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ABSTRACT

The Sunshine Co-Cu-Au Deposit is a stratiform sediment- 
hosted deposit within the Proterozoic Yellowjacket Formation 
of east-central Idaho. Extensive surface drilling between 
1977 and 1981 enabled Noranda Exploration, Inc., to deline
ate the form of mineralization. Pétrographie and electron 
microprobe analyses of drill core samples performed in this 
study have indicated a syngenetic relationship between the 
host rock and cobalt mineralization at the Sunshine Deposit.

The Yellowjacket Formation consists of a thick sequence 
of interbedded pelite, sandy pelite and quartzite, regional
ly metamorphosed to lower greenschist facies assemblages.
In the vicinity of the Sunshine Deposit higher-grade meta- 
morphic assemblages are present. The lithologie units at 
Sunshine include quartzite, micaceous quartzite, quartz- 
biotite-garnet schist, biotite phyllite and chlorite phyl- 
lite. Metamorphosed biotite-rich (probably originally 
basaltic) dikes and carbonate-rich dikes intrude the sedi
mentary rocks. Although recrystallization of the original 
sediments has occurred, apparently during a single metamor- 
phic event, chemical and mechanical diffusion were minimal 
and probably restricted to individual layers. This is
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indicated by the preservation of well-defined sedimentary 
layers, containing graphite and heavy mineral streaks, 
sedimentary structures, and small-scale chemical inhomo
geneities. The present metamorphic mineral compositions, 
therefore, largely reflect the chemistry of the sedimentary 
precursor material.

Cobalt mineralization occurs in discrete layers, 
oriented parallel to bedding contacts, within schistose and 
phyllitic host rocks. Ore minerals include cobaltite, which 
forms bands and discontinuous laminae parallel to and close
ly associated with micaceous and heavy mineral layers; dis
seminated chalcopyrite, found throughout the stratigraphie 
sequence ; and gold, which is restricted to layers of cobalt 
mineralization. Mineral textures indicate that cobalt 
introduction occurred prior to metamorphism and confirm that 
cobaltite did not migrate significantly during that event. 
Sulfide gangue minerals include arsenopyrite, an early 
finely-dispersed pyrite, a later euhedral pyrite, and mar- 
casite. Trace amounts of native silver, bismuth, bismuth- 
inite, two bismuth tellurosulfide minerals and millerite are 
also present. Late-stage alteration of sulfide minerals 
produced digenite, covellite, hematite, goethite and native 
copper.
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Electron microprobe analyses indicate that the early, 
finely dispersed pyrite formed in a cobalt-arsenic-copper- 
iron-rich environment. Metamorphic silicate minerals con
tain unusually high contents of Fe, Cl and A1 and low 
amounts of Ca, Na, Mn, and Mg. Their compositions corres
pond to those of metamorphic minerals associated with 
silicate facies iron-formation. The presence of allanite 
and schorl suggest that REEs and B were locally abundant.

The textural and chemical data collectively imply that 
cobalt was introduced during deposition of a predominantly 
detrital, fine-grained marine sediment. The association of 
cobalt mineralization with minerals containing Cl and high 
Fe suggests that Fe, Co and other metals were transported 
and precipitated together from a Cl-rich solution. Limited 
reduced S was available for sulfide mineral formation; and 
hence the bulk of the Fe was incorporated into silicate 
minerals. Although the source of the metals is not known, a 
similarity to metamorphosed sediment-hosted massive sulfide 
deposits suggests that they were most likely chemically 
precipitated from a fluid exhaled from a seafloor vent.
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Chapter 1 
INTRODUCTION

The Sunshine Deposit is one of more than a dozen 
deposits which form a cobalt-rich belt within Proterozoic 
metasedimentary rocks of east-central Idaho. This area 
represents the largest known occurrence of cobalt in the 
United States. The most significant deposits occur in and 
around the Blackbird Mine and together comprise the Black
bird Mining District.

Between 1977 and 1981, Noranda Exploration, Inc. con
ducted an extensive exploration program in the district.
This was a major investigation of the district-wide distri
bution and setting of the cobalt mineralization. Earlier 
studies consisted of brief, macroscopic descriptions of the 
many mines and claims; minerals were tentatively identified 
and characteristics of ore bodies described, but no syste
matic studies investigating the structure, metamorphic 
effects, chemistry or mineralogy of the deposits were 
undertaken. More recently, observations were hindered by 
flooding of many of the underground workings and by heavy 
vegetation and sparse outcrops in the region. Through their 
drilling and underground mapping in the district, however, 
Noranda geologists identified several new cobalt deposits
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and were able to establish a consistent spatial relationship 
between cobalt mineralization and certain lithologie units 
(Daggett and Baer, 1981; Toth and Hahn, 1982 ; Hahn and 
Hughes, 1984). This broader perspective suggested a new 
genetic theory for some of the cobalt in the district: 
specifically, an early introduction with the sedimentary 
host rocks.

This study utilizes drill core obtained at the Sunshine 
Deposit, which is adjacent to the Blackbird Mine, to study 
the mineralogical and chemical makeup of the cobalt-rich ore 
and its association with the enclosing host rocks. The 
ultimate objective is a better understanding of the process
es which led to the formation of one of the most important 
cobalt districts in the world.

Location

The Blackbird Mining District is located approximately 
35 km west of the town of Salmon, in the Salmon National 
Forest of east-central Idaho. The various cobalt occur
rences within and near the district are shown in Figure 1. 
The Sunshine Deposit is located about 2 km northwest of the 
Blackbird Mine.
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IDAHO

SALMON

10 km

Figure 1: General location map of cobalt occurrences
in east-central Idaho (shown as black dots). The Blackbird 
Mining District is located within the dashed lines.
Modified after Hughes, 1983.
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History of the District

The Blackbird Mining District was discovered in 1893, 
with the identification of gold. This attracted an influx 
of prospectors from nearby gold camps, such as Leesburg. It 
was not until 1896, however, that copper in chalcopyrite was 
recognized in the rocks. Between 1899 and 1902, the Black
bird Copper-Gold Mining Company sunk two, 250-foot shafts 
and discovered cobalt mineralization. Nickel in pyrrhotite- 
rich ore was described in early reports (Hess, 1917) on the 
St. Joe and Brown Bear claims on Meadow Creek as well 
(Figure 2).

During roughly the same period, Elwood Haynes was 
experimenting with cobalt-chromium alloys known as stellites 
that were useful in high temperature applications (Bilbrey, 
1962). Increased demand for these alloys during World War I 
led to high cobalt prices and the development of the Haynes 
Stellite Mine, located about 2.5 km southeast of the 
Blackbird Mine. This mine operated from 1917 to 1920 and 
produced 55 short tons of cobalt concentrate, averaging 
17.74% Co (Bennett, 1977). High transportation and refining 
costs eventually led to closure of the mine. The district 
remained essentially idle until 1938 when the Uncle Sam 
Mining and Milling Company acquired Blackbird Copper-Gold
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T21
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Blacktail PitSUNSHINE

hicagoQ-
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West Fork
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R1 8 E

Figure 2: Location map showing major mines and claims
of the Blackbird District as dots. Minor prospects shown 
with an X. Updated from an early map by Anderson, 1943.
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Mining Company's properties, including the two shafts and 
the Brown Bear and Chicago claims (Anderson, 1943). De
velopment led to the production of 3,659 short tons of ore 
and concentrates containing 461 ounces of gold, 332 ounces 
of silver, and 163,485 pounds of copper (Bennett, 1977). 
Apparently, cobalt was not in demand at the time. The 
company closed the mine in 1941 due to unmanageable milling 
costs (Anderson, 1943). Some development at the Sunshine 
Zone was mentioned in Anderson's 1943 paper. He noted that 
a "new 15-foot shaft" intersected cobalt-rich quartz in 
garnetiferous schist. His dump samples contained 11.4% Co 
and 0.03 oz/ton Au.

Renewed interest in cobalt occurred during World War II 
when government-supported exploration was conducted by the 
U. S. Bureau of Mines, the U. S. Geological Survey and the 
Howe Sound Company (Bennett, 1977). In 1943, Howe Sound be
gan development of mineralized shear zones in the Brown Bear 
and Chicago claims and soon underground work was being con
ducted by Calera Mining Company, a division of Howe Sound. 
Production peaked during 1957 when the Blackbird Mine 
produced 1,193 tons of cobalt concentrate and 3,2 38 tons of 
copper (Bennett, 1977). Vhay (1964) listed the mine as an 
important gold producer at that time as well. In 1958, 
underground mining ceased and work was limited to the
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Blacktail pit which had been discovered by drilling in 1954. 
Over 3,000,000 pounds of cobalt concentrate were extracted 
from ore taken from the pit before the mine closed in 1959 
due to the termination of government purchasing agreements 
(Vhay, 1964).

A decrease in copper prices and an increase in the 
amount of imported cobalt, primarily from southern Africa, 
have kept the mine closed since, except for a brief period 
between 1966 and 1969. Hanna Mining Company explored the 
deposits during that time but sold most of its interests to 
Noranda, Inc. in 1977.

At present, the Blackbird Mine and adjacent mineralized 
zones, including the Sunshine Deposit, are principally owned 
by Noranda, Inc. In spite of the fact that cobalt is a 
strategic metal for the United States, foreign competition 
and the lack of a suitable refinery anywhere in North 
America have hindered plans to develop the property. It is 
unlikely that mining will commence in the near future with
out government price support.

Previous Work

The first descriptions of the Blackbird ores were pro
vided by Umpleby (1913) and Hess (1917). Both recognized
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discordant and concordant forms of the ore bodies in the 
district. Umpleby described the deposits as lenselike, 
tabular and disseminated and because of these variable forms 
and an association with quartz, he attributed the mineral
ization to replacement of the host rocks. Hess advocated an 
epigenetic origin due to the prevalence of crosscutting 
structures containing cobaltite. He did not, however, com
ment on the origin of bedded ore although he described a 6- 
foot thick bed of massive pyrrhotite at the St. Joe claim.

Anderson (1943 ; 1947) and Vhay (1948) contributed to 
the understanding of the district by describing the minor 
minerals and elements associated with cobalt mineralization 
including arsenopyrite, pyrite, sphalerite, galena, bismuth, 
enargite, silver and gold. Anderson (1943) noted that 
cobaltite streaks are parallel to foliation and suggested 
that mineralizing fluids flowing through the host rocks, in 
a stress field, may have produced both the form of the 
sulfide and the foliation. In 1947, after examining mineral 
textures, Anderson concluded that three separate mineraliz
ing events had occurred and must have been related to 
Tertiary magmatic activity. Purdue (1975) considered the 
association of vein quartz and tourmaline with the sulfide 
minerals to be evidence of a magmatic origin also, but in
stead, suggested the Cretaceous Idaho Batholith as the
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source of metals.
The role that metamorphism may have had in producing 

the present form of the mineralization has never been 
specifically addressed. This may explain some of the con
flicting views concerning ore genesis. However, Roberts 
(1953) showed that some of the quartz pods could be attri
buted to metamorphic differentiation rather than to later, 
siliceous and metal-bearing solutions. In 1981, Evans 
confirmed that regional metamorphism of the host rocks 
occurred prior to the emplacement of Tertiary, Cretaceous 
and even Proterozoic intrusions in the region. These 
studies were important in establishing the possibility that 
the present ore morphologies may reflect different degrees 
of remobilization by metamorphism.

Several authors have suggested in recent years that 
cobalt metal was an original component of the sediment in 
the district (Bennett, 1977? Lopez, 1981; Daggett and Baer, 
1981? Toth and Hahn, 1982 ; Hahn and Hughes, 1984 ? Nash and 
Hahn, 1986; Nash et al., 1987). In a Noranda company report 
in 1981, Daggett and Baer correlated stratiform cobalt min
eralization at the Sunshine Deposit with metamorphosed 
pelitic units that they believed to be tuffaceous in origin. 
These "tuffs" were thought to have been the source for the 
cobalt and deposited contemporaneously with the clastic
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sedimentary rocks. They suggested that hyrothermal fluidsà
circulating through these volcaniclastic sediments resulted 
in minor recrystallization of cobaltite and tourmaline.
Toth and Hahn (1982) described mineralization that was 
"volcanogenic/ pyroclastic in origin" and mineralization 
"exhalative in origin" in the district, both stratabound 
within mafic tuffs and tuffaceous sediments. Hughes (1983) 
suggested that the tuffs were erupted during tectonically 
active periods of basin development. Hahn and Hughes (1984) 
suggested that metals were deposited syngenetically with 
tuffs as well as cherty exhalites but some were remobilized 
after deposition to form discordant cobalt deposits seen in 
some parts of the district. Recent (Nash and Hahn, 1986; 
Nash et al., 1987) and ongoing studies at the U. S. Geolog
ical Survey have chemically characterized the syngenetic 
stratiform mineralization. Specifically, Nash and others 
(1987) interpreted Co-Cu-Au lodes, as at Sunshine, as 
"chemical sediment (exhalite) intimately mixed with mafic 
volcaniclastic sediment and minor siliclastic sediment."

Purpose and Objectives

Despite the number of previous investigations, there is 
a lack of basic, descriptive information about the mineral-
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ized horizons. Without this data, a comprehensive under
standing of the processes which led to these unusual depo
sits is not possible.

The objectives of this study, therefore, are to 
describe in detail the ore and gangue mineralogy of the 
Sunshine Deposit, addressing in particular the relationship 
between host rocks and mineralization and the effects of 
metamorphism. The recent accessibility of the Sunshine 
mineralization in Noranda's drill cores provided an oppor
tunity for the study.

Methods

The field area was visited for a total of seven weeks 
in the summer and fall of 1986. Because exposures are 
limited to trenches and drill roads, field work consisted 
primarily of logging approximately 18,000 feet of core 
recovered from 29 diamond drill holes. Logging was on a 
detailed scale varying from 1” = 101 to 1” = I1 depending on 
structures and textures in the rock. Where assays and 
general logs, provided by Noranda Exploration, Inc., 
indicated thick sections of barren rock logging was less 
detailed. Samples were collected along the length of the 
cores and their number was increased 150 feet above and
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below mineralized horizons. A minimum of 1 sample per foot 
was collected within the mineralized layers. At all times 
care was taken to collect samples as representative of the 
different lithologie units and ore types as possible. Cross 
sections, with scales of 1" = 100', were compiled from drill 
log data and are contained in Appendix 1.

Approximately 100 thin sections, polished thin sections 
and polished sections were prepared, from selected samples, 
at the Colorado School of Mines. Seventy-one additional 
thin and polished thin sections were available from Noranda 
Exploration, Inc. Pétrographie study of the sections was 
done using a Leitz Laborlux 12 Pol transmitted- and 
reflected-light microscope. A Tracor Northern TN-5500 x-ray 
analyzer, at the U. S. Geological Survey's Denver facilities 
aided in the identification of minerals and provided semi- 
quantitative analyses.

Electron microprobe analyses of silicate minerals, 
sulfide minerals and trace metals were conducted using an 
Applied Research Laboratories (ARL), Bausch and Lomb Divi
sion, SEMQ electron microprobe with an attached scanning 
electron microscope, courtesy of the U. S. Geological 
Survey. A detailed explanation of the methodology used in 
acquiring electron microprobe data is in Appendix 2.
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Chapter 2 
REGIONAL GEOLOGY

The Blackbird Mining District is stratabound within the 
Proterozoic Yellowjacket Formation (Hughes, 1983; Figure 3) 
which comprises one of the least understood sequences in the 
state. Its monotonous appearance and sparse exposure have 
made correlation from one area to the next very difficult.

The Yellowjacket Formation is a thick succession of 
interbedded argillite, sandy argillite and argillaceous 
quartzite. Since many sedimentary features have been re
tained, the rocks are commonly referred to by their original 
compositions in the literature. For clarity, this chapter 
will also employ sedimentary rock names although the reader 
should bear in mind that regional metamorphism has affected 
the rocks.

Sedimentary Rocks

The sedimentary rocks of central Idaho were first 
mapped along the West Fork of the Salmon River by Ross 
(1934). He subdivided them into the Yellowjacket Formation 
and the overthrusted Hoodoo Quartzite. He described the 
Yellowjacket Formation as consisting of basal calcareous
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Figure 3: General geologic map of the region including
the cobalt belt. Qfg = Quaternary fluvial gravel; QTu = 
Phanerozoic volcanic and sedimentary rocks (including 
Challis volcanics); Tki = Eocene to Late Cretaceous 
intrusive rocks; Yp = Middle Proterozoic plutonic rocks;
Yh = Hoodoo Quartzite; Yy = Yellowjacket Formation.
Modified after Evans, 1981; Lopez, 1981; Hughes, 1983; 
Modreski, 1983.
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lenses interfingering with, and gradually changing upward 
into argillaceous quartzites. Shockey (1957) described 
similar rocks in the Leesburg quadrangle although the basal 
rocks in that area are pelitic rather than calcareous. It 
was not until 1975 that rocks west of the Lemhi Range, 
including the Blackbird Mining District, were assigned to 
the Yellowjacket Formation as well (Ruppel, 1975). This 
correlation was based on general lithologie similarities to 
these other areas.

Direct correlation between the sedimentary rocks of the 
Blackbird District and Ross's Yellowjacket Formation were 
attempted by Bennett (1977). He noted the presence of 
Hoodoo Quartzite over pelitic rocks along Panther Creek just 
south of the confluence with Blackbird Creek. These pelites 
appear to coarsen and darken to the north. At Blackbird 
Creek, a dark quartzite probably represents the quartzitic 
or upper section of the Yellowjacket Formation. These 
observations were confirmed by Sobel (1982) in a sediment- 
ological study of the western part of the mining district.
He described a sequence of argillaceous rocks overlain by 
impure quartz-rich rocks and clean sandstones.

Because of the difficulties of correlation in the re
gion, the thickness of the Yellowjacket Formation has never 
been definitely determined. Estimates are between 6.5
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(Lopez, 1981) and 15 km (Hughes, 1982). It is possible, at 
least in the vicinity of the mining district, that some rock 
units that have been assigned different ages, may actually 
represent time-equivalent facies changes.

Purdue (1975) described the mineralogy at different 
localities in the region which is shown on Figure 4. Assem
blages of quartz-sericite-muscovite-biotite-(plagioclase)- 
(chlorite) are typical of greenschist facies assemblages 
derived from pelitic rocks. Lopez (1981) also noted an as
sociation of quartz-biotite-feldspar in rocks along Little 
Deer Creek and quartz-feldspar-sericite-biotite at Iron 
Creek. Figure 4 also shows that higher-grade assemblages, 
including almandine garnet and chloritoid, are restricted to 
the northwest where the Sunshine Deposit is located.

Relationship to Belt Supergroup

The Yellowjacket Formation is separated from the 
Proterozoic Belt Supergroup in northern Idaho by the Idaho 
Batholith. The relationship between these two sequences 
remains a controversial topic. Early workers noted lith
ologie similarities between the Yellowjacket Formation and 
the fine-grained clastic strata of the Belt Supergroup 
(Umpleby, 1913; Ross, 1934; Ruppel, 1975). Recent age-
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Figure 4 : Metamorphic assemblages present in the
Sunshine Deposit and vicinity. Data compiled from Purdue, 
1975; Lopez, 1981. Abbreviations: qz=quartz, bi=biotite, 
gt=garnet, ctd=chloritoid, chl=chlorite, fspar=feldspar, 
musc=muscovite, ser=sericite, plag=plagioclase.
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dating of granitic intrusions establishes a minimum age of 
1370 + 10 my for the Yellowjacket Formation (Evans, 1981). 
This suggests that the basal rocks of the Belt Supergroup 
(which correlate with rocks hosting the Sullivan Deposit of 
British Columbia) are time-correlative with the Yellowjacket 
Formation. According to Evans, therefore, although direct 
correlation does not yet exist, it is likely that the 
Yellowjacket Formation and lower units of the Belt Super
group were deposited contemporaneously in similar tectonic 
environments.

Environment of Deposition

The Yellowjacket Formation has been the subject of 
several recent stratigraphie and sedimentological studies 
(Lopez, 1981? Sobel, 1982 ; Hughes, 1983). The strata within 
the mining district were included in these investigations 
and for this reason, the present study does not involve 
detailed work in this area but draws instead on these 
earlier studies.

In an analysis of the Yellowjacket Formation as a 
whole, Lopez (1981) interpreted the strata as a succession 
of deep-water turbidites and recognized Bouma depositional 
intervals. The Blackbird Mining District lies within his



T-3385 19

"Member D", a 2500 m (minimum) thick sequence of very fine
grained argillaceous quartzites. Sobel (1982) and Hughes 
(1983) both noted that the individual units in the mine 
sequence coarsened upwards and they recognized three litho- 
facies. First, the basal units consist of millimeter-thick 
beds of siltite and very fine-grained quartzite overlain by 
thin, sandy argillite beds. Graded bedding and soft- 
sediment deformation features are present. They concluded 
that these strata represent prograding of fan lobes and 
muddy turbidites over basin plain muds. This lower sequence 
was followed by a second (middle) of "rippled quartzite" 
(Sobel, 1982). It contains cross-laminated quartzite, 
laminated quartzite and siltite, and minor argillite that 
were probably deposited from turbidity currents in an outer- 
fan environment (Hughes, 1983). The third and upper 
sequence is dominated by coarse-grained quartzite with some 
laminations and cross-bedding. Thus, these strata are 
similar to mid-fan deposits described in the literature 
(Hughes, 1983).

Hughes (1983) suggested that this prograding, clastic 
fan-complex was deposited in a narrow structural trough deep 
enough to account for the thick sedimentary rock package to 
accumulate. He suggested that tectonically active growth 
faults controlled both the distribution of clastic material
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and the eruption of the mafic tuffs so that the sequence 
represents a mixture of clastic material and mafic tuffs in 
various sub-basins.

Various authors have postulated topographically-high 
structural sources for the clastic sediments (Ross, 1934 ; 
Ruppel, 1975; Armstrong, 1975) but the origin and location 
of these are debateable (Evans, 1981).

Igneous Rocks

The Blackbird Mining District contains few igneous 
rocks, however, several plutons occur in the region and are 
related to three major compressional events (Figure 3).
Evans (1981) identified a group of late Proterozoic 
porphyritic granite plutons which are discordant with the 
structure and schistosity of the Yellowjacket Formation; 
zircon dating of these provided the 1.37 by minimum age for 
the metasedimentary rocks. The plutons are located to the 
north and east of the mining district. A second event 
occurred during the early Paleozoic when felsic, alkalic 
plutons were intruded into the Cordilleran miogeosyncline 
(Scholten 1957). The effects of the Laramide orogeny, 
during Mesozoic to early Tertiary time, are evidenced by the 
emplacement of the Idaho Batholith to the north of the
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Blackbird Mining District, the Cretaceous-Tertiary pluton at 
Leesburg and the Tertiary Crags Pluton. Associated with 
these intrusions are gabbroic dikes exposed to the east of 
Blackbird Mine (Purdue, 1975). Latite porphyry dikes in the 
White Ledge Shear Zone to the west of the Sunshine Deposit 
are also interpreted to be Tertiary in age (Bennett, 1977).

Hahn and Hughes (1984) described two types of alkaline 
dikes trending north-northwest with sharp but fluidized 
contacts with the Proterozoic sediments. The first is a 
highly alkaline, carbonate-rich rock occurring in sills less 
than 30 feet thick. The second type of dike consists of 
thick, massive, moderately alkaline gabbroic rock. Geochem
ical studies established that the carbonate-rich dikes and 
associated extrusive tuffs in the mining district were both 
of alkali basalt composition (Nash and Hahn, 1986). These 
authors suggested that the extrusive and intrusive rocks 
were coeval.

Volcanic Rocks

Volcanism in the region occurred primarily in early 
Eocene time when andésites, basalts, and rhyolites com
prising the Challis Volcanics were extruded. The flows and 
related pyroclastic rocks are exposed to the south of the
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Blackbird Mining District (Purdue, 1975 ; Figure 3).
Proterozoic mafic tuffs described by various authors 

Daggett and Baer, 1981; Toth and Hahn, 1982 ; Hahn and 
Hughes, 1984? Nash and Hahn, 1986; Nash et al., 1987) and 
shown on Figure 5 are discussed in a later section.

Structure

The structure of the region is not well known due to a 
lack of exposure. Evans (1981) distinguished the Yellow
jacket Formation by its large-scale, broad, open fold-style. 
In agreement with this, Vhay (1948) described the Yellow
jacket strata to the east of the mining district as gently 
warped and undulose. However, the style of folding 
apparently changes as the mining district is approached. 
Several reports suggest that a block, defined by north- 
trending faults, exists in the district and is more 
structurally complex than the surrounding region (Vhay,
1948 ; Bennett, 1977? Sobel, 1982). Toth and Hahn (1982) 
have mapped complex synclines and anticlines which are 
offset by north-trending strike-slip faults (Figure 5).
These fault zones, such as the Dandy Shear, are often the 
site of cobalt mineralization in the district.
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The two major faults in the area are the Slippery Creek 
Fault, which juxtaposes thin-bedded quartzites to the east 
with phyllitic rocks to the west, and the White Ledge Shear 
Zone. Most of the mineralization in the district lies 
between these two faults (Figure 5).
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Figure 5: Structural relationships within the
Blackbird Mining District. Modified after Toth and Hahn, 
1982; Nash and Hahn, 1986. Note: "tuffaceous sequence" used 
by the above authors corresponds to "phyllite" in this 
study.
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Chapter 3 
LOCAL GEOLOGY AND PETROGRAPHY

At the Sunshine Deposit, the Yellowjacket Formation 
can be divided into units defined by differing proportions 
and distributions of the common minerals quartz, biotite, 
chlorite, garnet and chloritoid. These units include 
quartzite, micaceous quartzite, quartz-biotite-garnet 
schist and phyllite and each represents a distinct litho- 
logy with characteristic color, composition and texture.

The various units are shown on cross sections compiled 
from diamond drill logs at the Sunshine Deposit (Appendix 
1; Plate 1). Surface mapping suggests that the stratigra
phie sequence trends approximately N10W and dips steeply 
(about 70°) to the northeast. Sedimentary structures ob
served in the core indicate that the bedding has not been 
overturned.

Correlation of the units over distances, as much as 
250 feet between drill cores, was very difficult. Appar
ently the units are complexly interbedded and lenticular in 
shape. Therefore, the cross sections in Appendix 1 repre
sent compilations of data from only a few of the more 
closely-spaced cores.
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Quartzite

The quartzite unit is recognized by its massive nature 
and light, slightly greenish, color (Figure 6). It con
sists of fine- to medium-grained quartz with less than 10% 
chlorite as scattered grains or short, discontinuous 
streaks. Chloritoid and garnet are locally abundant but 
are minor components of the unit.

Perhaps the most distinctive feature of the quartzite 
is its homogenous appearance. Evidence of bedding or sedi
mentary structures is usually lacking. A few reversely 
graded beds (silt to sand) were observed and scour struc
tures have been noted but in general, internal structures 
are limited to a few laminations of phyllite, comprised of 
chlorite with garnet. Laminae contacts are sharp.

The quartzite unit is not mineralized. However, trace 
amounts of cobaltite may be present as inclusions in chlor
ite. Chalcopyrite and pyrite, along with their oxidation 
products, occur as minor constituents in thin, quartz veins 
and along fractures.

In thin section, quartz grains are 0.2-0.4 mm in dia
meter and display irregular shapes with sutured boundaries 
and undulose extinction. Chlorite forms euhedral grains 
with anomalous birefringence that contain inclusions of
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Figure 6: Quartzite. Note porphyroblasts of
chloritoid. Pencil is approximately 14 cm in length.
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primary biotite, anhedral hematite, and silt-sized (0.01- 
0.04 mm) zircon. Chlorite itself is found as inclusions in 
quartz. Hairline fractures filled with siderite cut 
through the rock at various angles and usually exhibit 
small sericite-rich halos.

Micaceous Quartzite

The micaceous quartzite unit represents about 3 0-40% 
of the stratigraphie column at the Sunshine deposit and is 
a light- to medium-gray, predominantly thin-bedded rock 
con-taining 40-90% quartz. Its appearance varies according 
to the form taken by the micaceous minerals intermixed with 
the quartz. Biotite and/or chlorite may be randomly scat
tered through the rock yielding a speckled look (Figure 7) 
or, more commonly, form wavy laminae and erratically dis
tributed bands, less than 5 cm thick. Porphyroblasts of 
chloritoid and garnet are associated with the phyllosili- 
cate-rich material. In addition, very thin layers (< 0.5 
cm) of silt-sized sericite alternate with coarser-grained 
beds in some areas. These layers have a phyllitic appear
ance and also contain garnet and chloritoid. Contacts 
between the micaceous quartzite and other units are gra
dational. A transition from this rock to phyllite is often
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marked by an increase in both the amount of mica and the 
size and abundance of garnets.

Original sedimentary features are more readily dis
cerned in this unit than in the quartzite. Normal grading, 
flame structures, load casts, truncated folds, and convolu
ted laminae, although not abundant, have all been observed 
(Figure 8). The most intense folding is confined to the 
finer-grained, micaceous layers. Evidence of post-depo- 
sitional deformation includes offset laminae and intervals 
(<1 m to 6 m) of loose, fine-grained fault gouge. Cross
cutting quartz veins are occasionally folded as well.

Sulfide minerals account for less than 5% of the unit 
and are irregularly distributed. Small pods (<5 cm) of 
coarse-grained quartz are widespread and often contain 
small knots of chalcopyrite with traces of pyrite. Chalco
pyrite and pyrite also form streaks which coincide with 
micaceous laminae. In all cases, the two sulfide minerals 
are closely intergrown and both are subhedral to anhedral. 
Cobaltite may be associated with mica-rich streaks as well. 
It occurs as small (< 0.05 mm), subhedral to euhedral 
grains and larger (0.2 mm) aggregates.

In thin section, quartz grains range in size from 0.02 
to 0.3 mm with the finer grains associated primarily with 
the micaceous minerals. However, small segregations of
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coarse-grained (< 0. 6 mm) quartz may occur within fine-

grained bands. These commonly include very small flakes of

sericite and biotite as well as dusty cobaltite. Green-

brown biotite is the dominant mica and, whether dispersed

or in concentrations, displays pronounced foliation. Indi-

vidual grains range in size from 0. 05 mm to 0. 2 mm. Seri-

cite flakes also show a tendency toward parallel alignment

and may be interspersed with biotite. Chlorite is not

common; it forms fine-grained masses rimming garnet and

along biotite cleavage. Zircon, tourmaline, hornblende and

magnetite are common accessory minerals. Virtually all of

the above minerals occur within poikiloblastic garnet and

chloritoid. Textures specific to these metamorphic

minerals are described in the next chapter.

Quartz-biotite-garnet Schist

Quartz-biotite-garnet schist constitutes as much as

40-50% of the stratigraphie column at Sunshine. The bands

comprising the schist range from light gray ( quartz-rich)

to dark gray or green ( mica-rich) in color, creating

contrasting laminae similar to those in "varves" ( Figure

9) . The thicknesses of the bands can be variable from <1

cm to 20 cm, but they most commonly occur in equally thick

layers less than 5 cm. Contacts are sharply defined but
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Figure 9: Banded quartz-biotite-garnet schist. Note
the association of garnet with the micaceous layers.
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rarely straight; this unit contains abundant disrupted 
layers. Sedimentary structures in the schist include 
fluid-escape structures and convoluted laminae. Disrupted 
micaceous laminae between undisturbed quartz-rich beds 
probably represent slump folds. Flames of mica-rich mater
ial have been observed protruding into overlying quartz at 
bed contacts and are interpreted as dewatering structures.

Both the light and dark bands contain essentially the 
same minerals. The quartz-rich layers are comparable to the 
micaceous quartzite, described above, in that biotite, and 
lesser chlorite, are interspersed among fine quartz grains. 
The more phyllitic layers contain from 50-90% green biotite 
associated with very fine- to fine-grained (0.05-0.2 mm) 
quartz. The green color is therefore due to the presence 
of green biotite rather than chlorite. Micaceous layers 
are also invariably dotted with subhedral porphyroblasts of 
garnet and minor chloritoid; garnet displays an irregular, 
elongated form in some layers.

Within the quartz-biotite-garnet schist cobaltite 
forms thin stringers associated with mica which parallel 
each other as well as band contacts. It is fine-grained 
(0.01-0.1 mm) and subhedral to euhedral. Chalcopyrite is 
an important accessory mineral throughout the unit. It 
occurs with pyrite in large clots scattered among quartz
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grains and, like cobaltite, in thin layers. Chalcopyrite 
and pyrite are generally anhedral although some euhedral 
pyrite is present. Other sulfides include arsenopyrite and 
pyrrhotite. Native gold, silver, copper and bismuth occur 
in traces, usually included within sulfides.

As would be expected, the layers that constitute the 
quartz-biotite-garnet schist show considerable variation 
microscopically. Quartz grains are small (< 0.2 mm) with 
curved boundaries where associated with micas whereas 
quartz grains in monomineralic pods range up to 0.7 mm in 
diameter. Similarly, small blades (<0.3 mm) of biotite 
occur both along quartz boundaries and within quartz grains 
in micaceous layers, but also as large, randomly oriented 
grains, up to 0.8 mm in diameter, intergrown with sulfide 
masses in the quartz-rich layers. Coarse muscovite and 
chlorite grains may be associated with this coarse-grained 
biotite. More commonly, chlorite is intergrown with 
biotite along its grain boundaries and cleavage. Both 
biotite and chlorite contain inclusions of zircon, tourma
line and cobaltite.

Other minerals identified in thin section include 
sericite, siderite, amphibole and feldspar, the latter two 
as accessories only. Sericite is locally abundant as 
foliated grains forming distinct layers of sericite-quartz-
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garnet or scattered within biotite bands. Siderite usually 
occupies thin cross-cutting veinlets but also occurs adja
cent to sulfides with no apparent physical proximity to 
these veinlets.

Phvllite

Thin (<1 m thick) beds of black or green micaceous 
rock encountered in drill core are designated as phyllite. 
In all cases, contacts with the other units are sharp but 
rarely straight (Figure 10).

In hand specimen the phyllite contains either biotite 
or chlorite, or a mixture of both, plus garnet totalling 
>90%. It commonly displays a characteristic phyllitic 
sheen; a coarse-grained texture or earthy, muddy appearance 
(Figure 10) is due to the occasional presence of large 
biotite laths (<0.6 mm in length) or abundant, clay-sized 
chlorite grains, respectively. Large (<1 cm) subhedral to 
euhedral garnets are almost always present and can account 
for up to 45% of the rock. Chloritoid is occasionally 
present as well. Quartz is a minor component of the unit. 
It occurs in small pods within the phyllite proper, but 
more commonly in crosscutting "bull" quartz veins with 
which this unit is particularly associated.

Sedimentary features are absent and the phyllite
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Figure 10: Wavy, sharp contact between chlorite-rich 
phyllite and micaceous quartzite. Phyllite contains large 
garnet (red-brown) and chloritoid (dark) porphyroblasts.



T-3385 38

appears to be more deformed than the other units. In some 
instances the rock changes abruptly from 100% biotite to 
100% chlorite. In thin section, this chlorite appears to 
be an alteration product of biotite and therefore these 
regions have been interpreted as shear zones. The unit 
commonly displays a pronounced foliation but kink bands 
were also occasionally observed in drill core. Minor zones 
of brecciation are also present and in some cases, dark 
blue-black tourmaline crystals form a matrix to the phyl
lite fragments. Finally, siderite veinlets and mafic dikes 
transect the phyllite. Both commonly have narrow sericite- 
rich halos.

As in the other units, chalcopyrite, pyrite and cobal- 
tite are the dominant sulfide minerals, occurring as dis
seminated grains as well as small stringers parallel to 
foliation. Cobaltite also forms veins (up to 5 cm thick), 
which parallel the foliation. The sulfides may be associ
ated with small amounts of siderite.

In thin section, the constituent minerals are similar 
to those described in previous units. Biotite is green to 
brown and is foliated. Randomly oriented grains do occur, 
however, where massive fine-grained chlorite forms a uni
form matrix. Chlorite is most commonly intergrown with 
biotite and sulfides. Foliated sericite grains and small
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grains (0.03-0.08 mm) of tourmaline, zircon, and cobaltite 
are associated with biotite and chlorite. As in other 
parts of the Sunshine Deposit, garnet and chloritoid are 
poikiloblastic and incorporate at least some grains of 
every mineral present. An amphibole of uncertain composi
tion was also observed in thin section.

It is not clear how these phyllite units correspond to 
either the "pelite" or "tuff" units described by Noranda 
Exploration geologists (Daggett and Baer, 1981; Toth and 
Hahn, 1982 ; Hughes, 1983 ; Hahn and Hughes, 1984). In the 
first study of the rocks in the Sunshine Deposit, Daggett 
and Baer (1981, p. 52) stated that a "dark gray, laminated 
to thin bedded pelite contains <5% sand." This description 
is similar to that of the phyllite in this study. These 
authors also described tuffs which "tend to be exclusively 
biotitic or chloritic." A more complete description of 
tuffaceous sediment in the mining district was provided by 
Hahn and Hughes (1984, p. 65):

Coarse-grained phlogopite and biotite in subequal 
amounts characterize the tuffs. Iron carbonate, 
alkali feldspar, quartz, apatite, zircons, 
tourmaline, and disseminated sulfides, arsenides 
and sulfarsenides comprise the remaining 
minerals. Sideromelane glass shards, devitri
fication textures and lapilli of mafic basement 
and/or parent magmatic material are occasionally 
present. In contrast, epiclastic argillites 
contain muscovite, clays, quartz and plagioclase 
detritus and minor fine-grained biotite.
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No obvious tuffaceous component was recognized in this 
study of the rocks at Sunshine. Biotite-rich material was 
described petrographically in many thin sections during the 
course of this study; phlogopite, primary feldspar, and 
glassy and lithic fragments were not found associated with 
the biotite. Therefore, because these volcaniclastic com
ponents were not recognized, the term "phyllite", rather 
than "tuffaceous sediment", is used in this study.

Remnant Sedimentary Features

In addition to the soft sediment structures observed 
in hand specimen, features commonly attributed to sedimen
tary processes are visible microscopically. For example, 
streaks of heavy minerals are oriented parallel to the 
schistosity. Zircon grains are common components of the 
streaks (Figure 11). These are round to oval in shape, 
range from <0.04 mm to 0.2 mm in diameter, and have as
sociated radiogenic halos. Because of their size and 
association with dark, micaceous minerals and opaque 
sulfide minerals, the zircons are often difficult to 
distinguish. However, they are highly concentrated in some 
layers. Well-defined trails of aligned ilmenite grains are 
common as well. Figure 12 shows the rounded shape of both 
tabular ilmenite and associated magnetite. Magnetite is a
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Figure 11: Close association between chloritic
laminae and zircon grains. Large halos rimming the grains 
are visible on the left; opaques on right are cobaltite. 
Plane polarized light. Field of view is 1.25 mm across.
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rare constituent in the rocks and in most cases appears to 
be intergrown with hematite; similarly, irregular shaped 
hematite grains may represent oxidation of original 
magnetite. Tourmaline occurs as fine grains commonly 
associated with the above minerals, although its green- 
brown to dark blue color masks its presence among dark 
grains.

It is important to reemphasize that the heavy mineral 
streaks are consistently associated with, 1) fine-grained 
cobaltite and, 2) laminae of biotite and/or chlorite 
(Figure 13). Even where micas form wavy, discontinuous 
streaks, the distribution of the heavy minerals and 
cobaltite mimic these forms.

Delicately folded, carbon-rich layers were also ob
served in thin section (Figure 14). Although this material 
is extremely fine-grained, it exhibits the strong anisotro
py of graphite in reflected light. The layers were discov
ered in only one section, but graphite may be a common 
component of the Sunshine rocks because unidentified dusty 
inclusions were consistently noted in transparent minerals.

Mafic Dikes

The strata at the Sunshine deposit are cut by narrow 
dikes, most commonly <2 m thick. These are massive, dark
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Figure 12: Rounded ilmenite and magnetite, included in 
garnet. Ilmenite grains are light colored; magnetite forms 
darker grains at bottom of photomicrograph. Reflected 
light. Field of view is 1.25 mm across.



Figure 13: Well defined trails of ilmenite, magnetite
and cobaltite associated with mica. Ilmenite is medium 
gray; two grains of darker magnetite are visible at the 
bottom middle of photomicrograph; very white grains along 
bottom are cobaltite. Reflected light. Field of view is 
1.25 mm across.
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Figure 14: Delicately folded layers of graphite 
Plane polarized light. Field of view is 4 mm across
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brown to black rocks altered to various degrees. Thin 
zones containing abundant sericite, siderite and varia
ble amounts of poikolitic feldspar occur at the sharp dike 
margins. "Bull” quartz veins may also be present.

The minerals comprising the mafic dikes are not easily 
identified in hand specimen. Randomly oriented biotite 
laths are often present and may be coarse-grained (0.4-0.6 
mm). Siderite is abundant and forms large clots intergrown 
with biotite. Other minerals include amphibole, altered 
feldspar and minor chalcopyrite and pyrite. Study of thin 
sections reveals a small number of fine (<0.1 mm), irregu
larly shaped quartz grains. The mafic dikes are also 
characterized by abundant, fine-grained magnetite, most of 
which is included in biotite. Relicts of pyroxene between 
1 mm and 5 mm in length confirm an original, porphyritic 
igneous texture (Nash and Hahn, 1986). Nash and Hahn 
(1986) used the composition and the ratio of immobile minor 
elements to classify the dikes as alkali basalt.

Veins

"Bull" quartz veins cut through every stratigraphie 
unit although they are most abundant in the phyllite and 
near mafic dikes. These veins are massive, range up to 3 m 
thick, and have sharp contacts. Occasionally, selvages of



T-3385 47

foliated biotite or chlorite are present. Fractures within 
the veins may be coated with trace amounts of chalcopyrite 
and pyrite or, if close to the surface, malachite and iron 
oxides. Siderite veinlets are also common in the rocks at 
Sunshine but are never wider than 0.25 cm.

Structure

Faults

Although complex folding and deformation have been 
described in the eastern part of the mining district (Fig
ure 5), the stratigraphy within the Sunshine Deposit is 
relatively undisturbed.

There are two major faults that isolate the block 
containing the Sunshine Deposit. To the west, the strati
graphie succession is juxtaposed against apparently strat- 
igraphically lower rocks along the White Ledge Shear Zone 
(Nash and Hahn, 1986; Figure 5). This has been interpreted 
as a right-lateral strike-slip fault (Toth and Hahn, 1981). 
It contains a persistent Tertiary quartz latite dike. The 
No Name Fault lies to the east of Sunshine and has a north- 
south trend similar to that of the White Ledge Shear Zone. 
This fault apparently has displaced the section both 
laterally and vertically; Daggett and Baer (1981) mapped
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this as a left-lateral strike slip fault in which the 
western block, containing the Sunshine zone, was dropped 
relative to rocks to the east.

Within the Sunshine block itself only minor disrupted 
areas have been noted. In fact, one mineralized horizon 
can be followed on the floor of the main trench for over 
200 m (Figure 15). Unfortunately, the surface and geo
chemical expressions of the mineralization are lost to the 
northwest due to heavy soil and vegetation cover. In 1981, 
the Green Dike Fault was recognized by the presence of a 
sheared mafic dike. This fault appears to truncate min
eralization to the southeast (Daggett and Baer, 1981). 
Daggett and Baer (1981) noted that the fault is nearly 
vertical but were unable to determine its sense of move
ment. North of this fault there are no surface indications 
that the stratigraphie sequence within the block has been 
offset by large-scale faulting. Drill cores did intersect 
some local disrupted sections. These include shear zones,
1 to 6 m wide, in which core recovery was poor. Shear 
zones most commonly contain a clay gouge, but quartz veins, 
fragments of quartzite and isolated garnet or chloritoid 
grains may be present as well. Iron oxides, hydroxides and 
carbonates impart a yellow-brown color to these zones. In 
some cases, vugs lined with quartz or chalcopyrite have
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Figure 15: Surface expression of a mineralized horizon 
at Sunshine revealed soon after trenching. View is looking 
southeast. Photograph courtesy of Noranda Exploration,
Inc.
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been preserved.

Folds

Daggett and Baer (1981) described "isolated isoclinal 
fold hinges" encountered during mapping of the Sunshine 
trench but did not mention either the location or the scale 
of these features. Large-scale folds were not observed in 
the few outcrops that exist at Sunshine or in drill core. 
However this does not necessarily preclude their existence; 
the spacing of drill holes and lack of oriented cores make 
recognition of such features difficult.

Small intrastratal folds throughout the succession 
seem to have formed before lithification and represent only 
minor disruption of the sediments.

Mineralization

Cobalt mineralization at the Sunshine Deposit occurs 
within discrete layers, ranging in width from 0.5 m to 4 m 
(Appendix 1). The layers are oriented parallel to each 
other as well as bedding contacts and are most commonly 
hosted by schistose and phyllitic units. Some minor cobalt 
mineralization has been noted in micaceous quartzite as 
well. The Sunshine Deposit is therefore a good example of
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stratiform cobalt mineralization in the district.
Cobalt is present in cobaltite, (Co,Fe)AsS, and 

substitutes in trace amounts in arsenopyrite. No cobalt- 
bearing arsenides were identified. Within the mineralized 
layers, cobaltite concentrates in numerous, parallel, dis
continuous streaks. Above and below the layers, the rocks 
contain disseminated chalcopyrite and only minor cobaltite. 
Therefore, chalcopyrite appears to have a wider, less re
stricted distribution than cobaltite although its concen
tration does not appear to change significantly either in a 
vertical or horizontal sense within the deposit. Minor 
pyrite is commonly associated with the chalcopyrite.

Gold was revealed by Noranda's assay work and its pre
sence was confirmed in this study. Although it is not 
present in large quantities, it is of particular interest 
because recovery of gold as a byproduct would affect the 
economic feasibility of mining the Sunshine Deposit. The 
distribution of gold within the deposit is discussed in 
Chapter 5.
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Chapter 4
METAMORPHISM OF THE SILICATE MINERALS

Metamorphism has affected the Sunshine rocks and 
almost all of the rock-forming minerals reflect this. 
Biotite, garnet, chloritoid, muscovite, chlorite and horn
blende are unquestionably metamorphic in origin. The 
physical characteristics of other minerals such as tourma
line and feldspar preclude a simple detrital interpretation 
and even quartz shows evidence of recrystallization. Be
cause these minerals are essentially the end products of 
the thermal and dynamic processes, they can reveal through 
their textures and compositions the timing of metamorphic 
events and the chemistry of the original sediments. In 
turn, these two factors have implications for ore genesis.

Rock Fabric

The rocks at Sunshine display a single rock fabric; a 
schistosity parallels bedding and is nearly perfect (Figure 
16). It is defined by oriented flakes of the phyllosili- 
cate minerals biotite (the most abundant mica), fine musco
vite and chlorite. In addition, as shown previously, heavy 
minerals are aligned in layers parallel to the schistosity.



T-3385 53

Figure 16: Biotite foliation. Note the parallel
alignment of associated tourmaline grains. The garnet 
grain to the left has been altered to chlorite (pale green 
rim). Plane polarized light. Field of view is 0.65 mm 
across.
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A similar foliation has been observed in rocks of the 
Yellowjacket Formation northeast of the mining district.
The fabric in that area predates the earliest granitic in
trusions and therefore formed at least 1.37 by ago (Evans, 
1981).

Silicate Petrography

Quartz

Quartz is abundant in both the matrix and in inclusion 
trails in porphyroblasts. Its variability in size and 
shape is probably a metamorphic effect. Coarse, clear 
grains occur in mica-free pods and layers. They are char
acterized by weak undulose extinction and pressure solution 
features, notably sutured boundaries, which suggest that 
the grains are not detrital relicts but new grains formed 
by the recrystallization of original smaller ones. In 
contrast, fine grains of quartz are associated with mica
ceous layers. These are moderately elongated with their 
shortest grain boundaries perpendicular to the long dimen
sion of adjacent biotite flakes. The interfering presence 
of mica probably dictated and restricted the direction of 
quartz grain boundary migration (Spry, 1969).



T-3385 55

Chloritoid

At Sunshine, chloritoid forms large, tabular porphyro
blasts up to 2.5 cm in length, characterized by distinctive 
lamellar twinning and abundant quartz inclusions, both of 
which can indicate relatively rapid crystal growth. Inclu
sions are often so abundant that individual chloritoid 
grains can be distinguished only by tracing twins under 
crossed polars. Although chloritoid is generally not in 
direct contact with garnet, its incorporation as inclusions 
within garnet grains has been observed (Figure 17). The 
reverse situation also occurs, but more rarely. Chloritoid 
grains are occasionally fractured and foliation deviates 
around them.

Biotite

Biotite, which is stable in a wide variety of metamor
phic environments, is a dominant mineral in rocks of the 
Sunshine Deposit. It is subhedral and brown to green in 
color. Inclusions of zircon, with well developed radio
genic halos, and quartz are common and were probably incor
porated during biotite growth. Conversely, chlorite is 
intergrown along biotite cleavage planes and also con
tains zircon grains. Chlorite, therefore, appears to be
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Figure 17 : Textural relationships between garnet and 
chloritoid grains. a) chloritoid inclusions in garnet, 
field of view is 2.5 mm across, b) garnet inclusion in 
chloritoid; note large number of other inclusions, field of 
view is 2.5 mm across. Both photomicrographs taken in 
plane polarized light.
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a retrograde alteration product.

White Mica

Two forms of white mica occur which are optically simi
lar, but differ in grain size and association. Coarse 
grains of muscovite are most commonly intergrown with sul
fides. A finer-grained muscovite rims and replaces other 
minerals, particularly chloritoid and garnet, or forms fol
iated layers. These layers are distinct from the biotite- 
rich layers prevalent in the deposit.

Chlorite

Green, pleochroic chlorite with anomalous, blue inter
ference colors varies considerably in its occurrence. It 
forms fine-grained rims around other minerals (Figure 16), 
coarse grains intergrown with sulfides and fine-grained 
foliated layers. Inclusions of zircon are common.

Garnet

Garnet is perhaps the most revealing indicator of the 
progression of metamorphism at Sunshine; it displays tex
tural relationships with a variety of different minerals.
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Garnet generally occurs as subhedral to euhedral crystals. 
Although preferentially associated with biotite, it usually 
does not disrupt schistosity. Biotite foliation abuts 
garnet margins and is rarely deflected around the porphy
roblasts (Figure 18). Elongated stringers of anhedral 
garnet also occur, often coinciding with micaceous streaks 
(Figure 19). The cause for this unusual form is not clear, 
although it may result from either syntectonic growth or 
the original distribution of aluminum in the sediment. 
Because these stringers are parallel to bedding and show no 
syntectonic features, they probably reflect a chemical 
control.

The garnet is notably poikiloblastic. Inclusions are 
distinctly elongated and aligned in trails oriented paral
lel to the rock foliation (Figure 20 and 21). In one sam
ple, the divergence of the trails from this direction shows 
that the garnet has been slightly rotated. In general, 
however, the inclusion trails are straight and any curva
ture can be related to undulose foliation (Figure 22). 
Rarely, inclusions cluster in the center of an otherwise 
inclusion-free grain (Figure 23). This texture may reflect 
different stages in the growth of the garnet (Mason, 1978).

The mineralogy of the inclusions is similar to that of 
the rock as a whole, with quartz as the dominant mineral.
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Figure 18: Garnet truncating biotite foliation.
Plane polarized light. Field of view is 4 mm across.

Figure 19: Streaky form of garnet. Plane polarized
light. Field of view is 2.5 mm across.

Figure 20: Elongated quartz inclusions in garnet.
Plane polarized light. Field of view is 2.5 mm across.

Figure 21: Same as Figure 20, but taken under crossed
polars.

Figure 22: Curved inclusion trails in garnet which
correspond to the overall foliation. Crossed polars. 
Field of view is 4 mm across.

Figure 23: Inclusions clustered in center of a clear
garnet. Plane polarized light. Field of view is 4 mm 
across.
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Even though the quartz inclusions show an elongation simi
lar to matrix quartz grains, they are much finer (< 0.1 mm) 
suggesting that they represent a former fine-grained fab
ric. Theoretically, quartz may have been replaced by the 
garnet during its growth (Mason, 1978). However, the close 
spacing of inclusion centers (Figure 24), substantiates the 
former interpretation. Coarse grains of quartz, partially 
included at garnet grain edges, indicates rapid growth of 
garnet around the edges of the quartz obstructions (Mason, 
1978). Other minerals incorporated in inclusion trails 
include ilmenite, magnetite, tourmaline and zircon (Figures 
25 and 26). These inclusions are commonly subhedral and 
also similar in appearance to those in the matrix. Indeed, 
trails of these minerals can sometimes be followed from the 
matrix into the garnet (Figure 27). Cobaltite inclusions 
are also occasionally visible, but more often streaks of 
cobaltite grains abruptly terminate against garnet edges. 
This fact, along with a concentration of cobaltite directly 
adjacent to the garnet grain margins (Figure 28), may indi
cate that cobaltite was not easily incorporated into the 
growing garnet. Instead, it is possible that cobaltite 
impurities were excluded and remobilized as the garnet edge 
advanced (Spry, 1969).
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Figure 24: Tiny, closely spaced inclusions in garnet.
Plane polarized light. Field of view is 2.5 mm across.

Figure 25: Tourmaline grains within garnet. Note
zoning in tourmaline left of center. Plane polarized 
light. Field of view is 0.65 mm across.

Figure 26: Irregular cobaltite grains included in
garnet. Reflected light. Field of view is 1.25 mm across.

Figure 27: Garnet incorporating rock fabric. Crossed
polars. Field of view is 4 mm across.

Figure 28: Concentrated cobaltite adjacent to garnet
edge. Cobaltite is opaque. Plane polarized light. Field 
of view is 2.5 mm across.
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The garnet at Sunshine shows varying degrees of retro
grade alteration. It is commonly rimmed by fine-grained 
chlorite, which in many cases is a pseudomorph which has 
not disturbed the original euhedral garnet outline. Zircon 
inclusions, difficult to discern in the unaltered garnet, 
show up clearly within the chlorite.

Amphibole

Sparse hornblende forms large, subhedral prisms of a 
pale-green to yellow color in plane polarized light. Its 
composition was not confirmed by microprobe, but its opti
cal properties are characteristic of the high-iron variety, 
ferrohastingsite.

Tourmaline

Tourmaline is present as fine, 0.02 - 0.10 mm in 
maximum dimension, subhedral to euhedral triangular cross 
sections and prisms. Although tourmaline accounts for only 
a few percent of the rock at most, it does form irregular 
streaks that coincide with those of zircon and cobaltite.

The tourmaline grains are invariably color-zoned (Fig
ure 29). In a single thin section, the pattern of zoning 
is consistent but from one sample to another no regularity
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Figure 29: Zoned tourmaline grains associated with
biotite. Plane polarized light. Field of view is 2.5 mm 
across.
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The zones are marked by abrupt changes from dark blue to 
medium or dark brown, often in repeated cycles. The regu
lar thickness of these zones belies their interpretation as 
overgrowths on earlier grains. Furthermore, no irregularly 
shaped cores, suggestive of transported detrital grains, 
are present.

Allanite

The high relief and elongated shape of the iron-rich 
epidote allanite are similar to tourmaline, but allanite is 
distinguished by its pink to crimson pleochroism, radiating 
form, strong birefringence and variegated color. Semi- 
quantitative compositional data indicate that the mineral 
consists, in order of decreasing abundance, of Si, Al, Fe, 
Ca and Ce.

Feldspar

Feldspar is not common in rocks of the Sunshine Depo
sit and its occurrence is limited to large, irregular, 
poikiloblastic masses. Twinning is rarely visible. Semi- 
quantitative probe data confirm this as orthoclase.
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Electron Microprobe Analyses

The electron microprobe was used to determine the 
major and minor element contents of the major silicate 
minerals including chloritoid, biotite, garnet, chlorite 
and tourmaline. Analytical procedures and constraints are 
discussed in Appendix 2. Because of the difficulty in 
analyzing very fine grains, only one sample of white mica 
was examined and this was solely for the purpose of con
firming its optical identification. The other silicates 
such as allanite are present in such small amounts that 
they do not contribute significantly to the chemical comp
osition of the rock, and therefore were not analyzed.

Chloritoid

The presence of chloritoid is, itself, suggestive of a 
particular chemical environment. It occurs typically in 
low-grade metamorphic rocks containing abundant Fe and Al, 
and low amounts of K (Winkler, 1976). At Sunshine, chlor
itoid is a major component despite the presence of abundant 
K, in the form of biotite.

Table 1 lists analyses for five samples of chloritoid 
from the Sunshine Deposit and for comparison, chemical an
alyses for two high-Fe chloritoids from different schists
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Table 1 - MICROPROBE ANALYSES OF CHLORITOID

SAMPLE 6A-221 ÔA-226 9A-226 17B-630 17B-639 (1) (2)
NO. (7 a v e ) (2 a v e ) (9 a v e ) ( 9  ave) (13 a v e )

SiOz 24.74 25.28 25. 03 25.30 25.14 23 . 48 23.85
A I 2O 3 43.82 41 . 44 42.95 42.73 44.15 39.71 35.83
Ti02 00.00 00.00 00. 00 00.00 00 . 00 2 . 55 0.56
FeO 18.03 17.57 17.45 17.23 17 . 84 20.73 20.33
FezOa 4.60 4.60 4.60 4.60 4 . 60 3 .79 9 . 00
MnO 0.82 0.09 0.40 0.03 0.17 0.66 0.99
MgO 1.00 1.15 0.94 1.17 1. 10 2. 00 1.94
CaO 00.00 00.00 00.00 0.01 00.00 0.31 0.34
BaO 00 . 00 00.00 00.00 00.00 00 . 00 - -
NazO 00.00 00 . 00 00.00 00.00 00 . 00 - -
K 2O 00 . 00 00.00 0 .01 00.00 00 . 00 - -
RbzO 00 . 00 00.00 00.00 00.00 00 . 00 - -
F 00.00 00 . 00 00 . 00 00 . 00 00.00 - -
Cl 00.00 0.01 0.01 00.00 00.00 - -
H 2O+ 7.00 7 . 00 7 . 00 7 . 00 7 . 00 6.77 7.16

TOTAL 100.00 97.15 98.37 98.06 100.00 100.00 100.00

Si 2.01 2.10 2.05 2.07 2.03
Al 3.00 3.00 3.00 3.00 3 . 00
Al 1. 19 1.05 1. 15 1.13 1. 20

Ti
F e 2
F e 3
Mn
Mg 1.68 1.63 1.62 1.61 1. 63
Ca
Ba
Rb
K
Na

F
Cl 3.78 3.87 3.83 3.82 3.76
OH

Fe/Mg 12.44 10 . 56 12.96 10.29 11.25 6 . 77 8 . 23
Fe/Fe+Mg 0 . 93 0.91 0.93 0.91 0 . 92 0.87 0. 89

denotes oxide not analyzed
(1) schist from Ineshire, Scotland (Deer et al., 1962a)
(2) schist from Shetland Isles (Deer et al., 1962a)

Note: Refer to Appendix 2 for method of calculation.



T-3385 69

(Deer et al, 1962a). The total for sample 6A-226 is 
slightly low, possibly due to an overly high estimate for 
Fe2 0 3 and therefore an underestimation of the total weight 
percent of Fe (Appendix 2) . The H20 content in chloritoid
is tightly constrained and so any error associated with its 
estimation is probably small. Despite the possible under
estimation, the calculated ratios of (Fe2+ + Fe3+)/Mg and 
(Fe2+ + Fe3+)/(Fe2+ + Fe3+ + Mg) for the Sunshine chlori
toid are clearly higher than in any of the high-Fe chlor
itoids. In addition, the Sunshine chloritoid is distinctly 
richer in Al2D2 and lower in MnO, MgO and CaO than the high 
Fe schists. There appears to be no significant variation 
of Fe:Mg ratios in chloritoid grains from different strat
igraphie positions (Table 2).

Muscovite

Table 3 lists the probe analyses of coarse-grained 
white mica. The three grains analyzed have reasonably 
consistent compositions. Based on mineral formulas given 
by Deer and others (1962) and the proportions of Al2O2,
K20, Na20, and Si02 in the analyses, the grains are mus
covite.
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Table 2

Sample No. 

17B-630

17B-639

6A-221

6A-226

9A-266

70

STRATIGRAPHIC LOCATION OF CHLORITOID SAMPLES

Strat. Pos.

hanging wall 
to ore

hanging wall 
to ore

ore zone

footwall to 
ore

footwall to 
ore

Lithologv

schist - qz, 
bi,cpy,py, 
chi,gt,chtd
phyllite - 
chi,bi,chtd, 
gt
schist - qz, 
bi,chtd,gt
schist - qz, 
bi,gt,chtd, 
cpy,chi
schist - qz, 
bi,py,chl, 
cpy,chtd,gt

Fe:Mg Fe:(Fe+Mq) 

10.29 0.91

11.25 0.92

12.44 0.93

10.56 0.91

12.96 0.93
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Table 3 - MICROPROBE ANALYSES OF SUNSHINE MUSCOVITE

Oxide Wt. % ' 9A-266

F 0.00 0.00 0.00

Cl 0.00 0.01 0.01

Na20 0.55 0.81 0.70

A12°3 32.04 32.20 32.46

Si02 43.69 44.06 44.51

k2o 10.92 11.25 10.55

Rb20 0.00 0.00 0.00

MgO 0.40 0.42 0.42

CaO 0.00 0.00 0.00

BaO 0.00 0.00 0.00

Ti02 0.07 0.10 0.06

FeO 2.03 2.19 2.31

MnO 0.00 0.00 0.00

TOTAL 89.70 91.04 91.02



T-3385 72

Biotite

Nine samples of biotite from Sunshine were analyzed 
and the results, along with chemical analyses of an average 
high-iron metamorphic biotite (Deer et al., 1962a) and the 
Lemhi biotite (Lee, 1958) are listed in Table 4. The (Fe2+ 
+ Fe3+) content of the Sunshine biotites, although varia
ble, is consistently higher than that of the average high- 
iron metamorphic biotite. This is reflected in the (Fe2+ + 
Fe3+)/Mg ratios. Cl and F also appear to be high in Sun
shine biotite whereas MgO, MnO, CaO and Na^O are low.

As with chloritoid, zoning with respect to relative 
proportions of Fe and Mg is not clear through the deposit 
(Table 5). There is a slight drop in the (Fe2+ + Fe3+)/Mg 
ratio in the ore zone which is possibly a function of the 
proportions of other Fe-bearing minerals. For example, the 
lowest ratio is associated with the garnet-rich, quartz- 
poor sample 1A-457.5A. Perhaps biotite in such samples, 
which contain several minerals containing Fe, would have 
lower (Fe2+ + Fe3+)/Mg ratios.

Garnet

Microprobe data for twelve garnet samples from Sun
shine are presented in Table 6. Except for sample 9A-
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Table 4 - MICROPROBE ANALYSES OF BIOTITE FROM
SUNSHINE AND VARIOUS OTHER LOCALITIES

Ox ide 
Wt. %

1A-457.5A 
(9 Avg)

9A-172 
(6 Avg)

9A-179 
(10 Avg)

9A-211 
(10 Avg)

9A-233
(9 Avg)

9A-257 
(9 Avg)

9A-266
(8 Avg)

11A-220 
(6 Avg)

11A-265
(11 Avg) (1) (2)

Si02 35.58 34.17 34.99 34.14 35.40 34.74 34.35 34.41 34.85 35.08 33.09

A12°3 20.14 18.16 18.80 20.61 17.81 19.28 18.92 20.08 18.72 19.05 17.65
Ii02 1.12 1.30 1.68 0.12 1.40 1.03 0.93 0.96 1.62 1.86 1.30
FeO 19.50 25.23 21.95 23.36 22.71 25.63 26.36 25.07 25.22 20.73 29.22

^2°3 2.39 2.39 2.39 2.39 2.39 2.39 2.39 2.39 2.39 1.94 2.42
MnO 0.06 0.00 0.00 0.04 0.00 0.00 0.00 0.04 0.00 0.13 0.04
MgO 7.64 4.09 5.24 5.14 6.14 3.45 2.82 3.48 4.29 7.61 2.83
CaO 0.03 0.00 0.06 0.09 0.00 0.00 0.00 0.00 0.00 0.23 0.10
BaO 0.00 0.00 0.00 0.00 0.00 0.06 0.00 0.00 0.00 — — 0.09
Na20 0.09 0.16 0.20 0.09 0.11 0.18 0.11 0.13 0.19 0.40 0.13

k2o 9.21 9.50 9.08 9.08 9.50 9.38 9.30 9.17 9.60 8.93 9.04

Rb20 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.00 0.01 0.10

F 0.18 0.00 0.15 0.04 0.10 0.14 0.07 0.15 0.00 0.05 0.23

Cl 0.48 0.65 0.53 0.75 0.47 0.60 0.68 0.55 0.54 - - 1.11

H20+ 3.56 3.56 3.56 3.56 3.56 3.56 3.56 3.56 3.56 3.70 2.92

TOTAL 99.98 99.21 98.63 99.41 99.59 100.44 99.49 100.00 100.98 99.72 100.27

Si ) 
Al )

8.00 8.00 8.00 8.00 7.43 8.00 8.00 8.00 8.00 8.00

Al )

»  !
Mn ) 
Mg )

5.67 5.60 5.53 5.70 5.75 5.57 5.57 5.60 5.62 5.86

Ca ) 
Na ) 
K )

1.82 1.98 1.89 1.86 2.29 1.93 1.92 1.87 1.97 1.96

F ) 
Cl ) 
OH )

3.83 3.95 3.94 3.94 4.61 3.95 3.99 3.94 3.84 3.58

*F/M
F/F+M

1.59
0.61

3.76
0.79

2.58
0.72

2.79
0.74

2.27
0.69

4.52
0.82

5.68
0.85

4.39
0.81

3.59
0.78

1.72
0.63

6.22
0.86

— Denotes oxide not analyzed
(1) High - Fe Biotite in schist (Deer et al., 1962)
(2) Lemhi biotite (Lee, 1958)
* F/M denotes Fe-total/Mg; F/F+M denotes Fe-total/(Fe-total + Mg)

Note: Refer to Appendix 2 for method of calculation.
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Table

Sample
Number
9A-172

9A-179

11A-220

1A-457.5A

9A-211

9A-233

11A-265

9A-257

9A-266

5 - STRATIGRAPHIC LOCATION OF BIOTITE SAMPLES

Strat.
Position
hanging wall 

to ore
hanging wall 

to ore

hanging wall 
to ore

ore zone

ore zone

ore zone

ore zone

footwall to 
ore

footwall to 
ore

Lithologv
schist - qz, 
gt,cpy,bi,py
phyllite - 
gt,cpy,bi, 
qz,py
phyllite - 
gt,bi,chl, 
cpy
phyllite - gt, 
bi,chi,qz,cb
schist - qz, 
bi,gt,cb, 
cpy,chi
schist - gt, 
bi,qz,chl
phyllite - 
gt,chl,bi,qz 
cb,zir
schist - qz, 
bi,cpy,chtd, 
py,gt
schist - qz, 
bi,py,chi, 
cpy,chtd,gt

Fe;Mq Fe:(Fe+Mq) 
3.76 0.79

2.58 0.72

4.39 0.81

1.59 0.61

2.79 0.74

2.27 0.69

3.59 0.78

4.52 0.82

5.68 0.85
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Table 6 - MICROPROBE ANALYSES OF GARNET FROM SUNSHINE AND 
VARIOUS OTHER LOCALITIES
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Table 6 - (continued)
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2 1 1 , the totals obtained were very close to 1 0 0 % and did 
not necessitate any corrections. Their calculated formulas 
closely approximate the known formula for garnet and con
firm the quality of the data.

FeO content ranges from 35.26% to 42.49%, which cor
responds to 77.3% to 94.9% almandine component in the 
garnet. CaO content is also variable, ranging from 0.22% 
to 5.12%, but Si02, AI2O3 , MnO and MgO are consistent be
tween samples. The compositions are plotted with data for 
other almandine garnets (Deer et al, 1962a) and almandine 
garnet from the Broken Hill and Pegmont, Australia Pb-Zn 
deposits, in Figures 30 and 31 (Stanton and Williams, 1978; 
Vaughan and Stanton, 1986). The Sunshine samples are 
clearly richer in almandine component than garnet from 
banded iron formation (Broken Hill), and iron-rich schist 
(Pegmont). The almandine-rich garnet from an iron-rich 
district in Falun, Sweden (Deer et al, 1962a) is very simi
lar to those at Sunshine although it contains more mag
nesium.

The Sunshine garnets do not show pronounced composi
tional zoning within the stratigraphie column (Table 7). 
However, garnet composition is possibly more variable and 
lower in Fe within the ore zones. For example, the garnet 
with the lowest almandine value was in a sample of biotite-
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Figure 30: The composition of Sunshine and various
other garnets plotted relative to grossularite, spessartine 
and almandine components. Plus sign symbols (+) represent 
composition of garnet from the Sunshine Deposit ; crosses 
(X) represent an average almandine garnet and an Fe-rich 
garnet from Falun, Sweden (Deer et al., 1962a); filled 
circles (•) represent garnet from the Broken Hill BIF 
(Stanton and Williams, 1978); open circles (o) represent 
Fe-rich disseminated garnet from the Pegmont Deposit 
(Vaughan and Stanton, 1986).
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Figure 31: The composition of Sunshine and various
other garnets plotted relative to grossularite, pyrope and 
almandine components. Plus sign symbols (+) represent 
composition of garnet from the Sunshine Deposit; crosses 
(X) represent an average almandine garnet and an Fe-rich 
garnet from Falun, Sweden (Deer et al., 1962a); filled 
circles (e) represent garnet from the Broken Hill BIF 
(Stanton and Williams, 1978); open circles (o) represent 
Fe-rich disseminated garnet from the Pegmont Deposit 
(Vaughan and Stanton, 198 6 ).
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Table

Sample
Number

9A — 172

17B-630

17B-639

6A-210

10A-489.6

1A-457.5A

9A-211

1A-459.5B

17B-673

6A-221

6A-226

9A-257

- STRATIGRAPHIC LOCATION OF GARNET

Strat. Pos. Lithologv

hanging wall 
to ore

hanging wall 
to ore

hanging wall 
to ore

ore zone

ore zone

ore zone

ore zone

ore zone

ore zone

ore zone

footwall to 
ore

footwall to 
ore

schist - qz, 
gt,cpy,bi,py
schist - qz, 
bi,cpy,py,chl, 
gt,chtd,cb
phyllite - bi, 
chi,chtd,gt
schist - qz, 
chl,bi,cb,gt
quartzite - qz, 
chi,bi,gt,chtd,cb
phyllite - gt, 
bi,chl,qz,cb
schist - qz,bi, 
gt,cb,cpy,chi
phyllite - qz, 
bi,gt,cb
schist - qz, 
bi,gt,chl
schist - qz, 
bi,chtd,gt
schist - qz,bi 
gt,chtd,cpy,chi
schist - qz,bi, 
cpy,chtd,py,gt

SAMPLES

Almandine.

92.5

94.9

94.3

85.1

88.2

77.3

93.9

87.6

89.0

90.9

89.1 

91.5
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and cobaltite-rich phyllite (1A-457.5A). This may be due 
to a stronger affinity of Fe2+ for S2“ than for 02".

On a more detailed scale, chemical zonation within 
single garnet grains is not consistent (Figure 32). CaO 
and MnO appear to behave sympathetically but may either 
decrease as in sample 6A-221 or increase as in sample 1A- 
459.5B toward the garnet margin. In most cases FeO and MgO 
increase slightly outward, but again there are exceptions 
(sample 1A-459.5B).

Chlorite

The variable HgO and Fe3+ contents, and well-developed 
cleavage make chlorite difficult to analyze by microprobe. 
The difficulty is compounded by the fine grain size of the 
Sunshine samples. Table 8 shows that the totals obtained 
were good, but calculated formulas differed from the stoi
chiometric formula. For example, the total of octahedrally 
coordinated ions should be within ± 0.5 of 12 and in one 
sample (9A-266) was as low as 11.23.

Nonetheless some generalizations can be made. FeO 
ranges from 21.20% to 32.24% and MgO from 4.71% to 12.55%. 
These yield (Fe2+ + Fe3+)/ (Fe2+ + Fe3+ + Mg) ratios of 
0.52% to 0.81% and correspond to compositions for ripido-
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Figure 32: Compositional zoning across individual
garnet grains from Sunshine ; the letter following sample 
number identifies the particular grain. Large dashes 
represent almandine component; small dashes represent 
spessartine component ; dotted lines represent grossularite 
component ; solid lines represent pyrope component.
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Table 8 - MICROPROBE ANALYSES OF CHLORITE FROM SUNSHINE 
COMPARED TO CHEMICAL ANALYSIS OF RIPIDOLITE

O xide  
W t. t

1A-459.5B 
(11 Avg)

9A-172 
(8  Avg)

9A-193 
(11 Avg)

9A-194 
(9 Avg)

9A-210 
(7  Avg)

9A-233 
(5  Avg)

9A-266 
(9  Avg)

10A -489 .6  
(5  Avg)

11A-265 
(6  Avg)

12C-710 
(8  Avg)

17B-630 
(9 Avg)

17B-639 
(7 Avg)

(1 )

S i0 2 2 5 .8 9 23.47 24.11 24.45 23.98 24 .64 23 .2 6 2 3 .8 8 2 3.88 24.96 23.81 23.96 24.35

A12°3 2 3 .9 2 23.71 23.99 23.59 24.56 22 .80 23 .8 6 2 3 .5 8 23.46 24.31 23.95 24.47 20.21

T i0 2 0 .0 2 0 .0 0 0 .0 3 0 .03 0 .0 0 0 .0 0 0 .0 5 0 .0 2 0 .0 4 0 .0 2 0 .05 0 .0 4 0 .0 4

FeO 2 1 .2 0 28.92 28.65 27.69 28.62 25.29 32 .2 4 2 8 .5 2 29.89 25 .5 8 29.54 27.02 36 .25

Fe2°3 3 .7 0 3 .70 3 .70 3 .70 3 .70 3 .7 0 3 .7 0 3 .7 0 3 .70 3 .7 0 3 .70 3 .7 0 2 .13

MnO 0 .0 4 0 .0 0 0 .0 5 0 .0 5 0 .0 4 0 .0 5 0 .0 0 0 .0 0 0 .0 0 0 .01 0 .00 0 .0 3 0 .4 8

MgO 12.55 7 .14 7 .60 8 .69 7 .98 9 .3 0 4 .71 7 .37 6 .53 9 .8 8 6.33 7 .5 8 5 .57

CaO 0 .0 0 0 .0 0 0 .0 0 0 .0 0 0 .0 0 0 .0 0 0 .0 0 0 .0 2 0 .0 0 0 .0 0 0 .00 0 .0 0 0 .1 0

BaO 0 .0 0 0 .0 0 0 .0 0 0 .0 0 0 .0 0 0 .0 0 0 .0 0 0 .0 0 0 .0 0 0 .0 0 0 .0 0 0 .0 0 --

Na.O 0 .0 0 0 .0 0 0 .0 0 0 .0 0 0 .0 0 0 .0 0 0 .0 0 0 .0 0 0 .0 0 0 .0 0 0 .0 0 0 .0 0 0 .0 0

V 0 .1 2 0 .01 0 .0 2 0 .00 0 .0 1 0 .0 3 0 .0 2 0 .0 7 0 .01 0 .1 2 0 .01 0 .0 1 0 .0 0

Rb20 0 .0 0 0 .0 0 0 .0 0 0 .0 0 0 .0 0 0 .0 0 0 .0 0 0 .0 0 0 .0 0 0 .0 0 0 .00 0 .0 0 —

F 0 .0 0 0 .0 0 0 .0 0 0 .0 0 0 .0 0 0 .0 0 0 .0 0 0 .0 0 0 .0 0 0 .0 0 0 .0 0 0 .0 0 --

Cl 0 .0 9 0 .11 0 .11 0 .0 9 0 .0 8 0 .0 7 0 .0 9 0 .1 0 0 .0 9 0 .0 9 0 .0 8 0 .0 8 —

h2o + 11.43 11.43 11.43 11.43 11.43 11.43 11.43 11.43 11.43 11.43 11.43 11.43 10.46

TOTAL 9 8 .9 6 98.49 9 9 .69 99.72 100.40 97 .31 9 9 .3 6 98 .6 9 99.03 100.10 98.90 9 8 .32 99.59

51 ) 8 .0 0 8 .00 8 .0 0 8 .00 8 .0 0 8 .0 0 8 .0 0 8 .0 0 8 .00 8 .0 0 8 .00 8 .0 0
Al
Al

Mn
IMg
Ca
6a
Rb
NaK
F
Cl
OH

1 1 .4 6  11.30  11.36  11.54 11.44  11.27  11.23 11.31  11.28  11.49  11.24 11.24

16.57 16.34 16.25 16.21 16.46  16.65  16.49 16.52 16.03 16.51

*F/M  1 .10  2 .5 4  2 .3 6  2 .00  2 .2 5  1 .73  4 .2 4  2 .4 3  2 .8 5  1 .64  2 .91 2 .25
F/F+M 0 .5 2  0 .7 2  0 .7 0  0 .6 7  0 .6 9  0 .6 3  0 .8 1  0 .7 1  0 .7 4  0 .6 2  0 .7 5  0 .6 9

(1 )  R ip id o l i t e  fro m  Oeer e t  a l . ,  1962.
*  F/M d en o te s  F e - to ta l/M g ;  F/F+M denotes F e - t o t a l / ( F e - to ta l  + Mg)

Note: Refer to Appendix 2 for method of calculation.
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lite, a high-iron member of the chlorite group (Deer et 
al., 1962). Like biotite, chlorite contains trace amounts 
of Cl.

Table 9 shows the relationships between Fe:Mg ratios, 
stratigraphie position, and rock type. Although the hang
ing wall and footwall chlorites are under-represented, 
there appears to be a decrease in Fe, relative to Mg, in 
the ore zone. Again, this may due to the presence of sul
fide minerals; S2“ has a stronger affinity for Fe2+ than 
for Mg2+.

Tourmaline

Several recent studies have investigated the occur
rence and composition of tourmaline in sediment-hosted base 
metal deposits (Slack, 1982; Taylor and Slack, 1984). For 
this reason, Sunshine tourmalines were analyzed by micro
probe and the results are listed in Table 10.

The Sunshine tourmaline has an average FeO content of 
about 13% and thus belongs to the schorl group of the 
schorl-dravite series. Figure 33 illustrates the composi
tion of tourmaline from the Sunshine deposit and various 
other occurrences in terms of Na20, MgO, and FeO amounts. 
The Sunshine tourmaline corresponds to tourmaline from
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Table

Sample
Number

9A-172

17B-630

17B-639

12C-710

11A-265

9A-193

9A-194

9A-210

9A-233

10A-489.6

1A-459.5B

9A-266

9 - STRATIGRAPHXC POSITION OF CHLORITE SAMPLES

Strat. Pos. Litholoqv Fe:Mg Fe:fFe+Ma)

hanging wall 
to ore

hanging wall 
to ore

hanging wall 
to ore

ore zone

ore zone

ore zone

ore zone

ore zone

ore zone

ore zone

ore zone

footwall to 
ore

schist - qz, 2.54
gt,cpy,bi,py
schist - qz, 2.91
bi,cpy,py,
chi,gt,chtd
phyllite - cb 2.25 
chi,bi,chtd,
schist - chi, 1.64 
bi,cb,qz,gt
phyllite - 2.85
gt,chl,bi,qz,
cb,zir
quartzite - 2.3 6
qz,chi,cb
quartzite - 2 . 0 0
qz,chi,cb
schist - qz, 2.25
bi,chl,cpy,
PY, cb
schist - gt, 1.73
bi,chl,qz
quartzite - 2.43
qz,chl,bi,gt,
chtd,cb
phyllite - qz, 1 . 1 0
chl,bi,gt
schist - qz, 4.24
bi,py,chl,cpy 
chtd,gt

0.72

0.75

0.69

0.62

0.74

0.70

0.67

0.69

0.63

0.71

0.52

0.81
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Table 10 - MICROPROBE ANALYSES OF SUNSHINE TOURMALINE
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Na20

various stratabound sulfide deposits: o= Appalach ianxdeposits ISIack, 1982l\ X = Sulli-J van |Eihier& \Camp- t bell, 19771 \ /
Slack,1982

ooX oo

FeOMgO

Figure 33: Compositional plot of tourmaline from the
Sunshine Deposit and various stratiform deposits for comp
arison, including the Sullivan Pb-Zn Deposit. Filled 
circles represent the Sunshine samples.
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granites, pegmatites and aplites, and also falls partly 
within the field of tourmaline from the metasedimentary 
Aldridge Formation at the Sullivan Mine, B.C (Ethier and 
Campbell, 1977).

Color zoning can be related to changes in the propor
tion of FeO to MgO. For example, sample 12C-710 shows that 
a change from a blue center to a brown rim is accompanied 
by a drop in FeO content of 1.4 6% and an increase in MgO of 
0.98%.

Conditions of Metamorohism

Equilibrium

Mineral equilibrium is an implied assumption in the 
estimation of temperature and pressure of metamorphism.
The following features are commonly found in rocks which 
have equilibrated during metamorphism: 1 ) recrystalliza
tion textures consisting of coarse, polygonal grains with 
straight boundaries, 2 ) shared contacts between all con
stituents in an equilibrium assemblage, 3) absence of comp
ositional zonation within individual grains, 4) absence of 
replacement textures and, 5) correlation of distribution 
coefficients (Turner, 1968 ; Mason, 1978).

Applying these criteria, the Sunshine rocks appear to
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have attained equilibrium at least on a local scale.
First, the fabric of the quartz-rich layers consists of 
coarse, interlocking grains of quartz with boundaries 
varying from straight to sutured. Second, within an indi
vidual layer all minerals are in contact with every other 
mineral. Third, most minerals, except garnet and tourma
line, show no evidence of compositional zoning. Fourth, 
widespread retrograde alteration is not apparent in the 
rocks. And last, distribution coefficient diagrams show 
that some mineral pairs are correlated. Figures 34 to 36 
show the relationship between (Fe2+ + Fe3+)/ (Fe2+ + Fe3+ + 
Mg) in adjacent minerals within a single layer, in differ
ent samples. Although the number of samples is small, a 
positive linear correlation exists for the pairs biotite- 
garnet, biotite-chlorite and garnet-chlorite. This sug
gests that these pairs were in thermal equilibrium. The 
chlorite in these samples was coarse-grained which might 
explain the correlation with biotite and garnet ; fine
grained chlorite in grain rims and cleavage would not be 
expected to be in equilibrium with either garnet or bio
tite.

Despite the above observations, equilibrium probably 
did not extend beyond the scale of a layer. Figure 3 7 
shows that distribution coefficents for garnet-chloritoid
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Figure 34: Comparison of distribution coefficients
for four garnet-biotite pairs at Sunshine.
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Figure 35: Comparison of distribution coefficients
for four biotite-chlorite pairs at Sunshine.
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Figure 36: Comparison of distribution coefficients
for five garnet-chlorite pairs at Sunshine.
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Figure 37: Comparison of distribution coefficients
for five garnet-chloritoid pairs at Sunshine.
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pairs are scattered with no apparent correlation. This 
suggests that the garnet and chloritoid were not in equili
brium with each other. This might appear to contradict the 
evidence provided by the other distribution coefficient 
diagrams and the textural intergrowth of the two minerals 
described above. However, it is interesting that in three 
of the five samples used in the diagram, the garnet and 
chloritoid are not adjacent but occur in separate layers.
An AFM plot of coexisting minerals in four samples (Figure 
38) shows a wide range in composition for chlorite and 
biotite. This also suggests disequilibrium between these 
minerals in different samples.

Biotite-Garnet Geothermometer

Because biotite and garnet are apparently in equili
brium at least on a local scale, their compositions can be 
used to determine the peak temperature of metamorphism. 
Temperature-pressure curves for four Sunshine samples (Fig
ure 39) were calculated using the Hodges and Spear calibra
tion model (1982 ; adapted for computer by G. Swayze, 1985). 
Although the pressure of metamorphism is not known for 
these rocks, the curves are so steep that the temperatures 
vary less than 30°C between 2 and 12 kb, the range of
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Figure 38: AFM diagram showing compositions of
coexisting minerals in four thin section samples from the 
Sunshine Deposit. 111" is sample 9A-266; "2" is sample 17B- 
639 ; "311 is 17B-63 0 ; "4" is 9A-172. Note the similarity in 
garnet compositions for the samples versus a discrepancy in 
biotite compositions. A = AI2O3 ; M = MgO; F = FeO; diagram 
assumes the presence of quartz and muscovite.
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Figure 39: Temperature-pressure curves for peak
metamorphism at Sunshine. Calculated from four biotite- 
garnet pairs using the Hodges and Spear (1982) calibration 
model. Estimated calibration errors associated with the 
model are + 50°C. Model assumptions include: a) non-ideal 
solid solution for garnet, b) fluid independence, c) ideal 
Fe-Mg mixing for biotite, d) purity for all other phases.
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pressures in regional metamorphism (Huang, 1962). The peak 
temperature of metamorphism appears to fall between 400°C 
and 520°C. This range, even with a maximum calibration 
error of +50°C, is well within the limits of greenschist 
facies metamorphism as defined by Winkler (1976). The 
spread of the curves is due to the variable (Fe2+ +
Fe3+)/Mg ratios of the minerals between samples.

Summary

The Sunshine rocks possess a metamorphic fabric char
acterized by foliated micas and parallel layers of cobalt- 
ite and accessory minerals. Garnet and chloritoid incorp
orated zircon, ilmenite, magnetite, tourmaline and cobalt- 
ite grains as inclusions during their growth. Garnet also 
appears to have included tiny, flattened quartz grains 
which reflect an earlier fabric. Fine-grained chlorite and 
muscovite are retrograde alteration products of garnet and 
chloritoid. Micaceous laminae occasionally deviate around 
the fractured porphyroblasts. Various lines of evidence 
suggest that equilibrium was attained on a local scale un
der upper greenschist to lower amphibolite facies condi
tions.

The silicate minerals show similar compositional
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trends. Compared to published chemical data, virtually 
every silicate mineral analyzed is Fe-rich. Biotite and 
chlorite contain high amounts of Cl as well. Mn, Mg, Ca 
and Na are present in lower quantities than expected in 
published chemical data for the analyzed minerals. Mineral 
compositions are generally consistent throughout the depo
sit and do not appear to change when associated with dif
ferent lithologie types. However, a slight lowering of Fe 
content relative to Mg was detected in some minerals assoc
iated with the ore.
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Chapter 5 
SULFIDE AND RELATED ORE MINERALS

Unlike many silicate minerals, most sulfides deform 
and remobilize readily during metamorphism. At the Sun
shine Deposit, sulfide textures are predominantly of meta
morphic origin and therefore provide little assistance in 
establishing the original ore mineral parageneses. How
ever, pétrographie study on a detailed scale and electron 
microprobe analyses can elucidate some important aspects of 
the original occurrence and composition of these minerals.

Textural Description

Cobaltite

Cobaltite, (Co,Fe)AsS, is the most important ore min
eral of the Sunshine Deposit. The mineralized horizons 
within the deposit are comprised of irregular, monomineral- 
ic layers of cobaltite which in places bifurcate around 
porphyroblasts and quartz pods and elsewhere continue unin
terrupted through silicates as inclusion trains. Although 
cobaltite is orthorhombic, its crystal structure resembles 
that of pyrite, but with an As atom replacing a S atom 
(Hurlbut and Klein, 1977); therefore, the cobaltite-rich
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layers are composed of numerous, discrete, subhedral cubes. 
Their rims occasionally exhibit a pink tint. Intermixed 
with the cubes are large, cobaltite aggregates which are 
distinctly pinker in color in reflected light. The colora
tion is probably due to more rapid tarnishing of the fine 
grains within aggregates because semi-quantitative analyses 
of these two forms of cobaltite indicate similar composi
tions. Cobaltite is commonly fractured and in some cases 
has a pronounced cataclastic texture (Figure 40).

Cobaltite coexists with other sulfides in thin sec
tion, but is not usually in direct contact with them. 
Chalcopyrite occasionally surrounds cobaltite and pene
trates it along fractures. Pyrite also occasionally par
tially envelops cobaltite. However, paragenetic relation
ships can not be based on these textures because chalcopy
rite also occurs as small, often angular inclusions within 
cobaltite. Elongated vermicular inclusions of pyrrhotite 
and blebs of hematite and gold were observed in cobaltite 
as well.

Textural relationships with the silicate minerals are 
more definitive. Small cobaltite grains occur in biotite, 
chlorite, garnet and hematite and probably were present as 
these minerals crystallized. Conversely, cobaltite and 
tourmaline are mutually inclusive and no sense of relative
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Figure 40: Cataclastic textured cobaltite. Reflected
light. Field of view is 0.65 mm across.
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timing can be established for their generation.

Arsenoovrite

Arsenopyrite is similar in color and reflectance to 
cobaltite, but is distinguished by its coarser, euhedral 
rhombic grains and strong anisotropy (Figure 41). It is 
also particularly free of inclusions and fractures and in 
some cases, exhibits primary growth twins. Associated 
minerals include chalcopyrite, which may surround the 
rhombs, pyrite, cobaltite, hematite, and bismuth sulfides.

Semi-quantitative analyses of arsenopyrite indicate a 
consistent composition containing significant cobalt.
Local blue patches may reflect an intergrowth of cobalt- 
rich glaucodot, but this was not confirmed by electron 
microprobe analyses.

Chalcopyrite

Chalcopyrite forms anhedral masses that contain aniso
tropic patches suggesting the presence of compact granular 
intergrowths. These masses are invariably interstitial to 
other minerals. Chalcopyrite commonly encircles quartz 
grains and penetrates the cleavage planes of chlorite and 
biotite (Figure 42). Tiny ragged grains also occur along
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Figure 41: Euhedral arsenopyrite rhombs (white)
adjacent to creamy pyrite and yellow chalcopyrite. 
Reflected light. Field of view is 1.25 mm across.
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Figure 42: Chalcopyrite interstitial to quartz grains
and penetrating along cleavage planes of mica. Reflected 
light. Field of view is 1.25 mm across.
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twin planes in chloritoid; however, it is unclear whether 
these represent similar penetrations or primary inclusions.

Chalcopyrite has a particular affinity for two other 
sulfides: pyrite and pyrrhotite. Pyrite forms scallop- 
edged rims around chalcopyrite as well as irregular inclu
sions in it (Figure 43). The sutured contacts of the 
pyrite suggest replacement by chalcopyrite. Pyrrhotite is 
also observed in chalcopyrite but often as a complex inter
growth (Figure 44). Although the pyrrhotite-chalcopyrite 
association is unusual, it is possible that pyrrhotite 
represents an alteration product of another exsolved miner
al, such as cubanite (Ramdohr, 1969). An alternative ex
planation is that pyrrhotite was exsolved from chalcopy
rite at a high temperature (Stevenson, 1951).

Decomposition of chalcopyrite has occurred locally 
along grain boundaries and fractures. It is rhythmically 
surrounded by first, covellite + digenite and then by iron 
oxides (Figure 45).

Pvrite

Pyrite in the Sunshine Deposit is deceptively similar 
to cobaltite. The two minerals have approximately the same 
reflectance and unless adjacent, the creamier, less pink
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Figures 43: Pyrite masses rimming chalcopyrite. 
Reflected light. Field of view is 2.5 mm across.

Figure 44: Unusual intergrowth of pyrrhotite and
chalcopyrite included in cubic cobaltite. Reflected light. 
Field of view is 0.25 mm across.

Figure 45: Chalcopyrite replaced by covellite,
digenite and two iron oxides. Covellite is the darkest 
blue and intergrown with blue gray digenite. Iron oxides 
are shades of gray. Reflected light. Field of view is 
0.25 mm across.
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color of pyrite is difficult to discern. Examination of 
many sections has not only established the common occur
rence of pyrite but also has identified two distinctly dif
ferent forms of the mineral and a small amount of associa
ted marcasite.

One form of pyrite has a "spongy" appearance and con
sists of unevenly dispersed, fine grains. Anhedral aggre
gates of spongy pyrite range from small blebs within 
chalcopyrite, and more rarely garnet, to large colloform- 
textured accumulations (Figures 46 to 48).

A second form of clear, often euhedral pyrite, is 
intergrown with spongy pyrite and appears to have grown at 
the latter's expense. It rims colloform masses and in
cludes blebs of spongy pyrite (Figures 49 and 50). Other 
minerals included in the clear pyrite are chalcopyrite, 
cobaltite, and pyrrhotite. Clear pyrite, with associated 
hematite, also occurs in thin veinlets which curve around 
quartz grains and invade silicate fractures.

Strongly anisotropic blades of marcasite, intergrown 
with both forms of pyrite, are recognizable under crossed 
polars (Figure 51) and are further distinguished by multi
ple twinning.
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Figure 46: Colloform, spongy pyrite. Note some bands
contain clear pyrite grains. Reflected light. Field of 
view is 0.65 mm across.

Figure 47: Fan-shaped spongy pyrite within clear
pyrite. Reflected light. Field of view is 0.65 mm across.

Figure 48: Alternating bands of clear and spongy
pyrite. Note bright white cobaltite grains associated. 
Reflected light. Field of view is 1.25 mm across.

Figure 49: Spongy pyrite bleb included within clear
pyrite. Reflected light. Field of view is 1.25 mm across.

Figure 50: Euhedral cubes of clear pyrite surrounding
a mass of spongy pyrite. Reflected light. Field of view 
is 0.65 mm across.

Figure 51: Blue-tinted marcasite blades associated
with both forms of pyrite. Reflected light. Field of view
is 0.65 mm across.
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Gold

There is a notable association of gold with cobalt in 
the district. A correlation of Au and Co assays and the 
common occurrence of the minerals gold and cobaltite in si
liceous deposits in the district were recently noted (Nash 
et al.,. 1987). These authors identified about seventy 
grains of gold, most of which were in direct contact with 
cobaltite. They suggested that As was also associated with 
Au.

The results of this study corroborate these findings. 
Table 11 shows that virtually all of the gold grains large 
enough to be analyzed, were identified in samples from the 
ore zones. The gold appears to be concentrated in holes 
10A, 10B, 9A and 17B, all of which were drilled in the 
northern half of the deposit (Plate 1). Whether this re
striction to the north indicates real deposit-wide zoning, 
however, is uncertain given the small number of identified 
gold grains.

The gold occurs as tiny subrounded to angular grains,
< 2 to 6 microns and averaging 3 microns, most commonly 
adjacent to or within fractures in cobaltite (Figure 52). 
Gold also occurs as inclusions in cobaltite, chalcopyrite 
and quartz. Again, these observations agree with those of
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Table 11 - OCCURRENCE OF NATIVE GOLD, SILVER, BISMUTH

GOLD
Sample
Number Location Grain Size

Strat. 
Pos. Au: Aa

10A-490.5 in cpy 2-4 microns ore zone 8.20-8.68
1A-456A in cb 4 microns ore zone 26.89
1A-457 adj. to cb 5 microns ore zone 60.88
9A-200A adj. to cb 2 microns ore zone 12.93
10A-496 adj. to cb 4 microns ore zone 21.42
10A-495 in cb 2-6 microns ore zone 18.06
*10A-491 adj. to cb 2 microns ore zone -----
*10A-435 in silicates 1-2 microns hanging wall
*10A—493A in silicates 1-2 microns ore zone
*17B-557A in silicates 1-2 microns hanging wall
*176-519 in silicates 1-2 microns hanging wall
*10A-493B adj. to cb 2-3 microns ore zone
*106-576 adj. to cb 6 microns ore zone
*10B—577A in cb 1-2 microns ore zone

SILVER
Sample
Number Location Grain Size

Strat. 
Pos. Litholoav

17B-622A adj. to bi 6 microns hanging wall quartzite
17B-489 adj. to bi 3 microns hanging wall schist
*17B—652 in clay (?) 2 microns ore zone schist

BISMUTH
Sample
Number Location Grain Size

Strat. 
Pos. Litholoav

17B-519 in quartz 80 microns hanging wall schist
*9A-194 in cb 1-2 microns ore zone quartzite
*10A—493A in cb 1-2 microns ore zone schist
*10A-493B in silicates 1-2 microns ore zone schist

* denotes samples in which the element was identified 
microscopically but not analyzed by microprobe
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Nash and others (1987) for gold in other parts of the 
district. Isolated gold grains in silicate gangue may be 
confused with chalcopyrite, but their high reflectance is 
usually diagnostic.

Minor Native Metals and Associated Minerals

One outcome of the investigation of gold was the 
identification of several other native metals in the Sun
shine rocks (Table 11). All occur in only trace amounts 
but are worthy of brief mention:

Native silver occurs as tiny, round grains associated 
with silicate minerals or included in cobaltite which in 
turn are found in hanging wall rocks. Very fine grains of 
native bismuth. < 4 microns in maximum dimension, are simi
lar to silver, but can usually be recognized by its more 
moderate reflectance, creamy pink color and tendency to 
scratch. The grains of native bismuth are included in 
cobaltite as well as in silicate gangue. Figure 53 shows 
two especially large grains, up to 80 microns in diameter, 
with the latter association. These particular grains are 
in contact with bismuthinite, arsenopyrite and two uniden
tified sulfides containing Bi and Te. Native copper was 
identified in samples from the surface and in drill core in
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veins which clearly transect the rocks and therefore repre
sent a late event. Alteration of the copper to malachite 
has occurred locally (Figure 54). Nickel is a rare element 
in the Sunshine Deposit. However, two grains of a nickel- 
bearing sulfide, probably millerite, were identified in a 
biotite-rich sample. They did not occur with any other 
sulfides.

Electron Microprobe Analyses

Gold, silver and the two forms of pyrite were analyzed 
to determine their trace element contents. Like the sili
cate data, the analyses for these minerals represent the 
99% confidence level. Their fine grain size, often less 
than the beam diameter, make gold and silver difficult to 
analyze by microprobe and therefore the number of analyses 
is small.

Gold and Silver

The analyses for seven gold and two silver grains are 
listed in Table 12. The gold grains exhibit a range of 
compositions. In particular, the Ag content varies from 
11% to less than 2%. Even samples 1A-456A and 1A-457, col
lected only a foot apart, showed a 2% difference in Ag con-
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Figure 54: Vein containing native copper. Reflected
light. Field of view is 1.25 mm across.
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Table 12 - MICROPROBE ANALYSES OF GOLD AND SILVER FROM 
THE SUNSHINE DEPOSIT
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tent. The amount of Cu in the gold shows a similar, if 
less dramatic, variation from 0% to 1%. Sb, Te, and Hg 
were undetected.

In spite of the fact that silver is in solid solution 
with gold, grains of almost pure silver occur in drill hole 
17B. No Au, Sb, Te, or Hg was detected but one grain con
tained a trace amount of Cu.

Pvrite

Analyses for the intergrown clear and spongy forms of 
pyrite from the Sunshine Deposit are listed in Table 13, 
along with those for cobaltiferous pyrite from the Zambian 
Copperbelt for comparison. Pyrite is the principal cobalt 
mineral in the Copperbelt where it contains high amounts of 
Co and correspondingly low Fe contents (AnneIs et al.,
1983). In addition, the Zambian pyrite contains an average 
of only 50.9% S compared to 53.1% for the Sunshine pyrite.

The two forms of pyrite at Sunshine are also distin
guished by differing compositions. Figure 55 illustrates 
the lower content of Fe and S, and the higher content of Cu 
and As in the spongy pyrite relative to the clear pyrite. 
Microprobe traverses across alternating clear and spongy 
bands in colloform masses such as those in Figure 48 show
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Table 13 - MICROPROBE ANALYSES OF SPONGY AND CLEAR PYRITE
AT SUNSHINE (compared to pyrite from the Zambian 
Copperbelt)

10A-■496.5 178- 477 108- 263 10A-500 .5 178-519 9A--266
C1 ear Spongy C1 ear Spongy C lear Spongy Cl ear Spongy C le ar C1 ear Sponc

wt. % (7  Avg) (5  Avg) (10 Avg) (3 Avg) (15 Avg) (14 Avg) (19 Avg) (19 Avg) (4 Avg) (15 Avg) (17 A\

Fe 45.69 44 .92 45.70 45 .75 45.71 45 .04 46.01 45.27 45.81 45 .8 6 45.30
S 53.43 51.96 52.80 52.96 53.47 52.65 53.45 52.72 53.22 53.16 53.21
Co 0 .0 0 0 .0 0 0 .0 5 0 .0 7 0 .1 3 0 .11 0 .10 0 .1 5 0 .00 0 .1 6 0 .1 9
Ni 0 .03 0 .00 0 .1 6 0 .2 5 0.11 0 .13 0 .0 9 0 .1 4 0 .00 0 .0 6 0 .0 7
Cu 0 .0 6 1.72 0 .0 0 0 .1 5 0 .11 0 .1 9 0 .0 0 0 .7 7 0 .00 0 .00 0 .0 8
As 0 .0 6 0 .0 8 0 .0 5 0 .0 7 0 .0 8 0 .9 5 0 .0 7 0 .6 7 0 .0 6 0 .0 5 0 .5 0

TOTAL 9 9 .2 7  9 8 .6 8  98 .7 6  9 9 .2 5  99.61 9 9 .0 7  99 .7 2  99 .7 2  99 .09  99 .29  9 9 .3 5

* Analyzed by Annel s e t  a l . ,  1983 
Not analyzed

9A -200a 9A- 200 a 178--489 178--489 H A - IS
Cl ear Spongy C1 ear Spongy Cl ear Spongy Cl ear Spongy C le ar

(4 Avg) (7 Avg) (15 Avg) (14 Avg) (17 Avg) (6  Avg) (11 Avg) (9 Avg) (3 Avc

46 .1 8 45 .65 46.40 45.81 45.70 44.40 45 .7 8 45 .25 4 5 .4 8
53.74 53.42 53.52 52.95 52.77 51 .97 54 .28 53.49 53.57
0 .0 0 0 .0 0 0 .0 6 0 .0 7 0 .2 1 0 .1 8 0.21 0 .1 9 0 .2 0
0 .00 0 .0 0 0 .0 0 0 .0 0 0 .1 8 0 .1 5 0 .1 6 0 .1 6 0 .1 0
0 .1 2 0 .33 0 .1 6 0 .4 2 0 .0 0 0 .0 0 0 .0 0 0 .0 5 0 .0 0
0 .0 6 0 .11 0 .0 4 0 .0 5 0 .0 6 1.22 0 .0 0 0 .9 0 0 .0 5

100 .10  99 .51  100 .18  99 .30  98 .92  97 .9 2  100.43 100.04 99 .40

Pyri  te Co-Pyri  te
B aluba D ep os it *  

C o -p y r i te  Co-pyri te C o - p y r i te
Chambesh 

Pyri te

47.59 36 .8 2 34.81 38 .4 6 29 .07 45.52
49 .0 4 4 9 .8 8 49 .3 5 51.59 51.41 53.01

0 .8 4 11.75 13.66 10.11 19.14 0 .1 3
- - — — 0 .11 0 .2 8
0 .3 6 0.11 0 .1 8 0 .8 0 0 .0 0 — —

97 .8 6  98.61  97.99  101 .06  99.91 98.66
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Figure 55: Comparison of element abundances in two
forms of pyrite at Sunshine. Each line represents a 
particular sample containing the two forms adjacent to one 
another.
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similar variations in the content of Fe, S, Cu and As (Fig
ure 56). Copper values up to 9% were detected locally in 
spongy pyrite, however these data were not included in the 
table because they probably represent submicroscopic chal
copyrite inclusions or Cu admixtures. No regular trends in 
Co and Ni contents were detected between the two pyrite 
types.

Co/Ni ratios in pyrite have been used to indicate its 
environment of deposition. Bralia and others (1979) cited 
an average Co/Ni ratio of 0.63 in sedimentary pyrite, 1.17 
in vein pyrite and 8.7 in pyrite from volcanogenic massive 
sulfide deposits. Table 14 lists the Co/Ni ratio of spongy 
and clear pyrite from the Sunshine Deposit. There is no 
significant variation in the ratio in the two types of 
pyrite. Most of the ratios fall between 0.8 and 3.0 which 
correspond to those in sedimentary and vein deposits.
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Figure 56: Microprobe traverse across alternating
bands of spongy and clear pyrite ; patterned lines represent 
weight percents of the various trace elements as indicated.
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Table 14 - Co/Ni RATIOS OF PYRITE

Samole Number Co/Ni Litholoaic Association

17B-477 (spongy) 0.30 garnet-biotite schist
10B-263 (clear) 1.17 micaceous quartzite
10B-263 (spongy) 0.83 micaceous quartzite
10A-500 .5 (clear) 1.11 garnet-biotite schist
10A-500 .5 (spongy) 1.12 garnet-biotite schist
17B-489 (clear) 1.17 garnet-biotite schist
17B-489 (spongy) 1.26 garnet-biotite schist
17B-489 (clear) 1.32 garnet-biotite schist
17B-489 (spongy) 1.22 garnet-biotite schist
11A-194 (clear) 2. 08 garnet-biotite schist
9A-266 (clear) 2. 60 garnet-biotite schist
9A-266 (spongy) 2.82 garnet-biotite schist
*CHAMBESI Co-PYRITE 130
*CHAMBESI Co-PYRITE 1820

* pyrite from Zambian Copperbelt, analyzed by AnneIs et 
al., 1983.
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Chapter 6 
DISCUSSION AND INTERPRETATION

Syngenesis vs. Epigenesis

During the past seventy five years, numerous explan
ations have been proposed for the genesis of the ore in the 
Blackbird District. These ranged from syngenetic to epige
netic and resulted, in part, from different interpretations 
of the present appearance of the deposits. Early workers 
cited the association of cobalt mineralization with quartz, 
along bedding planes and in crosscutting structures, as 
evidence for replacement of the host rocks by late, metal- 
bearing siliceous fluids (Umpleby, 1913 ; Anderson, 1943; 
Vhay, 1948). Consequently, the most volumetrically signi
ficant igneous body in the region, the Cretaceous Idaho 
Batholith, was envisaged as a likely source for the fluids 
and the presence of B, Cl and F in the Blackbird rocks 
seemed to confirm this interpretation (Purdue, 1975; Ben
nett, 1977).

Problems exist with an epigenetic model for all of the 
cobalt deposits and particularly with a granitic source for 
either the fluids or the metals. First, the nearest out
crop of granite is about 10 km from the Blackbird Mine and
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intrusions in the region typically have narrow aureoles 
(Evans, 1981). Second, mineralizing fluids expelled from 
large plutons usually create altered zones by interacting 
with the country rock. There is no apparent correlation 
between the location of any alteration or metamorphic as
semblages in the district and the igneous bodies. Third, 
cobalt mineralization in many of the deposits, including 
Sunshine, is not limited to or even preferentially associ
ated with zones of structural weakness through which fluids 
might have moved. And fourth, although some elements pre
sent in the district are compatible with a felsic, igneous 
source, most are not. Table 15 lists the average abundance 
of cobalt for felsic igneous rocks as only 1 to 5 ppm (Vhay 
et al, 1973 ? Rose et al, 1979; Levinson, 1980); therefore, 
it is unlikely that the cobalt in the district was origin
ally derived from granitic plutons. A second alternative 
is the introduction of metals contemporaneously with depo
sition of the sedimentary host rocks, with or without sub
sequent remobilization. This theory more readily explains 
the restriction of cobalt mineralization to tabular bodies 
that are stratigraphically controlled within the Yellow- 
jacket Formation. The compositional and textural evidence 
provided by this study strongly supports a syngenetic model 
for the Sunshine Deposit.
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Table 15 - CONCENTRATION OF COBALT IN VARIOUS ROCKS (PPM)

Igneous

Levinson Rose and others Vhay 
( 1980^ ( 1979 )_____  (1973)

Average 25 —  —
Ultramafic —  110 270
Mafic 50 48 41
Intermediate 10 —  14
Felsic 1 1 5

Sedimentary
Shale 20 19 40
Black Shale 10—20 —  —
Sandstone 0.3 0.3 4
Limestone 4 0.10 6
Fe-rich rock 20-300*
Ashed carbon

aceous shale <500**

—  denotes no data available 
* from Krauskopf (1955)

** from Krayushkin (1964)
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Significance of the Metamorphic Overprint

The role of metamorphism in shaping the present form 
and composition of the ore has not been satisfactorily 
addressed in the past and there is no doubt that the Sun
shine rocks, including the mineralized layers, have been 
metamorphosed. Cobaltite occurs as large, euhedral grains 
which are occasionally fractured and chalcopyrite and gold 
are interstitial to other sulfide and silicate minerals.
And yet, deducing the processes of ore formation, whether 
syngenetic or epigenetic, requires the assumption that the 
present compositional constituents are not significantly 
changed from the original ones. This obviously will be un
true if large-scale transfer of components occurred during 
metamorphic events following deposition. Therefore, it is 
necessary to evaluate the extent of any physical and chem
ical diffusion which may have occurred before either gene
tic theory can be favored.

Remnant sedimentary textures in the Sunshine rocks 
suggest that physical redistribution has not been exten
sive. The present layering, for instance, reflects origin
al bedding which has been retained despite metamorphism; 
the best evidence for this is provided by compositional 
banding in the form of streaks of heavy minerals, such as
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ilmenite and zircon, which occur within micaceous layers 
and parallel schistosity. According to Williams and others 
(1958), such streaks are excellent indicators of true bed
ding. The zircon grains are rounded in shape with no over
growths. They contain significant U and Th, suggested by 
their pronounced radiogenic halos. These features, along 
with an association with other rounded minerals containing 
immobile elements (i.e., Ti in ilmenite) indicate that the 
zircon grains are most likely detrital relicts. The round
ed shape probably resulted from long transport? however, 
minor rounding of detrital grains may occur during metamor
phism as well (Saxena, 1966). Likewise, regular gradations 
in grain size occur in quartz-rich layers and very thin, 
delicate layers of graphite, which represent the original 
distribution of carbonaceous material in the sediment, are 
beautifully preserved (Figure 14). Some authors (Daggett 
and Baer, 1981) have suggested that the banding could be 
pseudobedding produced by transposition of material during 
metamorphism. However, it seems unlikely that the very 
persistent and regular features mentioned above could have 
formed by such a process. Moreover, primary sedimentary 
structures such as cross-stratification, load casts and 
flame structures have been retained. Convoluted layers 
which appear to have been formed in a fluid state prior to
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lithification are common in the Sunshine rocks as well.
The recognition of the extent to which chemical diffu

sion has occurred is perhaps more difficult. In a study of 
metamorphic effects on stratiform ore deposits, Stanton 
(1982) used compositional inhomogeneities over very small 
distances as evidence that metamorphic diffusion was of 
restricted extent. Similar reasoning can be applied to the 
Sunshine Deposit. Compositional boundaries in the host 
rocks are sharply defined. This is demonstrated by such 
features as the close association of garnet within mica 
layers, and the abrupt contact between chlorite-rich beds 
and adjacent layers. Furthermore, there is a clear lack of 
homogenization in mineral grains over short intervals. For 
example, the CaO and FeO contents of garnet grains, only 2 
feet apart in drill hole 1A, each differed by about 4 
weight percent (Table 6). This can not be related to 
lithologie association but rather must be a function of 
compositional differences on a smaller scale. In addition, 
garnet grains from separate layers within the same thin 
section (i.e., sample 6A-221) have dissimilar elemental 
zoning and different overall compositions (Figure 32) all 
of which implies a lack of homogenization over distances as 
small as the length of a thin section.

Further evidence is provided by the (Fe2+ + Fe3+)/
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(Fe2+ + Fe2+ + Mg) distribution coefficients. The coeffi
cients for garnet-biotite pairs are positively correlated, 
indicative of equilibrium, whereas chloritoid displays no 
equilibrium relationship to either garnet (Figure 37) or 
biotite. Although this lack of correlation could result 
from the small number of analyses, it is significant that 
in these samples garnet and biotite often occur in layers 
which are distinct from those containing chloritoid. If 
diffusion were confined to a single layer, chloritoid would 
not be in equilibrium with these minerals.

Altogether the preservation of sedimentary structures 
and compositional differences suggests that both chemical 
and physical diffusion were restricted, probably to the 
scale of individual layers or bands. The compositional 
variations between the layers most likely represent pre
met amorphic chemical inhomogeneities, because factors such 
as temperature, pressure and oxygen activity could not have 
acted differentially on this scale (Stanton, 1982). This 
implies that the metamorphic transformation of minerals 
occurred essentially in situ from pre-metamorphic, and 
possibly pre-diagenetic, precursors.
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Progression of Metamorphism

Although the present mineral textures are unlikely to 
reflect the original textures, due to mineral changes and 
grain coarsening, they can in some cases indicate the order 
or paragenetic sequence in which the various minerals 
formed. In particular, they can elucidate the timing of 
cobalt introduction.

Metamorphism of the Sunshine Deposit apparently pro
ceeded in several stages, with the earliest represented by 
a deformational fabric incorporated in garnet. The includ
ed minerals consist of flattened quartz grains, streaks of 
tourmaline, zircon, ilmenite and occasionally cobaltite. 
Although the amount of recrystallization that accompanied 
this deformational event can not be determined, the fine 
grain size and spacing of the quartz inclusions suggests 
that the grains were silt-sized or smaller prior to meta
morphism.

Presumably, higher temperatures followed the earliest 
stage and promoted the growth of garnet and chloritoid. 
Mutual intergrowths of these two minerals indicate that 
they formed contemporaneously and according to garnet-bio
tite geothermometry, roughly between 400° and 500°C. The 
formation of hornblende, poikiloblastic feldspar and
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coarse-grained quartz was probably concurrent with this 
high temperature as well. However, the fact that garnet 
truncates both biotite foliation and cobaltite streaks con
firms that it formed after development of these fabric fea
tures .

Synkinematic textures are absent from the porphyro- 
blasts suggesting that stress was not severe during their 
growth stage but a second phase of deformation must have 
occurred subsequently. Chloritoid is fractured and garnet 
grains apparently acted as "hardbodies"? they are frac
tured, slightly rotated and have micaceous layers deviating 
around them. The cataclastic texture of cobaltite and more 
ductile form of chalcopyrite may have originated at the 
same time. However, it should be reemphasized that neither 
the point at which sulfide minerals, excluding cobaltite, 
were introduced nor when they were recrystallized or de
formed can be determined from the mineral textures; tex
tural relationships between sulfides are inconsistent and 
no definitive relationships with the major silicate miner
als were found. The stage at which alteration and oxida
tion occurred is also unclear but was relatively late 
judging by the fact that garnet is altered to chlorite, 
chloritoid to muscovite and chalcopyrite to iron oxides. 
This last reaction releases Cu and might explain the native
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copper veins in oxidized portions of the deposit.

Introduction of Cobalt

The incorporation of cobaltite in porphyroblasts and 
truncated layers establishes its presence during the earli
est stage of metamorphism. Furthermore, cataclastic tex
tures suggest that cobaltite did not migrate in a ductile 
fashion during metamorphism but fractured essentially in 
situ. Equally significant with respect to its timing, is 
the distribution of cobaltite in subparallel streaks and 
its close, consistent relationship to micas and heavy 
minerals. If, as argued above, only minimal metamorphic 
diffusion occurred, then the cobaltite must reflect the 
original distribution of cobalt metal. Therefore, this not 
only implies that the precursors of the phyllosilicates 
formed contemporaneously with cobalt minerals, but also, 
given the detrital nature of the heavy minerals and the 
layering, that deposition was related to sedimentary rather 
than metamorphic processes.

Indirect evidence for the introduction of cobalt in 
the sedimentary environment is its presence as a trace 
element in the first of two generations of pyrite in the 
Sunshine Deposit. Textural relationships indicate that the
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formation of spongy pyrite preceded that of clear pyrite. 
The spongy pyrite is characterized by fine dispersions and 
rhythmic banding, an association with marcasite and, as 
Table 13 indicates, significant quantities of As. In 
addition, its S content is low relative to both the clear 
pyrite and the average 54 wt. % S of natural pyrite (Smith, 
1942). It is therefore strikingly similar to pyrite in 
sedimentary basins? pyrite precipitated from colloidal gels 
is similarly dispersed and banded and noted for its high As 
content and S deficiency (Ramdohr, 1969? Craig and Vaughan, 
1981). In addition, although marcasite is unstable under 
most natural conditions, it can form in low temperature, 
acidic environments and so is found in sedimentary deposits 
of coal and Pb-Zn. Common associated minerals in both of 
these environments are colloform pyrite (sometimes cobalt- 
iferous), chalcopyrite and millerite (Deer et al, 1962b? 
Ramdohr, 1969).

McClay and Ellis (1983) studied metamorphic effects in 
pyrite and concluded that primary microstructures can be 
retained in grades up to middle and upper greenschist. So, 
it is reasonable that original colloform features could 
remain in the metamorphosed Sunshine ore. The presence of 
the later, clear pyrite grains at Sunshine must also be 
explained, however. Under high temperature and low pH



T-3385 136

conditions pyrite constituents can remobilize into euhe- 
dral, inclusion-free grains (McClay and Ellis, 1983). 
Ramdohr (1969) also described arsenopyrite and large chal
copyrite grains in the Harz district formed from elements 
released by recrystallization of colloidal pyrite during 
metamorphism. Perhaps a similar mechanism occurred at Sun
shine; As, Cu, Co and Ni released with the major elements 
during local recrystallization of spongy pyrite, may have 
formed chemically pure, clear pyrite, euhedral arsenopyrite 
and millerite while retaining some original colloform tex
tures. In fact, the occasional clear pyrite bands within 
colloform masses (Figure 48) may indicate that the primary 
banding was actually enhanced during metamorphism. The 
different appearances of cobaltite in the Sunshine Deposit 
too, may be related to this process.

Therefore, three separate lines of evidence - mineral 
textures, distribution of cobaltite, and associated sedi
mentary pyrite - suggest that cobalt was deposited with the 
sediments at Sunshine and was later subjected to metamor
phism as an integral part of the sedimentary succession.

Composition of the Precursor Material

The introduction of cobalt simultaneously with sedi
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mentation indicates that unique chemical conditions were 
active in the depositional environment. Fortunately, 
because there is a reasonable link between metamorphic and 
precursor minerals, the present mineral compositions can 
help establish what those conditions may have been.

The bulk composition of the host rocks at Sunshine can 
be compared to possible igneous and sedimentary precursors 
in an A'KF diagram (Figure 57). The rock composition falls 
within a polygon defined by the chemical makeup of the 
major rock-forming minerals which include biotite, garnet, 
chloritoid, chlorite and muscovite. This polygon incorpor
ates the compositional field of marine clay and also gray- 
wacke if quartz, excluded from the diagram is present. 
Because the Sunshine rocks contain as much as 95% quartz, 
they must have consisted initially of pelitic and sandy 
pelitic sediments. The polygon in Figure 57 was based on 
mineral analyses from a single sample but is probably 
representative of all rock types in the deposit: first, 
because the members themselves are defined by varying pro
portions of the same minerals, a factor accommodated in the 
field of the polygon and second, because similar polygons 
constructed for different members plotted very closely on 
an AFM diagram (Figure 38).

The major elements - Fe, Al, Si, K, Mg - and many of
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Figure 57: A'KF diagram of the bulk composition of
the Sunshine rocks. A' = (AI2O3 + Fe^O^ - Na20 - K20 - 
CaO); F = (Fe-total + MgO + MnO - K20); K = (K20). Diagram 
calculated with molecular proportions.
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the trace elements determined by microprobe analyses of the 
Sunshine samples are also compatible with those of fine
grained clastic rocks. For example, A1 and K, which are 
both abundant judging by the number of Al-bearing silicates 
and the amount of biotite in the rocks, are usually attri
buted to lithogenous sources even when associated with 
predominantly non-clastic sediments (Vaughan and Stanton, 
198 6 ; Cronan, 1976; Sayles and Bischoff, 1973). However, 
the preponderance of Fe, Co, As and Cu is not typical of 
pelitic rocks and suggests a source of metal beyond those 
normally present in sedimentary environments. The signifi
cance of these and other constituent elements at Sunshine 
is discussed below.

Iron

The iron-rich nature of the deposit can be appreciated 
by the variety of both metallic and non-metallic minerals 
in which Fe occurs; it is a significant component in bio
tite, chloritoid, garnet, chlorite, tourmaline, pyrite, co
baltite, chalcopyrite and arsenopyrite. Furthermore, these 
minerals either contain uncommonly high amounts of the me
tal, like biotite and chloritoid (Tables 1 and 4), or re
present the high-iron members of a mineral group, like
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almandine, schorl and ripidolite (Figures 30 to 33, Table 
8 ). Chemical analyses of samples of Sunshine rock confirm 
the high total weight percentage of Fe, which commonly ex
ceeds 2 0 % and in some samples from the ore zone is greater 
than 37% (Nash et al., 1987, p. 13). This content is com
pared to that of Fe in clastic rocks, iron-rich sedimentary 
rocks and unconsolidated sediments from various basinal en
vironments in Table 16. Clastic rocks and unconsolidated 
sediments contain significantly less Fe, < 10%, than the 
Sunshine metasedimentary strata (Krauskopf, 1974 ; Petti- 
john, 1966? El Wakeel, 1961; Goldberg, 1958). However, 
high concentrations of Fe are well documented in other 
kinds of sedimentary rocks. Precambrian Algoma- and 
Superior-type banded iron-formations contain between 22 and 
35% Fe (Evans, 1980 ? Gross, 1966; James, 1966). And iron
stones, commonly of Paleozoic age, may contain between 25 
and 50% Fe (Evans, 1980; James, 1966). Modern ferruginous 
sediments precipitating from hydrothermal solutions at the 
East Pacific Rise are composed of up to 20% Fe as well 
(Cronan, 1976).

Many of these iron-rich deposits, particularly the 
ironstones, occur within clastic sedimentary packages with 
no associated volcanic rocks. If the amount of intermixed 
detrital material is great, then the Fe content will be di-
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Table 16 - CONCENTRATION OF IRON IN ROCKS AND SEDIMENT
Wt. % Ref.

SUNSHINE DEPOSIT 6.8-37.2 fl8.5=aeoin. mean) fl)
ROCKS

Average crustal abundance 6 (3)Shale 5 (1 0 )
Arkose 2 (1 1 )Graywacke 4 (1 1 )Mn nodules 6 - 2 0 (7)IRON-FORMATIONS AND IRONSTONES
Phanerozoic

Minette ironstone, average 30 (5)Clinton ironstone, average 40—50 (5)Chamosite-siderite mudstone 22 (9)Ordovician chamositic ironstone 25 (9)Precambrian
Algoma iron-formation 34 (8 )Superior iron-formation (oxide) 34 (8 )Superior iron-formation

(silicate + carbonate) 30 (8 )Silicate facies iron-formation 25-30 (5)Silicate facies BIF, Michigan 22 (9)Magnetite-chamosite ironstone 47 (9)Magnetite ironstone, S. Africa 25 (9)Argillite asssociated with Temis -

camie iron-formation, Quebec 26 (9)SEDIMENTS
Atlantic calcareous ooze 2 (4)Mediterranean calcareous ooze 3 (4)Siliceous clay, mid-Pacific 5 (4)Green mud. Pacific 5 (4)Calcareous ooze, East Pacific Rise 7 (3)Carbonate sediment, East Pacific Rise 14 (6 )Non-carbonate metalliferous sediment.

East Pacific Rise 20 (3)Metalliferous sediment. East Pacific
Rise crest 18 (2 )BROKEN HILL IRONSTONE 30 (1 2 )

References:
(1 ) Nash et al., 1987 (2 )
(3) Cronan, 1976 (4)
(5) Evans, 1980 (6 )
(7) Goldberg, 1954 (8 )
(9) James, 1966 (1 0 )

(1 1 ) Pettijohn, 1963 (1 2 )

Bostrom and Peterson, 1969 
El Wakeel and Riley, 1961 
Goldberg and Arrhenius, 1958 
Gross, 1966 
Krauskopf, 1969 
Stanton, 1976
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luted and the A1 content increased; this explains why iron
stones contain as much as 15% AlgOg whereas the predomin
antly chemical sedimentary, volcanic-associated iron-form
ations contain virtually none (James, 1966). A continuum 
thus exists between pure chemical precipitates and pure 
clastic sediments and a mixture of the two endmembers is 
not unreasonable. Therefore, the high Fe content of the 
Sunshine rocks need not be incompatible with a dominantly 
pelitic Al-rich sediment, suggested by the omnipresent de
trital quartz, heavy minerals and aluminosilicates. How
ever, a source of Fe in addition to that of detrital mater
ial is implied.

Cobalt

Sedimentary rocks commonly contain Co as a minor con
stituent but are rarely enriched in the metal. As Table 15 
shows, clay- and iron-rich sedimentary rocks contain the 
highest quantities but these rarely exceed 0.03% Co. The 
behavior of cobalt in the sedimentary environment is clari
fied by its associations in modern sediments; Co is ad
sorbed onto clay minerals and precipitating oxides and 
hydroxides of Fe and Mn (Goldberg, 1954). And, because it 
behaves similarly to Mn in oxidizing conditions, it is a
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common component in Mn nodules as well (Heggie and Lewis, 
1984). Very little is known about its behavior in a re
duced environment but the high Co content of carbonaceous 
shales suggests that low Eh may favor its concentration.
If the depositional environment at Sunshine was reduced, 
the scarcity of Mn and enrichment of Fe could be explained: 
Mn compounds remain in solution in reduced conditions, 
while other metals, such as Fe, precipitate (Carrels and 
Christ, 1965).

Sulfur and Carbon

The presence of cobaltite and spongy pyrite indicates 
that some reduced S must have been available in the pre- 
metamorphic environment. However, because most of the Fe 
is incorporated in silicate rather than sulfide minerals, 
the amount of this S was probably limited. Reduced S can 
be introduced to the sedimentary environment by metal-bear
ing fluids or by reduction of seawater sulfate. The organ
ic material in the Sunshine Deposit, represented by the 
graphitic layers, could possibly have caused the latter 
reaction.
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Arsenic and Copper

Arsenic and Cu were probably original constituents of 
the Sunshine sediment because both occur in spongy pyrite, 
and As is a necessary component in cobaltite. Unfortunate
ly, it is not possible to determine whether the metals were 
deposited as sulfides because both arsenopyrite and chalco
pyrite presently display metamorphic textures ; arsenopyrite 
grains are euhedral and inclusion-free which suggests re
crystallization and chalcopyrite has clearly been squeezed 
between metamorphic minerals, such as biotite.

Both elements are common components in sedimentary 
rocks. Copper-rich sedimentary deposits, such as the Zam
bian Copperbelt and the Kupferschiefer, have been exten
sively studied. Arsenic is much more abundant in shale, 
which averages 15 ppm As, than in igneous rocks, sandstone 
or limestone, which each contain < 2 ppm (Levinson, 1980). 
It is relevant that oxygen-deficient sediments may be suf
ficiently enriched in As to form arsenopyrite and commonly 
contain Cu minerals, Au and Ag as well (Ramdohr, 1969).

Chlorine

Chlorine was detected in two minerals from the deposit 
analyzed by microprobe: biotite and chlorite. Although Cl
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can substitute for (OH) in these minerals, it is seldom 
included in chemical analyses and there is virtually no 
data regarding the Cl content of chlorite in the litera
ture. Some data is available for biotite, however (Table 
17). The amount of Cl in the Sunshine biotite is signifi
cantly greater than that of metasedimentary biotite and is 
comparable to that of biotite in acidic, igneous rocks.
The abundant Cl, and F, in the latter can be explained by 
the fact that volatile elements concentrate in late-stage 
magmatic fluids. However, a different mechanism must ac
count for the enrichment of Cl over F at Sunshine.

The presence of Cl in several minerals implies that 
basinal fluids were enriched in this element. Cl-rich 
brines are not uncommon in sedimentary environments and in 
fact, are efficient transporters of metals. In the Red 
Sea, Cl-rich brines contain high amounts of Na, Ca, K, Fe, 
Pb, Zn and Cu, probably complexed with chloride (Shanks and 
Bischoff, 1977). It is noteworthy that the major metals at 
Sunshine - Fe, Co and Cu - readily form stable chloride 
complexes (Barnes, 1979). If the metals were carried in 
this form, a separate source of reduced S is necessary for 
metal sulfide precipitation; however, the organic material 
at Sunshine again may have provided a mechanism for pro
ducing reduced S at the depositional site.
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Table 17 - CONCENTRATION OF Cl IN BIOTITE (WT- %)

Rock Tvoe fLocality) Ava. %C1 Max. %C1 Ref.
Quartz-biotite-garnet schist

(Sunshine Deposit) 0.58 0.75
Biotite schist (Lemhi, ID) — 1 . 1 1 (7)
Staurolite schist (Antarctica) - 0 . 0 2 (5)
Semi-pelitic schist (Greenland) 0 . 0 2 0.04 (3)
Muscovite schist (Greenland) 0.04 0.06 (3)
Sillimanite-potassium feldspar

gneiss (Greenland) 0.08 0.48 (3)Orthopyroxene gneiss (Greenland) 0 . 0 2 0.04 (3)
Granulite (Antarctica) 0.19 0.34 (4)
Granulitic charnockite (India) - 2.07 (6 )
Orthogneiss (New York) - 1.03 (1 )Granite (Great Basin) 0 . 1 0 0.27 (8 )
Granodiorite (Sierra Nevada) 0.34 0.62 (2 )
Granitoid (Appalachians) - 0.17 (1 0 )
Pegmatite (Bushveld) 0.50 0.70 (9)Pegmatite (Stillwater) 0.25 0.30 (9)

denotes a single analysis
References :
(1) Bohlen et al., 1980
(3) Dymek, 1983
(5) Grew et al., 1986
(7) Lee, 1958
(9) Mathez et al., 1985

(2) Dodge et al., 1969
(4) Grew, 1982
(6 ) Kamineni et al., 1982
(8 ) Lee et al., 1983

(10) Speer, 1981
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Rare Earth Elements

The identification of allanite in the Sunshine rocks 
indicates that REEs were abundant, at least locally. Al
lanite is a cerium-rich epidote which sometimes contains La 
and Y, and is most commonly found in granites, limestone 
skarns and pegmatites (Deer et al., 1962a). However, it 
forms primarily in response to the abundance of REEs and 
therefore has been described in such varied occurrences as 
footwall veins in the Sullivan Pb-Zn Deposit, British 
Columbia (Campbell and Ethier, 1984) and within Precambrian 
stratiform Cu deposits (Demange and Elsass, 1973). Graf 
(1978) observed that the absolute amount of REE's in sedi
mentary rocks correlates with the amount of detrital mater
ial, so that shales are more enriched than chemical preci
pitates. Chemical analyses of rocks from the Sunshine ore 
zone confirm that the REE content is indeed locally high; 
although the geometric mean content of Ce was determined as 
17 ppm, the maximum content reported exceeded 2,000 ppm 
(Nash et al., 1987, p. 13). These authors also reported a 
maximum value of 1000 ppm for La in the Sunshine ore zones. 
It is interesting to note that the coarse grains of allan
ite in the Sunshine Deposit occur directly adjacent to 
graphitic layers. This suggests that the mineral formed
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during diagenesis or metamorphism to accomodate REEs orig
inally associated with organic sediment.

Boron

Tourmaline is an important repository of B and its 
common occurence in metamorphosed, sediment-hosted ore de
posits has led to several recent studies concerning the 
significance of B in metallogeny (Ethier and Campbell,
1977 ; Slack, 1982 ; Taylor and Slack, 1984; Plimer, 1986). 
Although tourmaline is an accessory mineral in the Sunshine 
rocks, it does concentrate in thin layers adjacent to co
baltite, biotite and heavy minerals. The tourmaline might 
be considered detrital based on the latter association, but 
its euhedral shape and Fe-rich nature, similar to that of 
coexisting metamorphic minerals, indicate that it is in 
fact authigenic. Therefore, the local enrichment of B and 
its association with Co warrant some investigation.

Table 18 lists B contents in ppm of rocks and natural 
waters. In most of these, B amounts to <50 ppm, which is 
not enough to form tourmaline. Pegmatites, evaporites and 
clay-rich shales, however, are enriched in B. There is no 
evidence that magmatic processes were active at Sunshine 
nor are there any evaporite minerals present. Shales are
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Table 18 - CONCENTRATION OF B IN ROCKS, SEDIMENTS AND WATER

nom B referen
laneous rocks
Ultramafic 3 (1 )Mafic 5 (1 )Basalt 1 . 6 (3)
Intermediate 20 (2 )
Felsic 15 (2 )
Granite 10 (1 )

Sedimentary and metasedimentary rocks
Limestone < 1 0 (3)
Limestone 20 (1 )Limestone 10 (2 )
Sandstone 35 (1 )Shale 1 0 0 (1 )Shale 310 (3)
Quartzite, Lapland 9-31 (3)
Aldridge Formation

equivalent, Montana 143-245 (4)
Illite in above 288-753 (4)
Sullivan Mine, footwall

and hanging wall 15,210 (5)Average tourmaline
(10.9% B203) 33,870 (5)

Water
Salton Sea 390 (6 )
Seawater 4.6 (7)
Searles Lake (evaporitic) 3225 (3)

References :
(1) Rose and others (1979)
(3) Rankama and Sahama (1950)
(5) Ethier and Campbell (1977)
(7) Shanks and Bischoff (1977)

(2) Levinson (1980)
(4) Reynolds (1965)
(6 ) White (1968)
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thought to become enriched in B by adsorption on illite and 
other clays (Ethier and Campbell, 1977). Perhaps the pre
sent micaceous material at Sunshine represents a metamor
phosed clay-rich sediment. This would explain the rela
tionship between tourmaline and biotite and possibly also 
Co which is common in shales. The B may have been intro
duced to the basin in a brine ; Table 18 shows that brines 
are significantly richer in B than normal seawater.

The chemical composition of tourmaline should also 
reflect the environment of formation because tourmaline is 
slightly affected by metamorphic alteration or weathering 
(Smith, 1985; Plimer, 1986). Table 19 lists elemental ra
tios for Sunshine tourmaline with various igneous and meta
morphic tourmaline for comparison. The average Na^C/(Na^C 
+ CaO + K20) ratio in Sunshine tourmaline is 0.84, which 
corresponds to tourmaline from stratabound, massive sulfide 
deposits. The unlikelihood of a pegmatitic source has al
ready been discussed. In addition, Taylor and Slack (1984) 
have shown that stratiform tourmaline in massive sulfide 
deposits can be directly related to exhalative processes 
and is usually Mg-rich. The FeO/(FeO + MgO + MnO) content 
of the Sunshine tourmaline is consistently higher than that 
in various massive sulfide tourmaline (Figure 33). Inter
estingly, it corresponds instead quite closely to tourma-
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Table 19 - OXIDE RATIOS IN TOURMALINE FROM SUNSHINE 
AND VARIOUS OTHER LOCALITIES (WT. %)

NaoO ratio* FeO ratio**
Sunshine samples
10A-489.6 blue center 0.93 0.87

brown rim 0.81 0.81
12C-710 blue center 0.89 0.85

brown rim 0.85 0.79
17B-639 brown center 0.71 0.67

dark brown rim 0.81 0.78
9A—2 66 unzoned blue grain 0.91 0 . 8 8

12C-715A unzoned blue grain 0.95 0.85
11A-220 blue center 0.81 0.69

light brown 0.80 0 . 6 6
very light brown 0.79 0.65
dark blue rim 0.78 0.72

Other localities
Pegmatite tourmaline

(Ethier and Campbell, 1977) 0.80 0.80
Aldridge Formation metasediments,

Sullivan Deposit (Ethier
and Campbell, 1977) 0.62-0.73 0.45-0.67

Bavarian metasediments
(Ethier and Campbell, 1977) 0.42-0.52 0.44-0.50

Coal deposits
(Ethier and Cambell, 1977) 0.55 0.64

Tournaiinite, B-rich iron-form
ation (Plimer, 1986) 0.30-0.84 0.27-0.50

Quartz-pyrite iron-formation
(Plimer, 1986) 0.66 0.56

Broken Hill iron-formation
(Taylor and Slack, 1984) - 0.74

* Na2Û/(Na^U + CaO + E^O)
** FeO/ (FeO + MgO + MnO)

denotes uncalculated ratio
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line from the iron-formation associated with the Broken 
Hill Pb-Zn Deposit in New South Wales.

Gold and Silver

The close association of gold grains with cobaltifer- 
ous ore zones implies that Au was deposited in the sedi
mentary environment along with Co and therefore responded 
in a similar way to the prevalent chemical conditions. 
Silver must have also been available at the time because 
variable amounts of Ag are in solid solution with Au. 
However, because native Ag can not coexist with a Au-Ag 
solid solution (S. Romberger, personal communication,
1988) , the native Ag identified at Sunshine must either 
have been introduced at a different time or released from 
another mineral such as the Ag-bearing spongy pyrite. Ad
ditional study is required to determine the origin of the 
native silver.

Environment of Deposition

The characteristics of the sedimentary basin in which 
the Yellowjacket Formation and the Sunshine Deposit were 
deposited, have been the subject of several studies (Lopez, 
1981; Sobel, 1982; Hughes, 1983 ; Hahn and Hughes, 1984).
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Sobel (1982) attributed the thickness of the Yellowjacket 
strata, their fine grain size, moderately mature textures 
and turbidite-like sedimentary structures to a prograding 
fan complex in a deep, narrow trough. He postulated that 
the primarily detrital sediments were derived from granitic 
sources. In agreement with this, Hughes (1983) proposed 
that the deep basin was formed during rifting of the craton 
margin and was divided into several second-order basins by 
NW trending growth faults. The geometry of these various 
basins would have dictated not only the amount of clastic 
sediment received and its distribution, but also created 
local, distinct chemical environments.

In many respects, the observations of the Sunshine 
Deposit are consistent with these ideas. The evidence in 
this study indicates that the sediment probably consisted 
of a large amount of fine-grained detrital material; heavy 
minerals and fine- to medium-grained quartz are distributed 
throughout the deposit. The origin of some of the quartz- 
rich material has been attributed to different processes by 
various authors, however (Daggett and Baer, 1981; Hahn and 
Hughes, 1984 ; Nash and Hahn, 1986; Nash et al., 1987). In 
a preliminary study of the Sunshine Deposit, Daggett and 
Baer (1981) attributed siliceous material associated with 
mineralization to hydrothermal fluids circulating and sili-
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cifying parts of the mineralized layer. Hahn and Hughes 
(1984) mentioned "cherty exhalites" associated with chlor- 
ite-rich beds and tuffs in the mining district and these 
were discussed in more detail in a study of gold and co
baltite associated with siliceous deposits (Nash and others 
(1987, p. 5). They described "fine-grained, sugary quartz 
(metachert)" in the district and stated,

"Thin sections indicate that clastic quartz 
generally is not abundant. The layers of 
metachert are readily identified as chemical 
sediment, especially by the thin monomineralic 
layers and interlocked grains seen in thin 
section"

but also that "although clastic and hydrothermal quartz are 
texturally distinct in thin section, these...can not be 
distinguished chemically" (p. 7).

The grain size of the quartz described in this study 
varied from >0 . 6 mm to 0 . 1 mm, with rare grains 0 . 0 2 mm in 
diameter associated with micaceous layers. The smallest 
size corresponds to silt rather than to chert, described by 
Blatt and others (1980) as ranging between 0.1 to 0.3 mi
crons in size. Although the amount of recrystallization 
that affected the quartz during the first phase of deforma
tion is not known and it is possible that the present 
grains may originally have been finer, there is no way to 
determine this microscopically in the samples from the Sun
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shine Deposit. Thus, the grain size of the quartz can not 
determine whether this was chert. "Interlocking textures" 
also are probably not good indicators of chemical versus 
clastic quartz. The grain textures at Sunshine are, at 
least partially, due to readjustment of grain boundaries in 
response to metamorphism and thus are not truly representa
tive of original grain boundary relationships. Because of 
these factors and an inability to differentiate the quartz 
types chemically, the interpretative terms "siliceous exha
lite" and "cherty exhalite" were therefore avoided in this 
study. On the other hand, the fine grain size of resistant 
minerals in the deposit suggests that a detrital component 
is present in the Sunshine rocks and that these sediments 
were transported a considerable distance from their source.

Depositional conditions were somewhat variable given 
the fact that individual beds intertongue, making correla
tion between drill holes difficult. This is also consis
tent with the depositional model described by Hughes 
(1983). However, delicate bedding and overall scarcity of 
sedimentary structures suggests that active redistribution 
of sediments by turbidity currents was not extensive in the 
area of the Sunshine Deposit.

Because of difficulties in understanding the local 
tectonic environment, the relationship between Sunshine and
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other deposits is not really known. It is possible that 
the Sunshine block was a separate basin within a larger 
trough but no growth faults or similar structures were 
identified at Sunshine to substantiate this theory. Ongo
ing investigation of the chemistry of other deposits in the 
district, by J. T. Nash and others at the U. S. Geological 
Survey - Denver will undoubtedly provide important informa
tion concerning how different areas in the district compare 
chemically.

The previous section demonstrated that the Sunshine 
rocks, at least, share many similarities to marine clays; 
REEs, C, B, and S, all locally abundant at Sunshine, are 
common components in shale and, although the amounts of Fe, 
Co and As in the Sunshine rocks are anomalous for sedi
ments, they can be compatible with shales as well under the 
right conditions.

Comparison with Other Deposits

The Sunshine Deposit and related cobalt occurrences 
in the Blackbird Mining District are unique because sedi
ment-hosted deposits with cobalt as a dominant metal are 
rare. Although the Sunshine Deposit does not directly 
correlate with any known deposits, it does share some simi
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lar features with stratiform copper deposits and sediment- 
hosted massive sulfide deposits. These features can eluci
date the processes that led to the formation of the Sun
shine Deposit.

Stratiform Copper Deposits

The possible relationship between the Yellowjacket 
Formation and rocks of the Belt Supergroup in Montana and 
Idaho, invites a comparison between Sunshine Cu-Co mineral
ization and stratiform Cu deposits. In addition to the 
deposits of the Revett Formation in the Belt, stratiform Cu 
deposits include those in the well known Kupferschiefer 
shale and Zambian Copperbelt. These are characterized by 
disseminated Cu-sulfides which are restricted to particular 
shale or sandstone units, within or stratigraphically above 
red bed sedimentary sequences (Table 20). Mineral zones, 
ranging from a high Cu:Fe ratio (chalcocite-bearing) to low 
Cu:Fe ratio (chalcopyrite-bearing) are commonly present.
In the Revett deposits, these zones have been attributed to 
oxidized, Cu-bearing fluids migrating through carbonaceous 
rocks and reacting with sedimentary pyrite and/or H2S 
(Lange and Sherry, 1983). Proposed theories for the zoning 
in the Zambian deposits range from syngenetic (Whyte and
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Table 20

Age

Metals
Nature of 
Ore Zone
Lithologie
Association

Mineral Zoning

Textures
Chemistry

Tectonic
Environment
Controls on 
Deposition

Examples

MAJOR CHARACTERISTICS OF STRATIFORM 
COPPER DEPOSITS

2.0 by to Miocene - especially 
abundant in Late Proterozoic
Cu, minor Pb and Zn
Disseminated Cu sulfides in 
tabular ore bodies
Ores associated with thick 
sedimentary sequences of shales 
siltstones, and argillites which 
are often oxidized. Also occur 
with carbonates, evaporites. Igneous 
rocks include basalt, usually 
present in sequence.
Sulfide zoning from chalcocite to 
digenite and bornite, to chalcopy
rite, to minor syngenetic pyrite 
with Pb, Zn, Cd
Replacement of Fe-sulfides by Cu
Sharp changes in Eh indicated 
across lithologie boundaries
Early rifting stage of stable, 
continental crust
Eh variations caused by:

1 ) changes in basin geometry or,
2) carbonaceous or low Eh horizons 

with which oxidized solutions 
interact

Revett Deposits, Belt Supergroup, 
Montana and Idaho; Zambian Copperbelt 
Deposits; White Pine Deposit, 
Michigan; Mansfeld Copper Deposits 
(Kupferschiefer), Germany
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Green, 1971) to diagenetic; related either to availability 
of sulphate in the rocks (Annels et al, 1983) or controlled 
by Eh changes governed by the morphology of the basin (Saw- 
kins, 1984). It is interesting that several of the strat
iform Cu deposits in Zaire and Zambia contain Co, mostly in 
pyrite, as well.

The Sunshine Deposit is comparable to stratiform Cu 
deposits because it is hosted by the metamorphic equivalent 
of sandstones and siltstones, it contains abundant dissem
inated chalcopyrite, and has a similar assemblage of Fe-Cu- 
Co-Ag but little Pb and Zn. This suggests that the metal- 
transporting solutions in both deposit types were similar; 
Cu solubility in brines is sufficiently different from that 
of Pb and Zn that, under proper conditions, it can precipi
tate separately. Virtually all of the theories regarding 
stratiform Cu deposition involve a local decrease in Eh, a 
feature also indicated in the Sunshine Deposit by local 
carbonaceous material.

However, there are also major differences between the 
Sunshine Deposit and stratiform Cu deposits. These include 
significantly different metal proportions, with Fe > Cu, 
and the addition of As and Au. Moreover, no systematic 
metal zoning can be detected at Sunshine and there are no 
identified growth faults or consistent mineral replacement
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textures (i.e., cubanite rimming pyrite). These observa
tions suggest that the metalliferous solutions at Sunshine 
were not exactly compositionally equivalent to those of 
stratiform Cu deposits and either did not migrate signifi
cantly through sediment horizons or evidence of such migra
tion was destroyed during metamorphic recrystallization.

Sediment-hosted Massive Sulfide Deposits

The sediment-hosted massive sulfide deposits are more 
diverse as a group than the stratiform Cu deposits, but 
share similarities which seem to connect them genetically 
(Table 21). These deposits are characteristically conform
able within thick sequences of continentally-derived shales 
and siltstones, usually containing minor amounts of igneous 
rocks. The ores consist of massive to poorly banded galena 
and sphalerite with associated pyrrhotite, pyrite, magne
tite, chalcopyrite, arsenopyrite and, in the case of the 
Sullivan Mine in British Columbia, cassiterite. Copper and 
Ag may occur in significant quantities. Lateral and ver
tical zoning of the main metals is typically present in 
some form. Many of the deposits exhibit features indica
tive of formation from hydrothermal fluids discharged onto 
the seafloor. The Sullivan Mine contains a tourmalinized.



T-3385 161

Table 21 - CHARACTERISTICS OF SEDIMENT-HOSTED 
MASSIVE SULFIDE DEPOSITS

Age
Metals

Nature of Ore Zone

Lithologie
Association

Gancrue Minerals 
Metal Zoning 
Textures

Structure

Environmental
Conditions

Proterozoic to Mississippian
Zn, Pb; Cu and Ag may be important. 
Minor Sn, Cd, Sb, Bi, Au. Most 
common sulfides include sphalerite, 
galena, pyrite, pyrrhotite, with some 
chalcopyrite and arsenopyrite.
One or more lenses which may 
be conformable and stacked. Often 
laterally extensive.

Hosted by a thick sequence of clastic 
rocks including sandstone, shale and 
their metamorphic equivalents gneiss, 
biotite schist, phyllite. May 
contain carbonate, iron-formation, 
chert. Volcanic rocks can be absent 
entirely or present in significant 
amounts.
Include barite, tourmaline, apatite.
Lateral and/or vertical zoning.
Sulfides are massive to delicately 
banded. May show sedimentary 
features such as slump folds.
Often associated with faults active 
during mineralization. Breccia zones 
found in some deposits.

Evaporites in some deposits indicate 
shallow water. Carbonaceous horizons 
in some suggest euxinic conditions.

Examples Sullivan Mine, Canada; Mt. Isa, 
Australia; Broken Hill, Australia 
MacArthur River, Australia
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pyrrhotite-rich breccia underlying a massive pyrrhotite 
lens, which probably represents a vent at the top of a 
feeder zone for the discharge of metalliferous fluids 
(Ethier et al., 1976). In other deposits, alteration zones 
and synsedimentary faults for channeling fluids are known. 
The presence of interbedded siltstones and cherts suggests 
slow ore deposition in a relatively quiet environment; 
evaporites in some deposits also indicate shallow water.

Of particular interest are the metamorphosed massive 
sulfide deposits that have metal assemblages, zoning pat
terns and tectonic settings that are similar to the less 
metamorphosed sediment-hosted deposits, but are distinctly 
iron-rich. These include the Broken Hill and Pegmont Depo
sits in Australia and Gamsberg in South Africa. The Cu-Zn 
orebody at Gamsberg is hosted by metamorphosed arkose, 
quartzite and shale, but is adjacent to micaceous zones and 
siliceous rocks interpreted as metacherts; oxide, carbonate 
and sulfide facies typical of iron-formation have been 
recognized (Rozendaal, 1980). Similarly, the Broken Hill 
Cu-Pb-Zn-Ag ore-bodies are associated with clastic metased- 
imentary rocks containing detrital zircon, and BIF (Stan
ton, 1972 ; Wright et al., 1987).

The iron-formation at the Pegmont Deposit is diffi
cult to recognize because of its degree of metamorphism
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(Vaughan and Stanton, 1986). It contains, like Sunshine, 
predominantly Fe-silicate minerals including biotite, gar
net, chlorite, staurolite, and fayalitic olivine (Table 
22). Iron sulfides are minor. The high Fe content of the 
silicate minerals is comparable to similar characteristics 
at Sunshine. Furthermore, Pegmont also contains chalco
pyrite, arsenopyrite, marcasite, ilmenite, graphite, tour
maline and ferrohastingsite with a high content of Cl: all 
features which are present at Sunshine. Vaughan and Stan
ton (198 6 ) proposed that the Pegmont Deposit was originally 
a silicate facies, metal-rich ironstone, containing vari
able amounts of intermixed clastic material. In fact, the 
Fe-rich ore unit at Pegmont thins laterally, possibly 
toward a more oxidized basin edge, and becomes diluted by 
increasing amounts of detrital sediment (Figure 58). Where 
the ore unit is thin, Si, Al, Ti, K, Cu and Na contents 
increase, garnet becomes more almandine-rich, and the Pb, 
Zn, P2O5 and Mn contents decrease so that the bulk composi
tion becomes quite similar to that of Sunshine. The au
thors also postulated that a limited amount of reduced S 
was available at the depositional site due to the high C 
content of the sediments, and that Fe and other metals were 
precipitated as sulfides or sulfide gels from solutions 
during fluctuations in sedimentation. Deposition probably
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Table 22

Age
Metals
Nature of 
the Ore Zone

Lithologie
Association

Metamorohism

Textures

Chemistry

Depositional
Environment

CHARACTERISTICS OF THE PEGMONT DEPOSIT, 
WESTERN AUSTRALIA

Mid-Proterozoic
Massive sulfides of Pb, Zn, minor Fe

Extensive sheets of sulfides, 5 to 6 
m thick but thinning at basin edge.

Ore sheets occur within finely 
laminated, thin Fe-rich metasedi- 
mentary units which pass into schists 
at basin edge. Lithologie units 
include arenaceous and micaceous 
schist, phyllite, slate with 
interbedded quartzite. Minor 
amphibolite.
Wide range of metamorphic minerals: 
E-feldspar, plagioclase, muscovite, 
biotite, staurolite, andalusite, gar
net, olivine, hematite, graphite, 
dolomite, chlorite, iddingsite, 
amphibole, tourmaline, and apatite.
Phyllosilicate (sedimentary) habit of 
garnet.
Vertical and lateral chemical 
changes. Iron-formation 
characterized by high Pb, S, Zn, P, 
Mn. Schist contains Si, Al, Ti, K, 
Na. High Cl indicated by hornblende.

Shallow basin in sea or lake. Fe- 
rich unit deposited as a silicate 
facies Zn-, Pb-, Cu-rich phosphatic, 
manganiferous iron-formation. 
Sulfides possibly precipitated as a 
gel in the sedimentary or diagenetic 
environment.
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Figure 58: Model for the Pegmont Deposit from Vaughan
and Stanton, 1986.
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took place in a shallow marine or lacustrine basin.
The Sunshine Deposit thus resembles certain base metal 

deposits associated with iron-formations. Although it does 
not possess the distinctive oxide and sulfide bands associ
ated with the well known, classical volcanogenic Algoma 
Type iron-formations, in the strictest sense the Sunshine 
rocks contain >15% Fe and thus are classifiable as iron- 
formations or ironstones. Evans (1980) noted that the 
depositional environment of silicate-dominated iron-forma- 
tions is not well understood due to the great variety and 
complexity of the Fe silicates ; this explains the difficul
ty in identifying these strata in metamorphosed deposits. 
However, the similarity of composition and lithology be
tween the Sunshine and the iron-formations at Broken Hill 
and Pegmont suggests the presence of a ferruginous chemical 
precipitate to which was added a significant detrital in
put. It should be noted, however, that there are also 
important contrasts with the massive sulfide deposits dis
cussed; mineral and metal zonation have not been recognized 
at Sunshine and the ore metals are different. The former 
can possibly be explained by the small scale represented by 
the Sunshine mineralization. Perhaps if bedding could be 
followed laterally for a distance, mineral changes would be 
apparent. The metal assemblage, however, is probably a
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function of a different, and more mafic, metal source than 
that of the massive sulfide deposits. Therefore, although 
the specific origins of the metals and ore fluids can not 
be determined, it is likely that the ore at Sunshine repre
sents a chemical precipitate from a Fe-Co-Cu-As-rich fluid 
supplied from either a remote vent or a detrital source 
because neither feeder zones or alteration of footwall 
rocks is apparent.

Additional Problems 

Separation of Cobalt and Nickel

Because Co and Ni are so closely affiliated in many 
environments, little is known about the causes of their 
separation. However, such information would contribute 
greatly to the understanding of the Sunshine Deposit be
cause Ni was detected in only trace amounts : in spongy py
rite and two grains of millerite.

Metals divide into natural classes and metal and min
eral zoning often corresponds to the different behavior 
exhibited by these classes in response to temperature, pH, 
etc. In attempting to determine the controls on metal 
zoning within classes, as between Co and Ni, Susak and 
Crerar (1985) found that metal complexing was an important
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factor. Tetrahedral coordination favors Cl complexing of 
Co and Ni and therefore their concentration and transport 
in fluids. They also found that the transition to a tetra
hedral coordination state occurs at a lower temperature for 
Co than for Ni. This is therefore a possible mechanism for 
the enrichment of Co relative to Ni. Another possibility 
involves the separation of the two elements during deposi
tion because Co more readily forms a carbonate mineral than 
Ni (Carrels and Christ, 1965). Lack of carbonate in the 
rocks, however, precludes this as a viable explanation.

Nature of the "tuffaceous" material

Hahn and Hughes (1984) described devitrification tex
tures and glass shards in micaceous material in the dis
trict which they, in turn, identified as original tuffa
ceous sediment. They proposed a genetic link between these 
tuffs, the mafic dikes and the cobalt mineralization and 
suggested that (p. 67),

"metals were brought into the basin with the 
magmatic products and deposited syngenetically 
with both tuffs and cherty exhalites... some 
metals were remobilized from the tuffs into 
stratigraphie and structural traps subsequent to 
deposition".

Nash and Hahn (1986) used chemical analyses to determine 
that the mafic dikes and tuffs were similar in composition
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and also suggested a genetic link between these and the 
cobalt. Although a volcaniclastic component may be present 
in the rocks at Sunshine, the lack of features identifiable 
as tuffaceous in this study, discussed above, places con
straints on a discussion of this view. However, if the 
phyllitic units do indeed represent tuffs, they would have 
to have undergone extensive alteration to generate the K- 
rich biotitic assemblages and Al-rich chloritic assemblages 
or be intermixed with a large amount of detrital material. 
The fact that mafic, basaltic rocks contain as much Ni as 
Co poses an additional problem. A mechanism for differ
ential movement of Ni and Co would be required if either 
the tuffs or dikes were the original source of the cobalt 
metal. Furthermore, the scarcity and limited volume of the 
mafic dikes at Sunshine limit their potential as metal 
sources. It is more probable that these units simply re
present metamorphosed, detrital clay layers.

The comparison with chemically precipitated iron-form
ation, however, does suggest that a chemical component was 
intermixed with the clastic component. As discussed above, 
it is difficult to determine definitively whether the 
quartz grains represent a chemical precipitate. However, 
the earthy, green, sharply defined chlorite layers are 
especially interesting and may provide a key to under-
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standing this aspect. This material is unlike that found 
in detrital sediments; it contains no quartz or heavy min
erals and consists of almost pure Fe-rich chlorite. These 
may reflect some kind of Fe-rich aluminosilicate precursor 
which was chemically precipitated.

Significance of a Single Metamorphic Texture

The effects of a Proterozoic metamorphic event are 
recorded in the Sunshine rocks, but it is clear that the 
region was also subjected to later regional metamorphic 
events including the intrusion of a suite of granitic plu- 
tons in Late Proterozoic time, alkalic plutons in the Pale
ozoic Cordilleran miogeosyncline, and the Idaho Batholith 
during the Laramide orogeny. Regional changes due to these 
events would be expected in the Sunshine rocks and yet 
appear to be absent. There is a single foliation which 
shows only minor deformation. This suggests that the Sun
shine rocks were somehow isolated from the later intrusive 
and metamorphic events, but the reason for this is not 
known.
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Chapter 7 
CONCLUSIONS AND RECOMMENDATIONS

The Sunshine Deposit contains unique features which 
elucidate the relationship between cobalt mineralization, 
the deposition of the host rocks and metamorphism. Al
though Sunshine is apparently more highly metamorphosed 
than other deposits in the region, the metamorphic minerals 
ironically provide the best evidence for the relative 
timing of events.

The following conclusions are reached in this study:

1) Widespread chemical and mechanical diffusion has 
not occurred during metamorphism, at least over 
distances greater than the smallest layers be
cause, a) streaks of zircon, ilmenite, tourmaline 
and hematite after magnetite, and soft sediment 
textures including convoluted layers, flame and 
load structures, reveal original sedimentary 
layering and, b) compositional inhomogeneities 
were observed on intra- and inter-layer scales.
Such features would not be retained after large- 
scale transfer of elements.



T-3385 172

2) Point 1 requires that the present chemical comp
ositions must largely reflect the chemistry of 
the precursor material.

3) Cobalt was an original constituent of the sedi
ment. Its incorporation in porphyroblasts, 
distribution with heavy minerals and micas, and 
cataclastic texture establishes its presence prior 
to metamorphism and confirms it was not moved 
significantly during that event. Cobalt occurs
as a trace element in colloform, synsedimentary 
pyrite which also supports its presence along 
with Fe, As, Cu and minor Ni in the sedimentary 
environment.

4) The deposit is distinctly iron-rich. The meta
morphic minerals garnet, chloritoid, biotite, 
chlorite and tourmaline consistently reflect 
high amounts of Fe. In many cases, their compo
sitions are consistent with minerals found in 
metamorphosed, silicate-rich iron-formations.

5) Local chemical inhomogeneities occurred in the 
sediment and led to the formation of minerals 
rich in REEs, B, C, Bi and Cl. These elements
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commonly occur in sedimentary environments.

6) Gold has a close physical and chemical associa
tion with cobaltite suggesting a common genesis 
for gold and cobalt.

7) The bulk composition of the Sunshine rocks (high 
Al, K, Si) is similar to sandy and politic sedi
ment but significant quantities of Fe, Co, As and 
Cu imply the addition of a metal source during 
normal detrital sedimentation. Metal sulfides 
were likely chemically precipitated from a Cl- 
rich solution in response to localized low Eh 
conditions and available reduced S. Fine layer- 
ring throughout the deposit suggests overall 
quiet conditions during deposition.

8) Metamorphism of the silicate-rich sediment oc
curred during one event under upper greenschist 
to amphibolite conditions and produced the vari
ety of metamorphic Fe-silicate minerals.

The understanding of the Blackbird Mining District is 
increasing with chemical and pétrographie studies being 
conducted at the U. S. Geological Survey in Denver. Ad
ditional work such as study of oxygen and sulfur isotopes
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could help to identify the source of the mineralizing flu
ids at Sunshine and establish its place in the spectrum of 
stratiform deposits? very detailed chemical analyses across 
individual layers would provide a better idea as to chem
ical variations in the deposit. A comparison of strati
form mineralization, as at Sunshine, and discordant de
posits in the original Blackbird Mine would be particular
ly interesting. According to literature accounts, the 
Blackbird Mine contains different proportions of sulfide 
minerals (eg. abundant pyrrhotite). Unfortunately, the 
Mine is inaccessible at the present time and much of 
Noranda, Inc.'s data for this area has not been published.
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Appendix I
CROSS SECTIONS THROUGH THE SUNSHINE DEPOSIT

The location of the twenty-nine diamond drill holes and 
cross sections A-A1 and B-B* are shown on Plate 1. Drill 
holes 5A, 13B and ISA did not intersect mineralization.
Holes 3A, 4A, 8A-B, 9A, 10A-B, 12A-B-C and 14A-B each inter
sected mineralization but correlation between these holes 
was uncertain; apparently lithologie units and mineralized 
layers thicken and thin laterally.

The generalized cross section A-A1 was produced by pro
jecting data from 8 drill logs onto a plane oriented south
west and roughly perpendicular to the strike of bedding.
Note that the two mineralized layers are parallel to each 
other and the lithologie contacts.

Cross section B-B1 was prepared from data obtained from 
logging drill holes 17A and 17B. Note that the holes inter
sected more than one mineralized horizon. The layers are 
located a) within schistose rock and b) at the contact 
between phyllite and micaceous quartzite. Again the layers 
are stratiform within the lithologie sequence and can be 
followed from one hole to the next.
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Appendix II 
ELECTRON MICROPROBE ANALYSES

Minerals were analyzed with an ARL, SEMQ electron 
microprobe at the USGS-Denver Federal Center, using natural 
minerals for calibration standards and the following oper
ating conditions: a 15 kV excitation voltage, 10 nanoampere
sample current and counting intervals of 20 and 10 seconds 
for peak and background, respectively. All data were re
duced online using the Magic IV matrix correction program.

Wherever possible, the samples were analyzed at three 
spots in each grain and three grains in a section for a 
total of nine analyses per sample. This procedure was mod
ified to allow for the abundance of grains in a given 
sample, their clearness and zoning. Therefore the results 
for each sample actually represent an average of between 1 
and 13 spot analyses; the number is listed directly under 
the sample number on the tables.

Care was taken to assure that microprobe operating 
conditions were constant between analyses; the precision was 
checked by comparing microprobe analyses of the standards 
before, during and after a session and a general idea of 
accuracy was obtained by comparing microprobe results with 
chemical results for the standards.
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Data in the tables is presented as weight percent oxide 
for the silicate minerals and weight percent element for 
pyrite and the metals. In addition, values in all tables 
represent the 99% confidence level. If the peak count for 
an element is greater than [3 x (background counts)1/2 + 
(background counts)] then there is 99% confidence that the 
detection of that element is real.

Recalculation of data was in some cases undertaken in 
order to compare the analyses with analyses in the litera
ture, which largely reflect chemical methods. This affected 
the hydrous minerals and the methodology is illustrated 
below. The text tables of garnet, pyrite, gold and silver 
represent original data.

Biotite As much as 9.69% Fe203 may be present in biotite
(Deer et al., 1962) and can not be detected by microprobe. 
Therefore, because the microprobe calculates total Fe as 
FeO, the values for FeO given by the instrument are inflat
ed. In order to represent both Fe2+ and Fe3+, a portion of 
this total Fe (as FeO) was converted to Fe203 as the example 
below illustrates.

The Fe203 content of the biotite at Sunshine is not 
known but was estimated by using 6 biotite grains from com
parable metamorphic rocks (Deer et al., 1962) which yielded
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a value of 2.39%. This value is very close to the Fe203 
value of 2.42% given by chemical analysis of the Lemhi bio
tite; the Lemhi biotite was collected about 3 miles north
east of the Sunshine Deposit (Lee, 1958). The 2.39% value 
therefore is a reasonable estimate for biotite at Sunshine 
and was added to the analyses. However, an equivalent 
amount must then be subtracted from the original total iron 
(as FeO). This equivalent amount is found by multiplying 
2.39% by the ratio of molecular weight of Fe203 to FeO 
(5.31%). The new total for the sample is decreased as a 
consequence and can be put back to the original total 
(95.87) by a factor (1.03) found by (old total - Fe203)/ (new 
total - Fe203) .

An average water content of 3.65% for metamorphic 
biotite (Deer et al., 1962) was then added to the total (now 
equal to 99.36) and the chemical formula calculated on the 
basis of 24 oxygens following the method of Deer and others 
(1966, p. 515-517). The number of ions in the formula are 
listed directly below analytical data on the tables.

Chlorite Essentially the same procedure was followed 
with the substitution of 3.70 for the Fe203 estimate, 11.43 
for the H20 estimate, and 36 oxygens as a calculation basis 
for the number of ions.
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Chloritoid 4.60 substitutes for the Fe203 estimate, 7.00
for the H20 estimate , and 14 oxygens as a calculation basis 
for the number of ions.

EXAMPLE - Sample 9A-211 Biotite
(1) (2) (3) (4)

F 0.04 0.04 0.04 0.04
Cl 0.73 0.73 0.75 0.75
Na20 0.09 0.09 0.09 0.09
Al2°3 19.97 19.97 20.56 20.56
Si02 33.07 33.07 34.06 34.06
k2o 8.80 8.80 9.06 9.06
Rb20 0.00 0.00 0.00 0.00
MgO 4.98 4.98 5.13 5.13
CaO 0.09 0.09 0.09 0.09
BaO 0.00 0.00 0.00 0.00
Ti02 0.12 0.12 0.12 0.12
FeO 27.94 22.63 23.31 23.31
Fe2°3 2.39 2.46 2.46
MnO 0.04 0.04 0.04 0.04
h2o 3.65
TOTAL 95.87 92.95 95.72 99.36

To derive column (2) from column (1):
a) 2.39 X 160/72 = 5.31%
b) 27.94 - 5.3 = 22.63
c) [ (95.87 - 2.39) / (92.59 - 2.39) ] = 1.03

column (3) from column (2):
a) multiply all values by 1.03 

column (4) from column (3): 
a) add 3.65% for water
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