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Figure 1
Eastern Klamath Mountains near Shasta Lake. 
Mount Shasta (elev. 14160) in background.
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ABSTRACT

The Permian stratigraphic section present in the 
East Shasta massive sulfide district extends into the study- 
area and includes a potential host horizon. Permian Dekkas 
Andesite and Bully Hill Rhyolite have been locally altered 
to chloritic and quartz-pyrite assemblages respectively. 
Meta-basalts of probable post-ore age and Triassic Pit 
Formation argillites were locally calcitized and silicified. 
Regional lower-greenschist metamorphism has affected all 
rocks in the study area. Tectonic deformation produced a 
regional northwesterly structure, that overprinted synsedi- 
mentary folding in the basal Pit Formation. Volcanic rocks 
are enriched in silicon and sodium and depleted in calcium 
and aluminum. A depleted non-seawater sulfur source is 
required for -10 to -28 per mil pyrite sulfur in silicified 
Bully Hill Rhyolite.

The lack of sericitic alteration and sodium 
depletion demonstrates the low intensity of hydrothermal 
alteration and the low probability of mineralization in the 
area.

xii



CHAPTER 1

INTRODUCTION

Volcanogenic massive sulfide mineralization similar 
to that of the Kuroko-type* deposits of Japan occurs in 
Devonian and Permo-Triassic rocks of the Eastern Klamath 
Mountains of northern California„ The older rocks host the 
deposits of the West Shasta copper-zinc massive sulfide 
district and the younger rocks include the ores of the East 
Shasta copper-zinc massive sulfide district. These two 
districts have accounted for 53% of the total copper and 42% 
of the total zinc produced in the state (Albers, 1966). The 
total production from the East Shasta district was 60 
million lbs. of copper, 50 million.lbs. of zinc, 174 thou
sand lbs. of lead, 3.2 million ounces of silver, and 44 
thousand ounces of gold (Albers and Robertson, 1961).

Much recent information has been published on the 
more productive deposits of the West Shasta district 
(Albers, 1985), whereas the smaller East Shasta district has 
received less attention and is incompletely mapped. Much of 
the area surrounding the East Shasta district has not been 
studied since the initial work by Diller (1906) in the 
Eastern Klamath Mountains, and no studies outside the 
boundaries of the district have been made in light of the
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2
recent genetic models of volcanogenic massive sulfide 
deposits. The lack of study is probably due to the absence 
of obvious surface mineralization, despite the presence of 
rock types and alteration similar to those found in the 
mineralized areas of the East Shasta district. It is 
possible that blind ore bodies lie beneath the surface. 
Electromagnetic surveys could test this potential.

In 1961/ Albers and Robertson described the 
Afterthought orebody and its relationship to the lithology 
and structure of the East Shasta district. The orebody lies 
at the contact between Late Permian Bully Hill Rhyolite and 
Late Permian to Midddle Triassic Pit Formation. According 
to the syngenetic model of formation of Kuroko-style massive 
sulfide mineralization/ this stratigraphic horizon is a 
mineralized host horizon. The contact is repeated beyond 
the established boundaries of the district by an anticlinal 
structure described by Albers and Robertson (1961). Brief 
reconnaissance trips were made in 1984 by Dr. C. J. Eastoe, 
and detailed mapping was completed in 1985 by the author to 
locate and describe,the stratigraphic horizon.

Location
The East Shasta district is in Shasta County 

approximately 25 miles northeast of Redding in the south
eastern part of the Klamath Range. The area of interest 
lies directly southwest of the district and is accessible by
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Highway 299E and various private and Forest Service roads, 
primarily the Backbone Road„ The area is located in the Oak 
Run 7.5' quad and the Bella Vista 7.5' quad (Figure 2). 
Boundaries of the mapped area are the southern and south
eastern edge of the map by Albers and Robertson (1961) on 
the north, Little Cow Creek to the southeast, the contact 
with the Cretaceous Chico Series sediments to the south, and 
an arbitrary boundary along the west where Pit Formation 
sediments become monotonous (Plate 1).

The area can be divided into three topographic zones 
which generally correspond to the outcrop geology. The 
southern portion is a relatively flat, moderately dissected 
surface south of the Backbone Road. Along the Backbone 
Ridge, rounded hills and steep slopes predominate. In the 
north, deeply dissected valleys and sharp ridges are charac
teristic, trending generally N-NW into the Pit River Arm of 
the Shasta reservoir.

There are three types of vegetation corresponding to 
the three topographic zones. Only in the southern part, 
where oak and digger pine are sparsely scattered on grassy 
slopes, was the vegetation not a hindrance to the location 
and tracing of lithologic contacts. In the central portion, 
slopes are covered by dense thickets of manzanita, scrub oak 
and other chaparral species, making geologic observations 
extremely difficult. Dense groves of ponderosa pine are



Figure 2
Location Map of the Bella Vista-Ingot Area.
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found along the high ridges. The northern part, with its 
deep gullies, is cooler and able to retain moisture, leading 
to the development of a semi-rain forest vegetation of 
shrubs, Douglas-fir, vines, and ferns, in stark contrast to 
the hot dry slopes only a few hundred meters above (Figures 
3 and 4). The best outcrops are found along the stream 
bottoms and ridges, and the detail of mapping is reflected 
in this exposure„ Slopes rarely provided adequate outcrop 
for structural information, and lithologies were often 
inferred from soil color and float where outcrops did not 
exist.

The climate is transitional between Mediterranean 
and Marine West Coast, resulting in hot dry summers and cool 
moist winters. Rainfall averages 20 centimeters per year. 
Seasonal temperatures can be extreme . In 1985-6, low 
temperatures of 20 degrees F in the winter and highs of 110 
degrees F in the summer were recorded. Average temperatures 
are 40 degrees F in the winter and 80 degrees F in the 
summer (Albers and Robertson, 1961).

Previous Work
The combined efforts of many geologists, from the 

first description of the McCloud Limestone north of the area 
by Trask in 1853 to the current work in progress at the 
University of Arizona and in other places, have produced a 
fairly complete picture of the regional stratigraphy of the
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Figure 3
View north down Dark Canyon; section 7 (Plate 1); 

Typical Vegetative cover of northern portion of study area.

-K ,/ %
Figure 4

View southwest towards Redding from Backbone Road; 
Typical vegetative cover of southern slopes in study area.
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Redding Section of the Eastern Klamath Mountains. The 
initial work by Diller (1906) was significant in that he 
named the units and described the stratigraphy and the 
regional distribution of the Redding Section near the East 
and West Shasta districts„ His work has been the basis for 
all subsequent studies. In 1957, Kinkel and others made a 
detailed study of the host rocks and ore mineralization of 
the West Shasta district. In 1961, Albers and Robertson 
followed with a description of the East Shasta district.
The application of Kuroko-style models of volcanogenic 
massive sulfide mineralization has led to a re-analysis of 
the genesis of these ores (Fredericks, 1980). The deposits 
of both districts are now considered to be primarily the 
result of hydrothermal circulation associated with volcanic 
activity. Subsequent studies have described areas to the 
west (Fraticelli < 1984), north (Sanborn, 1960; Curtis,
1983), and east (Hilton,1975). Regional studies by Irwin 
(1966; 1981) have dealt with the tectonic and regional 
history of the Klamath Mountains.

There are numerous studies underway concerning the 
tectonic and stratigraphic analyses of the major formations 
of the Klamath terranes (Renne, 1986; Lapierre et al, 1985). 
This study is part of a larger research effort at the 
University of Arizona, in which the geology and geochemistry 
of the ore deposits and their host rocks are being 
re-examined in detail.
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Fieldwork and Laboratory Work 
Fieldwork was completed in two stages; an initial 

month-long reconnaissance Of the area for gross mapping and 
sample collection during November 1985, and a month-long 
detailed mapping period during February 1986. 60 thin
sections of the various lithologies were examined. Seven 
volcanic rocks were analyzed by XRF methods for major and 
selected trace elements, and seven samples of pyrite from 
volcanic rocks and sediments were analyzed for sulfur 
isotope compositions to support the determination of source 
of sulfur and depositional environments. The geochemical 
analyses were compared with those recently obtained from the 
East Shasta deposits mentioned above. The contact between 
felsic volcanics and argillaceous sediments is of the 
greatest economic significance and mapping efforts were 
concentrated along this horizon to note significant vari
ations in alteration and mineralization.



CHAPTER 2

REGIONAL STRATIGRAPHY

The Redding Section in the Eastern Klamath Mountains 
consists of approximately 6000 meters of Early Devonian to 
Middle Jurassic submarine volcanic rocks and sediments that 
have undergone greenschist metamorphism and compressive 
deformation (Albers and Robertson, 1961). These rocks are 
pre-Nevadan Orogeny in age and are overlain by nbn-deformed, 
nearly horizontal volcanic and sedimentary post-Nevadan 
rocks. Both deformed and undeformed rocks are present in 
the area, including the Permian Dekkas Andesite, Bully Hill 
Rhyolite, and Pit Formation, the Cretaceous Chico Series and 
the Pliocene Tuscan Formation. A stratigraphic column of 
the Redding Section of the Eastern Klamath Terrane (Table 
1), should be referred to throughout this chapter.

Pre-Nevadan Orogeny Formations

Early Devonian to Middle Permian Formations
The Copley Greenstone, Balaklala Rhyolite, and 

Kennett Formation are Early to Middle Devonian island arc 
lavas and volcaniclastic rocks lying atop the ultramafic- 
mafic rocks of the Early Devonian Trinity Complex. Missis- 
sippian argillites, volcaniclastic rocks and tuffs of the

9
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Stratigraphic Column of the Redding Section 

of the Eastern Klamath Mountains
Table 1

FORMATION AGE THICKNESS
{meters}

LITHOLOGY

Tuscan
Formation Pliocene 0-360 Tuff Breccia
Chico
Formation L Cretaceous 1500 Fossiliferous sandstone
Potem
Formation E-M Jurassic 310 Argillites and limestone
Bagley
Andesite E Jurassic 200

Meta-andesite lavas and 
pyroclastic rocks

Arvison
Formation E Jurassic 1710

Tuffaceous sandstones 
and volcaniclastic rocks

Modin
Formation L Trlassie 1600

Argillites, limestones 
and volcaniclastic rocks

Brock
Shale L Triassic .120 Argillites and tuffs
Hosselkus
Limestone M Triassic 0-100

Thinly to thickly bedded 
fossiliferous limestone

Pit
Formation

L Permian- 
M Triassic 610-1340

Argillites, tuffs and 
volcaniclastic rocks

Bully Hill 
Rhyolite L Permian 760

Sodic meta-rhyolite lavas, 
breccias and tuffs

Dekkas
Andesite L Permian 1200

Sodic meta-andesite lavas, 
tuffs and breccias

(from Sanborn, 1960; Albers and Robertson„ 1961)
E-Early; M-Middle; L-Late
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Table 1— Continued

Baird
Formation Mississippian 275-475

Tuffs, mudstones, and 
meta-andesites

Bragdon
Formation Mississippian 330

Argillites, mudstones 
and volcaniclastic rocks

Kennett
Formation M Devonian 90

Siliceous mudstones, tuffs 
and tuffaceous mudstones

Balaklala
Rhyolite M Devonian 330

Sodic meta-rhyolite, lavas 
and tuffs

Copley
Greenstone M Devonian 1800

Sodic meta-andesite lavas 
and pyroclastic rocks

Trinity
Complex E Devonian 3000

Mafic intrusives, sheeted 
dikes and pillow basalts
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Bragdon and Baird Formations lie unconformatly upon the 
Devonian rocks„ The thinly to thickly bedded Middle Permian 
McCloud Limestone marks the first deposition of Permian 
rocks in the area.

Nosoni Formation
The Late Permian Nosoni Formation was originally 

defined by Diller (1906) as Triassic. Fossil-bearing 
mudstones and fine tuffs are interlayered with coarse tuffs, 
minor mafic lavas, and conglomerates deposited in a shallow 
water environment (Albers and Robertson, 1961) . The 
formation represents a return to an island arc environment 
(Lapierre et al., 1983).

Dekkas Andesite
The Late Permian Dekkas Andesite is composed 

predominantly of meta-andesitic lavas and coarse fragmental 
pyroclastic rocks, and lies unconformably upon the Nosoni 
Formation. Diller named the formation in 1906. Albers and 
Robertson (1961) noted Permian fossils near the base of the 
formation within associated mudstone lenses. The Dekkas 
Andesite extends some 60 km along strike, and is up to 1200 
meters thick (Albers and Robertson, 1961). Like the similar 
Devonian Copley greenstone, the Dekkas Andesite has also 
been subjected to greenschist metamorphism, but Lapierre and 
others (1985) noted differences in geochemistry and 
depositional environment between the two. They proposed a
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Marianas-style system for the Devonian volcanic rocks and a 
mature continental margin environment for the Dekkas 
Andesite„

Bully Hill Rhyolite
The Bully Hill Rhyolite, first described by Diller 

in 1906/ overlies the Dekkas Andesite and hosts the majority 
of the massive sulfide deposits of the East Shasta district. 
The contact between the Bully Hill Rhyolite and the Pit 
Formation was defined by Albers and Robertson (1961) as the 
first appearance of rhyolitic volcanics.

The formation is composed primarily of porphyritic 
sodic meta-rhyolite volcanic lavas and pyroclastic rocks, 
with minor mudstones and felsic intrusives. Intrusions, 
lava flows, and pyroclastic lenses of meta-basalt, similar 
in mineralogy to Dekkas Andesite, are found within and above 
the Bully Hill Rhyolite. In contrast to the extensive pile 
of Dekkas Andesite, Bully Hill Rhyolite is generally thin, 
with a maximum thickness of 760 meters. The thickest 
sections appear to correspond to volcanic centers (Albers 
and Robertson, 1961).

A Late Permian age was assigned by Fraticelli (i960) 
to cherts in the basal part of the Pit Formation overlying 
Bully Hill Rhyolite at Cove Creek. Rhyolitic volcanism 
occurred to a minor extent during the formation of Dekkas 
Andesite (Albers and Robertson, 1961) and rhyolitic
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pyroclastic rocks were deposited within the lower Pit 
Formation. Thus the formation is assigned a Late Permian 
age based on the relationships of dated adjacent formations.

Pit Formation
Diller (1906) defined the Pit Formation as the 

sediments overlying Bully Hill Rhyolite and underlying the 
Hosselkus Limestone. Albers and Robertson (1961) kept 
Diller's definition but recognized the difficulty of 
distinguishing between the quite similar pyroclastic rocks 
found within the two formations and suggested an inter- 
tonguing relationship for the contact. Albers and Robertson 
(1961) and Curtis (1983) assigned fossil ages of Early 
Triassic and Middle Triassic respectively, to the Pit 
Formation. However, Silberling and Jones (1982) assigned a 
Late Permian age to the base of the formation based upon 
radiolarians in chert. In addition, they recognized a 
hiatus in the deposition of the Pit Formation from Late 
Permian to Early-Mid Triassic.

Much work has been done on the Pit Formation since 
Albers and Robertson's 1961 study, primarily as graduate 
theses describing small localities in the vicinity of the 
East Shasta district (Hilton, 1975; Fredericks, 1980;
Curtis, 1983; Fraticelli, 1984). All studies consistently 
report a large proportion of shale and mudstone, small beds 
of limestone, and pyroclastic lenses and clastic debris
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flows which increase in proportion towards the base of the 
formation.

The entire formation has been interpreted as a 
regularly bedded section conformably overlying the Bully 
Hill Rhyolite. However, recent work in the vicinity of 
Shasta Lake (Eastoe et al, in prep) suggests the presence of 
a major olistostrome which formed during the Middle Trias- 
sic. Large isolated blocks, up to 1000 to 2000 meters, of 
rhyolite and mudstone set in massive, poorly sorted, heavily 
weathered orange tuff were deposited possibly by seismically 
triggered slumping or as slump blocks from an unstable rift 
scarp. This megabreccia appears to lie on a scoured surface 
of either Bully Hill Rhyolite or black shales of the lower 
Pit Formation.

Late Triassic to Jurassic Formations
The Pit Formation is conformably overlain by the 

Late Triassic Hosselkus Limestone, and the argillites, 
volcaniclastic rocks, meta-andesite lavas and limestones of 
the Brock Shale, and Modin, Arvison, Bagley, and Potem 
Formations. The formations are the highest units of the 
Redding Section, upon which undeformed, unaltered post- 
Nevadan rocks are deposited.
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Post-Nevadan Orogeny Formations

Late Cretaceous and Early Tertiary sediments and 
volcanics were deposited upon the uplifted and eroded 
pre-Nevadan rocks in this area and are a minor part of the 
exposed rocks in the Redding Section. These are the 
fossiliferous Late Cretaceous Chico Series sandstones 
(Hackel, 1966) and the Pliocene Tuscan Formation (Albers and 
Robertson, 1961). Scattered dikes of equigranular horn
blende diorite in the southwestern portion of the district 
are less than 2 meters thick, less than 50 meters in outcrop 
length, and of unknown age.

Tuscan Formation
The Tuscan Formation, named by Diller in 1906, is an 

extensive deposit of tuff breccias, pyroclastic mudflows, 
and continental sediments located in the northern Sacramento 
Valley. In the East Shasta district, the formation is 
primarily a tuff breccia, composed of massive blocks of 
mafic to intermediate volcanic rocks, set in a matrix of 
coarse friable tuff. The thickness of the deposits is 
variable, from 0 to 100 meters in the district (Albers and 
Robertson, 1961).



Regional Tectonics
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The ore deposits of both West and East Shasta lie in 
the Eastern Klamath Plate or tectono-stratigraphic terrane 
as described by Irwin (1981). He has described the tectonic 
history of the Klamath ranges as a a series of collision- 
subduct ion-accretion events occurring from Early Devonian to 
Late Jurassic or Early Cretaceous time. The Eastern Klamath 
Terrane is the eastern-most exotic terrane accreted to the 
continental craton in the Klamath region. There are four 
successive accretionary blocks which form the bulk of the 
Klamath ranges and each block is younger to the west, the 
youngest being the Early Cretaceous Coast Range plate 
(Figure 5). Recent paleomagnetic observations by Renne and 
others (1986) indicate that the Eastern Klamath Terrane may 
have undergone minor rotation or displacement since its 
formation but is autochthonous with the craton. The timing 
of collision is coincident with the Sonoman Orogeny (Speed, 
1977). The eastern margin of the terrane is obscured by 
overlying post-Nevadan rocks.

Burchfiel and Davis (1979) offer an alternative to 
Irwin's (1981) model. They suggest that the Klamath region 
evolved independently of the North American continent and 
accreted during the Permo-Triassic Sonoman orogeny as a 
single, rather than multiple, accretion event. The Klamath 
arc then continued to evolve at the suture by additional
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volcanism and sedimentation, extending the western con
tinental margin outward„ Intraplate deformation was caused 
by continuing convergence of the Klamath Plate with the 
continent, rather .than by multiple collisions of island arcs 
swept in from the west.



CHAPTER 3

STRATIGRAPHY AND LITHOLOGY OF THE STUDY AREA

Three formations of the Redding Section crop out in 
the study area, These are the Dekkas Andesite, the Bully 
Hill Rhyolite, and the Pit Formation - In addition, the 
Upper Cretaceous Chico Series, forms the southern mapped 
boundary, and isolated layers of the Pliocene Tuscan 
Formation are deposited in the study area„ A schematic 
stratigraphic colujnn of the study area is presented in 
Figure 6 =

Albers and Robertson (1961) used the terms 
'keratophyre' and 1spilite', to describe the volcanic rocks 
of the East Shasta district. However, there is no universal 
agreement on the genesis and significance of these com
positional rock types (Vallance, 1974; Turner, 1981). The 
terms 'meta-rhyolite', 'meta-andesite', and 'meta-basalt' 
will be used instead in this report, with the assumption 
that the original rocks have been altered.

20



FormationAge Thickness

Tuscan Formation
Pliocene 75 m

Chico Series
L Cretaceous 40 m

(top not seen)

Pit Formation 
L Permian-
M Triassic 760+ m

Upper Meta-Basalt
L Permian 150 m

[Coarse-grained porphyry]

Bully Hill Rhyolite
L Permian 760 m

[Fine-grained porphyry]

Dekkas Andesite
L Permian 240+ m

(bottom not seen)

pyroclastic rocks

synsedimentary
deformation

breccia

Figure 6
Schematic Stratigraphic Column 
of the Bella Vista-Ingot Area.
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Dekkas Andesite

Exposure
Dekkas Andesite is composed of massive lava flows of 

meta-andesite and interbedded lenses of pyroclastic rock„ 
Exposures of Dekkas Andesite are restricted to the southeast 
portion of the area within the core of a major anticline and 
along the drainage of Little Cow Creek in sections 22 and 28 
(Plate 1; Figure 7). Overall, these volcanics form 15% of 
total outcrop of the study area. Dekkas Andesite forms 
topographic lows compared to more siliceous Bully Hill 
Rhyolite. Few bold exposures exist and these erode rapidly 
to rounded boulders of float lying atop characteristic 
ochrepus soil. Individual lava flows, brecciation, and 
porphyritic texture are exposed along creek bottoms, but are 
indistinct in other outcrops,. Dense thickets of low scrub 
oak are commonly restricted to this rock type, and it is 
possible to map this formation in some areas on the basis of 
vegetation cover alone.

Stratigraphy
The base of the section is not seen in the area, and 

so the total thickness of the Dekkas Andesite in the area is 
not known. Distinction of individual lensoidal subunits and 
structural deformation is difficult owing to poor exposure.
A minimum thickness of 240 meters is inferred from the 
cross-sections (Plate 1) and from field observations.
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Lavas
The Dekkas Andesite consists primarily of dark green 

to olive grey sodic meta-andesite lavas containing sparse 
albite phenocrysts and vesicles. The rocks have been 
chloritized and albitized, yet relict textures and trace 
element compositions (Chapter 5) indicate that they were 
basaltic to andesitic at the time of deposition. Massive 
and brecciated lava flows with porphyritic and vesicular 
textures represent 80% of Dekkas Andesite in this area. 
Phenocrysts are nearly pure euhedral albite, averaging 2-3 
mm in length, and form 0-20% of total composition of the 
lavas. Some sections are locally glomeroporphyritic. In 
thin section, albite phenocrysts have poor to absent 
twinning and are often corroded and partially replaced by 
chlorite and calcite. Minute needle inclusions of chlorite 
and rutile (?) may be found randomly oriented within the 
albite phenocrysts.

The groundraass of the Dekkas Andesite is a pilo- 
taxitic or intersertal assemblage of 50% albite microlites 
and 40% irregular clots and grains of chlorite intersertal 
to albite (Figure 8). These grains are 0.5 to 1.0 mm in 
long axis. Magnetite, sphene, calcite, pumpellyite, 
sericite, epidote, and pyrite may also occur dispersed 
throughout the matrixi
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Figure 7
Outcrop of massive Dekkas Andesite lava; 
Little Cow Creek; section 28 (Plate 1)

—  Pumpel- 
lyite

Figure 8
Photomicrograph of pilotaxitic Dekkas Andesite lava; 

Plane polarized light; section 16 (Plate 1)
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Vesicles are common within the lavas and are 

sparsely distributed„ They range from 2 to 5 mm in diameter 
and are of spherical to prolate form (Figure 9). Most are 
filled, and there is variety of minerals and growth 
textures„ Chlorite is the dominant mineral, and generally 
forms the first concentric layer of the vesicle lining, 
followed by an inner layer ,of radiating microcrystals of 
chlorite„ The core is locally made of irregularly shaped 
calcite crystals, pumpellyite, or quartz.

Volcanic auto-breccias are found spatially in 
association with moderately sorted and bedded lithic tuffs. 
These breccias are frameworks of homogeneous subangular 
fragments of lava bound by a microcrystalline siliceous and 
chloritic matrix.

Pyroclastic Rocks
Pyroclastic rocks in the Dekkas Andesite include 

lapilli tuffs and lahar breccias. Either type may be found 
in spatial association with lavas or auto-breccias, 
generally within the upper levels of Dekkas Andesite.

Lenses of pyroclastic rock are less than 100 meters 
long by 10 m wide and outcrops are too small and irregular 
to locate on the map. These units are concentrated within 
the upper margins of the formation and best exposed in the 
area north of Diddy Wells along the Bully Hill Rhyolite 
contact (Plate 1). Lapilli tuffs display faint bedding and
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Figure 9
Vesicular Dekkas Andesite lava; section 7 (Plate 1) 

Calcite and chlorite fills vesicles

Figure 10
Lahar breccia from Dekkas Andesite; 

Section 16 (Plate 1)
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contain fragments ranging from 1 to 4 mm in size and are 
best exposed in outcrop along stream bottoms, Poorly sorted 
lahar breccias are small lensoidal debris flows containing 
coarse pebbles of subrounded meta-andesite loosely cemented 
by a chloritic sandy matrix (Figure 10).

Depositional Environment
The presence of bedded tuffs, debris flows, and 

mudstones along with massive and fragmental meta-andesitic 
lavas suggests that the Dekkas Andesite was deposited in a 
submarine environment such as might be found in an active 
island arc system. The depth of deposition is difficult to 
infer accurately because of the limited extent of outcrop 
and absence of reliable indicators.

Bully Hill Rhyolite

Exposure
The Bully Hill Rhyolite is a Complex assemblage of 

sodic meta-rhyolite lavas, breccias, and tuffs overlying the 
Dekkas Andesite. Two major domal blocks of the formation 
make up about 30% of the exposed rocks in the study area 
(Plate 1). The Bully Hill Rhyolite forms characteristic 
grey-tan-olive green bold outcrops that.are resistant to 
weathering, forming the topographic highs along Backbone 
Ridge.
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Stratigraphy

The contact of Bully Hill Rhyolite with underlying 
Dekkas Andesite is mostly obscured but it may be a con
formable one. The basal part of Bully Hill Rhyolite, 
consisting of massive volcanic lava flows and volcanic 
breccias, is seen in contact with fragmental Dekkas Andesite 
lavas in the southeastern portion of the area. Outcrops of 
Bully Hill Rhyolite along Little Cow Creek in sections 21, 
22, and 28 (Plate 1) are interpreted as intrusive into 
Dekkas Andesite. Thin dikes with columnar joints oriented 
normal to the contact surfaces cut across meta-andesite 
lavas. No thermal effects of intrusion are seen in the 
meta-andesites. These intrusions extend further south 
across the map boundary of Little Cow Creek (Plate 1).

Brecciated lavas, crystal-lithic tuffs, and reworked 
agglomerates are found near the Pit Formation contact,. At 
the highest levels, along the Bully Hill Rhyolite-Pit 
Formation contact, the breccias are extensive enough to be 
mapped (sections 11, 13, 24, and 25, Plate 1). An estimate 
of the thickness of the formation in this area is 760 
meters, based on cross-sections (Plate 1) and field 
measurements.
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Lavas—

Bully Hill Rhyolite lavas are massive and fragmental 
flows of meta-rhyolite and meta-rhyodacite„ The thin lava 
flows of Bully Hill Rhyolite are too small to be mapped 
individually. Flow banding is rarely seen in the lavas. 
Quartz phenocrysts are characteristic in the Bully Hill 
Rhyolite lavas and are useful to distinguish the meta
rhyolites from Dekkas Andesite. However, silicified Dekkas 
Andesite containing quartz-filled vesicles resembles chlo- 
ritized Bully Hill Rhyolite. Such alteration occurs in the 
area along the high ridge between Diddy Wells and Little Cow 
Creek and in portions of Buck Point in sections 3 and 4 
(Plate 1), making the distinction of lithologies a problem.

Two types of porphyritic texture are noted. In both 
types, phenocrysts are subhedral to euhedral, nearly pure 
albite crystals with irregular or absent twinning, and 
rounded embayed quartz crystals set in an aphanitic matrix. 
The more abundant finer-grained porphyritic meta-rhyolite is 
composed of 20-40% phenocrysts of euhedral albite and 
rounded quartz, both averaging 2-4 mm in diameter. The 
Other type, a coarse-grained quartz porphyry, contains 
40-60% phenocrysts of similar mineralogy but greater size, 
averaging 4-6 mm, and up to 8 mm (Figure 11). These two 
subunits are texturally distinct and spatially isolated, and 
have been mapped as separate subunits of the Bully Hill.



30

Figure 11
Photomicrograph of coarse-grained quartz porphyry from 

quartz-pyrite altered Bully Hill Rhyolite lava; 
Plane polarized light; section 15 (Plate 1)

Figure 12
Snowflake texture in coarse-grained quartz porphyry; 

Plane polaraized light; section 29 (Plate 1)
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Rhyolite„ Coarse-grained quartz porphyry is generally found 
at the highest levels of the formation.

The groundmasses of both types consist of quartz + 
albite which make up 70-90% of the total. Albite microlites 
are intermixed with irregular grains of quartz. Some thin 
sections contain a uniform granular mixture of quartz and 
albite, resembling devitrification products of rhyolitic 
glass. Suggestions of snowflake texture are also present 
(Figure 12). Cryptocrystalline quartz commonly floods the 
groundmass and locally replaces the albite phenocrysts.
Minor secondary chlorite, calcite, magnetite, rutile, 
sericite and pyrite are dispersed throughout. There are no 
relict ferromagnesian minerals evident in thin section.

Columnar jointing is found in two locations and 
appears similar to that described by Albers and Robertson 
(1961) in the East Shasta district. They reported.two 
distinct sizes of columns, of diameter 10-12 cm and 3-5 cm. 
Both sizes are noted in the study area. The columns in 
section 17 (Plate 1) occur in a massive lava flow and are 
less than 1 m in length and gently curved. Columns found 
along Little Cow Creek (section 30, Plate 1; Figure 13) are 
oriented parallel to the intrusive contact with enclosing 
Dekkas Andesite and show little deviation from this 
orientation.

Autobreccias are found scattered throughout the 
formation, but are generally concentrated near the Pit
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Figure 13
Columnar meta-rhyolite dike in Dekkas Andesite; 

Section 22 (Plate 1)
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Figure 14
Bully Hill Rhyolite autobreccia; 

Section 14 (Plate 1)

Figure 15
Photomicrograph of Bully Hill Rhyolite autobreccia; 

Crossed nicols; section 14 (Plate 1)
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Formation contact. The breccias are monolithologic and are 
usually bound by a dark silicified matrix of micro
crystalline quartz and albite (Figures 14-15). Fragments 
range from 1 to 15 cm in greatest dimension and are composed 
primarily of fine grained porphyritic meta-rhyolite. Auto
breccias of monolithologic coarse-grained quartz porphyry 
are rare. The bodies of volcanic breccias are irregular, 
generally lensoidal, and generally located at the highest 
stratigraphic levels. Near the top of the formation, these 
breccias are large and continuous enough to be mapped as 
subunits of Bully Hill Rhyolite. Individual units of 
autobreccia are less than 15 meters thick, averaging 3-5 
meters, with strike lengths in the range of 20-100 meters. 
Notable occurrences of autobreccia are found in sections 11, 
13, 24, and 25 (Plate 1).

Intrusions
Intrusive phases of meta-rhyolite are found 

scattered in the Dekkas Andesite in sections 20, 22, and 29 
(Plate 1). The intrusions are similar to massive lavas in 
lithology. Both fine-grained and coarse-grained porphyritic 
meta-rhyolite intrusions occur.

Pyroclastic Rocks
Two types of tuffaceous pyroclastic rocks occur in 

the study area. Agglomerates are composed of unsorted 
layers of cobble- to sand-sized sub-angular fragments of
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meta-rhyolite in a black siliceous matrix (Figure 16). 
Fine-grained bedded lithic crystal tuffs are primarily 
composed of fractured quartz and albite grains. The 
sand-sized grains are generally rounded and moderately 
sorted, providing evidence of re-working.

The agglomerates are generally located strati- 
graphically above lava flows and autobreccias, and the finer 
lithic crystal tuffs are found in the highest stratigraphic 
levels of the Bully Hill Rhyolite blanketing the various 
lithologies of the formation. The fine-grained tuffs are 
poorly exposed, except along the shores of Shasta Lake and 
stream bottoms where outcrop is limited in strike length, 
and are generally less than 5 m in thickness. Both agglo
merates and lithic crystal tuffs may be found above the 
first deposition of mudstones of the Pit Formation, and the 
larger lenses are mapped as separate subunits of the Pit 
Formation (Plate 1).

Depositional Environment
The Bully Hill Rhyolite is interpreted to be of 

submarine extrusive origin based upon the presence of bedded 
and sorted pyroclastic rocks containing rounded fragments 
showing evidence of re-working and current transport. The 
abrupt transition from volcanic lithologies to deep-water 
sediments of the Pit Formation also suggests that the 
volcanics were deposited in deep water. Agglomerates
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Figure 16
Agglomerate of Bully Hill Rhyolite; 

Section 14 (Plate 1)

Pumpel-
lyite

Figure 17
Photomicrograph of Upper Meta-Basalt lava; 
Plane polarized light; section 19 (Plate 1)
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indicate that explosive volcanism was a significant feature 
of the Bully Hill Rhyolite environment, as is the general 
case in terranes bearing volcanogenic massive sulfide 
mineralizationo

Upper Meta-Basalt

Exposure
Albers and Robertson (1961) described meta-basalts 

within the Bully Hill Rhyolite and Pit Formation, and noted 
the mineralogical similarity with the Dekkas Andesite. The 
vesicular meta-basalts lying between the Bully Hill and Pit 
Formations (sections 11, 13, 18, 19, and 30, Plate 1) in the 
study area are texturally and stratigraphically distinct 
from the Dekkas Andesite and are mapped as a separate unit. 
All of the meta-basalt intrudes or overlies the Bully Hill 
Rhyolite. It represents 10% of total outcrop and forms 
areas of low relief. In this report, the meta-basalts will 
be informally named 1 Upper Meta-Basalt1 because a distinc
tion is required between the meta-basaltic rocks of the 
Dekkas Andesite and those above the Bully Hill Rhyolite.

Stratigraphy
Meta-basalt lavas are predominant in the subunit, 

and pyroclastic rocks, debris flows, and minor intrusions
are sparsely distributed. In some areas (sections 7, 12,

• ■. ?14, and 15, Plate 1), the meta-basalts are missing, and Pit
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Formation was deposited directly onto Bully Hill Rhyolite. 
The lower and upper contacts of the Upper Meta-Basalt with 
the Bully Hill Rhyolite and Pit Formation are obscured. The 
thickness of this unit is highly variable; in places it is 
completely absent. In addition, it is difficult to dis
tinguish extrusive and intrusive subunits. Those portions 
that are definitely extrusive are thin volcanic lava flows 
with a total thickness of not more than 100 meters. It is 
estimated, based on cross-section measurement (Plate 1) , 
that the average thickness is approximately 150 meters.

Lavas
The basal part of the Upper Meta-Basalt is composed 

of massive or fragmental lava flows deposited upon Bully 
Hill Rhyolite. The rocks are extrusive in all areas except 
along upper Salt Creek in sections 11, 18, and 19 (Plate 1) 
where dikes of Upper Meta-Basalt intrude massive meta
rhyolite. The Upper Meta-Basalt is composed of massive and 
fragmental lava flows overlain by pyroclastic rocks and 
debris flows. The appearance of each subunit is comparable 
to that of the Dekkas Andesite with the exception of lighter 
color, less altered appearance, and extensive vesiculation 
in most of the lava flows. The vesicles and groundmass of 
the lavas and the matrix of volcaniclastic rocks of the 
Upper Meta-Basalt contain a greater percentage of pumpel- 
lyite than do similar subunits of the Dekkas Andesite
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(Figures 17-19). The lavas and volcaniclastic rocks are 
locally calcitized or silicified.

Columnar Upper Meta-Basalt is noted in two areas.
The columns in section 30 (Plate 1) are 5- and 6-sided 
columns ranging from 0.5 to 3 meters in length, occurring 
within a massive lava flow of Upper Meta-Basalt. In section 
7 (Plate 1), the columns are similar in shape and dimension, 
but are randomly oriented within a thin dike of Upper 
Meta-Basalt (Figure 20).

Intrusions
The isolated outcrops of Upper Meta-Basalt within 

Bully Hill Rhyolite are massive and contain greater 
percentages of vesicles than does Dekkas Andesite in the 
study area and are interpreted as intrusive into Bully Hill 
Rhyolite. However, contact relationships with surrounding 
rhyolite are obscured, and accurate interpretation is 
difficult. Albers and Robertson (1961) interpreted many of 
meta-rhyolitic sections in the East Shast district as 
extrusive lava flows within Bully Hill Rhyolite.

In upper Salt Creek (section 19, Plate 1), a dike of 
Upper Meta-Basalt is partly exposed (Figure 21). Vesicular 
lavas have been extruded from the vent and overlie Bully 
Hill Rhyolite. The lavas are in turn overlain by mudstones
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Figure 18
Photomicrograph of vesicles in Upper Meta-Basalt lava; 

Plane polarized light; section 19 (Plate 1)

Figure 19
Vesicular Upper Meta-Basalt lava; 

Crossed nicols; section 19 (Plate 1)
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Figure 20
Columnar Upper Meta-Basalt dike; 

Section 7 (Plate 1)
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Figure 21
Contact of Upper Meta-Basalt dike with enclosing Bully Hill 

Rhyolite along upper Salt Creek; section 19 (Plate 1)
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at a distance from the fissure = Upper Salt Creek may 
represent a fracture zone in which several extrusive vents 
were centered, as suggested by the lineament of thin dikes 
of Upper Meta-Basalt along the creek bed„

Pyroclastic and volcaniclastic rocks
The Upper Meta-Basalt contains a greater percentage 

of lapilli tuffs, lahar breccias and agglomerates than does 
the Dekkas^Andesite. The debris flows are similar in 
texture and composition to those in the Dekkas Andesite but 
generally contain coarser fragments. These flows are 
extensive enough to be mapped as subunits of the Upper 
Meta-Basalt in a few locations (section 30, Plate 1).

Agglomerates are composed of sub-angular 
pebble-sized fragments of Upper Meta-Basalt in a poorly 
sorted sand-silt matrix of Upper Meta-Basalt (Figure 22). 
Lahar breccias and lapilli tuffs contain rounded pebbles and 
coarse sands of Upper Meta-Basalt, mixed with a sandy to 
silty matrix and are locally banded. The rounded clasts and 
sorted layers of the lahar breccias and tuffs show evidence 
of reworking and transport, whereas the agglomerates were 
formed nearly in place.

Two samples from lahar breccias in the Upper 
Meta-Basalt taken from section 19 (Plate 1) contain clasts
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Figure 22
Outcrop of agglomerate of Upper Meta-Basalt; 

Section 19 (Plate 1)

Figure 23
Photomicrograph of lahar breccia in Upper Meta-Basalt;

Section 19 (Plate 1)
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of intermixed quartz-pyrite or massive sulfide that resemble 
massive sulfide exhalite (Figure 23).

Depositional Environment
Island arc volcanism continued beyond the formation 

of Bully Hill Rhyolite with the deposition of Upper Meta- 
Basalt. The evidences of reworked volcaniclastic rocks and 
overlying Pit Formation sediments supports the conclusion 
that the Upper Meta-Basalt was deposited in a submarine 
environment.

Pit Formation
The Pit Formation is the uppermost unit of the 

pre-Nevadan rocks found in the area. Mudstones, siltstones 
and tuffs make up the bulk of the formation. The first 
appearance of dark mudstones above meta-rhyolite is used to 
define the formation boundary in this area, following Albers 
and Robertson (1961).

Exposure
The Pit Formation forms 40% of total outcrop and is 

composed of strongly to gently deformed bedded mudstones and 
siltstones ranging in color from black in fresh rocks to 
light grey in weathered rocks. Layers of fissile shales and 
massive siliceous mudstones can be distinctly seen only 
along ridgetops and stream bottoms. Bedding and lithologies 
are obscured along slopes.
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Stratigraphy
Fine-grained fissile to massive mudstones and 

siltstones make up 80% of the Pit Formation„ Beds range 
from 1 to 50 centimeters in thickness. The mudstones occur 
in alternating dark and light beds in the lower portions of 
the section, becoming uniformly grey higher in the section. 
Siltstones and fine-grained sandstones are found scattered 
throughout the formation. Some of the coarser-grained 
layers show graded or current bedding, or soft sediment 
deformation (Figures 24-25).

The base of the formation is generally obscured by 
vegetation. The top of the formation is not found in the 
area and only estimates of the thickness can be made. This 
estimate may be low if intense structural deformation has 
occurred in the lower layers. Based upon cross-sections 
(Plate 1), a minimum thickness of 760 meters is suggested.

The lowermost sediments are predominantly fissile 
black mudstones. There is a small number of outcrops of 
orange-red weathered basal conglomerate containing fragments 
of underlying meta-rhyolite at the contact. Coarsely bedded 
green-orange weathered tuffs similar in lithology and mine
ralogy to tuffs within the Bully Hill Rhyolite are inter
spersed through the lower levels of the formation. The 
lowest portions of the Pit Formation also contain isolated
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Figure 24
Cross-bedding in Pit Formation siltstone; 

Section 1 (Plate 1)

cm
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Figure 25
Turbidites within Pit Formation; 

Section 1 (Plate 1)
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blocks of synsedimentary deformed mudstones, The signifi
cance of these blocks will be discussed in a later chapter.

At higher stratigraphic levels, tuff layers and 
synsedimentary deformed layers are absent. Bedded 
mudstones form monotonous, gently folded sequences.

Inliers of Pit Formation such as are found in 
sections 2 and 18 (Plate 1) do not in all cases represent 
synclinal structures and may signify paleotopographical 
depressions atop the rhyolite. As such, these sites may be 
of economic interest having higher potential as gravi
tational traps for heavy sulfides precipitated from 
hydrothermal vents.

Clastic rocks
Thin section examination reveals that the mudstones 

are composed primarily of microscopic quartz grains less 
than 0.01 mm in length, intermixed with variable amounts of 
chlorite, albite, sericite and pyrite. Some samples-contain 
small percentages of carbonaceous materials or calcite.

Pyroclastic rocks
Tuffaceous rocks are best exposed along the shores 

of Shasta Lake and in stream bottoms. These lenses are 
obscured on slopes and are not continuous along strike.
Tuffs within the Pit Formation are finer grained than the 
coarse, poorly sorted tuffs and agglomerates of Bully Hill 
Rhyolite, and are found interlayered with dark mudstones.
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The layers range in thickness from 0.1 to 2.0 meters and are 
uniform in grain size and composition.

In outcrop, the tuffs are weathered from fresh olive 
green to orange-gold and display distinctive banding.
Crystal and crystal-lithic tuffs are composed of rounded and 
fractured quartz and albite grains and lithic fragments 
ranging in size from 0.5 to 3.0 mm (Figure 26). The 
chlorite-silica matrix is easily weathered, making the tuff 
friable. Calcitically altered tuffs are similar to the 
'limerocks' described by Albers and Robertson (1961) in the 
East Shasta district. These lenses are found near the Pit 
Formation-Bully Hill Rhyolite contact =

The tuffs generally contain rounded fragments 
suggesting that some reworking has occurred. The tuffs may 
not have been formed in place and may in fact be debris 
flows of fine-grained Bully Hill Rhyolite fragments.

Volcaniclastic rocks
A few scattered debris flows occur in lower sections 

of the lower Pit Formation. These flows are poorly sorted 
lahar breccias and agglomerates of rounded and fractured 
meta-rhyolite, mudstones, and rare micritic limestone in 
silty-sandy matrix (Figure 27). These layers are inter- 
bedded with mudstones (Figure 28). Some layers show evi
dence of turbidity current deposition with well-defined
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Figure 26
Photomicrograph of crystal-lithic tuff in Pit Formation;

Section 24 (Plate 1)

Figure 27
Debris flows in Pit Formation; section 6 (Plate 1); 
Clasts are fragments of Bully Hill Rhyolite lava.
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Figure 28
Silicified agglomerate within Pit Formation mudstones. 

Clasts are fragments of Bully Hill Rhyolite; 
Section 6 (Plate 1)
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graded bedding at the base and cross bedding at the tops 
(Figure 29)= Cobble-sized fragments are rare in the study 
area and are found only near Shasta Lake. Large fragments 
are abundant elsewhere but are obscured by poor exposure = 
Generally, the abundance of volcaniclastic lenses and the 
coarseness of fragments within the lenses decrease higher in 
the section = Debris flows are thin, lenticular, and 
generally too small to be located on the map =

Depositional Environment
The lower Pit Formation was deposited in a 

relatively calm deep-water environment. The low energy 
conditions of shale and mudstone deposition were punctuated 
be the deposition of volcanic ash, possibly from a distant 
eruptive center. Turbidity currents deposited coarse
grained sediments. Eventually, volcanic activity and 
volcaniclastic deposition subsided, resulting in the 
monotonous deposition of mudstones.
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Figure 29
Fine-grained turbidites from Pit Formation; 

Section 6 (Plate 1)



CHAPTER 4

STRUCTURE

Post-depositional deformation in the area is 
represented by both tectonic and soft-sedimentary 
s t r u c t u r e s T h e  former is characterized by a consistent 
northwesterly trend defined by fold axes, bedding attitudes, 
shear zones, axial planar cleavage, and outcrop pattern.
The latter is distinguished by non-uniform chaotic folds and 
fractures, or recumbent folds and low angle gravity gliding 
of unconsolidated sediments» Minor faulting occurs parallel 
to fold axes, or as syndeformational breakage of layers 
within slump blocks. There is a suspected major fracture 
zone along upper Salt Creek.

In the East Shasta district, Albers and Robertson 
(1961) noted the presence of two structural trends. A 
northwesterly trend is dominant in the southeastern portion 
of the district adjacent to this study area. A north- 
northeasterly trend is found in the western portion of the 
district. They also noted that the overall structure of the 
Redding Section is that of an easterly dipping homooline. 
South of the Pit River, most folds are asymmetrical, verge 
to the east, and plunge northwesterly.
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The Pit Formation provides the majority of struc
tural information owing to the presence of well-defined 
layering„ Structural trends within the volcanic rocks of 
the Dekkas Andesite and Bully Hill Rhyolite are represented 
only as minor shear zones and gross outcrop patterns„ 
Distinct flows are rare and unsuitable for structural 
interpretation because of the unknown paleotopography of the 
depositional surfaces„

The absence of the prominent northeasterly 
structural trend overprinted by the northwesterly trends 
observed by Albers and Robertson (1961) is of particular 
note. Field observation in the study area reveals that the 
bedding attitudes with north-easterly strike are local 
deviations from the dominant northwesterly trend, or 
possibly the result of synsedimentary deformation„

Folds
The dominant structural trend is N35W as demon

strated by stereographic plots of poles to bedding (Figure 
30). An asymmetrical pattern is seen with steep dips to the 
northeast and shallower dips to the southwest. Care was 
taken to obtain a uniform sampling of attitudes throughout 
the region.

The geological map (Plate 1) demonstrates the 
consistent N35W trend of major fold axes. Plunges are 
generally to the northwest. The wavelengths and amplitudes
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of the major folds are irregular, but average 600 meters and 
300 meters respectively. The wavelengths of minor folds are 
usually 5—10 meters and amplitudes are 2-4 meters. Both 
major and minor folds are characterized by abrupt changes of 
dip in homoclinal beds across fold axes.

The lowest layers of Pit Formation are intensely 
deformed and warped around resistant Bully Hill Rhyolite but 
grade rapidly into gently folded layers within a few meters 
of the contact (Figure 31). The lowermost folds are com
monly isoclinal to open, and local tight kink and chevron 
folds are noted. Higher in the section, folding is gently 
undulose and amplitudes of less than 1 meter and wavelengths 
of 10 meters are most common. The tight folds appear to be 
related to tectonic deformation consistent with the north
westerly trend. However, tight folding may have been caused 
by synsedimentary deformation.

Buck Point, in the far northwestern portion of the 
study area (section 4, Plate 1), may represent a Bully Hill 
Rhyolite-cored domal structure surrounded by deeply folded 
Pit Formation sediments. Alternatively, this area may 
represent a paleo-topographic high expression of a rhyolite 
dome with Pit Formation mudstones draping around the edges. 
The bedded mudstones dip at 40-60 degrees from the struc
ture. Either conclusion could be valid, for steeply dipping 
and tightly folded sediments are common features of the 
lowermost Pit Formation where deformation is acute. There

/
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Fold axis =
N35W

Figure 30
Stereographic plot of poles to bedding 

within the Pit Formation.
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Figure 31
Strongly folded contact of Bully Hill Rhyolite autobreccia

and Pit Formation mudstone;
Section 19 (Plate 1)
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is, however, no evidence of synsedimentary deformation,
implying a relatively shallow angle of repose for
the sediments, uncharacteristic of a topographic high.

The abrupt termination of bedding against the 
eastern block of Bully Hill Rhyolite (sections 7 and 8,
Plate 1) requires additional comment. This contact is 
represented in cross-section 'D ' (Plate 1). The attitude of 
the Pit Formation at the contact with the meta-rhyolite is 
consistent with a basinal geometry of the sedimentary rocks. 
Sediments dipping 40-50 degrees to the north overlie the 
meta-rhyolite block, suggesting that the top surface of the 
block is plunging to the northwest, or that the block was a 
paleotopographic domal feature upon which the sediments were 
deposited. Higher in the section, the orientation of the 
sediments is inconsistent with domal geometry, as the 
bedding strikes southward into the meta-rhyolite. This 
configuration of attitudes would be difficult to generate in 
a single tectonic deformation. Alternatively, the contact 
may represent either a scour surface from which sediments 
were released in a large debris flow or a surface of a large 
fault dipping steeply to the north, with the volcanic block 
on the upthrown side. The domal interpretation is preferred 
because of the similarity of structural style near Buck 
Point and the lack of slumping, scouring, or faulting 
features along the contact.
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Faults

Faulting is restricted to minor slip along hinge 
axes within the Pit Formation and small shear zones within 
Dekkas Andesite and Bully Hill Rhyolite lavas. Dislocation 
along these subvertical structures is less than 1 meter. 
Fractures are narrowly spaced, between 1 and 5 cm apart. 
Layers of siliceous mudstone tend to fracture normal to 
bedding, obscuring the true structural trends in poor 
outcrop exposures. The tightly folded beds may be com
pletely disrupted into a mass of northwesterly trending 
fragments. Undisturbed homoclinal beds lie on either side 
of the fractured zones.

There are no obvious major fault zones in the study 
area. This absence may reflect a structural quiescense 
relative to the more volcanically and tectonically active 
area to the north, where volcanic centers and distinct 
northwesterly trending fault zones were noted in the Bully 
Hill and Afterthought mine areas by Albers and Robertson 
(1961). An alternative to the lack of faults may be that 
offsets are too small and obscured to be recognized in the 
study area.

Rock Cleavage
Penetrative rock cleavage is found rarely in the Pit 

Formation paralleling the axial plane of tight folds. The 
limbs of the folds do not contain rock cleavage. The minor
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amount of cleavage demonstrates the low intensity of 
deformation „

Lineaments
The correspondence of lithological contacts and 

intrusive meta-basalts with the linear stream channel of 
upper Salt Creek in sections 1, 18, and 19 (Plate 1) 
suggests the presence of a major fracture or fissure. 
Northerly trending intrusive meta-basalt dikes follow the 
stream bed. Contacts of an inlier of Pit Formation and 
meta-basalt dikes and lavas with Bully Hill Rhyolite are 
coincident with the creek bottom. The inlier was deposited 
in a topographically low basin in Bully Hill Rhyolite„
There are no other north-trending faults seen in'the area, 
or in the area mapped by Albers and Robertson (1961) to the 
north. The lineament is not expressed in the higher 
stratigraphic levels of Pit Formation north of the Backbone 
Road.

The lineament is proposed to represent a fissure or 
fracture zone developed within Bully Hill Rhyolite prior to 
Pit Formation deposition. This zone was a locus of 
extrusion of meta-basalts. Dip slip might have resulted in 
a topographic depression which persisted into Pit time. 
Mudstones accumulating in the depression would form the 
inlier of Pit Formation in section 18 (Plate 1).
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Synsedimentary Deformation
Synsedimentary deformation has occurred primarily in 

the lowest parts of the Pit Formation„ Two styles of 
deformation have been observed„ The more common style is 
represented by contorted blocks of dark mudstone, the less 
commonly layers of mudstone that appear to have glided up 
and over younger layers (Figures 32-33). Both deformation 
styles are interpreted as a response to gravitational 
sliding of semi-consolidated sediments lying on steep 
topographic surfaces within a tectonically active 
environment.

The isolated blocks of contorted and fractured 
mudstones lie near the Bully Hill Rhyolite contact. The 
blocks are not large enough for map scale, averaging around 
10-100 meters in largest dimension, but the sites of known 
slumping are predominantly in sections 25 and 30 (Plate 1). 
Such blocks are not numerous in outcrop, but may be more 
common beneath the vegetation. The fold trends within these 
blocks are random, unlike the consistent northwesterly trend 
of tight folds formed under tectonic stress. These are 
interpreted as synsedimentary slump blocks that deformed 
gravitationally as they slid from a topographic high on 
rhyolitic slopes.
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Figure 32
Synsedimentary deformation within Pit Formation mudstones;

Section 9 (Plate 1)

Figure 33
Synsedimentary thrusting of Pit Formation mudstones;

Section 9 (Plate 1)
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The second style of slump deformation occurred in 

section 9 (Plate 1). The bedded mudstones have been folded 
into recumbent isoclines, in places over-riding lower 
layers, with a resulting appearance of thrusting. These 
beds are near the contact with Bully Hill Rhyolite and are 
anomalous in structural style compared with the surrounding 
layers of the Pit Formation.

Origin of Isoclines and Tight Folds 
There is some question as to whether the tight to 

isoclinal folds are of synsedimentary or tectonic origin. 
Evidence for tectonic origin includes the alignment of fold 
axes with the regional northwesterly trend and the occur
rence of these folds in a zone of contrast of competence. 
Folding becomes more open away from the contact. At the 
same time, there is evidence for a synsedimentary origin. 
Although tight folding is dominant in the lowest levels of 
the Pit Formation, there is a variety of fold styles both 
along and across strike. Folding is stratigraphically 
controlled; the tight folds are not seen high in the 
section. Penetrative cleavage does not occur parallel to 
the limbs of isoclinal folds. Elsewhere at the same 
stratigraphic level, intense synsedimentary deformation is 
known to occur, commonly with tightly folded bedding.



CHAPTER 5

ALTERATION

All of the pre-Nevadan rocks in the study area have 
been altered, The present mineral assemblages of the rocks 
contain the record of post-depositional hydrothermal and 
metamorphic processes„ Relict textures can be used to 
determine the original mineralogy.

Albers and Robertson (1961) ascribed the secondary 
mineral assemblage in the Subjacent rocks to the regional 
deformation and alteration of the Late Jurassic Nevadan 
orogeny, which affected the Early Devonian through Early 
Jurassic rocks of the Redding section. The alteration 
processes of the event were labeled 'albitization' ,
1chloritization1, 1silicification1/ 'sericitization' and
1pyritization1 . One other type, 1calcitization1 , appeared
to have overprinted the above processes (Albers and 
Robertson, 1961).

Relict Minerals
Quartz is the only surviving primary mineral in the 

rocks of the study area. All other minerals appear to be 
replacements of previous minerals. Albers and Robertson 
(1961) noted unaltered plagioclase and ferromagnesian
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minerals in 5% of the Dekkas Andesite and Bully Hill 
Rhyolite in the East Shasta district. Plagioclase decreases 
These minerals are not seen in the study area. All original 
feldspars have been converted to albite, and all ferro- 
magnesian minerals have been altered to chlorite, epidote, 
sphene and magnetite.

Secondary Minerals
A general mineral assemblage of albite-chlorite- 

quartz-calcite-sericite is found in every rock type of the 
study area, although the proportions of the minerals vary. 
Minor pyrite, magnetite, and sphene or rutile are also found 
in all rocks. The general assemblage is subdivided into 
regional and local alteration assemblages. The two regional 
assemblages are quartz-albite dominant and chlorite-albite 
dominant and are stratigraphically controlled. Local 
assemblages are limited in extent and characterized by one 
dominant alteration mineral, such as quartz, calcite, or 
chlorite.

Albite
Albite is the the only feldspar observed in the 

study area. Euhedral to subhedral albite phenocrysts 
locally contain minor inclusions of chlorite, sericite, and 
rutile. Albite is the predominant mineral in the volcanic 
rocks and has replaced original plagioclase in both
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phenocrysts and groundmass„ Albite occurs as fragmented 
grains in tuffs and volcaniclastic rocks and in coarse 
sediments of the Pit Formation„ Albite locally fills 
vesicles in the central core or forms radiating 
microcrystals projecting inwards from the vesicle walls.
The framework supporting the fragments in autobreccias is 
filled with microcrystalline albite and quartz.

Chlorite
In general, chlorite occurs as irregular crystals 

along the grain boundaries of albite and quartz. Chlorite 
locally pseudomorphs original amphiboles and pyroxenes, and 
forms minor inclusions in albite. Chlorite is common in 
Dekkas Andesite and Upper Meta-Basalt, less abundant in 
Bully Hill Rhyolite, and sparse in Pit Formation sediments.

Quartz
Secondary quartz occurs as irregular grains and 

microcrystals in the ground mass of volcanic rocks, in 
vesicles of Dekkas Andesite and Upper Meta-Basalt, and as 
local veinlets in Upper Meta-Basalt.

Quartz has been introduced to some extent in all of 
the Bully Hill Rhyolite. Irregular-shaped grains of 
recrystalized equigranular quartz are intergrown with 
secondary albite microlites in a granular texture in the 
groundmass of the meta-rhyolite. Snowflake texture, 
resulting from devitrification of volcanic glass (Anderson,
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1969) is found in locally siliceous meta-rhyolite lavas. 
These structures are small (< 1mm) spherical zones of 
semi-radial microcrystalline quartz (Figure 12). Locally 
silicified Bully Hill Rhyolite lavas contain up to 80% 
quartz.

Calcite
Calcite selectively replaces albite and chlorite to 

a limited extent in volcanic rocks, partially filling or 
exceeding the mineral boundaries. This alteration is 
apparent only in thin section. In certain tuffs and debris 
flows, calcite has replaced up to 80% of the rock, and is 
intergrown with quartz and sericite and replaces albite and 
chlorite.

Sericite
Sericite is most common in fine grained sediments 

and debris flows of the Pit Formation. It occurs as a minor 
component of Upper - Meta-Basalt and Dekkas Andesite lavas, 
pyroclastic rocks, and debris flows. Sericite is locally 
found as minute inclusions in albite or as irregular clots 
or wisps intermixed with chlorite, quartz, or both in the 
groundmass of Bully Hill Rhyolite lavas. A few locally 
bleached silicified zones in Bully Hill Rhyolite contain 
minor amounts of sericite.
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Pyrite

Pyrite is found predominantly within Bully Hill 
Rhyolite as disseminated euhedral cubes or irregular grains 
that average 1 mm in diameter and rarely exceed 1% of the 
total rock volume„ The majority of the pyrite appears to 
have grown at the expense of surrounding minerals. Pyrite 
occurs locally within Dekkas Andesite lavas and debris flows 
of the Upper Meta-Basalt. Coarse pyrite grains are found 
disseminated in mudstones and coarse clastic lenses of Pit 
Formation. There is enough pyrite to have encouraged 
prospecting in the mudstones in a few locations.

Pumpellyite and Epidote
These calcic minerals occur primarily in lavas and 

volcaniclastic rocks of the Upper Meta-Basalt and Dekkas 
Andesite in association with chlorite. Pumpellyite is 
similar to chlorite in habit and distribution and it fills 
vesicles or forms scattered irregular clots in the ground- 
mass of mafic-intermediate lavas (Figures 17-19). Epidote 
is also disseminated in the groundmass of the lavas.
Prehnite is not found with pumpellyite.

Minor Oxide Minerals
Rutile, sphene, and magnetite are disseminated in 

volcanic rocks and generally follow stratigraphy in their 
distribution. No primary or secondary hematite was seen.
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Rutile occurs as abundant disseminated grains in the 
groundmass of meta-rhyolites and as spindle-form inclusions 
in albite and quartz phenocrysts in Bully Hill Rhyolite. 
Sphene and magnetite form equant disseminated grains in 
Dekkas Andesite and Upper Meta-Basalt.

Regional Alteration
Regional assemblages are stratigraphically 

controlled reflecting the original chemistry of the altered 
rocks. The assemblages are represented on the alteration 
map (Figure 34)

Chlorite-Albite Alteration
The Dekkas Andesite and Upper Meta-Basalt contain an 

assemblage of predominant chlorite and albite with minor 
calcite, epidote, pumpellyite, magnetite, and sphene. The 
assemblage occurs in all facies of the two lithologic units, 
and is restricted to them. There is no evidence of lateral 
of vertical zonation of the assemblage within the units. 
Chlorite is more abundant than albite.

Pumpellyite is most common in vesicles and dispersed 
in the ground mass of the more calcic assemblages. It is 
seen in both Dekkas Andesite and Upper Meta-Basalt in the 
study area, and it presence suggests a metamorphic grade 
lower than greenschist, although the occurrence of epidote 
suggests that the alteration proceeded beyond pumpellyite 
stability (Turner, 1981). Therefore, pumpellyite may



Figure 34
Alteration map of the 
Bella Vista-Ingot Are
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represent a late metamorphic retrograde effect. Alter
natively, the greater abundance of pumpellyite in Upper 
Meta-Basalt relative to Dekkas Andesite could indicate a 
distinct thermal history for each.

Quartz-Albite Alteration •
The quartz-albite assemblage occurs in the Bully 

Hill Rhyolite and the Pit Formation. Chlorite, calcite, 
sericite, pyrite, magnetite, and rutile are included in the 
assemblage. Slight variations occur between subunits of the 
formations and no lateral or vertical zonation occurs, 
except at very small scale.

Primary and recrystallized quartz and secondary 
albite make up the groundmass of the volcanics. The 
mudstones and siltstones were originally deposited as 
microcrystalline quartz and clays with a few coarser beds 
containing feldspars and micas. During alteration or 
metamorphism, the clays were replaced by chlorite and 
sericite. Feldspars, micas, and lithic fragments scattered 
throughout fine grained beds of Pit Formation, have been 
altered to fine-grained albite and chlorite. No trace of 
original ferromagnesian minerals occurs. Primary and 
secondary calcite is sparsely distributed in the mudstones.
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Local Alteration
Local zones of alteration are restricted to specific 

lithologies and contain one or two dominant minerals„ These 
zones are not abundant and are usually limited to less than 
100 meters in greatest dimension„ Some types are partially 
stratigraphically controlled = The local alteration zones 
are represented on the alteration map (Figure 34).

Quartz-Pyrite Alteration
An assemblage of microcrystalline quartz and 

fine-grained pyrite occurs in stratigraphicaIlly higher 
levels of Bully Hill Rhyolite in massive and brecciated 
lavas and agglomerates. The meta-rhyolites are pervasively 
silicified to form very hard white, blue, grey, or black 
outcrops. Pyrite is disseminated in the groundmass of the 
volcanic rocks in variable quantities somewhat related to 
the intensity of silicification. However, intense 
silicification does, not guarantee an abundance of pyrite.
No other sulfides are associated with the pyrite. These 
zones are up to 100 meters in outcrop dimension.
The most highly pyritized sample (DDL-2) was located 
in section 19 (Plate 1; Figure 11) within a highly sili
cif ied zone of meta-rhyolite. This sample contains nearly 
2% pyrite as disseminated grains. In general, the strati- 
graphically highest levels of Bully Hill Rhyolite contain 
the more intensely silicified and pyritized zones suggesting
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that the top of the Bully Hill Rhyolite in the area may have 
been the site of hydrothermal fluid discharge.

Calcitic Alteration
Calcitic alteration is stratigraphically limited to 

coarse debris flows and tuffs in the Pit Formation and Upper 
Meta-Basalt. Calcitized lenses are generally restricted to 
the lower layers of the Pit Formation and upper layers of 
the.Upper Meta-Basalt where the clastic flows are most 
abundant. Calcitized lenses stand out in relief from 
mudstones and siltstones in outcrop. A well-exposed unit 
lies along a northwesterly trending creek in sections 13 and 
14 (Plate 1; Figure 34) adjacent to a flow of coarse 
silicified Pit Formation agglomerate. The creek bed is a 
lineament parallel to the bedding of the overlying soft 
mudstones. The calcitized layers have the same dimensions 
as the tuffs and volcaniclastic lenses that were replaced 
for distances up to 500 meters along strike length.

Calcitization appears to have overprinted the secon
dary assemblage. Figure 35 displays the cellular texture of 
a calcitized volcaniclastic flow in the Pit Formation.
Clots of radiating calcite grains expand to form massive 
patchworks of calcite, in some locations completely replan 
cing the original rock and secondary minerals except for 
coarse grains of quartz. This type of alteration forms the 
1limerock' of Albers and Robertson (1961). The units of
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Figure 35
Photomicrograph of calcitic alteration within Pit Formation 

debris flow; crossed nicols; section 23 (Plate 1)
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caicitized tuff and meta-rhyolite are significant near the 
Afterthought mine, for the massive sulfide lenses and 
caicitized lenses are spatially associated. In the study 
area, the caicitized layers are found near the Pit 
Formation-Bully Hill Rhyolite contact, as are the zones of 
quartz-pyrite. These zones are only in general association. 
No other significant alteration or mineralization occurs in 
association with calcitic alteration. Calcitization within 
the Pit Formation is stratigraphically restricted to debris 
flows and tuff lenses which have much greater porosity and 
permeability than surrounding mudstones and siltstones.

Ghloritic Alteration
Small zones of intense chloritization occur locally 

within Dekkas Andesite. Chlorite has pervasively replaced 
all of the original minerals except for quartz. These 
irregularly shaped, randomly oriented zones are less than 30 
meters in outcrop dimension and are restricted to the 
eastern portion of the area (Figure 34).

Silicic Alteration
Silicic alteration occurs in the Pit Formation and 

Dekkas Andesite. This type of alteration does not contain 
associated pyrite and is variable in intensity. Secondary 
quartz is abundant in the highest levels of the Pit For
mation, giving the mudstones a chert-like appearance. In
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portions of the lowest part of the Pit Formation (Figure 
34)/ the introduction of microcrystalline quartz has 
pervasively altered the mudstones and some agglomerates, 
resulting in hard blue-grey outcrops. Some portions of 
Dekkas Andesite in the eastern part of the study area 
contain significant amounts of silica in the groundmass and 
into vesicles of massive flows.

Small zones of lavas and debris flows in the Upper 
Meta-Basalt in section 30 (Plate 1) have been intensely 
silicified and calcitized. Vesicles and veinlets are 
filled with microcrystalline quartz, replacing up to 30% of 
the rock.

Discussion

Regional vs. Local Alteration
The two major alteration assemblages are generally 

stratigraphically controlled and related to original 
mineralogy. Localized intense alteration zones are 
scattered in different formations and represent specialized 
conditions of formation. It is important to distinguish 
between alteration by local volcanogenic processes and 
regional metamorphism in light of the genetic models of 
volcanogenic massive sulfides. This distinction is 
difficult because both processes occur under similar 
physico-chemical conditions (Franklin et al, 1983) . 
Alteration associated with mineralization at the



Afterthought and nearby deposits might be expected to extend 
into the study area.

Local alteration, presumably formed by localized 
hydrothermal processes and not by metamorphism, can be dis
tinguished from regional metamorphism by a comparison of 
assemblages distally beyond or stratigraphically above the 
influence of the local alteration process (Reed, 1979). In 
the study area, the pre-massive sulfide mineralization 
Dekkas Andesite and the apparently post-massive sulfide 
Upper Meta-Basalts can be compared. The most obvious dif
ference between the Dekkas Andesite and Upper Meta-Basalt is 
in the relative amounts of pumpellyite. Local intensely 
chloritized zones were observed in Dekkas Andesite but not 
in Upper Meta-Basalt. Pyrite is rare in Dekkas Andesite 
lavas and not observed in Upper Meta-Basalt lavas. The 
secondary minerals appear to indicate different alteration 
phenomena in the two lithologically similar rock units.

The local alteration zones in Bully Hill Rhyolite 
and Dekkas Andesite indicate that pre-metamorphic hydro- 
thermal alteration occurred in stratigraphically controlled, 
isolated zones in volcanic cocks. All of the rocks in the 
study area, above and below the host horizon, have been 
altered or metamorphosed to some degree. Differences of 
intensity between various units, such as percentages of 
pumpellyite, are evident. All of the assemblages are 
consistent with greenschist facies (Turner, 1981), which
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appears to have overprinted the entire Redding Section, 

including the study area, in the Late Jurassic-Early 
Cretaceous.



'CHAPTER 6

GEOCHEMISTRY

Major and trace element chemical analyses of seven 
rocks from the area (Table 2 and 3)= are compared with 
analyses of similar rocks outside if (Albers and Robertson, 
1961; Eastoe, pers. comm.; Gustin, pers. comm.) to study 
original petrochemistry, present chemistry, and processes of 
alteration. Preservation of primary textures indicates more 
or less volume-for-volume replacement and a comparison can 
be made of a presumed original composition with the present 
composition. This comparison, in the light of current 
models of greenschist metamorphism and hydrothermal altera
tion associated with volcanogenic massive sulfide minerali
zation, enables development of a model for the origin of the 
alteration assemblage. A sample location map is presented 
in Figure 36. The analyses were made by X-Ray Analytical
Laboratories, Don Mills, Ontario, using x-ray fluorescence

/
methods.

Lapierre and others (1983) studied the petro
chemistry of the Devonian volcanic rocks of the West Shasta 
district and the Permian volcanic rocks of the East Shasta 
district. Both sections appear to be low potassium tho- 
leiites. The Devonian volcanics have a greater volume of
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Major Element Analyses (in wgt %) from Volcanic Rocks 

of the Bella Vista-Ingot Area
Table 2

Sample Number
5 6-21 10-18 3-25 9-10 20-1 QFP A&R-l A&R-2

Si 46.4 53.7 49.9 69.3 74.2 81.2 75.5 52.3 76.3
Al 16.6 15.3 19.3 13.9 13.2 9.51 12.3 17.6 12.4
Ca 13.1 4.32 7.15 1.82 0.63 0.42 0.22 2.81 0.74
Mg 5.88 4.19 4.09 2.58 0.22 0.21 0.52 6.41 0.69
Na 1.65 6.05 5.15 6.31 7.59 5.69 4.36 6.21 6.01
K 0.02 0.14 0.16 0.15 0.09 0.08 3.15 0.15 0.26

Fe 9.95 11.7 8.72 2.82 2.86 1.86 1.96 8.89 2.99
Mn 0.11 0.17 0.12 0.06 0.07 0.05 0.04 0.16 0.06
Ti 0.36 0.48 0.43 0.16 0.19 0.18 0.11 0.64 0.26

LOI 5.62 2.77 4.62 2.62 0.93 0.62 0.54 n.a. n.a.
TOTAL 100.1 99.2 100.2 100.1 100.3 100.1 99.1 97.1 100.1
S. G. 2.88 2.86 2.75 2.72 2.57 2.59 2.63 2.68 2.67

***********************************************************

5 Upper Meta-Basalt lava 
6-21 Dekkas Andesite lava 

10-18 Porphyritic Upper Meta-Basalt lava 
3-25 Bully Hill Rhyolite lava 
9-10 Bully Hill Rhyolite lava
20-1 Bully Hill Rhyolite lava (quartz-pyrite altered)
QFP Bully Hill Rhyolite lava (coarse-grained quartz 

porphyry)
A&R-l Dekkas Andesite lava; from Albers and Robertson (1961) 
A&R-2 Bully Hill Rhyolite lava; Albers and Robertson (1961)

(See Figure 36 for sample localities)
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Trace Element Analyses (in ppm) of Volcanic Rocks 

in the Bella Vista-Ingot Area
Table 3 

Sample Number
5 6-21 10-18 3-25 9 — 10 20-1 QFP

Zr 24 33 36 120 130 120 140
Y 8 24 18 34 44 42 22

Nb 4 6 4 6 6 4 6
Rb 10 10 20 10 . 10 20 40
Sr 10 40 150 270 10 <10 30
Ba 60 90 130 260 110 150 1890



Sample Locations of Volcanic Rocks Analyzed 
for Major and Trace Element Compositions
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basalts and are enriched in magnesium, nickel, and chromium, 
whereas the Permo-Triassic volcanics contain intermediate 
rocks with compositions characteristic of a continental 
margin environment.

The mineralogy of the meta-volcanic rocks described 
by Albers and Robertson (1961) suggests the original 
chemistry of the volcanic rocks in the study area. However, 
major element analyses cannot necessarily be used to 
accurately determine the original composition because of the 
mobility of major elements during alteration. This is 
evident by the comparison of analyses of unaltered volcanic 
rocks from island-arcs and average rhyolite-andesite-basalt 
compositions with the analyses of the rocks in the study 
area (Tables 2 and 4).

Geochemistry of Major and Trace Elements

Original Petrochemistry of the Volcanic Rocks
The mobility of silicon in the volcanic rocks of the 

study area and the East Shasta district can be demonstrated 
by the relationship between Si and TiOg/Zr as plotted in

Figure 37. In this diagram, distinct vertical trends of the 
data extend beyond the boundaries of the compositional 
fields of the rock types, demonstrating the addition of 
silicon. Jensen's Cation Plot (1976) was also used to 
characterize the volcanic rocks of the study area (Figure 
38). This method does not use alkalis, calcium or silicon,
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Average of Major Element Analyses (in wgt %) 

from Tonga-Kermadec Arc and New Zealand
Table 4

Basalt
Si 49.9
Al 17.1
Ca 11.9
Mg 6.12
Na 2.23
K 0.21

Fe 11.1
Mn 0.18
Ti 0.93
LOI n.a.

TOTAL 99.6

Cfi o 3.06

Basaltic
Andesite Andesite

52.7 60.1
17.5 15.1
9.88 6.95
4.79 2.27
1.96 3.38
0.17 0.45
10.2 8.94
0.19 0.19
0.77 0.93
n .a . n.a .
98.3 98.4
3.07 2.99

Dacite Rhyolite
66.3 74.3
14.6 13.3
4.41 1.47
1.51 0.29
4.01 4.25
0.63 3.18
5.08 1.55
0.14 0.05
0.64 0.26
n .a . n.a.
98.3 99.7

L
OC
O

CM 2.71

(data from Ewart et al., 1977; Ewart, 1969)
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C+P Comendite + Pantellerite

R Rhyolite
RD+D Rhyodacite + Dacite

T Trachyte
A Andesite

TA Trachyandesite
Ph Phonolite

Sub—AB Sub-alkaline Basalt
AB Alkaline Basalt

B+N Basanite + Nephelinite

Bully Hill Rhyolite 
Bully Hill

20-1

3-25
Dekkas Andesite 9-10
• Afterthought

Bully Hill Rhyolite 
AfterthoughtRD+D,

Dekkas Andesite 
Bully Hill6 - 21/ .

Sub—AB 10-18

0.100.01 1.00
Zr/TiO

Figure 37
SiO„ vs. Zr/TiC^diagram showing distribution of volcanic 

rocks from the East Shasta District and Bella Vista-Ingot 
areas, (diagram after Winchester and Floyd, 1977)



Jensen's Cation Plot 

FeO + Fe 2o3 + Ti02 

Bully Hill Rhyolite 

Ba Afterthought 
Bb Bully Hill 

Al 2o3 
Figure 38 

Dekkas Andesite 

Da Afterthought 
Db Bully Hill 

Jensen cation plot of volcanic rocks of the East 
Shasta district and Bella Vista-Ingot Areas. 
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which tend to be mobile, in the classification „ The 
volcanic rocks of the study area plot as tholeiites„

A method to determine the original chemistry must 
therefore use immobile elements„ The technique developed by 
Winchester and Floyd (1977) was selected as an accurate and 
inexpensive method for this determination. On the basis of 
ratios of selected immobile trace elements, Ti0 2 /Zr and

Y/Nb, Winchester and Floyd (1977) characterized the fields 
in which fresh volcanics lie when the two ratios are 
compared graphically. A later study using altered rocks 
demonstrated that the ratios could determine the original 
chemistry, as the ratios of altered rocks were similar to 
those of fresh rocks (Floyd and Winchester, 1978).

Figure 39 shows the immobile element ratios of 
samples from the study area plotted on the diagram taken 
from Floyd and Winchester (1978). In comparison with the 
data from the Bully Hill area (Gustin, pers. comm.) and the 
Afterthought area (Eastoe., pers. comm.), the volcanic rocks 
of the study area appear to be more mafic. Sample 6-21 from 
Dekkas Andesite was originally a sub-alkaline basalt, as are 
samples 5 and 10-18, both Upper Meta-Basalt. Samples 9-10, 
3-25, and 20-1 from the Bully Hill Rhyolite plotted as 
rhyodacite-dacite and the one sample of coarse-grained 
quartz porphyry (QFP) plotted as rhyolite. These 
classifications are consistent with the petrographic
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/T
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C+P Comendite + Pantellerite 
R Rhyolite

RD+D Rhyodacite + Dacite 
T Trachyte 

TA Trachyandesite 
A Andesite 

AB Alkali Basalt 
Sub-AB Sub-alkaline Basalt 

B+N Basanite + Nephelinite

Bully Hill Rhyolite
Ba Afterthought 
Bb Bully Hill
Dekkas Andesite
Da Afterthought
Db Bully Hill
(not shown-poor data)

3-2520-1
9-10,

RD+D

6-21 .
10-18

Sub-AB

0.01 0.10 1.00 10.00
Nb/Y

Figure 39
Zr/TiC^ vs. Nb/Y diagram showing distribution of volcanic 

rocks from the East Shasta district and Bella Vista-Ingot Areas 
(diagram after Floyd and Winchester, 1978)
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evidence of relict textures and minerals of the volcanic 
rocks„ .

Comparison with Unaltered Volcanic Rocks
The major-element and trace-element data from the 

study area supports the conclusion by Lapierre and others 
(1985) that the volcanic sequence represents a continental 
margin island arc with a low-potassium tholeiitic original 
chemisty. Therefore, a model of the development of the 
present chemistry can be made from a comparison of the 
analyses of fresh volcanic rocks with the analyses of 
volcanic rocks from the study area. Since no fresh rocks 
occur in the study area, the analyses of fresh volcanic 
rocks from the Tonga and Kermadec Islands and New Zealand 
(Ewart, 1969, Ewart et al., 1977) have been selected for 
this comparision.

The Tonga-Kermadec volcanic island arc is composed 
of low-potassium tholeiites. Average compositions of 
basalts, basaltic andesites, andesites and dacites from 
fresh volcanic rocks have been compared with the 
compositions of the volcanic rocks of the study area. 
Additionally, major element chemical analyses from rhyolites 
of the northern island of New Zealand were compared with 
Bully Hill Rhyolite. The New Zealand rhyolites represent a 
continental continuation of the Tonga-Kermadec arc.
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The general trends of depletion and enrichment of 
specific elements in the volcanic rocks of the study area 
are evident in Table 4„ Notably, sodium and silicon are 
enriched, and calcium, aluminum, and potassium are depleted, 
in comparison with the fresh volcanic rocks of 
Tonga-Kermadec-New Zealand (TKNZ) .

Alteration Equations
The model by Gresens (1967.) was used to specifically 

determine the hypothetical chemical equations describing the 
alteration of fresh volcanic rocks. from TKNZ to the vol
canic rocks of the study area = Gresens (1967) developed a 
method incorporating major element analyses and specific 
gravities of the original and resultant volcanic rocks, to 
determine elemental gains and losses. The equation that he 
presented relates the volume factor (FV), or change in 
volume from original rock to resultant rock, the concentra
tions of the element in the original rock (%a) and the 
resultant rock (%b), and the specific gravities of the 
original and resultant rocks (G) (eqn. 1). The result of
the equation yields the. relative gain or loss of the element 
in the alteration reaction.

(FV * (Gb/Ga) * %b) - %a = x eqn. 1
The absolute gain or loss of an element during 

alteration can be calculated once an assumption of a volume 
change is made. Conversely, the volume change can be
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calculated from an assumption of the mobility of an element. 
Pseudomorphous replacement corresponds to a volume factor of 
one, that is, no change in volume. Results of the calcu
lations of the hypothetical percentage change of major 
elements from the fresh volcanics to altered volcanics are 
presented in Table 5. Equations of the alteration reactions 
can be written directly from Tables 2 and 5, using an arbi
trary mass of 100 g of original rock. These are presented 
in Table 6.

Some trends are apparent in the equations. In 
general, the four samples of Dekkas Andesite and Upper 
Meta-Basalt appear to have gained sodium and lost silicon, 
aluminum, calcium, titanium and iron, while potassium and 
manganese remained relatively immobile. The three samples 
of fine-grained porphyritic Bully Hill Rhyolite have gained 
silicon and sodium and lost aluminum, calcium, magnesium, . 
titanium, and iron, while potassium and manganese were 
immobile. The sample of coarse-grained quartz porphyry does 
not appear to follow the trend of other samples of Bully 
Hill Rhyolite, gaining magnesium and iron, and losing 
silicon, aluminum, calcium, titanium, and potassium, while 
sodium and manganese remain immobile. Oh this basis, it 
appears that manganese is immobile in the alteration of the 
original volcanic rocks to the present rocks of the study
area
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Calculated percentage of elemental gain or loss 
of unaltered volcanic rocks, assuming no change in volume

Table 5

Basaltic
Basalt Andesite Dacite Rhyolite
to: to :

5 6 - 2 1  1 0 - 1 8 A&R-l
Si - 6 . 2 3 0 . 2 9  - 5 . 0 5 - 7 . 0 4

Al - 1 . 4 8 - 2 . 8 1  0 . 2 4 - 2 . 1 4

Ca 0 . 4 3 - 7 . 8 6  - 5 . 4 7 - 7 . 4 3

Mg - 0 . 5 9 — 2 o 2 1  — 2 o44 0 . 8 1

Na - 0 . 6 7 3 * 42 2 o 41 3 . 4 6

K —0 . 1 9 —0 o 08 —0 o07 - 0 . 0 4

Fe - 1 . 7 4 —0 e 16 —3 o 26 - 2 . 4 4

Mn - 0 . 0 8 - 0 o 0 2  - 0 o 0 7 - 0 . 0 5

T.i - 0 . 5 9 —0 o 48 —0 o 54 - 0 . 2 1

to : to :
3-25 9-10 20-1 QFP A&R-2

-0.16 0.61 7.49 -0.76 1.15
-1.33 -2.71 -5.96 -1.32 -1.04
-2.67 -3.84 -4.03 -1.26 -0.74
0.95 i—1CO1—1 1 -1.32 -0.22 0.39
2.01 2.83 1.16 -0.01 1.89

-0.49 -0.55 -0.56 -0.11 -2.92
-2.39 -2.49 -3.39 0.36 1.41
-0.08 —0.08 -0.09 -0.01 0.01

1 (S* ID -0.47 —0 o 48 -0.15 -0.06
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Hypothetical Alteration Reactions from Unaltered Volcanic 

Rocks to Volcanic Rocks in the Bella Vista-Ingot Area
Table 6

100g Basalt + 0 ,43g Ca =
88.9g [5] + 6.23g Si + 1.48g Al + 0.65g Na + 0.59g Mg + 
0.19g K + 1.74g Fe + 0.08g Mn + 0.59g Ti

100g Basalt + 3.42g Na + 0.29g Si =
90.Ig [6-21] + 2.80g Al + 7.86g Ca + 2.20g Mg + 0.08g K + 
+ 0.16g Fe + 0.02g Mn + 0.48g Ti

100g Basalt + 2.40g Na + 2475g Al =
86.8g [10-18] + 5.05g Si + 5.47g Ca + 2.44g Mg + 0.07g K + 
+ 3.26g Fe + 0.07g Mn + 0.54g Ti

100g Basaltic Andesite + 3.46g Na + 0.81g Mg =
84.9g [A&R-l] + 7.04g Si + 2.14g Al + 7.43g Ca + 0.04g K + 
+ 2.94g Fe + 0.05g Mn + 0.21g Ti

100g Dacite + 2.01g Na + 0.95g Mg =
95.4g [3-25] + 0.16g Si + 1.33g Al + 2.67g ,Ca + 0.49g K +
+ 2.39g Fe + 0.08g Mn + 0.49g Ti

100g Dacite + 2.83g Na + 0.61g Si =
92.9g [9-10] + 2.70g Al + 3.84g Ca + 1.32g Mg + 0.55g K +
+ 2.50g Fe + 0.08g Mn + 0.47g Ti

100g Dacite + 1.16g Na + 7.49g Si =
92.8g [20-1] + 5.96g Al + 4.03g Ca + 1.32g Mg + 0.56g Fe + 
+ 3.39g Fe + 0.09g Mn + 0.48g Ti



Table 6— Continued

100g Rhyolite + 0„36g Fe =
96.5g [QFP] + 0.76g Si + 1.32g Al + 1.26g Ca + 0.22g Mg + 
+ 0.llg K + 0.01g Mn + 0.15 g Ti

100g Rhyolite + 1.89g Na + 1.15g Si + 0.39g Mg + 0.01g Mn 
100.2g [A&R-l] + 1.04g Al + 0.74g Ca + 2.92g K + 0.01g Ti
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Because of the many assumptions made up to this 

point, the equations can only be used as general indicators 
of the gross chemical change that occurred in the study 
area. The unaltered rocks (TKNZ) were not necessarily 
identical in composition to the original, unaltered rocks of 
th-e study area. The gains and losses in the equations are 
consistent with petrographic evidence of albite replacement 
of plagioclase, silicification of rhyolite, and the destruc
tion of ferromagnesian minerals in the alteration assem
blages. Some of the calculated changes, however, may be a 
reflection of original differences between the volcanic 
rocks of the study area and the TKNZ volcanic rocks. For 
example, the calculated decrease of titanium in each sample 
is constant at around 0.40 grams. Therefore, the classifi
cation diagram using TiOg (Figure 39) is probably still

valid, and the shift probably indicates the difference 
between original titanium concentrations and not that 
titanium is mobile.

Other Geochemical Data 

Alteration Indices
The alteration index described by Ishikawa (1976) 

was calculated for analyses in the study area and compared 
with data from the Afterthought (Eastoe, pers. comm.) and 
Bully Hill regions (Gustin, pers. comm.) The results are
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presented in Figure 40„ The alteration index (eqn„ 2) 
compares the ratios of alkali and alkaline earth elements.

A. I. = (K + Mg)/(K + Mg + Na + Ca) eqn. 2
This index is useful in distinguishing the different 

styles of alteration in the volcanic pile associated with 
the Japanese Kuroko deposits, where sericitic and chloritic 
alteration occur in concert with sodium and calcium dep
letion (Date et al ., 1983). There are generally two popu
lations of results, from the equations; those samples that 
are enriched in K and Mg and depleted in Na and Ca, and vice 
versa. A suggestion of two populations is seen in the 
samples from the study area and the East Shasta district.
The two results in the extreme right of the diagram appear 
to be distinct from the remainder of the samples. According 
to Gustin (pers. comm.), these two samples were from highly 
silicified and sericitized footwall rocks near the Bully 
Hill orebody.

The index does appear to be a guide to alteration in 
the East Shasta district but apparently only for visible 
alteration. It is possible that a wider sampling program 
may reveal subtler trends. In the study area, the index is 
generally low for all of the samples, and indicates that the 
intensity of sericitic alteration and sodium depletion is 
low relative to other areas of the East Shasta district and 
other Kuroko-type volcanogenic massive sulfide deposits 
(Date et al., 1983).
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Number of Samples

Figure 40
Frequency distribution of alteration indices of volcanic rocks 

from the East Shasta district and Bella Vista-Ingot Areas.
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The index does not distinguish between Upper 

Meta-Basalt and Dekkas Andesite„ Late introduction of 
calcium into the rocks, i„e„ calcitic alteration and 
formation of pumpellyite, may have destroyed the usefulness 
of the index„

Base Metals
Table 7 is a list of the concentrations of base

metals in the volcanic rocks of the study area and the East
/Shasta district. Average compositions of crustal volcanic 

rocks are listed in Table 8 (Mason and Moore, 1982).
Lead appears to be depleted in all samples compared 

to average concentrations of lead in igneous rocks.
Copper in the volcanic rocks of the study area 

appears to be enriched compared to the East Shasta district 
and crustal averages. This could suggest that copper was 
hydrothermally mobilized, enriching the Dekkas Andesite and 
the Bully Hill Rhyolite lavas in the study area. A much 
more likely interpretation is that the rocks underwent 
little depletion relative to the copper-poor rocks of the 
East Shasta district. The Dekkas Andesite of the East 
Shasta district is significantly depleted in copper, 
permitting that the source of copper of the massive sulfides 
was within the boundaries of the district.

Both samples of Upper Meta-Basalt (sample 5 and 
10-18) are enriched in copper relative to the averages of
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Base Metal Content (in ppm) of Volcanic Rocks of the 

East Shasta District and Bella Vista-Ingot Area
Table 7

Afterthought Bully Hill
5 6-21 10-18 3-25 9—10 20-1 QFP

Average 
BHR DA

Average 
BHR DA

cu 170 90 180 80 70 60 40 7 27 46 18
ZN 70 35 60 40 70 20 30 63 137 89 84
PB 4 2 2 4 2 4 4 6 13 4 5

BHR = Bully Hill Rhyolite (Eastoe, pers„ comm.) 
DA = Dekkas Andesite (Gustin, pers. comm.)

***********************************************************

Base Metal Content (in ppm) of Average Crustal Rocks
Table 8

Granite Diabase Crust
CU 13 110 55
ZN 45 86 70
PB 48 CO 13

(data from Mason and Moore, 1982 )
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Table 8. The meta-basalts appear to have been deposited 
since mineralization, implying a magma unusually enriched in 
copper„

Concentrations of zinc in the study area may be 
slightly lower than those of the averages of Table 8. They 
are much lower in zinc than in corresponding volcanic rocks 
in the Afterthought and Bully Hill regions„

The difference in copper production between the two 
orebodies may be reflected in the concentrations of copper 
in the rocks. The Bully Hill orebodies produced four times 
as much copper as the Afterthought mine (Albers and 
Robertson, 1961). Copper depletion in the Dekkas Andesite 
is greater in the Bully Hill area than in the Afterthought 
area. Copper enrichment is greater in the Bully Hill area 
than in the Afterthought area, and greater enrichment of 
copper in the Bully Hill Rhyolite. This could indicate that 
the hydrothermal system at Bully Hill derived and trans
ported copper somewhat more efficiently than did the system 
at the Afterthought Mine, and very much more efficiently 
than any hydrothermal system operating in the study area.
The data promote the conclusion that the Dekkas Andesite was 
a source of copper, and that the meta-andesites and meta
basalts of the study area were not involved in copper 
depletion.



CHAPTER 7

SULFUR ISOTOPES

Seven samples of pyrite were analyzed for sulfur 
isotope content. The intent of the isotope study was to 
gain information on the geochemistry and sources of sulfur, 
and to compare the data with recently obtained data from the 
Afterthought, Bully Hill, and other smaller deposits of the 
East Shasta district. Determination of the various pro-

34cesses of fractionation of 6 S and sources of sulfur in the 
rocks of the study area require precise and accurate infor
mation of the geochemical conditions. Interpretation of the

6 ^ S  values is problematic and risky with incomplete data, 
but some generalizations can be made.

Methods and Calibrations
Pyrite was separated by crushing and panning. The 

method of Robinson and Kusakabe (1975) was used to obtain 
SO£ gas from the pyrite. The isotopic composition of the

gas was then measured in a Micromass 602D mass spectrometer

for the ratio of to . The standard gas was cali
brated relative to NBS123, and by mutual comparison of 
laboratory standards in Tucson and the University of
Tasmania. The precision of the measurements was +0.12 per

103
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mil (one standard deviation, derived from repeated analysis 
of lab standards)-

Results

Table 9 lists the 6 ^ S  values from the study area 
and the ranges of values obtained from pyrite samples from 
the Afterthought and Bully Hill orebodies (Eastoe, pers. 
comm.; Gustin pers. comm.). Pyrites from the study area 
were disseminated in volcanic and sedimentary rocks or taken 
from clasts within volcaniclastic rocks (Figure 41).. Those 
from the East Shasta orebodies were taken from massive 
sulfide ore, footwall alteration, and surrounding rocks. A 
wide range of values is apparent in the samples from the 
study area while the values from the orebodies are higher, 
more restricted in range, and different for each area.

Discussion of Data

Biogenic Fractionation
Sample 4-14 was taken from disseminated pyrite in a 

stratigraphically high layer of Pit Formation mudstone. The

6 ^ S  value represents a decrease of 20 per mil from Triassic
34seawater sulfate, S S = -9.8 per mil (Claypool et al., 

1980). Biogenic fractionation is capable of up to 60 per

mil reduction in 6 ^ S  and could produce the observed value 
(Ohmoto and Rye, 1979). The habit, the stratigraphic
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Sulfur Isotope Values from Selected Rocks 

in the Bella Vista-Ingot Area 
and in the East Shasta District

Table 9

Bella Vista-Ingot Area Sulfur Isotope Analyses

6 34S ■Value
Sample Source Lithology {per mil}
4-14 Pit Formation Disseminated in shale —9.8 + 0.08
20—S Pit Formation Volcaniclastic flow +12.6 4-'0.07
17-27 Upper Meta-Basalt Volcaniclastic flow -4.0 + 0.04
20-1 Bully Hill Rhyolite Disseminated in lava -10.3 + 0.04
15-2 Bully Hill Rhyolite Disseminated in lava -26.7 + 0.08
DDL-2 Bully Hill Rhyolite Disseminated in lava -28.0 + 0.08
DA-1 Dekkas Andesite Disseminated in lava -5.7 + 0.06
* * * * * * * * * * * * * * * * * * * * * * * * * * * * 

East Shasta District Sulfur Isotope Analyses

■ 34

** * *

■ 34Afterthought Range: 6 S = +6.0 to +12.0 per mil
Average: +7.0 per mil

(Eastoe, pers. comm.)

34Bully Hill Range: 6 S = -5.0 to +5.0 per mil
Average: 0.0 per mil

(Gustin, pers. comm.)



Sample locations of pyrite analyzed for 
sulfur isotope composition.
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34position, and the 6 S value of this pyrite are consistent 

with a biogenic origin of the sulfur in this sample„

Inorganic Fractionation of Seawater Sulfate
Sample DA-1 was taken from Dekkas Andesite lava.

34The 6 S value (-5.7 per mil) represents a decrease of 16 
per mil from seawater sulfate. Inorganic fractionation could 
produce this depletion by reduction of sea water sulfate by

Fe at temperatures above 200°C according to equation 2 
(Mottl, 1976 ):

SO^- + 8Fe2+ + 10H+ = 8Fe3+ + 4H20 + H^S eqn. 3

Extreme Fractionation in Meta-Rhyolite
Samples 20-1, DDL-2 and 15-2 in Bully Hill Rhyolite

34were taken from quartz-pyrite altered lavas. The 6 S 
depletion is from 20 to 38 per mil. Unlike the case of 
sample 4-14, the large amount of fractionation cannot be 
directly linked to biogenic fractionation because the tem
peratures during alteration of the meta-rhyolite would be 
too extreme for bacterial reduction.

Equilibrium fractionation could not produce the 
observed sulfur from contemporaneous seawater sulfate at 
temperatures above 200°C. (Figure 42); at lower 
temperatures, equilibrium is precluded. This diagram is 
used assuming that the fluid compositional parameters match
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_______L

Temperature,°C
Deviation of 6J4Sh7s from 5J4SnUid as a function of T and LS042- /£ H 2S ratio 

of fluid. Mineral boundaries are for pH =  neutral. L'S =  0.01 m. u.c./mk * =  0.05, mNa+ =  
0.5, fnca2i =  1.0, winig2+ =  0.25. Bn =  bornite, Cpy =  chalcopyrite, Py =  pyrite, Po =  
pyrrhotite, M = magnetite, H =  hematite.

(from Ohmoto and Rye, 1979)

Figure 42
Geochemistry of inorganic fractionation 

of sulfur isotopes
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those of the hydrothermal system„ In particular, total 
sulfur molality is 0.01; changes in this concentration cause 
changes in the mineral stability fields, but do not change 
the argument. These considerations indicate that the hydro- 
thermal fluid that formed 15-2 and DDL-2 must have had a

lower value than seawater sulfate, implying a different
but unknown source of sulfur at depth.

Other potential sources of sulfur are from leached 
volcanic or sedimentary rocks in the hydrothermal circuit, 
possibly from Devonian to Permian rocks below the Dekkas 
Andesite or from magmatic fluids contemporaneous with the 
hydrothermal system, or from unknown factors. In view of 

34the low 6 S values, a biogenic sulfur source seems likely, 
but magmatic sulfur in the volcanic rocks or any intrusions 
(near 0 per mil; Ohmoto and Rye, 1979) or Devonian massive 
sulfide deposits (+4.5 per mil; Taylor and South, 1985) may 
also have contributed isotopically light sulfur to the 
fluid. Biogenic sulfur does not require the extreme 
fractionation that sulfur of magmatic or massive sulfide

34origin require to produce the 28 per mil decrease in 6 S 
and therefore is the most reasonable source of sulfur for 
the very light values. A maximum circulation depth to the
Devonian rocks would be 5 kilometers.
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Allochthonous Sulfides

The sulfides from Bully Hill Rhyolite and Dekkas
34Andesite lavas have distinctly lower 6 S values than those 

of pyrite in volcaniclastic rocks of the Upper Meta-Basalt 
(17-27) and the Pit Formation (20-S)„ Sample 20-S was 
derived from fragments of pyrite from a chloritized reworked 
lithic tuff from the Pit Formation, primarily composed of 
fragments of Bully tiill Rhyolite. Sample 17-27 is from a 
rounded clast of massive sulfide within a lahar breccia from 
the Upper Meta-Basalt composed of clasts of meta-basalt.

The pyrite was not formed in place, therefore these 6 ^ S  
values do not represent isotopic fractionation occurring in 
the sample location. The sulfide values are much higher 
than those of the study area and compare more closely to the

S^^S measured in pyrite from the East Shasta orebodies 
(Table 9). This would suggest an age of the debris flows 
containing the pyrite that is post-massive sulfide formation.



CHAPTER 8

DISCUSSION

As stated in the introductory chapter, the purpose 
of this study was to make a reconnaissance of a previously 
unmapped area that showed potential for mineralization and 
exploration. The following discussion notes the positive 
and negative indicators of mineralization potential of the 
study area, in addition to the geological features found in 
the area that are important to the understanding of the 
regional geology of the Eastern Klamath Mountains.

Positive Indicators of Mineralization Potential 

Geological Features
The study area was initially selected because of 

lithological similarity of rocks of the area and host rocks 
of the Afterthought region. Repetition of the Afterthought 
host horizon (Bully Hill Rhyolite-Pit Formation contact) 
occurs in two significant areas around large domal blocks of 
Bully Hill Rhyolite (Plate 1). Concentrations of pyrite and 
silica in the Bully Hill Rhyolite and calcitized lenses in 
the Pit Formation are features common to the rocks of the 
study area and the Afterthought and Bully Hill orebodies.

Ill
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Occurrences in the study area are not accompanied by other 
indications of volcanogenic massive sulfide mineralization, 
however„

The occurrence of lava, pyroclastic, and volcani- 
clastic debris flows in the study area and the East Shasta 
district indicates that the geologic environment was similar 
in both areas. The presence of thick subunits of coarse
grained quartz porphyritic lava and intrusive dikes of Bully 
Hill Rhyolite suggest that volcanic centers occurred within 
the study area.

Regional Alteration
The rocks of the study area and of the Afterthought 

horizon have similar alteration assemblages. This simi
larity is in part a regional overprint, as the alteration 
assemblage of chlorite-albite-pumpellyite-calcite-sphene is 
found well to the north of the East Shasta district (Eastoe, 
pers. comm.) and resembles the typical assemblage of low- 
grade greenschist metamorphism (Turner, 1981).

Local Alteration
Small intense zones of localized alteration occur 

beneath the host horizon. The zones may represent pathways 
of hydrothermal fluids. The quartz-pyrite assemblage is a 
common feature of footwall alteration in volcanogenic 
massive sulfide systems. Its occurrence at the top of Bully 
Hill Rhyolite indicates that hydrothermal circulation within
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the rocks of the study area was in effect at the end of 
Bully Hill time„

Local alteration zones of calcite and silica occur 
above the host horizon, but these appear distinctly strati- 
graphically controlled within porous volcaniclastic rocks„ 
The timing of formation of these zones is definitely 
post-massive sulfide mineralization, and probably post
metamorphism, as the calcitic alteration overprints 
secondary albite and chlorite in debris flows of the Pit 
Formation„

Negative Indicators of Mineralization Potential 

Geological Features
Although the temporal relationship between the 

circulation of mineralizing fluid and the deposition of 
Upper Meta-Basalt is not known, thin dikes of meta-basalt 
and lava flows emanating from narrow fissures may have 
interrupted concurrent hydrothermal circulation „ As these 
dikes are local features, the hydrothermal circuit may not 
have been affected. However, a potential did exist for the 
diversion, restriction, capping or blockage of hydrothermal 
fluids by a magma dike, thereby limiting concurrent
mineralization.
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Alteration
The alteration pattern of Kuroko deposits consists 

typically of a silicified, sericitized, and pyritized center 
with an outer zone of sodium-calcium-magnesium rich minerals 
such as chlorite and albite (Franklin et al, 1981). The 
Kuroko-type outer zone assemblage and silica enrichment 
occurs in the study area. At the Fukuzawa mine in Japan, 
lijima (1974) noted that sodium depletion near the Kuroko- 
style ore body extended outward for one kilometer from 
massive sulfide mineralization. Most analyses appeared 
greatly enriched in sodium compared to unaltered rhyolite 
and andesite, rather than depleted. Circulating hydro- 
thermal fluids were not strong enough in the study area to 
remove sodium from the rocks. Albers and Robertson (1961) 
noted sericite in the footwall of the East Shasta deposits. 
Neither sericite nor other potassium-rich minerals were 
evident in thin section, demonstrating the absence of 
potassium enrichment, a key indicator of mineralization.

In some volcanogenic massive sulfide systems, syn- 
mineralization faults act as pathways for hydrothermal 
fluids and become altered along fractures. The fracture 
zone along upper Salt Creek (sections 18 and 19, Plate 1) 
appears to be nearly contemporaneous with Bully Hill
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Rhyolite, Upper Meta-Basalt, or both. No alteration is seen 
along this zone, suggesting that the circulation of hydro- 
thermal fluids did not occur.

The absence of significant sericitic alteration and 
sodium depletion suggests that conditions were not conducive 
to volcanogenic massive sulfide deposition in the study 
area. A large alteration halo should be apparent far from a 
mineralized center.

Base Metals
The intensity of hydrothermal alteration may cor

respond to the depletion of copper in the Dekkas Andesite. 
Copper depletion and alteration intensity was relatively 
greater in the East Shasta district than in the study area. 
The Dekkas Andesite was not depleted in copper relative to 
the average concentrations listed in Table 8, suggesting 
an absence of hydrothermal alteration.

Significance of Upper Meta-Basalts
The Upper Meta-Basalt is the first recognized in 

situ occurrence of mafic volcanic rock deposited after Bully 
Hill Rhyolite in the Redding Section. Differences in 
alteration between the Upper Meta-Basalt and the underlying 
Dekkas Andesite suggests that the Upper Meta-Basalt probably 
post-dates massive sulfide mineralization of the East Shasta 
district. Local chloritic alteration within the Dekkas 
Andesite is distinctly different from the calcitic and
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silicic alteration in Upper Meta-Basalt These differences 
are masked by metamorphism, and both units contain similar 
mineral assemblages„ The relatively high concentration of 
copper within the Upper Meta-Basalt indicates that 
hydrothermal activity did not affect the subunit„

Allochthonous sulfides, possibly from a massive 
sulfide deposit, were transported into the area and 
deposited within debris flows of the Upper Meta-Basalt 
(section 19; Plate 1). Their presence establishes an age 
for Upper Meta-Basalt as later than massive sulfide mine
ralization of the East Shasta district. The Upper Meta- 
Basalt is greatly enriched in copper compared to crustal 
averages and Dekkas Andesite of the study area. This 
enrichment is an additional indicator that the Upper Meta- 
Basalt post-dates hydrothermal alteration and massive 
sulfide mineralization. These mafic flows may have covered 
massive sulfide deposits of the East Shasta district if the 
flows extended into the area.

Regional Metamorphism versus Hydrothermal Alteration
Alteration patterns in the study area can be the 

result of either regional metamorphism or local hydrothermal 
alteration and in some locations, both. Indicators such as 
the comparison of secondary assemblages in rocks above the 
host horizon and beyond the boundaries of the study area, 
and local intensely altered zones characterize the
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distinction of the two processes = Alteration assemblages 
above and below the horizon are similar, indicating that all 
local rocks were affected by regional metamorphism.

Local zones of alteration are records of localized 
pathways of hydrothermal circulation. The stratigraphic 
control of quartz-pyrite alteration in the uppermost layers 
of Bully Hill Rhyolite suggests that in the study area, as 
in the East Shasta district, significant hydrothermal 
alteration took place at the end of Bully Hill time.

The Environment of Deposition of the Pit Formation
The sedimentary environment of Pit Formation was 

that of a calm, deep marine basin into which fine-grained 
sediments were deposited by local turbidity flows. North of 
the study area in the vicinity of Shasta Lake, the olisto- 
strome described by Eastoe and others (in prep.) was a major, 
disturbance. Some geological evidence of this event is 
present in the study area in the form of turbidity flows and 
synsedimentary deformation near the base of the formation.
It is believed that the study area could represent a source 
of the allochthonous blocks of meta-basalt observed in the 
olistostrome since there are no other occurrences of meta
basalt in the Redding Section as young as those of the study 
area. The presence of the olistostrome suggests contem
poraneous rifting. However, faulting of this scale is not 
observed in the study area.



118
Conclusion

In conclusion, the study area has regional geolo
gical signatures of Kuroko-style mineralization, such as 
host lithologies and volcanogenic massive sulfide altera
tion, and there are known ore bodies of this type in the 
vicinity. However, there are no indications that focusing 
of strongly mineralizing fluids to a vent in the area 
occurred. There is no evidence that there is significant 
mineralization along the horizon outcrop or at immediate 
depths below the horizon.

There still may be potential for significant minera
lization along the horizon at depth west of the outcrop 
beneath the syncline of Pit Formation sediments in the 
central and western portion of the map area. Based on cross 
section measurements, a depth range of 0 to 2 km is estima
ted to the horizon. Geophysical methods would be required 
for additional study. The geological map prepared as a part 
of this report is a valuable tool for initial geophysical
assessment.
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