite that formed during the 

regional low temperature alteration event reacted with acid-

ic, potassium-bearing hydrothermal fluids: 

3NaAISi30S +2H+ + K+ = KAl3Si301o (OH) 2 + 6Si02 + 3Na+ 
(albite) (K-mica) (quartz) 

resulting in additions of potassium and scavenging of sodium 

in the rocks, and the replacement of albite with quartz and 

sericite. Calcium-bearing phases were similarly replaced, 

and calcium was leached from the rocks. Potassium may have 

been supplied to the solutions by the albitization of K

feldspar in areas distant from the pipe at lower tempera-

tures. 

Significant quantities of silica were added to the 

rocks within the top of the pipe. The ubiquitous presence 

of quartz in footwall alteration assemblages suggests that 

hydrothermal fluids were saturated with silica. Precip

itation of quartz probably resulted from conductive cooling 
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of hydrothermal fluids within the alteration pipe. Silica 

dumping was most extreme close to the seawater-seafloor 

interface in Type 1 and 2 alteration zones. 

The cap of silicification represented by Type 1 and 

2 zones developed over relatively long strike lengths rela

tive to massive sulfide-sulfate mineralization; the exposed 

strike length of these zones along the Rising star horizon 

is approximately five times longer than the known productive 

portion of the horizon. Type 1 and 2 zones are interpreted 

to have formed by unfocused venting of hydrothermal solu

tions. Quartz deposition, which initially may have been 

caused by mixing with seawater, resulted in sealing of the 

hydrothermal system. Episodic cracking of the seal by over

pressuring of the hydrothermal system and/or tectonic pro

cesses could have led to sudden decrease in pressure and 

subsequent quartz supersaturation and precipitation. Break

ing of the silicified seal served to localize venting of 

hydrothermal fluids, and repeated episodes of sealing, 

cracking and quartz dumping in these areas led to the form

ation of spatially restricted Type 1 zones. Dendritic 

growth in quartz crystals from Type 1 zones, producing fluid 

inclusion-rich zones, may record these episodic events. 

The repeated sealing of the hydrothermal system led 

to lateral movement of fluids below the silicified cap. 

Fluid movement towards the paleobasin south of the cumulo 

dome resulted in the laterally-extensive Type 3 alteration 
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zone which presently underlies the west and southwest flanks 

of Bully Hill. 

Once sufficiently developed, the silicified cap 

served to seal rocks within the pipe from seawater. This is 

reflected in the lack of chlorite as a common alteration 

phase in alteration Types 1, 2 and 3. Chlorite that might 

have formed early in the development of the alteration zones 

was subsequently replaced by quartz and sericite. Chlorite 

is a locally important alteration phase in rocks charac

terized by alteration Types 4 and 5, which formed in the 

shallow subsurface of the Bully Hill and Rising star hori

zons, respectively, laterally beyond the impermeable silici

fied cap where seawater was able to infiltrate. 

Formation of Syngenetic Mineralization. When vent

ing of the hydrothermal fluids was restricted to a few 

discharge sites and was sustained for 100 years or more, 

significant sulfide-sulfate mineralization in the form of a 

mound could develop on the seafloor above the Type 1 alter

ation zones. 

At temperatures ~200°C, discharging fluids with 

salinities up to 12 weight per cent NaCI would have den

sities less than 1.0 g/cm3
, and would therefore rise buoy

antly in the open ocean (Solomon and Walshe, 1979). If 

cooling of these bouyant solutions was accomplished through 

mixing with cold seawater, the density of the mixture never 

exceed the density of seawater (Sato, 1972). Particulate 
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sulfides and sulfate minerals which formed in the rising 

plume settled to form bedded stage 1 ore. Bacterial act

ivity may have been widespread on ~he seafloor adjacent to 

vents, producing colloform and framboidal pyrite with low 

634S values «-12 per mil) which became incorporated in the 

stage 1 ore. Replacement and recrystallization processes of 

stage 2 and 3 ore formation ensued when stage 1 ore blanket

ed the vents. 

Geochemical changes in the hydrothermal fluids -

including decreases in both ~S04= and HzS contents, increase 

in 6~S values of aqueous HzS, and probable decrease in 

S04=/HzS ratio -- accompanied the change from deposition of 

stage 2a to stage 3a mineralization within the mound. These 

changes were controlled by both deep-seated pr0cesses within 

the hydrothermal system and intra-mound processes. Deep

seated processes which may have operated include wallrock 

interactions, inorganic isotopic fractionation and varying 

contributions of magmatic components. Intramound processes 

include mixing with unmodified seawater, which clearly could 

have influenced sulfate isotopic ratios, and incorporation 

of HzS and S04= from minerals within the mound dissolved by 

later fluids. The relative importance of each of these 

processes can only be determined by further detailed isotop

ic analysis. 

Waning stages of Mineralization. stage 4 and epi

genetic barite formed as temperatures in the hydrothermal 
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systems decreased. Decreasing temperatures led to increas

ing densities of the hydrothermal solutions, which resulted 

in reduced fluid flow and collapse of the system. stage 4 

mineralization retreated from the syngenetic mounds to the 

underlying Type 1 zones, and epigenetic grey barite was 

precipitated. seawater encroachment into footwall rocks, 

largely restricted to Type 2 zones, resulted in fluid mixing 

and deposition of white epigenetic barite. 

Hydrothermal Cycles. Both the Rising star and Bully 

Hill ore systems proceeded independently to full maturity, 

i. e., relatively low temperature barite mineralization 

(stage 4 and epigenetic barite) followed sulfide-rich miner

alization (stages I, 2 and 3) at each mine, indicating the 

existence of two full thermal cycles. These cycles were 

probably controlled by magmatic activity in the subvolcanic 

environment of the cumulo dome, and are linked to extrusion 

of autobrecciated lavas of the lava unit. 

Source of Silica. Rocks in the footwall of the 

Bully Hill-Copper City horizon have undergone voluminous 

introduction of silica by hydrothermal fluids. possible 

sources of the silica include footwall rocks, seawater and 

fluids expelled from magma. Footwall rocks do not appear to 

be a viable silica source since none of the samples of the 

Bully Hill rhyolite and Dekkas andesite analyzed have low 

Si02 concentrations relative to unaltered equivalents (other 

more numerous and spatially extensive analyses of the Dekkas 
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andesite from the Bully Hill and adjacent areas also show no 

loss of SiOz; c. J. Eastoe, 1989, personal communication). 

The silica content of seawater is about 1 to 10 ppm 

(Holland, 1978), necessitating huge volumes of seawater and 

an efficient precipitation mechanism to account for the 

silica gains. The solubility of quartz in hydrothermal 

fluids at temperatures between 150 and 350·C is 100 to 1500 

ppm (Rimstidt and Barnes, 1980), or over 1 order of mag

nitude greater than the silica content of seawater, so that 

heated seawater would actually be undersaturated in quartz. 

since footwall rocks cannot be invoked as a silica reser

voir, hydrothermal fluids must have been saturated with 

quartz at their origin. Fluids expelled from high-level, 

evolved felsic magmas could meet this constraint. 

Comparison with Kuroko Ore Systems 

The geological characteristics of the late Permian 

Bully Hill area ore systems, including the geologic setting, 

mineralization, alteration of host rocks and fluid geochem

istry, are remarkably similar to those of the Miocene Kuroko 

ore systems of Japan. The ores at Bully Hill can clearly be 

classified as kuroko-type mineralization. The geology of 

the Japanese Kuroko deposits, as typified by the well studi

ed Hokuroku district, is compared with the Bully Hill area 

below. 
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The geologic environment of the Hokuroku district is 

quite similar to that at Bully Hill. The Kuroko deposits 

are hosted by an island arc volcanic succession which con

sists of andesitic to basaltic lavas and tuff breccias 

overlain by felsic lavas and tuffs which host the ore depos

its. These rocks are overlain by mudstones, felsic tuffs 

and basaltic lavas (Tanimura et al., 1983). The felsic 

volcanics are made up of a lower lava-rich portion and an 

upper unit of lithic-rich tuff breccias and, locally, lava 

domes. The domes are typically 200 to 500 meters in di

ameter, commonly are autobrecciated and are commonly closely 

associated with massive sulfide mineralization, which occurs 

at the top of the upper unit. A significant difference 

between the two areas is the estimated depth of seawater at 

the time of ore deposition; Kuroko deposits are inferred to 

have formed at depths ~2000 meters (Guber and Merrill, 

1983), while the depth of seawater is interpreted to be 

significantly less at Bully Hill. 

The mineralogy and distribution of both ore types 

and alteration assemblages in the two districts are also 

very similar. In a comparison of Japanese Kuroko deposits 

with Canadian examples, Urabe et al. (1983) described the 

mineralogic zoning at the Uwamuki deposits as follows: a 

core of quartz + sericite, a zone of sericite + chlorite + 

quartz which rims the core, and more distal alteration 

assemblages consisting of variable quantities of the same 
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minerals in addition to albite and kaolinite. As reviewed 

in CHAPTER 8, the mineralogy, texture and relative quan

tities of metals in the syngenetic and epigenetic mineraliz

ation of the Kuro~o and Bully Hill ores are also quite 

similar. 

The temperatures, salinities and sulfur isotopic 

compositions of Bully Hill hydrothermal fluids are generally 

similar to Kuroko ore fluids, although they differ somewhat 

in detail. Kuroko ore sulfides and sulfates have a o~s 

values ranging from 10 to 20 per mil less and 0 to 5 per mil 

greater, respectively, than 20 per mil contemporaneous 

seawater sulfate (Urabe, 1987). At Bully Hill, the range of 

ore sulfide o~s values relative to late Permian seawater 

sulfate (12 per mil) is identical to that of Kuroko, while 

sulfate values range up to 12 per mil greater than the 

seawater value. Temperatures and salinities from fluid 

inclusions from both areas are similar, although higher 

temperatures are recorded in some of the Kuroko inclusions 

(Pisutha-Arnond and Ohmoto, 1983) and some Bully Hill in

clusions have salinities higher than those reported for 

Kuroko. 



CHAPTER 12 

CONCLUSIONS 

Important conclusions derived from this study are 

summarized below: 
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1. The Dekkas andesite is pervasively hydrothermally 

altered in the Bully Hill area. The secondary mineral 

assemblage in the andesitic lavas and pyroclastic deposits 

consists of chlorite, albite, iron oxides, calcite, epidote, 

pumpellyite, sphene, leucoxene, pyrite, quartz, sericite, 

prehnite and barite. 

2. The Bully Hill rhyolite is made up of quartz 

phenocryst-poor dacitic lavas, which occur predominantly at 

the base of the formation, quartz-phyric rhyodacitic to 

rhyolitic lavas and lithic-rich tuff breccias, which form 

the bulk of the formation, and andesitic to basaltic vol

canic deposits (upper mafic unit), which lie at the top of 

the formation. 

3. The upper portion of the Bully Hill rhyolite and 

lowermost pit formation are commonly lithologically complex 

and disrupted, and appear to have been deposited as large 

scale debris flows. The isolated bodies of mafic volcanic 

rocks which make up the upper mafic unit of the Bully Hill 

rhyolite may be blocks within the olistostromal megabreccia. 
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4. In the Bully Hill-Rising star mine area the Bully 

Hill formation is divided into, from stratigraphic bottom to 

top, the lower tuff unit, lava unit, tuff breccia unit and 

upper tuff unit. These units were deposited subaqueously. 

The lava unit consists predominantly of massive rhyodacitic 

to rhyolitic flow-banded lavas. Two lava flow subunits are 

recognized, each capped with autobrecciated flows. The 

lower tuff and tuff breccia units are dominated by lithic

rich tuff breccias, deposited as submarine talus breccias. 

The upper tuff unit is lithologically heterogeneous, and may 

have formed in part as talus breccias and in part as debris 

flows. 

5. The structure in the Bully Hill-Rising star mine 

area is dominated by a tight south-plunging anticline par

tially overturned to the east, with a steeply west-dipping 

axial surface. This fold is younger than the regional 

relatively open northwest-trending fold set. The fold 

formed because of the strong rheological contrast between 

highly silicified rocks in the footwall of the Bully Hill 

mine orebodies and clay-rich lithologies in the hangingwall. 

A distinctive spaced cleavage is associated with this fold 

in homogeneous sericite-bearing rocks. 

6. Seven alteration facies (Types 1 through 7) are 

defined in the Bully Hill area; Types 1 through 6 occur in 

the Bully Hill-Rising star mine area. Type 1 alteration has 
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also been delineated in the Copper city mine area. Type 7 

alteration occurs regionally. 

Types 1, 2 and 3 form a zone of extreme hydrothermal 

alteration stratigraphically below the massive syngenetic 

mineralization. Type 1 alteration occurs irregularly along 

semi-conformable zones along and immediately below produc-

tive portions of massive sulfide horizons. Type 1 alter-

ation consists of almost complete replacement of the proto-

lith, commonly autobrecciated lava, by quartz. Type 1 zones 

are characterized by the presence of stockwork veinlets of 

quartz, barite and pyrite. Type 2 alteration is also as

sociated with the immediate stratigraphic footwall of ore 

horizons, but is more extensive than, and partially en-

closes, Type 1 zones. Type 2 alteration is similar to Type 

1, except that sericite is more abundant, silicification is 

less intense and stockwork mineralization is less well 

developed. Type 3 alteration forms an extensive zone of 

quartz + sericite ± calcite ± chlorite below the semi-con-

formable silicified cap formed by Types 1 and 2. silicif-

ication is less intense and sericitization is more prevalent 

in this facies than in Types 1 and 2. 

Alteration Types 4 and 5 contain quartz, sericite, 

calcite and chlorite in varying amounts, and occur marginal 

to the alteration pipe. Type 6 alteration occurs in the 

immediate hangingwall the Bully Hill horizon, and differs 

from Types 1 through 5 by the lack of significant silicif-
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ication and abundance of clay minerals. The Type 7 alter

ation assemblage occurs regionally in the Bully Hill rhyo

lite, and consists of quartz, albite, chlorite, epidote

clinozoisite, pyrite, sericite and leucoxene with or without 

kaolinite, calcite and iron-rich carbonate. 

7. The alteration zone in the Bully Hill-Rising star 

mine area formed by the interaction of ascending hydrother

mal fluids with wallrocks below the seafloor. cooling of 

the silica saturated solutions led to the development of an 

extensive silicified cap in the immediate subsurface which 

sealed the hydrothermal system and resulted in the formation 

of Type 2 zones. Repeated cracking and resealing of the 

silicified cap focused venting of the fluids and and led to 

the formation of Type 1 zones. When the system was sealed, 

lateral fluid movement led to the development of Type 3 

alteration. 

8. The massive sulfide-sulfate ore bodies of the 

Rising star and Bully Hill mines are located at the top of 

the lower and upper subunits, respectively, of the lava unit 

of the Bully Hill rhyolite. 

10. The geology of the Copper City mine area is 

similar to that of the Bully Hill-Rising star mine area. 

The Bully Hill rhyolite is composed of dacitic quartz pheno

cryst-poor lavas and tuffaceous deposits which are deformed 

into a north-trending anticline. Type 1 alteration and 

mineralization is developed at the upper contact of the 
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Bully Hill rhyolite, and immediately underlies the massive 

sulfide-sulfate mineralization of the Copper city horizon. 

10. Mineralization in the vicinity of the Shasta May 

Blossom prospect occurs along the contact of highly silicif

ied aphanitic andesitic lava of the upper mafic unit of the 

Bully Hill rhyolite and fine-grained sediments and reworked 

lithic-rich tuffs of the lower pit formation. The contact 

is marked by an intensely silicified breccia containing 

fragments of fine-grained sediments and volcanic(?) rocks. 

Mineralization is made up of sulfide, carbonate and sulfate 

replacements of the volcanic rocks. 

11. The volcanic rocks of the Bully Hill rhyolite in 

the Bully Hill-Rising star mine area extruded from a vent 

approximately 1 kilometer northeast of Bully Hill at the 

site of a cumulo dome defined by Albers and Robertson 

(1961) . 

12. The mineralization of the Bully Hill area formed 

in a submarine volcanogenic environment. The lenses of 

massive sulfide-sulfate ore represent syngenetic accumul

ations on or immediately below the seafloor. 

13. The Bully Hill and Copper City ore horizons may 

be coeval, and are younger than the Rising star ore horizon. 

The potential for discovery of additional sulfide-rich 

syngenetic mineralization along these horizons is excellent. 

14. Alkali contents of volcanic rocks of the Dekkas 

andesite, Bully Hill rhyolite and pit formation define two 
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types of hydrothermal alteration: regionally-distributed 

keratophyrization and ore-proximal alteration. 

15. Zr and Ti02 remained immobile during the hydro

thermal alteration reactions associated with ore-forming 

systems at the Bully Hill and Rising star mines, and allow 

meaningful chemical classification of the volcanic rocks. 

A1203 also behaved isochemically in all but the most inten

sely altered samples. Nb and Y were somewhat mobile in many 

of the highly altered samples examined. 

16. Keratophyrization resulted in the almost com-

plete loss of K20 and approximately 50% gain in Na20. 

17. Alteration within the ore-proximal alteration is 

characterized by Si02 additions of up to 250%, Kz0 additions 

of up to 60%, and almost total removal of Na and Ca. Sig-

* . .. nificant leaching of Fe203 1S also eV1dent 1n all samples 

which are not heavily mineralized with pyrite. MgO was 

added in increasing amounts with increasing distance from 

ore horizons. Volume gains range from about 10% in Type 3 

zones to 100 to 200% in Type 1 zones. 

18. Significant quantities of Si02 have been added 

to the Dekkas andesite, and it is therefore not a tenable 

source of silica to the hydrothermal fluids. 

19. Massive syngenetic sulfide-sulfate mineraliza-

tion consists of sphalerite, barite, pyrite, galena, chalco-

pyrite and tetrahedrite-tennantite, with very minor amounts 

of bornite and pyrrhotite. Clastic textures are common in 
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the ores. Textural relationships define four stages, in

cluding two substages, of mineralization (stages 1, 2a, 2b, 

3a, 3b and 4). stage 1 is characterized by fine-grained 

minerals, framboidal and colloform pyrite, and mineralogical 

banding. stage 2a consists of open space filling pyrite, 

sphalerite and barite, and recrystallized stage 1 mineral

ization. stage 2a sphalerite is weakly diseased with chal

copyrite. stage 2b is dominated by coarsely-crystalline, 

open space filling pyrite and heavily chalcopyrite-diseased 

sphalerite. stage 3a occurs in samples dominated by stage 

2a mineralization, and consists of galena, chalcopyrite and 

tetrahedrite-tennantite which both replace and fill open 

spaces in preexisting mineralization. stage 3b is dominated 

by chalcopyrite, which pervades and replaces all previous 

sulfide mineralization. stage 4 consists of barite which 

fills cavities dissolved in ore of the previous three 

stages. 

20. Thermochemical data suggest that ~S04= contents 

of stage 2a and stage 3a fluids were 10-3 and 10-5 to 10-6 m, 

respectively, and H2S contents were approximately 10-3
•
5 and 

10-4
•
5 to 10-5 m, respectively. The activity of oxygen and 

S04=/H2S ratio of the hydrothermal fluids remained constant 

or decreased somewhat in fluids from stage 2a to stage 3a, 

while total sulfur contents decreased. 

21. The salinities of fluids which deposited open 

space filling quartz within Type 1 zones ranged from 3.5 to 
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12.3 equivalent weight per cent NaCl. Temperatures of the 

fluids were between 240 and 260 a C. 

22. The salinity of fluids which deposited grey 

barite in Type 1 zones ranged from 4 to over 10 equivalent 

weight per cent NaCl. 

23. The o~S values of syngenetic and epigenetic 

barites range from 12 to 23 per mil. The lower values 

reflect mixing of unmodified seawater sulfate with hydro

thermal fluids, while the higher values indicate a deep

seated hydrothermal source. The two sulfate sources mixed 

close to the seawater-seafloor interface. ' 

24. ore-proximal epigenetic pyrites have o~S values 

of +1 ± 2 per mil. Syngenetic ore sulfides have o~S values 

of -15.8 per mil in a sample of Stage 1 pyrite, -6.4 to -1.6 

per mil in Stage 2a sphalerite, -0.6 to +1.1 per mil in 

Stage 2b sphalerite and pyrite, and +3.0 per mil in a sample 

of Stage 3a galena. 

25. Isotopic temperatures from both epigenetic and 

syngenetic sulfate-sulfide pairs range from 250 to 340 a C. 

26. It is unlikely that partial equilibration of 

aqueous sulfur species within the mound environment in 

mixtures of unmodified seawater and hydrothermal fluids 

produced the relatively low isotopic values which charac

terize Stage 2a sulfides. 
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27. stage 1 sulfides incorporated at least some 

biogenic sulfur. The source of sulfur in stages 2 and 3 and 

in epigenetic mineralization is unconstrained. 

28. Seawater was a component of the hydrothermal 

system, both as a deep-seated source (pore water) and as an 

endmember in mixing reactions close to the seawater-seafloor 

interface. Magmatic fluids may have supplied additional 

components to the hydrothermal fluids, including silica, 

salt and sulfur. 

29. The geological characteristics of the Bully Hill 

area ore deposits are remarkably similar to those of the 

Miocene Kuroko deposits of Japan. 



252 

LIST OF REFERENCES 

Albers, J.P., and Robertson, J. F., 1961, Geology and ore 
deposits of East Shasta Copper-Zinc District Shasta 
County, California: U.S. Geol. Survey Prof. Paper 
338, 107 p. 

Anderson, C. A., 1969, Massive sulfide deposits and 
volcanism: Econ. Geol., v. 64, p. 129-146. 

Anderson, G. M., 1977, Thermodynamics and sulfide 
solubilities: Miner. Assoc. Canada, Short Course 
Handbook, v. 2, p. 136-150. 

Aubury, L. E., 1902, The copper resources of California: 
California Mining Bur. Bull. 23, p. 31-96. 

Barner, H. E., and Scheuerman, R. V., 1978, Handbook of 
thermochemical data for compounds and aqueous 
species: New York, Wiley-Intersci., 156 p. 

Barton, P. B. Jr., 1978, Some ore textures involving 
sphalerite from the Furutobe mine, Akita Prefecture, 
Japan: Mining Geology, v. 28, p. 293-300. 

Barton, P. B. Jr., and Skinner, B. F., 1979, Sulfide mineral 
stabilities: in Barnes, H. L., ed., Geochemistry of 
hydrothermal ore deposits: New York, John Wiley and 
Sons, p. 278-403. 

Barton, P. B. Jr., and Toulmin, P. III, 1968, Phase 
relations involving sphalerite in the Fe-Zn-S 
system: Econ. Geol., v. 61, p. 815-849. 

Bence, A. E., and Albee, A. L., 1969, Microanalysis of 
silicates and oxides: Jour. of Geology, v. 76, p. 
382-403. 

Bodnar, R. J., and Bethke, P. M., 1984, Systematics of 
stretching of fluid inclusions I: fluorite and 
sphalerite at 1 atmosphere confining pressure: Econ. 
Geol., v. 79, p. 141-161. 

Barker, J. P., Millard H. T. Jr., and Knight, R. J., 1979, 
Reconnaissance geochemistry of Devonian island-arc 
volcanic and intrusive rocks, West Shasta district, 
California, in Trondjemites, dacites and related 



253 

rocks, ch. 18: Developments in Petrology, v., 6, p. 
531-545. 

Brown, G. C., 1916, The counties of Shasta, Siskiyou, and 
Trinity; Shasta County: California Mining Bur. Rept. 
14, p. 757-770. 

Cathles, L. M., 1983, An analysis of the hydrothermal system 
responsible for massive sulfide deposition in the 
Hokuroku basin of Japan: Econ. Geol., Mon. 5, p. 
439-487. 

Chayes, F., 1969, The chemical composition of Cenozoic 
andesite: Oregon Dept. of Geology and Mineral 
Industries Bull., v. 65, p. 1-11. 

Coleman, M., and Moore, M. P., 1978, Direct reduction of 
sulfates to sulfur dioxide for isotopic analysis: 
Anal. Chemistry, v. 50, p. 1594-1985. 

Costa, U. R., Barnett, R. L., and Kerrich, R., 1983, The 
Mattagami Lake mine Archean Zn-Cu sulfide deposit, 
Quebec: hydrothermal coprecipitation of talc and 
sulfides in a sea-floor brine pool -- evidence from 
geochemistry, 180 /160 , and mineral chemistry: Econ. 
Geol., v. 78, p. 1144-1203. 

curtis,D. R., 1983,stratigraphy and origin of the pit 
Formation, northern California: Unpub. M.S. thesis, 
Univ. California, 59 p. 

Czamanske, G. K., and Rye, R. 0., 1974, Experimentally 
determined sulfur isotope fractionations between 
sphalerite and galena in the temperature range 600 0 

to 275°C: Econ. Geol., v. 69, p. 17-25. 

DeRosen-Spence, A. F., Provost, G., Dimroth, E., Gochnauer, 
K. and Owen, V., 1980, Archean subaqueous felsic 
flows, Rouyn-Noranda, Quebec, Canada, and their 
Quaternary equivalents: Precambrian Res., v. 12, p. 
43-77. 

Date, J., Watanabe, Y., and Saeke, Y., 1883, Zonal 
alteration around the Fukazawa Kuroko deposits, 
Akita Prefecture, northern Japan: Econ. Geol. Mon. 
5, p. 365-386. 

Diller, J. s., 1903a, Klamath Mountain section, California: 
Am. Jour. Sci., 4th Series, v. 165, p. 342-362. 



254 

Diller, J. S., 1903b, Copper deposits of the Redding region, 
California: u.s. Geol. Survey Bull. 213, p. 123-132. 

1904, Mining and mineral resources in the Redding 
quadrangle, California, in 1903: u.s. Geol. Survey 
Bull. 225, p. 169-177. 

1906, Description of the Redding quadrangle 
(California): u.s. Geol. Survey, Geol. Atlas Folio 
138, 14 p. 

Doe, B. R., and Zartman, R. E., 1979, Plumbotectonics - the 
Phanerozoic, in Barnes, H.L., ed., Geochemistry of 
hydrothermal ore deposits, 2nd ed.: New York, John 
Wiley and Sons, p. 22-70. 

Eastoe, C. J., and Nelson, S. E., 1988, A Permian Kuroko
type hydrothermal system, Afterthought-Ingot area, 
Shasta County, California: lateral and vertical 
sections, and geochemical evolution: Econ. Geol., v. 
83, p. 588-605. 

Eastoe, C. J., Gustin, M. M., and Nelson, S. E., 1987, 
Problems of recognition of olistostromes: An example 
from the lower Pit Formation, Eastern Klamath 
Mountains, California: Geology, v. 15, p. 541-544. 

Eastoe, C. J., Solomon, M., and Garcia-Palomero, F., 198 , A 
sulphur isotope study of the massive and stockwork 
pyrite deposits at Rio Tinto, Spain: Trans. 
Institution Mining Metallurgy, v. 95, p. B201-B207. 

Eldridge, C. S., Barton, P. B., Jr., and Ohmoto, Hiroshi, 
1983, Mineral textures and their bearing on 
formation of the Kuroko orebodies: Econ. Geol. Mon. 
5, p. 241-281. 

Fairbanks,H. W., 1893, Geology and mineralogy of Shasta 
County, California: California Mining Bur., 11th 
Rept. of Cal. State Mineralogist, p. 24-53. 

Farrell, Clifton W., and Holland, Heinrich D., 1983, 
strontium isotope geochemistry of the Kuroko 
deposits: Econ. Geol. Monograph 5, p. 302-319. 

Finlow-Bates, T., and Stumpfl, E. F., 1981, The behavior of 
so-called immobile elements in hydrothermally 
altered rocks associated with volcanogenic 
submarine-exhalative ore deposits: Mineralium 
Deposita, v. 16, p. 319-328. 



._-

255 

Fredericks, P. E., 1980, Volcanic lithofacies and massive 
sulfide mineralization, East Shasta district, 
California: M. S. thesis, Univ. of Texas at Austin, 
100 p. 

Franklin, J. M., 1986, Volcanic-associated massive sulphide 
deposits -- an update: in Andrew, C. J., Crowe, R. 
W. A., Finley, S., Pennell, W. M., and Pyne, J. F., 
eds., Geology and genesis of mineral deposits in 
Ireland: Irish association for Econ. Geology, p. 49-
69. 

Garrels, R. M., and Christ, C. L., 1965, Solutions, minerals 
and equilibria: San Francisco, Freeman Cooper Co., 
450 p. 

Glater, J., and Schwartz, J., 1976, High-temperature 
solubility of calcium sulfate hemihydrate and 
anhydrite in natural seawater concentrates: J. Chern. 
Eng. Data, v. 21, p. 47-52. 

Grant, J. A., 1986, The isocon diagram -- a simple solution 
to Gresens' equation for metasomatic alteration: 
Econ. Geol., v. 81, p. 1976-1982. 

Graton, L. C., 1910, The occurrence of copper in Shasta 
County, California: u.S. Geol. Survey Bull. 430-B, 
p. 71-111. 

Gresens, Randall L., 1967, composition-volume relationships 
of metasomatism: Chern. Geol., v. 2, p. 47-65. 

Griscom, A., 1977, Aeromagnetic and gravity interpretation 
of the Trinity ophiolite complex northern 
California: Geol. Soc. America Abs. w. Progr., v. 9, 
p. 426-427. 

Groshong, Richard H. Jr., 1988, Low-temperature deformation 
mechanisms and their interpretation: Geol. Soc. 
Amer. Bull., v. 100, p.1329-1360. 

Guber, A. L., and Merrill, S., III, 1983, Paleobathymetric 
significance of the foraminifera from the Hokuroku 
district, Japan: Econ. Geol. Mon. 5, p. 55-70. 

Hamilton, Warren, 1969, Mesozoic California and the 
underflow of the Pacific mantle: Geol. Soc. America 
Bull., v. 80, p. 2409-2430. 

Hedenquist, J. W., and Henley, R. W., 1985, The importance 
of CO2 on freezing point measurements of fluid 



256 

inclusions: evidence from active geothermal systems 
and implications for epithermal ore deposition: 
Econ. Geol., v. 80, p. 1379-1406. 

Helgeson, H. C., 1969, Thermodynamics of hydrothermal 
solutions at elevated temperatures and pressures: 
Am. Jour. Sci., v. 267, p. 729-804. 

Hinds, N. E. A., 1932, Paleozoic eruptive rocks of the 
southern Klamath Mountains: California Univ. Pub. 
Geol. Sci. Bull., v. 20, p. 375-410. 

1933, Geologic formations of the Redding-Weaverville 
districts, northern California: California Jour. 
Mines and Geology, v. 29, p. 76-122. 

1935, Mesozoic and Cenozoic eruptive rocks of the 
southern Klamath Mountains, California: California 
Univ. Pub. Geol. Sci. Bull., v. 23, no. 11, p. 313-
380. 

1940, Paleozoic section in the southern Klamath 
Mountains, California, in Pacific Sci. Cong., 6th, 
Berkeley, Calif., 1940, Proc.: California Univ. 
Press, v. 1, p. 273-287. 

Holland, H. D., 1978, The chemistry of the atmosphere and 
oceans: New York, Wiley, 351 p. 

Holland, H. D., and Malinin, S. D., 1979, The solubility and 
occurrence of non-ore minerals: in Barnes, H. L., 
ed., Geochemistry of hydrothermal ore deposits, 2nd 
Edition: John Wiley and Sons, p. 461-508. 

Holser, W. T., Schidlowski, M., Mackenzie, F. T., and 
Maynard, J. B., 1988, Biogeochemical cycles of 
carbon and sulfur: in Gregor, C. B., Garrels, R. M., 
Mackenzie, F. T., Maynard, J., B., eds., Chemical 
cycles in the evolution of the earth, John Wiley and 
Sons, p. 105-174. 

Hotz, P. E., 1971, Plutonic rocks of the Klamath Mountains, 
California and Oregon: U. S. Geol. Survey Prof. 
Paper 684-B, 20 p. 

Hughes, C. J., 1972, spilites, keratophyres, and the igneous 
spectrum: Geol. Magazine, v. 109, p. 513-527. 

Hutchinson, R. W., 1973, Volcanogenic sulfide deposits and 
their metallogenic significance: Econ. Geol., v. 68, 
p. 1223-1246. 



257 

Irwin, W. P., 1966, Geology of the Klamath Mountains 
province: Calif. Div. Mines and Geology Bull. 190, 
p. 19-38. 

1977, Review of Paleozoic rocks of the Klamath 
Mountains, in stewart, J. H., et al., eds., 
Paleozoic paleogeography of the western united 
states: Pacific Section, Soc. Econ. Paleontologists 
and Mineralogists, Pacific Coast Paleogeography 
symposium 1, p. 441-454. 

1981, Tectonic accretion of the Klamath Mountains, in 
Ernst, W. G., ed., The geotectonic development of 
California: Rubey volume 1, Englewood Cliffs, New 
Jersey, Prentice-Hall, p. 29-49. 

Ishikawa, Y., sawaguchi, T., Iwaya, S., and Horiuchi, M., 
1976, Delineation of prospecting targets for Kuroko 
deposits based on modes of volcanism of underlying 
dacite and alteration haloes: Mining Geology, v. 26, 
p. 105-117 (in Japanese with English abs.). 

Jensen, L. S., 1976, A new cation plot for classifying 
subalkalic volcanic rocks: ontario Div. of Mines 
Misc. Paper 66, 22 pp. 

Kinkel, A.R., Jr., Hall, W. E., and Albers, J. P., 1956, 
Geology and base-metal deposits of the West Shasta 
copper-zinc district, Shasta County, California: 
u.s. Geol. Survey Prof. Paper 285, 156 p. 

Lanphere, M. A., Irwin, W. P., and Hotz, P. E., 1968, 
Isotopic age of the Nevadan orogeny and older 
plutonic and metamorphic events in the Klamath 
Mountains, California: Geol. Soc. America Bull., v. 
79, p. 1027-1052. 

Lapierre, H., Albers, J. P., and Martin, P., 1983, Birth and 
evolution of a Paleozoic island arc in the eastern 
Klamaths (N. California, USA): Geol. Soc. America 
Abs. w. Prog., v.15, p. 621. 

Lapierre, H., Brouxel, M., Martin, P., Coulon, C., Mascle, 
G., and Cabanis, B., 1986, The Paleozoic and 
Mesozoic geodynamic evolution of the eastern Klamath 
Mountains (North California) inferred from the 
geochemical characteristics of its magmatism: Bull. 
Soc. Geol. France, v. 11, no. 6, p. 969-980. 



258 

Lemmlein, G. G., 1956, Formation of fluid inclusions and 
their use in geological thermometry: Geochemistry, 
v. 6, p. 630-642. 

LeMaitre, R. W., 1976, The chemical variability of some 
common igneous rocks: Jour. Petrology, v. 17, p. 
589-637. 

Martin, P., Lapierre, H., and Coulon, C., 1985, The 
Paleozoic and Mesozoic volcanism in the eastern 
Klamath Mountains (N. California, U.S.A.), Part II: 
the Permo-Triassic island-arc series: Terra cognita, 
v. 5, p. 320. 

Martin, P., Lapierre, H., and Rocci, G., 1984, Presence d'un 
arc insulaire permien dans les Klamath orientales 
(N. Californie): C. R. Acad. Sci., Paris, Series II, 
v. 298, p. 223-228. 

Meyer, Charles, 1981, ore-forming processes in geologic 
history: Econ. Geol., 75th Anniv. Volume, p. 6-41. 

Miller, M. M., 1989, Intra-arc sedimentation and tectonism: 
Late Paleozoic evolution of the eastern Klamath 
terrane, California: G.S.A. Bull., v. 101, p. 170-
187. 

Miller, M. M., and Wright, J. E., 1987, Paleogeographic 
implications of Permian Tethyan corals from the 
Klamath Mountains, California: Geology, v. 15, p. 
266-269. 

Munha, J., Fyfe, W. S., and Kerrich, R., 1980, High-K 
rhyolites: Product of sea-floor alteration: Contr. 
Mineralogy Petrology, v. 75, p. 15-19. 

Mottl, M. J., Corr, R. F., and Holland, H. D., 1974, 
Chemical exchange between sea water and mid-ocean 
ridge basalt during hydrothermal alteration: An 
experimental study [abs.]: Geol. Soc. America, 
Abstracts with Programs, v. 6, p. 879-880. 

Nelson, S. E., 1986, The geology and mineralization 
potential of the Bella Vista-Ingot area, Shasta 
County, California: Unpub. M.S. thesis, Univ. 
Arizona, Tucson, 121 p. 

Ohmoto, H., 1972, Systematics of sulfur and carbon isotopes 
in hydrothermal ore deposits: Econ. Geol., v. 67, p. 
551-578. 



259 

Ohmoto, H., and Lasaga, A. C., 1982, Kinetics of reactions 
between aqueous sulfates and sulfides in 
hydrothermal systems: Geochim. Cosmochim. Acta, v. 
46, p. 1727-1745. 

Ohmoto, H., and Rye, R. 0., 1979, Isotopes of sulfur and 
carbon, in Barnes, H. L., ed., Geochemistry of 
hydrothermal ore deposits, 2nd edition: John Wiley 
and Sons, p. 509-567. 

Pisutha-Arnond, V., and Ohmoto, H., 1983, Thermal history, 
and chemical and isotopic compositions of the ore
forming fluids responsible for the Kuroko massive 
sulfide deposits in the Hokuroku district of Japan: 
Econ. Geol., Monograph 5, p. 523-558. 

Potter, R. W., II, 1977, Pressure corrections for fluid 
inclusion homogenization temperature based on the 
volumetric properties of the system NaCl-H20: U. S. 
Geol. Survey Jour. Research, v.5, p. 603-607. 

Potter, R. w., II, Clynne, M. A., and Browne, D. L., 1978, 
Freezing point depression of aqueous sodium chloride 
solution: Econ. Geol., v. 73, p.284-285. 

Ramsay, J. G., 1980, Shear zone geometry: a review: J. 
Struct. Geol., v. 2, p. 83-99. 

Reed, Mark H., 1984, Geology, wall-rock alteration, and 
massive sulfide mineralization in a portion of the 
West Shasta district, California: Econ. Geol., v. 
79, P. 1299-1318. 

Rimstidt, J. D., and Barnes, H. L., 1980, The kinetics of 
silica-water reactions: Geochim. et Cosmochim. Acta, 
v. 44, p. 1683-1699. 

Robinson, B. W., and Kusakabe, M., 1975, Quantitative 
preparation of S02 for ~S/~S analysis, from 
sulphides by combustion with cuprous oxide: Anal. 
Chemistry, v. 47, p. 1179-1181. 

Roedder, E., 1984, Fluid inclusions: Reviews in Mineralogy, 
v. 12, Min. Soc. Am., 646 p. 

and Bodnar, R. J., 1980, Geologic pressure 
determinations from fluid inclusion studies: Ann. 
Rev. Earth Planet. Sci., 8, 263-301. 

Roure, F., 1984, Une coupe geologique de Golconda au 
Pacifique (Oregon, Nord-Ouest du Nevada, Nord de la 



260 

Californie). Evolution mesozoique et cenozoique de 
la marge ouest americaine: Unpub. Ph.D. 
dissertation, univ. Pierre et Marie Curie, Paris VI, 
248 p. 

Sangster, D. F., 1971, Sulphur isotopes, stratabound 
sulphide deposits, and ancient seas: Soc. Mining 
Geologists Japan, Spec. Issue 3, p. 295-299. 

1976, Sulphur and lead isotopes in strata-bound 
deposits, in Wolf, K. H., ed., Handbook of strata
bound and stratiform ore deposits: Elsevier, 
Amsterdam, v. 2, p. 219-266. 

sato, T., 1972, Behavior of ore-forming solutions in sea 
water: Mining Geology, v. 22, p. 31-42. 

seyfried, W. E., and Bischoff, J. L., (1977), Hydrothermal 
transport of heavy metals by sea water; the role of 
sea water/basalt ratio: Earth Planet. Sci. Letters, 
v. 34, p. 71-77. 

Sasake, A., and Kajiwara, Y., 1971, Evidence of isotopic 
exchange between seawater sulfate and some 
syngenetic sulfide ores: Soc. Mining Geologists 
Japan, Spec. Issue 3, p. 289-294. 

Silberling, N. J., and Jones, D. L., 1982, Tectonic 
significance of Permian-Triassic strata in 
northwestern Nevada and northern California: Geol. 
Soc. America Abs. w. Progr., v. 14, p.234. 

Skinner, J. W., and Wilde, G. L., 1965, Permian 
biostratigraphy and fusulinid faunas of the Lake 
Shasta area, northern California: University of 
Kansas Paleontological Contributions, Volume 
Protozoa, article 6, 98 p. 

Slawson, W. F., 1983, Isotopic composition of lead from a 
paleo-island arc: Shasta California: Can. Jour. 
Earth Sci., v. 20, p. 1521-1527. 

Smith, J. P., 1894, The metamorphic series of Shasta County, 
California: Jour. Geology, v. 2, p. 588-612. 

Solomon, M., and Walshe, J. L., 1979, The formation of 
massive sulfide deposits on the sea floor: Econ. 
Geology, v. 74, p. 797-813. 

Spiess, F. N., Macdonald, K. C., Atwater, T., Ballard, R., 
Carranza, A., Cordoba, D., Cox, C., Diaz Garcia, V. 
M., Francheteau, J., Guerrero, F., Hawkins, J., 



261 

Haymon, R., Hessler, R., Juteau, T., Kastner, M., 
Larson, R., Luyendyk, B., Macdougall, J. D., Miller, 
S., Normark, W., Orcutt, J., and Rangin, C. (RISE 
Project Group), 1980, East Pacific Rise: Hot springs 
and geophysical experiments: Science, v. 207, p. 
1421-1433. 

Tanimura, S., Date, J., Takahashi, T., and Ohmoto, H., 1983, 
Geologic Setting of the Kuroko Deposits, Japan: Part 
II. stratigraphy and structure of the Hokuroku 
district: Econ. Geo1. Mon. 5, p. 24-38. 

Tokunaga, M., and Honma, H., 1974, Fluid inclusions in the 
minerals from some Kuroko deposits: Soc. Mining 
Geologists Japan, Spec. Issue 6, p. 385-388. 

Tucker, W. B., 1923, Mining in California: California Mining 
Bur., Rept. 19, p. 91. 

Urabe, T., 1987, Kuroko deposit modeling based on magmatic 
hydrothermal theory: Mining Geo1., v. 37, p. 159-
176. 

Urabe, T., and Sato, T., 1978, Kuroko deposits of the Kosaka 
mine, Northeast Honshu, Japan -- products of 
submarine hot springs on Miocene sea floor: Econ. 
Geo1., v. 73, 161-179. 

Urabe, T., Scott, S. D., and Hattori, K., 1983, A comparison 
of footwall-rock alteration and geothermal systems 
beneath some Japanese and Canadian Volcanogenic 
massive sulfide deposits: Econ. Geo1. Mon. 5, p. 
345-364. 

Watkins, R., 1986, Late Devonian to early Carboniferous 
turbidite facies and basinal development of the 
eastern Klamath Mountains, California: Sedimentary 
Geo1., v. 49, p. 51-71. 

Watkins, R., and Stensrud, Howard L., 1983, Age of sulfide 
ores in the West Shasta and East Shasta districts, 
Klamath Mountains, California: Econ. Geo1., v. 78,p. 
340-343. 

Winchester, J. A., and Floyd, P. A., 1977, Geochemical 
discrimination of different magma series and their 
differentiation products using immobile elements: 
Chern. Geology, v. 20, p. 325-343. 


