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ABSTRACT

The Bruce massive sulfide deposit, near Bagdad, Arizona, is 

associated with a funnel-shaped zone of hydrothermal alteration. This 

zone occurs in the stratigraphic footwall of the deposit, and is perpen

dicular to the local stratigraphic orientation. A cross section of this 

alteration zone has been sampled. The mineralogy, mineralogic composi

tions, and bulk chemistry of the samples have been determined. From 

these data, the abundances of the phases present in the alteration zone 

have been calculated. Based on these data it is possible to divide the 

alteration into three distinct mineralogical zones. Post-alteration 

metamorphism has resulted in the development of metamorphic assemblages 

controlled by the bulk chemistry of the samples, and these assemblages 

define the three zones of alteration. The genesis of the deposit is 

discussed, with reference to other massive sulfide deposits.
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CHAPTER 1

INTRODUCTION

Volcanogenic massive sulfide deposits are generally associated 

with elongate pipe-like or funnel-shaped zones of hydrothermal altera

tion. The greatest mass of alteration minerals are usually confined to 

the stratigraphic footwall of the deposits, and the alteration zones are 

elongate perpendicular to the local stratigraphic contacts in undeformed 

deposits. The hydrothermal alteration is apparently the result of 

thermally driven convection cells in permeable rocks of the earth's 

crust. The chemical reaction of these fluids with the rocks through which 

they flow results in alteration of the rocks. This reaction is typified 

by chemical mass transfer between the fluid and the rock, and the forma

tion of alteration phases in the rock.

The type, composition, and abundances of the alteration phases 

are functions of the fluid composition, the rock composition, the tempera

ture and pressure of the environment, and the fluid flux in the hydro- 

thermal system. A first step in relating these variables to the 

processes responsible for the alteration is the determination of the 

chemical composition of the altered rocks, and the mineralogy and 

mineralogic compositions of the altered rocks. Using these data, it is 

possible to mathematically determine the mass abundances of the alteration 

phases, and their distribution, in the alteration zone. Because

1



2

hydrothermal alteration is a path dependent function, the quantities of 

reactant minerals destroyed and product phases formed are a function of 

the previous reactive history of the fluid and the rock. It would be 

possible, using the quantities of reactants and products present in the 

alteration zone, and an assumed fluid composition, to model the altera

tion of the system based on the progress of the alteration reactions 

(Helgeson 1970).

This study was undertaken to determine some of the unknown vari

ables of a massive sulfide deposit, so that these data may be available 

for the modeling of the alteration process. The Bruce Mine, near Bagdad, 

Arizona, is a Precambrian massive sulfide deposit with a well-defined, 

chloritically altered zone exposed in the underground workings of the 

mine. This alteration zone has been sampled, and the chemistry, 

mineralogy, and mineral compositions have been determined for these 

samples. Mass abundances of the phases present in the rocks have been 

determined using these data. Post-alteration metamorphism has obscured 

primary alteration mineralogy. However, the nature of the original 

alteration mineralogy may be inferred from the nature and bulk chemistry 

of the metamorphic assemblages.



CHAPTER 2

GEOLOGIC SETTING

The geology, climate, and topography of the Bagdad area are 

described by Anderson, Scholz and Strobell (1955). The general geology 

of the Bagdad area is shown in Figure 1.

Regional Geology

The oldest rocks in the Bagdad area have been correlated with 

the Precambrian Yavapai Series in the Jerome area, Arizona (Butler and 

Wilson 1938). Anderson et al. (1955) divide the Yavapai Series in the 

Bagdad area into three units, listed from the oldest to the youngest: 

the Bridle Formation, the Butte Falls Tuff, and the Hillside Mica Schist.

South of Bagdad, the Bridle Formation outcrops in two subparal

lel belts five kilometers apart. The belts strike northeast to north- 

northeast and dip steeply to the northwest. Each belt is bordered by 

faults and intrusive rocks. Anderson et al. (1955) suggest that the two 

belts of the Bridle Formation are the two limbs of a major northeast 

trending syncline, having an overturned western limb.

The Bridle Formation consists of metamorphosed mafic to silicious 

volcanic rocks and intercalated tuffaceous sedimentary rocks. Pillow 

structures in basalts and relict bedding and channeling in the sedimen

tary rocks indicate a subaqueous depositional environment for the Bridle 

Formation.
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Figure 1. General geology of the Bagdad area, Arizona. —  
Taken from Anderson, Scholz and Strobell (1955).
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Figure 1. General geology of the Bagdad area, Arizona.



The Butte Falls Tuff and Hillside Mica Schist are composed of 

silicious schist, slate, and impure quartzite. Anderson et al. (1955) 

suggest that the Butte Falls Tuff accumulated as a series of water- 

deposited sediments of volcanic origin. Silver (1968) reports a U-Fb 

age of 1760 million years for zircons from a rhyolitic horizon in the 

Butte Falls Tuff.

The Yavapai Series has been intruded by later Precambrian rocks 

of diverse composition. The oldest of these later rocks is a layered 

gabbro-anorthosite complex, with associated gabbro dikes and sills, 

which intrudes the Bridle Formation five kilometers west of Bagdad. A 

prophyritic alaskite intrudes the gabbro and the Bridle Formation in the 

western belt. A younger series of Precambrian intrusive rocks, ranging 

from diabase to aplite in composition, lies between the Mountain Spring 

Fault, the eastern boundary of the western belt of the Bridle Formation, 

and the eastern belt of the Bridle Formation.

The Lawler Peak Granite, the youngest known Precambrian rock in 

the area, occurs as a large pluton one kilometer northeast of Bagdad. 

Several age dates for the Lawler Peak Granite have been published; one 

by Silver (1968) reports a U-Pb age of 1375 million years for zircons. 

K-Ar ages of 1410 million years for the granite and an associated 

pegmatite were obtained by Aldrich, Wetherill and Davis (1957), who 

list Rb-Sr ages for the granite and pegmatite as 1390 and 1500 million 

years, respectively.

After an extended period of uplift and erosion, the Precambrian 

rocks were intruded by a series of late Cretaceous and early Tertiary

5



6

felsic stocks and dikes. The area was at least partially covered by 

associated tuffaceous volcanic rocks. After a second period of erosion, 

late Tertiary and early Pleistocene sedimentary and volcanic rocks were 

deposited. Since that time, extensive erosion has occurred, locally 

exposing the Precambrian basement, and today continues to modify the 

landscape.

The rocks of the Yavapai Series have been regionally meta

morphosed. The metamorphic assemblage present in the Bridle Formation 

andesites in the area of the Bruce Mine consists of quartz-biotite- 

plagioclase-chlorite. Hornblende, calcite, garnet, and muscovite may be 

locally present. Sphene, magnetite, epidote, and pyrite are widespread 

accessory minerals. Sillimanite is developed in sedimentary rocks of 

the Yavapai Series as a contact metamorphic mineral adjacent to some of 

the intrusive rocks (Anderson et al. 1955).

Geology of the Deposit

The Bruce massive sulfide orebody is located in the western belt 

of the Bridle Formation, one kilometer west of the Mountain Spring Fault 

and five kilometers south of the town of Bagdad. Two other massive sul

fide deposits, the Copper King and the Copper Queen, occur within two 

kilometers of the Bruce deposit in the Bridle Formation, one stratig- 

raphically above and one stratigraphically below the Bruce orebody. A 

third deposit, the Old Dick, lies 75 meters northeast of the Bruce 

deposit, and at the same stratigraphic horizon. The lower edge of the 

Old Dick, however, is approximately 60 meters up dip from the upper edge



of the Bruce deposit. The Old Dick is exposed on the surface, whereas 

the Bruce is not.

Baker and Clayton (1968) describe the geology and the mining 

history of the Copper Queen and Old Dick Mines, and Anderson et al.

(1955) have briefly described the geology and mining history of the 
Copper King and Old Dick Mines. All of these massive sulfide deposits 

are morphologically, texturally, and mineralogically similar. The Bruce 

deposit is the only massive sulfide deposit in the district that is cur

rently producing ore, as the known reserves of the other deposits have 

been exhausted.

The Bruce deposit is a lenticular body consisting almost entire

ly of sulfide minerals. Figure 2 (in pocket) shows the geology of three 

of the underground levels of the Bruce Mine, which are based on un

published maps prepared by Robert Clayton of the Cypress Mining Company. 

The massive sulfide lens is oval in plan view, with maximum dimensions 

of 175 meters along strike, 450 meters down dip, and has a maximum 

thickness of approximately 20 meters near its center. The thickness 

decreases towards the edges of the lens, and the lens pinches out near 

its margins. The lens is concordant with the local and regional strike 

and dip, and the long axis of the lens rakes 70° southwest.

The orebody lies at the contact of Bridle Formation andesite and 

Dick rhyolite. The rhyolite is interpreted as intrusive by Anderson 

et al. (1955). However, the stratiform nature, the glassy texture, and 

localized flow banding suggest that the rhyolite is extrusive and an 

integral part of the Bridle Formation volcanic pile. In the mine area.
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the rhyolite contains quartz phenocrysts up to 0.5 centimeters in 
diameter. In thin section, minor recrystallization to finer grained 

quartz aggregates has occurred, and some phenocrysts are intergrown with 

groundmass minerals along the margins of the phenocrysts.

The andesite is older than the rhyolite. However, as the Bridle 

Formation is overturned in the western belt, the rhyolite forms the mine 

footwall and the andesite forms the mine hanging wall. Diabase sills up 

to ten meters thick have intruded the andesite near the sulfide lens.

In the mine area, a tuffaceous sedimentary rock, metamorphosed 

to a banded quartz-sericite schist with minor albite and chlorite 

(Figure 3) separates the andesite from the rhyolite. The schist, three 

meters in thickness, occurs at the same horizon as the sulfide lens and, 

near its margins, the lens pinches out in the schist. The schist may be 

found as a thin band, up to 0.5 meters in thickness, separating the 

orebody and the rhyolite near the center of the sulfide lens. Non- 

banded quartz-chlorite-sericite schist is locally found separating the 

lens and the andesite, near the margins of the lens. Pyrite is a common 

accessory phase in the schist near the massive lens, and occurs as 

distinct euhedral grains or in narrow bands parallel to the concordant 

banding in the schist.

The massive sulfide lens contains up to 90 percent sulfide 

minerals, with the remaining gangue consisting of chlorite and silica 

fragments that range up to two centimeters in length. The footwall 

alteration zone grades into the massive sulfide through a meter-wide
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Figure 3. Photomicrograph of banded quartz-sericite schist. —
qtz = quartz, ser = sericite, ep = epidote, py = pyrite.
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zone consisting of over 50 percent fragments of chloritized andesite in 

a matrix of unbanded massive sulfide.

The most prominent textural feature of the massive sulfide lens 

is the mineralogical banding (Figure 4). These bands are generally con

cordant with the regional strike and dip of the stratigraphic units.

The bands range up to three centimeters in width, but more commonly are 

near one centimeter. The banding is the result of variations in the 

concentrations of pyrite and sphalerite. Light colored bands indicate 

the predominance of pyrite, whereas dark colored bands indicate high 

sphalerite zones. Throughout the lens, the pyrite is euhedral to sub- 

hedral and occurs in a matrix of interlocking sphalerite grains.

Chalcopyrite and rare arsenopyrite are associated with the 

sphalerite in the lens as distinct grains or as exsolution blebs in the 

sphalerite. Although exact data are not available, the mill heads 

generally average 12 percent zinc and 4 percent copper. Approximately 

two percent pyrrhotite occurs in the lens, and rare galena is 

scattered throughout the lens. Cubanite and mackinawite are rarely 

found associated with the chalcopyrite as exsolution laminae and fine 

fracture fillings, respectively.

A sample of galena from the Bruce orebody yielded an isotopic

composition (atomic percent) of Pb204 = 1.48, Fb206 = 23.41, Pb207 =
20822.69, and Pb = 52.42. Age calculations based on these data, using 

five separate methods of interpretation, range from 1560 to 1882 million 

years, and the average age is 1725 million years (Clayton and Baker 

1973).
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Figure 4. Banded massive sulfide. —  The light bands are pyrite-rich, 
and the dark bands are sphalerite-rich.
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The alteration associated with the Bruce massive sulfide lens 

occurs in the andesite as a funnel-shaped zone elongate perpendicular to 

the plane of the orebody. The mouth of the funnel is in contact with 

the massive lens. As the stratigraphically lower andesite is now the 

hanging wall in the mine, the alteration is actually a footwall feature 

with respect to the original orientation of the Bridle Formation. The 

alteration is well exposed in the workings of the mine for approximately 

100 meters away from the orebody. Lack of data preclude estimation of 

the morphology of the alteration zone at greater distances from the ore- 

body. Scanty diamond drill information indicates that the zone changes 

orientation at some distance from the lens so that it crosscuts the 

strike of the stratigraphic units at some angle slightly less than 90 
degrees. Scattered zones of alteration are also found in the Dick 

rhyolite adjacent to the massive sulfide lens.



CHAPTER 3

DATA

The location, chemistry, and mineralogy of the samples are 

described in the following section. The analytical techniques used in 

determining the composition of the samples are briefly discussed in 

Appendix A.

Sampling Technique

Figure 5, compiled from Figure 2, shows the location of 12 sam- . 

pies collected on the 1400, 1550, and 1700 levels of the Bruce Mine. The 

numbering system for the mine levels is based on the depth of a level, 

in feet, below the collar of the shaft. The levels in the Bruce Mine are 

150 feet (approximately 45 meters) apart. The location of the inter

vals for sampling were based on the geometry of the mine workings and 

the geology shown in Figure 2. The crosscuts were divided into sections 

ranging from 10 to 15 meters in length. Chip samples measuring 1.5 to 

2.5 kilogram were collected along the length of each interval, together 

with hand samples collected near the center of each interval. The whole 

rock chemistry of the chip samples is assumed to represent the average 

whole rock chemistry of the respective intervals, and the mineralogy and 

mineralogical compositions of the hand samples are assumed to represent 

the mineralogy and mineralogical compositions of the respective intervals.

13



Figure 5. Location of the sample intervals in the Bruce Mine. —  
This figure shows a vertical cross section of the three 
levels on which samples were collected. This figure was 
based on the maps presented in Figure 2.
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Gradational variation of the whole rock compositions and non- 

stoichiometric mineral compositions between adjacent intervals indicates 

that the above assumptions are valid.

Sample interval locations in the mine were based on interpreta

tion p.n hand specimen of the degree of alteration of the andesite. The 

1400 level crosscut appears in hand samples to lie in unaltered andesite. 
This interval was divided into three sample intervals of equal length.

The 1550 level crosscut crosses the gradation between unaltered andesite 

and altered andesite. The unaltered andesite, near the shaft, was 

sampled as one interval, and the altered andesite, near the massive sul

fide lens, was divided into two eight-meter long intervals. The 1700j
level crosscut lies completely in altered andesite, and was divided into 

five sample intervals of approximately equal length.

Below the 1700 level, the 1850 crosscut of the mine lies com

pletely in altered andesite, but the crosscut of the 2000 level crosses 
the gradation between unaltered andesite near the shaft and completely 

altered andesite near the massive lens. Above the 1400 level, the 1250 

level crosscut is in unaltered andesite. It is assumed that the sampling 

on the 1400, 1550, and 1700 levels represents approximately half of a 

cross section of the alteration zone in a plane perpendicular to the 

plane of the massive sulfide lens, and that this half of the alteration 

is similar in whole rock compositions, mineral compositions, and composi

tional trends to the unstudied half of the alteration zone.
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Descriptive Mineralogy

Petrographic examinations of the samples indicates that alteration 

extends beyond the limits of the massive alteration visible in hand 

specimens, although the alteration becomes more subtle near the margins 

of the alteration zone. The mineralogy of the alteration zone is char

acterized by simple assemblages of major phases.

Quartz

Quartz is present in all the samples, although the proportion 

of quartz visible in thin sections varies significantly among the samples. 

The quartz is xenomorphic, and occurs as interlocking grains or as dis

tinct grains in all the samples. The quartz is intergrown with chlorite, 

biotite, amphibole, and sulfide minerals in many instances (Figure 6). 
Clots of coarse-grained quartz are present in all the samples of the 

1700 level and in sample B-155-1 (Figure 5). Quartz composes approxi

mately ten percent of the rock on the 1700 level, increases gradationally 

through the 1550 level, and composes nearly 40 percent of sample 
B-140-1, the most unaltered sample.

Chlorite

Chlorite is also widespread, and is found in thin sections in 

all the intervals except B-140-2. The chlorite grains occur as book

like laths, less than 0.1 millimeter in length, generally oriented to 
regional schistosity. On the 1700 level and in sample B-155-1, the 

rocks consist of nearly massive, green to yellow-green pleochroic 

chlorite (Figures 6, 7, and 8). The chlorite content of the rocks
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Figure 6. Photomicrograph of massive chlorite, with minor quartz and
sulfide, cut by a calcite vein. —  The sulfide (s ) is inter- 
grown with chlorite (ch) and quartz (qtz), and is set in a 
matrix of massive chlorite and minor rutile (r ). The photo
micrograph is from Sample B-155-1.

Figure 7. Photomicrograph of massive chlorite and minor rutile. —  
The needles of rutile (r ) are set in a matrix of massive, 
unoriented chlorite (ch). The photomicrograph is from 
Sample B-l70-11.
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Figure 8 Photomicrograph of massive chlorite. —  This massive 
chlorite is from Sample B-155-1.
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decreases towards the margins of the alteration zone, and in sample 

B-140-1, single grains of blue-green to green pleochroic chlorite occur, 

in the groundmass or, less commonly, as amygdule fillings, as a minor 

phase (Figure 9).

Biotite

Biotite is present as distinct grains or intergrown with 

chlorite in samples B-155-2, -3, and -4, and B-140-1, -2, and -3. The 

biotite content in these samples is variable, and on the 1500 level 

grades from a few scattered grains in B-155-2 to approximately 20 per

cent of the rock in B-155-4. A similar pattern exists on the 1400 level 

from B-140-3, where biotite is rare, to B-140-1, where the biotite 

commonly occurs as a groundmass mineral or as amygdule fillings 

(Figure 9). Biotite is present in B-170-11, where it is intergrown 

with tremolite-actinolite in a two-centimeter clot, which is separated 

from the chlorite groundmass by a rim of quartz (Figure 10). No other 

biotite was observed on the 1700 level. In B-155-4, distinct zonation 

is present between the biotite and chlorite.

Amphibole

Both tremolite-actinolite and hornblende are present in the 

samples, and a compositional gradation occurs through the alteration 

zone, from tremolite-actinolite in B-170-11 through hornblende in 

B-140-2. The texture of the amphibole also varies with the changing 

amphibole composition. Transparent fibrous tremolite-actinolite, up to 

0.5 millimeters in length, occurs intergrown with biotite in B-170-11
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Figure 9. Photomicrograph of a relict amygdule in unaltered andesite. 
—  This is a typical amygdule from Sample B-140-1. The 
groundmass consists of quartz, untwinned plagioclase, and 
minor magnetite. The amygdule filling is quartz and 
calcite, with a clot of intergrown biotite and chlorite.

Figure 10. Photomicrograph of biotite-tremolite/actinolite-quartz 
set in a matrix of massive chlorite and quartz. —  This 
biotite (bi) and tremolite/actinolite (tr) intergrowth 
was found in Sample B-l70-11. A quartz (qtz) rim surrounds 
the biotite and tremolite/actinolite intergrowth, and 
the entire clot is set in a matrix of massive chlorite (ch).
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(Figure 10). In B-155-2 and -3, acicular, radiating, green to yellow 

pleochroic tremolite-actinolite occurs intergrown with quartz, chlorite, 

and biotite (Figures 11 and 12). Tabular grains of blue-green to green 

pleochroic hornblende are also present in B-155-3. In B-140-2, large 

tabular grains of euhedral, blue-green to green pleochroic hornblende, 

up to one millimeter in length, occur intergrown with quartz and minor 

biotite (Figure 13).

Muscovite

Muscovite is present in thin sections in two samples on the 1400 

level, B-140-1 and -3, in two distinct modes of occurrence. In 

B-140-1, muscovite occurs with quartz lining calcite-filled vesicles. In 

B-140-3, muscovite occurs as sericite in very-fine grained clots up to 

0.5 centimeters in diameter set in a matrix of intergrown quartz and 

chlorite with minor biotite.

Accessory Phases

Epidote is present as an accessory phase in all the samples of 

the 1700 level and in B-155-1. The epidote is idiomorphic, is generally 

twinned, and has a colorless to bluish-green pleochrism.

Fibrous grains of rutile are also present in the 1700 level 

samples and in B-155-1 (Figures 6 and 7). Small grains of sphene are 

present as an accessory phase in samples B-155-2, -3, and -4, and the 

three samples of the 1400 level.

One to three percent pyrite occurs in all the samples as dis

tinct grains, often intergrown with quartz, except in B-170-1 and -4
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Figure 11. Photomicrograph of tremolite/actinolite, chlorite, and 
quartz. —  The tremolite/actinolite occurs as acicular 
grains in a matrix of chlorite (light grey) and quartz 
(white). This photomicrograph is from Sample B-155-2.

Figure 12. Photomicrograph of tremolite/actinolite and quartz. - 
This photomicrograph is from sample B-155-3.
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Figure 13. Photomicrograph of hornblende intergrown with quartz and 
untwinned plagioclase. —  Note the characteristic cleavage 
in the hornblende. The plagioclase and quartz are in
distinguishable in this photomicrograph from Sample 
B—14-0—2.
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and B-155-1, where total sulfide content ranges up to 15 percent. Small 

amounts of chalcopyrite and sphalerite occur in these three samples.

In these high-sulfide samples, the sulfide minerals occur as stringers 

and as distinct grains or aggregates of grains, intergrown with quartz 

and chlorite (Figure 7).

Untwinned, or less commonly twinned, albitic plagioclase is 

present as a major phase on the 1400 level and in B-155-4, and is 

present as an accessory phase in the remaining samples. The mode of 

occurrence of the plagioclase is similar to that of quartz, and due to 

the fine-grained nature of the rocks it is often difficult to distin

guish between the two minerals in the thin sections if the plagioclase 

is untwinned.

Calcite is present in thin sections as veins up to one milli

meter in width (Figure 7), and in hand samples in veins up to ten centi

meters in width.

Mineralogical Zoning

To simplify the discussion of the mineralogy and chemistry of 

the alteration zone, it is convenient to divide the alteration zone into 

smaller zones based on the predominant phases present in the rock.

Three mineralogically distinct zones can be defined: a chlorite-quartz 

zone, an amphibole-chlorite-biotite-quartz zone, and a chlorite- 

sericite-quartz zone. The boundaries among the three zones of alteration 

are gradational, and the alteration grades into unaltered andesite.

Figure 14 is a generalized map of the three alteration zones based on 

thin section and hand specimen examinations. Figure 14 is based on
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CHLORITE ZONEiSERICITE ZONE N
\  (CHLORITE-SERICITE -  QUARTZ) (CHLORITE-QUARTZ)

GRADATIONAL ZONE
( HORNBLENDE-CHLORITE-  
* BIOTITE-QUARTZ)
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CHLORITE-BIOTITE- QUARTZ)

UNALTERED ANDESITE >
( BIOTITE -  QUARTZ -  CHLORITE -  
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Figure 14. Generalized zoning of minerals in the alteration zone,
based on hand specimen and thin section examinations. —  
This figure is based on Figure 5, and shows the alteration 
zone in a stratigraphically vertical position, with the 
footwall diabase intrusive rocks removed. See Figure 5 
for the explanation of the symbols.
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Figure 5, and shows the alteration zone in a stratigraphically vertical 

position, with the footwall diabase intrusive rocks removed.

Chlorite-Quartz Zone

The chlorite-quartz zone encompasses the 1700 level and sample 

B-155-1. This zone will henceforth be referred to as the chlorite 

zone. Chlorite typically occurs as massive, foliated to felty grains 

with subordinate intergrown quartz. ' Untwinned plagioclase, epidote, 

rutile, and pyrite are ubiquitous accessory phases, each comprising up 

to three percent of the rock. Sulfide minerals, principally pyrite with 

subordinate chalcopyrite and sphalerite, increase to as much as 15 per

cent of the rock within ten meters of the massive sulfide lens. In 

the high total-sulfide area of the zone, the sulfides occur as vein

like stringers, and as distinct grains or intergrown groups of grains.

Amphibole-Chlorite-Biotite-Quartz Zone

This zone, henceforth referred to as the gradational zone, marks 

the gradational transition from the chlorite zone and the chlorite- 

sericite-quartz zone to unaltered andesite. This zone encompasses 

B-155-2, -3, and -4, and B-140-2. Amphibole and quartz are the pre

dominant phases, each present as up to 30 percent of the rock. The 

gradational zone can be subdivided into two sections, as shown in 

Figure 14, based on the amphibole mineralogy. The amphibole is acicular 

tremolite-actinolite near the chlorite zone, and passes through an 

abrupt transition, as in B-155-3, to hornblende in the outer portion of 

the gradational zone. Biotite ranges from scattered grains in the
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stratigraphically higher part of the zone, to as much as 30 percent of 

the rock in B-155-4, where amphibole is absent. Chlorite is present as 

aggregates of fine-grained laths, often intergrown with biotite and 

penetrated by acicular tremolite-actinolite. Chlorite decreases grada- 

tionally from the chlorite zone, where it comprises up to 90 percent of 

the rock, through B-140-2, where it was not observed in thin section.

One centimeter wide veins of quartz and minor chlorite are present in 

B-155-2. Magnetite, sphene, pyrite and albitic plagioclase are acces

sory phases in the gradational zone. Calcite is present as veins.

Chlorite-Sericite-Quartz Zone

This zone, henceforth referred to as the sericite zone, occurs 

only in sample interval B-140-3. The sericite occurs as fine-grained 

aggregates up to 0.5 centimeters in diameter in a chlorite-quartz, with 

minor biotite, matrix. This zone is restricted to the upper marginal 

area of the alteration, and the unbanded quartz-sericite-chlorite schist 

may in fact be a portion of this alteration zone.

Unaltered Andesite

B-140-1 has undergone the least amount of alteration of all the 

samples, and closely resembles unaltered andesite sampled on the surface 

near the Bruce Mine. Mineralogically, this sample consists of granular, 

fine-grained quartz and plagioclase, with oriented biotite and chlorite 

grains. Amygdules have been preserved in the andesite, and consist of 

calcite-quartz cores, with occasional biotite and chlorite, and quartz- 

biotite-chlorite-muscovite rims. All of these phases are not present



in any single amygdule. Epidote was observed in andesite collected on 

the surface near the mine as an accessory phase.

Mineral Compositions

Electron microprobe analyses were conducted of the major non- 

stoichiometric phases present in the samples. Analyses of several 

grains of each phase present in an interval gave consistent results 

within the limits of error, and no minerals appeared compositionally 

zoned. Average analyses of several grains of each phase from an inter

val are assumed, therefore, to represent the composition of that phase 

in that interval. Totals of the weight percents of the components for 

the phases are less than 100 percent for two reasons. , First, it is not 

possible to distinguish between the oxidation states of iron using this 

analytical technique. All iron was therefore assumed to be divalent, 

with the exception of epidote, in which all iron was assumed to be tri- 

valent. Second, all of the phases which were analyzed, except plagio- 

clase, contain structurally bound water. The sum of the oxide 

components for all the phases lie within the limits of the ideal anhydrous 

end member compositions for the phases. The average weight percents 

for the minerals were reduced to mineral formulae using Deer, Howie and 

Zussman (1966) as a source for general mineral formulae. Chlorite 

compositions were calculated using a half-cell formula, as is generally 

done in geologic literature. Compositional variations of chlorite, 

amphibole, and biotite are present in the samples, and are related to 

the mineralogies! zoning pattern.

28
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Chlorite

The chlorite compositions are shown in Table 1 and are plotted 

on Foster's (1962) chlorite composition diagram in Figure 15. Based on 

both Foster's (1962) and Key's (1954) systems, most of the chlorite may 

be classified as ripidolite, with chlorite from B-140-1 in the 

thuringite field, and chlorite from B-155-3 in the brunsvigite field.

For comparison, the dashed area in Figure 15 represents the compositions 

of chlorite from the United Verde Mine, Jerome, Arizona, a Precambrian 

massive sulfide deposit, as determined by Nash (1973).

The chlorite from the chlorite zone shows minor compositional 

variation. On the 1700 level, the Fe:Fe+Mg ratio is near 0.40 adjacent 

to the massive sulfide lens, decreases to nearly 0.30 in sample B-170-9, 

and then remains nearly constant with increasing distance from the lens. 

The two samples from the chlorite zone collected adjacent to the massive 

sulfide lens have nearly identical chlorite compositions, suggesting 

that lateral variations of chlorite compositions in the chlorite zone 

may be minor.

Chlorite from the unaltered andesite (sample B-140-1) is con

siderably more iron rich than the chlorite from the chlorite zone, with 

a Fe:Fe+Mg ratio of nearly 0.80. The Fe:Fe+Mg ratio of the gradational 

zone chlorite grades from the magnesian chlorites of the chlorite zone 

to the iron-rich unaltered-andesite chlorite. The chlorite from the 

sericite zone also follows this trend. MnO concentrations in the 

chlorites from all the intervals varies from 0.30 to 0.80 weight percent 

and does not appear to vary as a function of location within specific

zones.



Table 1. Chlorite compositions from the Bruce Mine alteration zone. —  All iron is assumed
to be ferrous. The structural formulae•were calculated on a basis of 18 (0,0H).
The errors represent a 90 percent confidence interval.

Weight Percent Oxides
B-140-1 B-140-3 B-155-1 B-155-2 B-155-3 B-155-4 B-170-1 B-170-4 B-170-9 B-170-10 B170-11

MgO 5.6+0.1 13.3J.1.8 17.9jK).4 20.VO.5 15.9J_0.8 9.8+0.5 17.9+0.3 19.6+0.4 21.5+0.3 21.2+0.3 21.3+0.2
FeO 43.8+1.3 30.6+1.8 22.440.2 22.0+1.1 25.4^0.6 34.9+1.4 22.1+0.6 19.5+0.6 17.6+0.3 18.3+0.2 17.4+0.4
A120j 17.7+1.6 19.9j.l .8 20.5+0.3 19.020.5 21.4+0.4 22.1+1.0 20.8+0.6 22.0+0.4 20.8+0.4 22.0+0.2 21.8+0.3
sio2 23.4+1.1 24.1+0.6 25.3+0.7 25.240.8 25.8+1.0 23.0+0.4 25.4+0.2 26.1+0.5 26.4+0.3 24.4+0.1 25.8+0.1
To tala 90.5 87.9 86.1 86.3 88.5 89.8 86.2 87.2 86.3 85.9 86.5

Structural Formulae
Mg 0.9410.01 2.16+0.29 2.8310.06 3.17+0.08 2.46+0.12 1.59+0.08 2.81+0.05 2.99+0.06 3.29+0.05 3.29+0.05 3.25+0.03
Fe 4.17+0.12 2.7910.16 1.9810.02 1.9410.10 2.21+0.05 3.17+0.13 1.95+0.05 1.67+0.05 1.51+0.03 1.59+0.02 1.50+0.03
A1 1.0410.21 1.17+0.23 1.2310.04 1.04+0.06 1.32+0.05 1.3310.13 1.26+0.07 1.34+0.05 1.23+0.05 1.23+0.02 1.28+0.04

A1 1.3410.21 1.3810.23 1.3210.04 1.3310.06 1.3110.05 1.5010.13 1.32+0.07 1.32+0.05 1.29+0.05 1.47+0.02 1.3510.04
Si 2.66+0.13 2.6210.07 2.6810.07 2.67+0.08 2.6910.10 2.50+0.04 2.68+0.02 2.68+0.05 2.71+0.03 2.5310.01 2.6510.01

Fe
Fe+Mg

0.82 0.56 0.41 0.38 0.47 0.67 0.41 0.36 0.31* 0.33 0.32

y
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Figure 15. Chlorite compositions from the Bruce Mine alteration zone. —  
The chlorite diagram is from Foster (1962). The dashed 
area shows the location of chlorite compositions from the 
United Verde Mine, a Precambrian volcanogenic massive sul
fide at Jerome, Arizona (Nash 1973).
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Amphibole

The amphibole compositions are shown in Table 2 and are plotted 

in Figure 16, which is taken from Miyashiro (1973); he has suggested the 

location of the division between the tremolite-actinolite and hornblende 

fields shown on this diagram. The amphibole generally follows the varia

tion of composition which was implicitly suggested in the thin section 

descriptions, with the tremolite-actinolite being A1 poor and slightly 

Ca+Na poor with respect to the hornblendes. The tremolite-actinolite, 

which occurs adjacent to the chlorite zone in the gradational zone, 

generally has lower Fe:Fe+Mg ratios than the hornblendes. This ratio 

increases gradationally from the tremolite-actinolite through the 

hornblende. In all cases, the Fe:Fe+Mg ratio for the amphibole is less 

than that for coexisting chlorite in the same sample.

Micas

The mica compositions are shown in Table 3, and the biotite 

compositions are shown in Figure 17, which is taken from Deer et al. 

(1966). Based on their classification, mica from sample B-170-11 is 

phlogopite, with a Fe:Fe+Mg ratio of 0.22. This ratio increases in 

these micas with increasing distance from the chlorite zone, following 

the chlorite and amphibole trends. Si decreases and Al increases as the 

Fe:Fe+Mg ratio increases, following the amphibole trend. The muscovite 

from sample B-140-3 is phengitic, with a Fe:Fe+Mg ratio of 0.56.



Table 2. Amphibole compositions from the Bruce Mine alteration zone. —  All iron is assumed to
be ferrous. The structural formulae were calculated on a basis of 24 (0,0H). The
errors represent a 90 percent confidence interval.

Weight Percent Oxides
Hornblende Tremolite--Actinolite

B-140-2 B-155-2 B-155-3 B-155-3 B-170-11

CaO 10.7 + 0.1 11.0 +1.4 12.0 + 0.1 12.9 + 0.3 13.7 + 0.9

Na2° 1.8 + 0.1 1.4 + 0.1 1.8 + 0.8 0.5 + 0.3 0.2 + 0.1
MgO 6.1 + 0.6 14.0 + 1.4 10.8 + 1.4 16.5 + 0.5 18.8+1.5
FeO 23.2 + 0.6 14.5 +1.7 18.1 + 1.0 14.0 + 0.1 7.8 + 1.8

A12°3 12.5 + 0.6 7.5 + 2.5 9.9 + 2.1 3.0 + 0.6 1.5 + 0.2
si o2 40.6 ±  0.9 48.4 + 2.9 43.7 ±  3.9 51.7 ±  4.8 55.1 + 3.5
Totals 94.9 96.8 96.2 98.6 97.1

Structural Formulae
Ca 1.82 + 0.02 1.74 + 0.22 1.96 + 0.16 2.00 + 0.05 2.09 + 0.14
Na 0.55 + 0.03 0.41 + 0.03 0.51 + 0.23 0.14 + 0.08 0.05 + 0.03

Mg 1.45 + 0.14 3.07 + 0.31 2.45 + 0.32 3.55 + 0.11 3.97 + 0.32
Fe 3.07 + 0.08 1.78 T  0.21 2.30 T  0.13 1.69 + 0.01 0.93 + 0.21
A1 0.78 + 0.11 0.42 + 0.43 0.47 + 0.38 0.00 + 0.10 0.05 + 0.01

A1 1.56 + 0.11 0.87 + 0.43 1.33 + 0.38 0.50 + 0.10 0.19 + 0.01
Si 6.44 + 0.14 7.13 + 0.43 6.67 + 0.60 7.47 + 0.69 7.81 + 0.49

Fe/Fe+Mg 0.68 0.37 0.48 0.32 0.19 V )VJ
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Figure 16. Amphibole compositions from the Bruce M n e  alteration zone.
—  The diagram is from Miyashiro (1973), who has suggested 
the location of.the boundary between the tremolite/ 
actinolite and hornblende fields based on a bimodal distri
bution of compositions of naturally occurring amphiboles.



Table 3. Mica compositions from the Bruce Mine alteration zone. —  All iron is assumed to be
ferrous. The structural formulae were calculated on a basis of 24 (0,0H). The
errors represent a 90 percent confidence interval.

Weight Percent Oxides
Biotite Phlogopite Muscovite

B-140-1 B—14-0—3 B-155-3 B-170-1 B—140—3

K20 10.4 + 0.4 10.2 + 1.2 10.1 + 0.9 10.3 + 0.2 11.2 + 0.5

Na2° —— — — — 0.4 + 0.1
MgO 4.1 + 0.4 9.7 + 0.2 13.2 +‘0.1 21.0 + 0.1 1.6 + 1.1
FeO 29.2 + 0.2 21.8 + 0.6 18.5 + 0.2 10.7 + 0.3 3.7 + 1.9

A12°3 18.3 + 0.3 17.7 + 1.5 16.7 + 0.5 14.0 + 0.1 33.6 + 3.6
Ti02 0.9 + 0.1 1.6 + 0.3 1.7 + 0.3 0.7 + 0.2 — —
SiO, 33.6 + 0.7 35.2 + 0.6 37.4 + 0.8 40.2 + 0.2 47.4 + 0.5
Totals 96.5 96.2 97.6 96.9 97.9

Structural Formulae
K 2.10 + 0.08 2.00 + 0.24 1.90 + 0.17 1.88 + 0.04 1.86 + 0.08
Ha — — — — 0.11 + 0.03
Mg 0.97 + 0.09 2.23 + 0.05 2.90 + 0.02 4.49 + 0.02 0.32 + 0.22
Fe 3.88 + 0.03 2.80 + 0.08 2.30 + 0.02 1.28 + 0.04 0.40 + 0.21
Ti 0.11 + 0.01 0.18 + 0.03 0.20 + 0.04 0.08 + 0.02 — —
A1 0.80 + 0.06 0.61 + 0.27 0.46+0.09 0.16 + 0.02 3.45 + 0.56
A1 2.62 + 0.06 2.59 + 0.27 2.46 + 0.09 2.22 + 0.02 1.77 + 0.56
Si 5.38 + 0.11 5.44 + 0.09 5.54 + 0.12 5.78 + 0.03 6.23 + 0.07
Fe/Fe+Mg 0.80 0.56 - 0.44 “ 0.22 ” 0.56 “
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Figure 17. Biotite compositions from the Bruce Mine alteration zone.
—  The diagram is from Deer, Howie and Zussman (1966).
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Epidote and Plagioclase

Epidote is present as a minor phase in the samples from the 

chlorite zone. The epidote is weakly pleochroic from transparent to 

yellowish-green, is generally twinned, and occurs as idiomorphic to 

subidiomorphic tabular grains, approximately the same size as the longest 

dimension of the chlorite lathes. Microprobe analyses of the epidote 

resulted in total oxide sums for the epidote in the range of 68 to 75 

weight percent. Comparison of these data to epidote analyses in Deer 

et al. (1966) suggest that the microprobe analyses are deficient in CaO, 

but satisfactory for A l ^ O y  F e ^ O y and SiO^. This discrepancy possibly 

resulted from poor standards (see Appendix A). The Al^O^, F e ^ y  and 

SiOg analyses for the epidote indicate that the epidote compositions do 

not vary significantly in the chlorite zone, and that the epidote is 

close to CagFe^ AlgSi^O^fOH), pure end member epidote, in composition.

Anorthite contents of plagioclase analyzed in two samples were 

nearly identical, based on the Si :A1 ratio: A n ^  in B-170-9 and An^g in

B-170-10. Anorthite content based on extinction angles of albite twins 

in B-140-2, B-140-1, and in samples of unaltered andesite collected on 

the surface ranged from An^^ to An^, suggesting a slight decrease of Ca 

and increase of Na in the plagioclase with increasing distance from the 

chlorite zone.

Sphalerite

Sphalerite from the chlorite zone from the 1550 and 1700 levels 

have been analyzed by Gary Johnson (unpublished data). These samples 

were collected near the massive sulfide orebody. The 1550 level
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sphalerite analyzed by Johnson was located in interval B-155-1, and the 

1700 level sphalerite was located in interval B-170-1. The sphalerite

compositions are Fe^ 22Zn0 88^ ^e0 1 0 ^ 0  90^ *‘or the -̂̂ OO and 1550
levels, respectively.

Bulk Composition of the Samples

Chemical compositions of the sample intervals are shown in 

Table 4, together with an average analysis of ten samples of unaltered 

Bridle Formation andesite collected approximately one kilometer northeast 

of the Bruce Mine, on strike (Dean Douglas, unpublished data). The un

altered andesite composition is nearly identical with that of B-140-1, 

indicating that B-140-1 is indeed nearly unaltered. The variations be

tween the two compositions could be the result of minor lateral or 

vertical variations in the Bridle Formation andesites. The slightly 

higher SiOg, Al^O^, and K^0 concentrations in B-140-1 may indicate the 

development of muscovite in B-140-1 as an alteration phase. The totals 

of the components is less than 100 percent for several of the samples, 

resulting from molecular water present in the minerals in these samples. 

The precision of the analyses is discussed in Appendix A.

Si02

The most abundant component in all the samples is SiO^, although 

all the altered samples show a loss of this component relative to 

unaltered andesite. Figure 18 shows the Si02 concentrations in the 

samples with respect to location. Silica concentrations in the chlorite 

zone are lowest in B-170-4, and increase moderately closer to the



Table 4. Bulk chemistry of samples from the Bruce Mine alteration zone. —  See Appendix A
for analytical techniques. Cu, Fb, and Zn are reported as parts per million, unless 
otherwise noted. All other analyses are presented as weight percent.

140-1 140-2 140-3 155-1 155-2 155-3 155-4 170-1 170-4 170-9 170-10 170-11 UA

Si02 64.3 57.7 54.2 33.7 53.3 52.1 56.4 30.1 25.8 27.5 34.1 52.0 62.5
14.2 14.9 16.9 18.6 15.2 15.5 15.1 12.4 20.6 21.9 18.5 14.4 13.5

re2o3 2.46 2.79 3.66 3.93 2.50 2.09 2.66 9.14 5.15 3.86 2.80 2.17 na
FeO 5.48 8.20 7.11 13.9 8.89 9.18 9.14 12.6 14.1 13.6 12.4 8.39 na
FeO(T) 7.69 10.7 10.4 17.3 11.1 11.1 11.5 20.8 18.7 1.7.1 14.9 10.3 8.46
MgO 1.00 1.94 3.66 13.9 9.90 6.86 3.88 10.9 17.4 19.7 17.9 10.2 1.66
CaO 5.67 6.97 5.65 3.27 3.34 5.57 5.14 3.69 1.04 0.77 0.76 3.44 3.46
Na^O 2.95 2.79 2.39 0.39 1.55 2.13 2.44 0.03 0.14 0.21 0.11 1.32 3.28
K2° 2.39 2.77 2.60 0.45 0.46 0.16 1.98 0.10 0.07 0.04 0.12 0.60 0.85
MnO 0.16 0.17 0.14 0.16 0.11 0.12 0.16 0 . 3 2 0.39 0.46 0.25 0.10 na
Ti02 0.92 1.58 1.60 1.61 1.55 1.57 1:42 1.05 1.33 0.72 0.74 1.23 0.84
S 0.25 0.19 0.81 1.62 0.98 0.00 0.05 7.21 1.74 1.15 0.60 0.13 na
co2 1.15 0.50 0.45 0.86 0.08 0.17 0.19 1.32 0.16 0.10 0.05 0.00 na
Cu 43 66 96 751 50 51 46 1.51* 0.20* 183 320 42 42
Zn 261 259 935 0.18* 290 372 279 2.17* 648 445 713 226 na
Pb 40 44 67 87 91 43 48 92 52 63 238 48 na

Total 100.93 100.50 99.17 90.95 97.86 95.45 98.56 95.24 88.12 90.01 88.33 93.85 94.55
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Figure 18. SiOg and AlgOo distribution in the Bruce Mine alteration 
zone. —  See Figure 5 for the explanation.
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orebody, and increase more drastically in deeper areas of the central 

portion of the chlorite zone. Nearer to the margins of the chlorite 

zone, the silica concentration increases slightly. Silica concentrations 

increase gradationally through the gradational zone from the chlorite 

zone to the unaltered andesite.

^ 2 - 3
AlgO^ is enriched in all the samples except B-170-1, and the 

alumina distribution pattern is the opposite of the silica pattern.

Figure 18 shows the alumina concentrations in the samples with respect 

to location. In the chlorite zone, Al^O^ concentration is highest in 

samples B-170-4 and -9, and decreases to below the unaltered andesite 

AlgCy concentration nearer to the orebody. The alumina concentration 

decreases gradationally outward and downward from the center of the 

chlorite zone, through the outer portions of the chlorite zone and the 

gradational zone, to the unaltered andesite.

FeO(T), MgO, MnO, and TiO^

Figure 19 shows the FeO(T) and MgO concentrations in the samples 

with respect to location. Both FeO(T) and MgO are enriched throughout 

the alteration zone, but may be slightly depleted in B-140-1. Both 

components increase gradationally from the unaltered andesite through 

the center of the chlorite zone. 'In the center of the chlorite zone, 

FeO(T) increases gradationally from the lower portions of the zone to 

the contact of the alteration and the massive sulfide lens. MgO, how

ever, increases from the lower portions of this zone through B-170-9, 

then decreases towards the chlorite zone-sulfide lens contact.
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Figure 19. FeO and MgO distribution in the Bruce Mine alteration zone.
—  The FeO shorn in the diagram is the total iron in the 
sample, assuming all iron to be ferrous. See Figure 5 for 
the explanation.
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MnO follows the MgO distribution in the chlorite zone, but varies 

erratically in the remaining samples. TiOg does not appear to follow a 

regular distribution pattern in the alteration zone, but is generally 

enriched except in B-170-9 and -10.

CaO

CaO is concentrated in the central portions of the gradational 

zone, and decreases towards the unaltered andesite and the center of the 

alteration zone. Near the massive lens in the chlorite zone, CaO in

creases slightly, reversing this trend.

Na^O and K^O

NagO decreases from the unaltered andesite through the central 

portion of the chlorite zone. K^O follows a similar trend, with minor 

enrichment in the sericite zone. It is notable that both K^O and NagO 

have been so thoroughly leached from the central portion of the chlorite 

zone, so as to be present in amounts less than 0.10 percent in several 

samples.

Cu, Pb, Zn, and S

Cu, Pb, and Zn are present in the samples in trace amounts only, 

except in B-155-1, B-170-1, and B-170-4, those samples in the chlorite 

zone near the massive sulfide lens. Sulfide minerals in these samples 

comprise up to 15 percent of the rock. This trend is also repeated by 

sulfur, which increases from unaltered andesite through the chlorite 

zone. Pb is present in trace amounts in all the samples. The high-Cu 

zone extends farther from the massive sulfide lens than the high-Zn zone.



COg distribution in the samples is erratic and does not follow a 

regular distribution pattern. The only CO^ bearing phase in the samples 

is calcite, which appears to be controlled by post-alteration veinlets

and veins.



CHAPTER 4

DISTRIBUTION OF THE PHASES

In order to understand and appreciate the extent of the hydro- 

thermal processes responsible for the alteration, knowledge of the mass 

of product and reactant phases and their spatial distribution is neces

sary. The abundance of certain phases should also be useful in determin

ing the chemical conditions which controlled the equilibrium between 

hydrothermal phases and solutions. These relationships have been at 

least partially obscured at the Bruce deposit by post-alteration 

metamorphism.

The amounts of the phases present in the samples were calculated 

using the Fortran IV program QMIN developed by Norton and Kolvoord (un

published). A brief description of QMIN is given in Appendix B. The 

results of the calculations are shown in Table 5, and the concentrations 

of chlorite, biotite, quartz, hornblende, pyrite, and plagioclase are 

plotted in Figures 20, 21, and 22.

The minerals used in the calculations were those minerals which 

were petrographically identified as existing in an interval. X-ray 

diffraction analyses of the powdered whole rock samples from the intervals 

were used to check for the occurrence of phases not observed in thin 

sections. Mineral compositions used in the calculations are the average 

microprobe analyses for the nonstoichiometric minerals, and idealized
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Table 5. Distribution of the phases in the Bruce Mine samples. —  Phases not present in a
sample are designated NP in the appropriate column. Phases present in minor amounts 
which were not included in the calculations are designated NC in the appropriate 
column. All sphalerite abundances were calculated by hand, as the QMIN program does 
not accommodate Zn. The standard deviation (SD) for each phase is also listed.

B-140-1 B—140—2 B—140—3 B-155-1 B-155-2 B-155-3 B-155-4 B-170-1 B-170-4 B-170-9 B-170-10 B-170-11

Quartz 30.6/1.7* 22.1/6.5 18.4/9.2 10.2/4.6 20.6/7.0 21.9/4.9 23.7/7.2 14.3/7.4 1.4/4.4 1.5/4.2 14.7/4.9 26.7/7.2
Chlorite 0.9/0.7 np** 22.7/4.3 70.7/5.4 41.9/6.3 30.4/3.9 16.5/5.2 54.0/9.0 88.6/6.9 93.3/6.4 79.6/5.7 41.5/4.6
Biotite 22.7/0.7 23.6/2.9 nc*** np 4.9/0.7 11.7/0.1 20.5/2.8 np np np np 5.9/0.8
Muscovite nc np 20.9/4.0 np np np np np np np np np
Hornblende np 5.6/4.6 np np np 15.5/33.5 np np np np np np
Actinolite np np np np 3.1/6.1 nc np np np np np 2.9/6.9
Plagio-
clase 42.1/0.9 40.3/4.2 32.9/5.2 5.7/0.7 22.2/3.9 27.9/8.5 37.0/3.9 0.4/0.1 2.0/0.3 3.0/0.4 1.6/0.2 18.4/2.8

Calcite 2.6/0.1 1.2/0.1 1.0/0.2 2.0/0.3 0.2/0.0 0.4/0.0 0.4/0.1 3.1/3.7 0.4/0.1 0.2/0.0 0.1/0.0 nc
Rutile np np np 1.6/0.2 np np np 1.1/0.3 1.3/0.2 0.7/0.1 0.7/0.1 np
Sphene 1.8/0.1 4.0/0.5 4.1/0.7 np 3.6/0.6 3.8/0.3 2.8/0.5 np np np np np
Epldote np np np 9.7/2.5 np np np 10.2/5.2 3.9/0.9 2/3/0.6 3.0/0.6 3.7/5.3
Magnetite 0.3/0.3 2.8/1.6 1.7/2.4 np np nc 1.1/2.4 np np np np np
Pyrite 0.5/0.0 0.4/0.0 1.5/0.3 2.8/0.4 /l.8/0.3 nc 0.1/0.0 8.0/2.7 2.8/0.5 2.1/0.2 1.1/0.2 0.2/010
Sphalerite np np np 0.3 np np np 3.6 np np np np
Chalco
py rite np np np nc np np np 4.9/1.1 0.6/0.1 np np np

Total 101.5 100.0 103.2 103.0 98.3 101.6 102.1 100.3 101.0 103.1 100.8 102.2
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Figure 20. Chlorite and biotite distribution in the Bruce Mine altera
tion zone. —  See Figure 5 for the explanation.
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Figure 21. Amphibole and quartz distribution in the Bruce Mine altera
tion zone. —  The amphibole is the total of hornblende 
and tremolite/actinolite. See Figure 5 for the explanation.
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Figure 22 Plagioclase and pyrite distribution in the Bruce Mine 
alteration zone. —  See Figure 5 for the explanation.
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compositions assuming no ionic substitution for stoichiometric minerals.

In some instances, where accurate microprobe data was not available for 

a mineral present in an interval, the composition for that mineral was 

taken from the nearest interval in which data for that mineral was 

available. Thus, biotite compositions for intervals B-140-2 and B-155-4 

are the biotite compositions from B-140-1 and B-155-3, respectively.

Because the microprobe data is accurate in most instances to one 

decimal place, and because of the high standard deviations in the QMIN 

data, it is believed that the QMIN mineral abundances should be con

sidered accurate to only the 10° place. The data is presented, however, 

to the first decimal place.

The computer uses a least squares method to best fit the data. 

Standard deviations from this best fit are also calculated for the 

mineral abundances (see Table 5). Concentrations for phases with stan

dard deviations less than ten percent are considered acceptable. If 

minor phases are included in the calculations, the linear approximation 

of this method includes their compositions in the fit, which may cause 

large deviations and seriously affect the values for the major phases. 

Therefore, several minor phases present in the samples were excluded 

from the calculations. Also, if the calculations were performed exclud

ing some of the minor phases which were included, the standard deviations 

would most likely improve. The standard deviations for interval 

B-155-3 are high, ranging up to 25 percent. This could result from the 

inclusion of several phases in the calculations which are present in 

only minor amounts, such as tremolite-actinolite, calcite, and magnetite.
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Computed mineral abundances total, in some instances, as low as 

90 percent. These totals were nearly equal to the sum total of oxide 

components of the rock used in the calculations. Because some of the 

mineral compositions used in the calculations were anhydrous equivalents 

of hydrous mineral compositions, it was necessary to recalculate the 

abundances of these minerals to hydrous compositions. The ratio of the 

hydrous molecular weight to the anhydrous molecular weight of a phase 

was multiplied by the moles of the anhydrous mineral per 100 grams of 

rock, as determined by the QMIN program. The result was converted back 

to grams of mineral per 100 grams of rock, and this is the data shown 

in Table 5, and plotted in Figures 20, 21, and 22. After the above 

calculations are completed, the total mineral abundances in the rocks 

are generally one to four percent greater than 100 percent. The use of 

Fe0(T) for both FeO and Fe^O^ in the calculations would account for some 

of this excess. The remainder of the excess may result from using two 

independent sources for mineral compositional data and whole rock data, 

and from the assumption that the phases contain ideal amounts of H^O.

Phase Distributions

The calculated distribution of the phases follows the qualita

tive distribution as determined in thin sections. The predominant phase 

is chlorite, which grades from less than one percent of the rock in 

B-140-1 to nearly 90 percent of the rock in the central samples of the 

1700 level. Quartz generally decreases from 30 percent in B-140-1 to 

less than five percent in the central portions of the 1700 level. Near 

the orebody on the 1700 level, quartz increases to greater than ten
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percent. Plagioclase follows a trend similar to that of quartz, but 

does not increase in B-170-1. Pyrite increases gradationally from 

B-140-1 through the alteration zone to those samples collected adjacent 

to the orebody, and comprises over seven percent of B-170-1.

The abundance of chlorite, quartz, pyrite, and plagioclase are 

gradational through all the samples. Amphibole, biotite, and sericite, 

however, are confined to specific intervals on each of the levels, and 

their distribution conforms to the zoning pattern shown in Figure 14-. 

Biotite is more abundant in the outer portion of the gradational zone, 

and amphibole is more common in the central portion of this zone. The 

presence of biotite, tremolite-actinolite, and relatively abundant 

plagioclase in B-170-11 indicates that this interval may be close to the 

boundary between the chlorite and gradational zones. An alternative 

explanation is that the chlorite zone is well developed only near the 

massive sulfide lens, and that this zone diminishes with depth beneath 

the lens, grading into an assemblage typical of the gradational zone.

The core drill intersection of chloritized andesite (description taken 

from Cypress Mining Company drill logs) several hundred meters strati- 

graphically below the massive sulfide lens on the 1850 level suggests 

that at least the chlorite zone continues to some depth below the deposit. 

As this core is no longer preserved, these data were not checked, and 

the description of the zones of alteration described near the orebody 

may not be applicable to the alteration at depth beneath the deposit.

Epidote and rutile are minor phases associated with the chlorite 

zone. Sphene is present in minor abundance in the gradational zone.



the sericite zone, and the unaltered andesite. It is actually more 

convenient to describe the chlorite zone using pyrite, rutile, and
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epidote as characteristic phases, rather than quartz and chlorite, 

which vary in concentration over considerable ranges. Calcite is 

present in all the intervals, but shows no characteristic distribution 

pattern. Chalcopyrite and sphalerite are limited to the samples ad

jacent to the orebody on the 1550 and 1700 levels. Magnetite is rare 

or absent in samples from the chlorite zone, but is a minor phase, up 

to three percent, in the other samples.



CHAPTER 5

INTERPRETATION OF PROCESSES.

The hydrothermal alteration in the andesite at the Bruce Mine is 

characterized by chemical gains and losses, and by mineralogic changes, 

with respect to unaltered Bridle Formation andesite. Assuming the altera

tion occurred during the deposition of the massive sulfide, the alteration 

mineral assemblages were formed prior to regional metamorphism of the 

Yavapai Series in the Bagdad area (see Genesis, p. 71).

Hydrothermal Alteration

Hydrothermal alteration is the result of reactions between 

fluids and rocks. The type and composition of the alteration phases are 

controlled by the fluid composition, the rock composition and mineralogy, 

the reaction mechanism, and the temperature and pressure of the system. 

Hydrothermal alteration is a path dependent process (Helgeson 1970), and 

as reaction progresses, fluid compositions and mineral compositions and 

abundances vary. The reactions are therefore a function of the history 

of the reactions of the fluid in its former environments.

Hydrothermal systems in the earth's crust can result from heat 

anomalies, in which a heat source can raise the temperature of inter

stitial fluids in a porous rock. Below 500° Centigrade, the density of 

dilute aqueous solutions is primarily a function of temperature, and the
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density of these fluids decreases with increasing temperature. A heat 

anomaly would cause fluid density variations in a horizontal plane, and 

convective flow of the fluid would result (Norton and Cathies 1976).

The permeability of the rocks in which the convection occurs determines 

the extent of the convection, and, hence, the amount of hydrothermal 

alteration associated with a heat source.

Chemical Gains and Losses

The alteration zone at the Bruce deposit represents a permeable 

channelway through which hydrothermal fluids flowed. As these fluids 

moved through this channelway, they reacted with the andesite, and, 

subsequently, with pre-existing alteration phases produced during earlier 

stages of the alteration.

This alteration was responsible for selectively removing some 

components and enriching others in the alteration zone. Although quanti

tative evaluation of gains and losses in the rock must be based on 
3grams/centimeter , which has yet to be determined, it is possible to 

define gains and losses qualitatively, based on bulk chemistry of the 

samples. Table 5 and Figures 18 and 19 show these gains and losses.

Based on the compositions of the average unaltered andesite and nearly 

unaltered andesite (B-140-1), the alteration can be described by gains 

of MgO, FeO(T), FeO, MnO, and TiC^, and losses of SiOg. FegO^ and 

AlgO^ are enriched throughout the alteration zone except in deeper 

areas of the chlorite zone, where they are slightly depleted. CaO, NagO, 

and KgO appear to be enriched in the gradational, or outer, zone of the



alteration, and are nearly completely removed from the central part of 

the alteration.

The ratio of products to reactants in the chlorite and sericite 

zones is 1.0. This ratio decreases laterally through the gradational 

zone to unaltered andesite. More precise estimations of the product: 

reaction ratio in the gradational zone are difficult to determine because 

of post-alteration metamorphism. The chlorite zone contains over 90 

percent chlorite in several samples (Table 5). Sericite and chlorite 

are developed in B-140-3 as alteration phases, and quartz is ubiquitous 

throughout the alteration zone. The formation of these phases can be 

expressed as equilibrium hydrolysis reactions, where pure muscovite and 

clinochlore are used,

Si02 (quartz) + 2H20 === H^SiO^ (l)

Mg^AlgSi^O^gfOH)g (clinochlore) + 16H+ ===

5Mg++ + 2A1+++ + 3H4Si04 + 6H20 (2)

KAl^Si^0^Q(0H)2 (muscovite) + 10H+ ===

K+ + 3A1+++ + 3H4Si04 . (3)
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Equilibrium constants corresponding to the reactions,

(aH.SiO )= 4 4_______9UartZ ( W Xio)
( K  aAl+++ )(aH,S104 )(“HjO' 

 ̂aclinochlore ̂  ̂  ^

(V X a W +*+)(aH.S10.)_______________4 4
 ̂Muscovite ̂  ^

clinochlore

muscovite

(4)

(5)

(6)

can be reduced, assuming unit activity for solid phases and for HgO, to

logKquartz = log^aH,SiO, ̂4 4

. EL. ++ a +++
108K=llno=hlore = 5 ) + 2 logt-y— ) * 3 log ^  si0V V 44

(8)

a + ' afl1+++
M u s c o v i t e  = * 3 log( ^ - ---) + 3 l0S aH.S10.' (9)xi 4 4

Because quartz is present as an alteration phase throughout the altera

tion zone, the activity of H.SiO. in the solution is fixed by quartz4 4
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saturation. The log(—=--- ) is assumed to be fixed by the equilibriumV
hydrolysis of kaolinite at quartz saturation, although kaoUnite does 

not appear as a stable phase in the alteration zone. The magnitude of

aAl+++ olog(— =----) is small under these conditions up to 300 Centigrade, such
V

aAl+++that the log(— =----) of a solution undersaturated with respect to
aH+

kaolinite would not affect to a large degree the •*-°Ŝ c]_̂ noci1iore and
logK .. as determined in (8) and (9). Table 6 shows the calculated° muscovite

Eu.++ ay+
values of log(-^s— ) for clinochlore hydrolysis and log(— -) for

4 *  ■ =

muscovite hydrolysis at quartz saturation and kaolinite saturation, for 

100°, 200°, and 300° Centigrade and one bar. The logK's used for the 

calculations were taken from Helgeson (1969), and are shown in Table 7.

The log a^+ +  and log a^+ under equilibrium conditions between 

clinochlore or muscovite and the solution, at temperatures of 100°, 

200°, and 300° Centigrade, one bar, and a pH of 4, 6, and 8, are shown 

in Table 8, based on the data in Table 6. These data indicate that a 

low a]v{g++ is needed to saturate a solution with clinochlore over a wide 

range of temperature and pH conditions at quartz and kaolinite satura

tion. As clinochlore precipitates from the solution, Mg++ ions would 

be depleted and H+ ions would be enriched in the solution, as shown in

reaction (2), or, the log(^i—
V

•) would decrease. Similarly, muscovite
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Table 6. 10g( aj,̂ g++/ajj+) and log( a%+/a%+) for equilibrium clinochlore
and muscovite hydrolysis, at quartz and kaolinite saturation 
and 1 bar.

100°C 200° C 300° C

bO 
bO

5 
5

13.04
18.41

9.94
14.07

8.19
11.45

Table 7. Equilibrium constants for quartz, kaolinite, chlinochlore, and 
muscovite hydrolysis at 1 bar, and 100°, 200°, and 300°C.*

100°C 200°C 300°C

^°^quartz - 3.08 - 2.35 - 1.94
^°^^kaolinite 2.27 - 1.72 - 4.02

^^clinochlore 61.32 43.28 33.06
^°^muscovite 17.21 7.98 2.51

* Taken from Helgeson (1969).

Table 8. Log a^g++ and a^+ for clinochlore and muscovite hydrolysis, 
respectively, for 100 , 200°, and 300°C, 1 bar, and pH of 
4, 6, and 8 at quartz and kaolinite saturation.

pH 100°C 200°C 300°C

l0g "Mg.* 4
6
8

5.04
1.04 

- 2.96

1.94 
- 2.06 
- 6.06

0.19 
- 3.81 
- 7.81

iog aK+ 4
6
8

14.41
12.41
10.41

10.07
8.07
6.07

9.45
7.45
5.45
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Vprecipitation would result in decreased log(— — ). Because, in the al-

teration zone the chlorite contains FeO and the muscovite is phengitic, 

these data represent a much simpler system than that which actually 

exists. Accurate thermodynamic data does not exist for the chlorite 

series of minerals, or for the substitution of MgO and FeO in muscovite. 

However, because of the magnesian character of the chlorite and the 

relatively small amount of FeO and MgO in the muscovite, these data 

should represent close approximations to the natural system.

Metamorphism

It is believed that the alteration occurred prior to the regional 

metamorphism which the Bridle Formation, including the Bruce deposit, 

has undergone (see Genesis, p. 71). This metamorphism has most likely 

modified or converted the primary alteration mineralogy of the deposit 

to assemblages stable under the metamorphic conditions. It is difficult, 

if not impossible, to chemically distinguish the processes of metamor

phism and hydrothermal alteration, although general, but not universal, 

characteristics can be applied to the interpretation of specific environ

mental domains responsible for classes of rocks formed by both of these 

processes. It is possible that an alteration assemblage may have endured 

regional metamorphism with only minor chemical readjustment among co

existing phases. It is convenient to discuss the metamorphism of the 

alteration according to the zonation of stable assemblages shown in 

Figure 14.
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Chlorite Zone

Magnesian chlorite-quartz is a common assemblage in unmeta

morphosed massive sulfide alteration zones, such as the Cyprus deposits 

(Constantinou and Govett 1973), the Kuroko deposits (Tatsumi, Takagi and 

Otagaki 1972; Urabe 1974), the Ana Yatak and related deposits, Turkey 

(Griffitts, Albers and Oner 1972), and the Roseberry and related deposits, 

Tasmania (Brathwaite 1974). It seems reasonable to assume that the 

magnesian chlorite-quartz assemblage present at the Bruce deposit is an 

alteration assemblage. Minor schistosity in the chlorite zone, and the 

presence of plagioclase with a nearly uniform composition from unaltered 

andesite through the chlorite zone, suggests that some metamorphic re

adjustment has occurred.

Fawcett and Yoder (1966) have shown that pure magnesian chlorite 

(Mg^A^Si -̂ 0̂ q( OH)g) is stable to 700° to 800° Centigrade for water 

pressures up to ten kilobars. James, Tumock and Fawcett, unpublished 

data reported in McOnie, Fawcett and James (1975, p . 1055) have shown 

that an equivalent iron chlorite is stable to 500-600° Centrigrade over a 

similar pressure range, in the presence of a nickle-nickle oxide buffer. 

McOnie et al. (1975) have determined the stability at two kilobars water 

pressure of the join M g ^ ^ i ^ O ^ t O H ^ - F e ^ A l ^ i ^ O ^ t 0 H ) g, which nearly 

crosses the compositional field of the Bruce Mine chlorites. Their 

data suggests that the magnesian chlorites in the chlorite zone are 

stable alone up to 650° Centigrade at two kilobars water pressure.

It is therefore likely that the chlorite zone survived regional metamor

phism with only minor mineralogical and chemical changes. The most
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prominant mineralogical change was the development of minor plagioclase, 

and possibly epidote, as metamorphic minerals.

Sericite Zone
The similarity of the mineralogy of the sericite zone, and its 

spatial relation to the chlorite zone, to similar zones in unmetamor

phosed deposits, suggests that the mineralogy of this zone also resembles 

the original alteration assemblage. The development of minor metamorphic 

biotite is likely.

Gradational Zone

The assemblages in the gradational zone are metamorphic, al

though it is not inconceivable that amphibole and biotite could be 

alteration phases. The assemblages have, however, been subjected to 

metamorphism, and this system has equilibrated under these conditions.

The amphiboles present in the assemblages are useful in interpreting the 

metamorphic history of the alteration zone. The color and, hence, 

composition, of metamorphic hornblende have been correlated to metamorphic 

facies. Shido (1958) and Miyashiro (1958) have used amphiboles as index 

minerals for determination of progressive metamorphic facies in the 

central Abukuma Plateau of Japan, and have described the progressive 

compositional and color variations of amphiboles for these basic meta

morphic rocks (see also, Shido and Miyashiro 1959). Engel, Engel and 

Havens (1961) and Engel and Engel (1962) have conducted a similar study 

of hornblende variations in the Adirondack region of New York. The 

results of these studies, applied to the Bruce Mine alteration zone.
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suggest that the blue-green hornblende in samples B-140-2, B-155-2, and 

B-155-3 was formed at low temperatures, equivalent to the epidote- 

amphibolite facies.

The existence of two amphiboles, tremolite-actinolite and 

hronblende, over a restricted area, and indeed, in the same sample 

(B-155-2), may be the result of a miscibility gap between the two groups 

of amphiboles. The snail number of samples from the Bruce deposit 

limits this interpretation, as a clear bimodal distribution of amphibole 

compositions would require a greater number of analyses. The occurrence 

of two stable amphiboles in B-155-2, however, does suggest that a com

positional gap exists. Shido (1958) has shown an abrupt transition from 

actinolite in lower grade facies to hornblende in intermediate and higher 

grade facies in the central Abukuma Plateau. Shido and Miyashiro (1959) 

show a distinct gap between actinolite and hornblende compositions from 

metamorphic rocks on a world-wide basis. In a study of two amphibole 

assemblages, Klein (1969) suggests that co-existing amphiboles represent 

an equilibrium pair and that the two compositions represent points across 

a miscibility gap. He also suggests that this gap is a low temperature 

phenomenon, and sets an upper temperature limit for metamorphism between 

the greenschist and amphibolite facies. This hypothesis is supported by 

Miyashiro’s (1958) and Shido's (1958) data, where the miscibility gap 

was not found in higher temperature assemblages.

Unaltered Andesite

The stable assemblage present in the unaltered andesite,

B-140-1, consists of quartz-plagioclase-biotite-chlorite, with accessory
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muscovlte-calcite-magnetite-pyrite. This assemblage is also present in 

samples of unaltered andesite collected on the surface near the Bruce 

Mine, with the addition of accessory epidote. The unaltered andesite 

assemblage is mineralogically identical to assemblages, as summarized 

by Miyashiro (1973), which occur in epidote-amphibolite facies metamor

phism. Mlyashiro (1973) states that the assemblage albite-epidote- 

homblende is characteristic of epidote-amphibolite facies in metabasites, 

and that oligoclase may substitute for albite. The quartz-plagioclase- 

muscovite-chlorite assemblage of the quartz-sericite schist is consistent 

with this interpretation.

Metamorphic Assemblages

The assemblages studied contain the following minerals as major 

stable silicate phases: chlorite, biotite, hornblende, actinolite, 

plagioclase, and quartz. These phases are shown in Figure 23 plotted on 

a tetrahedron with Al^O^, K^O, MgO, and FeO at the apices. This diagram 

assumes quartz, anorthite, and water are present in all assemblages. 

Figure 24 shows a possible arrangement of tie lines in this diagram, 

based on relative Fe:Fe+Mg ratios for actual co-existing phases as de

termined with the microprobe (see Tables 1, 2, and 3). The effect of 

bulk chemistry of the sample on the stable facies assemblages can be 

seen in Figure 24. For samples B-155-1, and B-170-1, -4, -9, and -10, 

where K^O and CaO concentrations in the rock are low (Table 4), the 

stable assemblage consists of chlorite, plagioclase, and quartz. The 

addition of K^O and CaO in significant amounts allows the development of
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Figure 23. KgO-AlgO^-FeO-^igO diagram for the metamorphosed Bruce Mine 
alteration zone. —  The chlorite and hornblende fields 
overlap on the AlgOi-FeO-MgO face, of the diagram. Actino- 
lite will plot on the line joining the FeO and MgO apices.



Plus Oi se r l* ,  A n o r t h i l t ,  M^O

\ \ x

Figure 24. A possible arrangement of tie lines for the metamorphic 
assemblages. —  The tie lines are based on relative Fe: 
Fe+Mg ratios for actual co-existing phases, as determined 
with the microprobe.
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mineralogically more diverse assemblages in the gradational and sericite 

zones, and the unaltered andesite.

The mineralogy of an assemblage is dictated by the point at which 

the bulk composition of the rock containing the assemblage plots in the 

diagram in Figure 24. Because the bulk chemistry of the rocks from the 

chlorite zone through the unaltered andesite is gradational, a line join

ing the points of bulk composition of samples collected on a traverse 

from the chlorite zone through the unaltered andesite would be a smooth 

curve on the diagram. Points located on the hornblende side of the 

chlorite-biotite-actinolite plane could conceivably consist of any, or 

all, of these four phases in any combination, with plagioclase and quartz. 

Points lying on the chlorite-biotite-actinolite plane would consist of 

these three phases, with plagioclase and quartz. Because a tie line 

joining muscovite and hornblende would cross the chlorite-biotite- 

actinolite plane, muscovite and hornblende theoretically cannot co

exist, and are not found to co-exist in any of the samples.

If the bulk composition controls the development of stable 

assemblages in the Bruce Mine samples, tie lines between co-existing 

phases should not cross when plotted on the K^O-Al^O^-MgO-FeO diagram in 

Figure 23. Because of the diversity of components and phases in the 

samples, a plot of this type would be confusing and difficult to 

interpret. An attempt was made to define the phases in the assemblages 

in terms of new components, and to project the phases onto a tertiary 

diagram. Using the program PR0J1 (Welber, unpublished), the phases were 

redefined using anorthite, quartz, muscovite from sample B-140-3,
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AlgOy FeO, and MgO as components in the system SiC^-A^O^-MgO-FeO-CaO- 

K^O. The phases were projected from quartz-anorthite-muscovite (sample 

B-140-3) onto an Al^O^-FeO-MgO diagram, and this projection is shorn in 

Figure 25. Tie lines between co-existing phases from one assemblage 

cross tie lines from other assemblages on this diagram. However, tie 

lines for the same mineral pairs from each of the assemblages do not 

cross. That is, no chlorite-biotite tie lines cross other chlorite- 

biotite tie lines. Similarly, tie lines do not cross for 

chlorite-hornblende, chlorite-actinolite, biotite-homblende, biotite- 

actinolite, and homblende-actinolite mineral pairs. If and CaO 

could be represented on this diagram as added dimensions, then biotite, 

hornblende, and actinolite would not plot on the Al^O^-FeO-MgO plane, 

and no tie lines would cross.

Summary of Metamorphism

In the Bruce deposit alteration zone, the wide gradational varia

tion of the rock compositions over a short distance, from the chlorite 

zone to the unaltered andesite, presents an interesting problem relat

ing metamorphic facies assemblages formed at similar pressure and 

temperature conditions. The assemblage of minerals in the andesite and 

the co-existing amphiboles in the gradational zone are indicative of 

epidote-amphibolite facies metamorphism. The chlorite-quartz-plagioclase- 

biotite assemblage of the sericite zone are consistent with epidote- 

amphibolite facies metamorphism, based on Miyashiro's (1973) summaries.

The variation of stable assemblages in the study area has been 

controlled by the variations in the chemistry of the rocks. Shido (1958)
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Figure 25. An AlgO^-FeO-MgO diagram showing the stable assemblages in 
the Bruce Mine samples. —  The diagram is a projection 
from quartz-anorthite-muscovite (from Sample B-140-3).
The crossing tie lines do not indicate unstable assemblages, 
as the addition of CaO and XgO would elevate hornblende, 
actinolite, and biotite off the plane of the diagram.
The system consists of I^O-CaO-SiC^-A^O^-MgO-FeO.
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has attributed the transition of amphibole from tremolite-actinolite to 

hornblende in a progressive metamorphic sequence to variations in 

temperature and pressure. This transition in the Bruce Mine alteration 

zone has occurred in a relatively small area where steep temperature and 

pressure gradients most likely did not exist, as the facies present in 

the unaltered andesite do not vary in the vicinity of the mine. It is 

possible that a facies boundary crosses the alteration zone, but this 

explanation would be rather fortuitous considering the area of the 

metamorphic terrain, which encompasses the entire Yavapai Series in the 

Bagdad area. No other evidence supports this interpretation. It is 

also possible that the facies have been affected by the intrusion of an 

igneous body, and are the result of contact metamorphism overprinting 

regional metamorphism. No intrusion in the area appears to fill this 

criteria, and the assemblage consistently present in the unaltered 

andesite around the alteration zone negates this possibility. The 

assemblages do not appear to have been controlled by the footwall diabase 

sills, which have also been metamorphosed. Therefore, the chemical 

composition of the rocks appears to be the primary factor controlling 

the mineralogical variations among the various facies assemblages.



CHAPTER 6

GENESIS

The Bruce deposit is a member of a large class of ore deposits, 

commonly referred to as massive sulfide deposits, to which much discus

sion has been devoted in recent years in geologic literature. The fol

lowing section discusses those characteristics of the Bruce deposit 

which are pertinent to understanding the genesis of the deposit, and 

reviews the genesis of volcanogenic massive sulfide deposits as it 

applies to the Bruce deposit. Further comments on the genesis of 

massive sulfides, not pertinent to the text of the thesis, are presented 

in Appendix C.

Genetic Evidence

The Bruce Deposit

Much of the geology of the Bruce deposit may be utilized to 

construct a genetic model. Those features which are believed to be 

important in the discussion of genesis are summarized below.

1. The lenticular, concordant massive sulfide lens is located at 

the contact of two volcanic units, and pinches out laterally 

in a tuffaceous quartz-sericite schist.

2. MLneralogic banding is present in the lens, and conforms to 

local and regional stratigraphic orientations.
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3. Pillowed volcanic rocks indicate that the volcanic rocks were 

deposited in a subaqueous environment.

4. Several massive sulfide deposits, including the Bruce, are 

clustered in a narrow vertical and lateral stratigraphic 

interval.

5. Age dates of several of the lithologic units and the massive 

sulfide lens indicate that the sulfide minerals and the host 

rocks may have formed nearly contemporaneously.

6. A funnel-shaped alteration zone extends nearly perpendicular to 

the massive lens into the stratigraphic footwall of the deposit. 

This alteration grades upwards into the massive sulfide lens 

and laterally into unaltered wall rocks. Sporadic alteration is 

present stratigraphically above the orebody, but no alteration 

is seen lateral to the deposit.

7. A sharp contact exists between the massive sulfide lens and the 

stratigraphic hanging wall, where sulfide minerals are dis

seminated, and occur in abundances up to three percent.

8. The alteration zone is cut by a diabase sill, which is not 

altered, and both the alteration zone, unaltered wall rock, and 

the diabase sill have been subjected to regional metamorphism.

Other Massive Sulfide Deposits

The morphology and dimensions and mineralogical banding of the 

massive lens, the occurrence of pipe-like footwall alteration zones, the 

stratabound nature of the lens, the presence of subaqueous volcanic 

rocks, both pyroclastics and flows, and the clustering of deposits are
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features of the Bruce deposit which are common to volcanogenic massive 

sulfide deposits which occur throughout geologic history and in wide

spread geographic locations. Some examples which have appeared in 

recent geologic literature are: the Archean deposits of the Abitibi belt 

of Canada (Gilmour 1965, Roscoe 1965, Boldy 1968, Gangster 1972,

Spence 1975, Spence and Rosen-Spence 1975), the late Precambrian Sullivan 

deposit, British Columbia (Freeze 1966), the Cambrian Roseberry deposit, 

Tasmania (Brathwaite 1974), the lower Carboniferous Iberian pyrite belt 

of Spain and Portugal (Jenks 1975), the deposits of Cyprus in the 

Cretaceous Troodos complex (Hutchinson 1965, Constantinou and Govett 

1973), the Eocene Ergani-Madan deposits in Turkey (Griffitts et al.

1972), and the Miocene Kuroko deposits of Japan (Horikoshi and Sato 1970, 

Tatsumi and Watanabe 1971, Lambert and Sato 1974). Although all of the 

above features are not common to all massive sulfide deposits, the regu

larity of their occurrence strongly suggests that these deposits formed 

through nearly identical processes, which have recurred throughout 

geologic history from Archean through at least Miocene time. These 

processes may be presently active and forming new deposits today (Kinkel 

1966).
Assuming that these deposits formed through similar processes, 

features not present at the Bruce Mine, but present in other massive 

sulfide deposits, may also be used to support a genetic model for the" 

Bruce deposit. Some of these features are listed here.

1. Carbonaceous sedimentary rocks sometimes overlie the massive

sulfide lenses. Examples are the graphitic bed of the Kidd
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Creek deposit, Ontario (Walker et al. 1975), the Boliden de

posits, Sweden (Nilsson 1968), and the oolitic manganese carbon

ates which interfinger with the Roseberry lens, Tasmania 

(Brathwaite 1974).

2. Cherty, iron rich, chemical precipitates are commonly found over- 

lying or laterally grading into the massive sulfide lenses.

These rocks often contain concordant bands of pyrite or other 

sulfide minerals, or angular fragments of massive sulfide and 

host rocks. Examples are the Kidd Creek deposit (Walker et al. 

1975), the Noranda area deposits, Canada (Sangster 1972, Spence 

and Rosen-Spence 1975), the Tetsusekiei beds of the Kuroko 

deposits, where the cherty beds contain radiolorian nodules

(Horikoshi 1969), and the Ochre Group of the Cyprus deposits 

(Constantinou and Govett 1973).

3. Pyritic framboids are sometimes found associated with the 

deposits, such as in the Ochre Group of the Cyprus deposits

(Constantinou and Govett 1973), the Turkish deposits (Griffitts 

et al. 1972), and at Kidd Creek in the graphite bed.

4. Brecciated angular massive sulfide fragments, some exhibiting 

banding, are often present in sedimentary or pyroclastic rocks 

lateral to or above the massive sulfide lenses. Examples are 

the Kuroko deposits of Japan (Tatsumi and Watanabe 1971,

Horikoshi 1969), and the Kidd Creek deposit (Walker et al. 1975). 

In some instances, massive brecciated ore is present, cemented 

by sulfide minerals, such as at the Vauze deposit near Noranda
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(Gilmour 1965, Spence 1975), the Cyprus deposits (Hutchinson 

1965, Constantinou and Govett 1973), the Buchans deposit, 

Newfoundland (Thurlow, Swanson and Strong 1975), and the Kuroko 

deposits (Lambert and Sato 1974).

5. Slump structures are present in the banded massive sulfides in 

several of the deposits, such as the Buchans deposit (Thurlow 

et al. 1975), and the Kuroko deposits, where graded bedding of 

the sulfide grains may also occur (Tatsumi and Watanabe 1971).

6. Some deposits occur on the flanks of rhyolitic or dacitic domes, 

many of which are pyroclastic in nature, and consist, in part, 

of angular volcanic fragments. Examples are the Kuroko deposits 

(Horikoshi 1969, Lambert and Sato 1974), some of the Noranda area 

deposits (Gilmour 1965, Sangster 1972, Spence and Rosen-Spence 

1975), and the United Verde deposit, Jerome, Arizona (Anderson 

and Nash 1972). Some deposits, such as the Sullivan deposit 

(Freeze 1966), have no spatial relation to recognized volcanic 

rocks.

7. Zinc and lead are often concentrated near the top of the sulfide 

lenses, whereas copper is concentrated in the lower part of the 

lenses and in the upper parts of the alteration zone (Sangster 

1972).

Although these features are not common to all massive sulfide 

deposits, their repeated occurrence in several deposits indicate that 

they are important to the determination of the genesis of this type of 

ore deposit. Many of the characteristics may be due to varying local
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conditions during deposition. For example, the Vauze and several other 

deposits in the Noranda-district contain fragmental massive sulfide ore, 

yet many of the other deposits in this district contain no fragmental 

sulfides (Gilmour 1965, Spence and Rosen-Spence 1975). Many similarities 

among the Noranda deposits suggest a common genetic model for all the 

deposits. It appears that some local factor present at some of the 

Noranda deposits during deposition resulted in brecciation of the massive 

sulfide bodies. Other deposits in the district, although formed through 

similar genetic processes, lacked this factor in their formational en

vironment .

Variations Among Deposits

Several characteristics, although present in nearly all the 

deposits, vary in detail from one deposit to another. Hutchinson (1973) 

was able to separate massive sulfide deposits into three broad classes 

based on the base metal and precious metal assemblages in the ores, and 

the petrology and nature of the volcanism of the volcanic rocks associ

ated with the deposits. Hutchinson's three classifications consist of a 

zinc-copper type associated with broadly differentiated volcanic suites, 

a lead-zinc-copper-silver type associated with intermediate to felsic 

calc-alkaline, often pyroclastic, rocks, and a cupreous pyrite type 

associated with igneous rocks of ophiolite affinity.

Variations in the alteration mineral assemblages are widespread, 

although primary alteration mineralogy may be obscured by post

alteration regional or contact metamorphism. Dikes and sills which in

trude both massive sulfide lenses and associated alteration zones have
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often been metamorphosed together with the alteration zones, indicating 

that mineralization predates metamorphism.

Massive sulfide deposits of the Paleozoic Scandinavian Cale

donian erogenic belt are associated with pipe-like alteration zones which 

resemble the Bruce deposit alteration zone in mineralogical zonation.

Rui (1973) describes the alteration of the Killingdal Mine as a quartz- 

muscovite schist core enclosed in successive envelopes of chlorite- 

biotite-quartz and accessory rutile-epidote/clinozoisite, and acicular 

blue-green horriblende-quartz-sodic plagioclase and accessory biotite- 

epidote/clinozoisite zones. Similar assemblages, plus or minus 

andalusite, are described by Nilsson (1968) for the Boliden deposit, 

Sweden.

Several variations in alteration assemblages are present in 

deposits of the Noranda area, Canada. Cordierite-biotite-sericite- 

chlorite rocks are present in alteration zones of deposits located 

adjacent to granitic intrusions. This relationship led Rosen-Spence 

(1969) to postulate that this assemblage is the result of contact 

metamorphism. Further from the intrusions, the alteration zones consist 

of chlorite interiors with sericite shells, and are believed to be 

hydrothermal in origin (Gilmour 1965, Spence and Rosen-Spence 1975).

At the Mattagami Lake Mine, Roberts (1975) considers a talc- 

actinolite-chlorite schist, with accessory epidote-biotite-sericite- 

quartz, to be an alteration assemblage. In a well-defined, metamorphosed, 

funnel-shaped alteration zone at the Mattabi deposit, Ontario, siderite.
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dolomite, chloritoid, chlorite, andalusite, and almandine have been ob

served by'Franklin, Kasada and Poulsen (1975).

Alteration in the Kuroko deposits of Japan is significant because 

these deposits have not been metamorphosed. Alteration in these 

deposits is developed around footwall pipe-like stockwork mineralization 

(Tatsumi and Watanabe 1971, Lambert and Sato 1974). Urabe (1974) has 

divided the alteration into three types, namely, a kaolinite-pyrophyllite- 

diaspore type, a sericite-chlorite type, and a sericite-chlorite- 

carbonate type. At the Kosaka Mine, Tatsumi et al. (1972) observed a 

zonation in the alteration consisting of a silicious core, a sericite- 

magnesian chlorite middle zone, and an outer zone of chlorite and 

carbonate.

Bedded barite deposits with disseminated sulfides are often 

associated with Paleozoic and younger massive sulfide deposits, but are 

completely lacking in Precambrian deposits. Barite horizons are present 

at the Ordivician Buchans deposit (Thurlow et al. 1975), the Cambrian 

Eoseberry deposit (Brathwaite 1974), and the Kuroko deposits (Tatsumi 

et al. 1972, Lambert and Sato 1974). Gypsum and anhydrite exhibit 

similar chronological distributions.

Genetic Model
The hypothesis for the genesis of the Bruce deposit, and massive 

sulfide deposits in general, is that the massive sulfide deposits pre

cipitated in a marine environment, at or near a sea floor, from hot 

springs. Fluids from these hot springs were hydrothermal, and were 

transported to the rock-seawater interface through channelways in which
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the fluids reacted with the wallrocks to form alteration mineral 

assemblages. The alteration selectively leached the rocks in some com

ponents, and enriched the rocks in other components. The channelways 

for the fluids are represented today by the pipe-like zones of alteration 

which stratigraphically underlie many of the deposits. At the Bruce 

Mine, subsequent to or during the formation of the massive sulfide lens, 

the Dick rhyolite was extruded, and precipitation of the massive sulfide 

ceased. Some hydrothermal activity continued, resulting in narrow, 

stringer-like zones of chloritization in the rhyolite immediately over- 

lying the lens. Subsequent to burial, the deposit and associated 

alteration were intruded and metamorphosed during regional metamorphism.

The massive sulfide lens is therefore hypothesized to be a 

chemical sediment, precipitated at a location controlled by submarine 

hot spring activity. Evidence for this model is the stratiform, 

concordant, lenticular form of the lens, which morphologically resembles 

a sediment; the concordant mineralogical banding (bedding ?) in the lens, 

and the abrupt contact of the massive lens with the unaltered hanging 

wall rhyolite and quartz-sericite schist. The submarine nature of the 

host rocks also indicates that the deposit formed in a submarine en

vironment. The shape and banding of the lens could be ascribed to 

replacement of a pre-existing rock by the sulfide minerals, after the 

extrusion of the rhyolite, but the abrupt termination of the sulfides 

against unaltered rock would be difficult to explain if replacement had 

occurred. Classical vein-type textures are lacking in the Bruce and 

other massive sulfide lenses, although the alteration zones and their



associated mineralization formed through replacement of footwall 

rocks.

Further evidence for this genetic model for the Bruce deposit 

may be obtained by studying the features of other massive sulfide 

deposits, assuming a common genetic model. The nearly ubiquitous 

lenticular, concordant form of massive sulfide deposits, and their 

occurrence at contacts between distinct stratigraphic units, are fea

tures the Bruce deposit shares with many volcanogenie massive sulfide 

deposits.

Other characteristics, not as consistent in occurrence as the 

morphology and stratigraphic control of the lenses, but nevertheless 

widespread and similar in occurrence where they are found, can be used 

to support a sedimentary origin for the deposits. Many massive sulfide 

deposits occur with chemical sediments, which may contain concrete 

evidence supporting their origin in a sedimentary environment. Radio- 

lorian nodules are present in the Tetsusekiei beds of the Kuroko de

posits, and oolitic carbonate rocks interfinger with the Roseberry 

deposit. Angular fragments of massive sulfide are often found in sedi

ments overlying the massive lenses, or in coarse pyroclastic rocks 

associated with the deposits, suggesting that the massive sulfide formed 

prior to the sedimentation or volcanic activity responsible for these 

rocks. Pyritic framboids are sometimes found in sediments which overlie 

or interfinger with the massive sulfide lenses. Assuming that the fram

boids are biogenic in origin, their presence suggests that the sulfides 

have formed in an environment favorable to some type of biologic activity.
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Graded sulfide grains are present in some Kuroko deposits, and slump 

structures are present in stratiform landed massive sulfide lenses in 

several deposits, indicating a sedimentary environment during deposition 

of the sulfides. Brecciated massive sulfide zones in some deposits 

have been interpreted to have resulted from post-depositional submarine 

slumping of unconsolidated massive sulfide, or from phreatic activity 

in silicious volcanic rocks associated with some deposits. Sulfide- 

cemented ore in the Cyprus deposits is believed to result from the con

tinued upward movement of hydrothermal fluids through previously formed 

sedimentary sulfides.

In conclusion, the Bruce deposit is considered to have formed 

from hydrothermal fluids which were expelled on a sea floor through 

submarine hot spring activity. Base metal and iron sulfides were pre

cipitated from these fluids near the hot springs, where the sulfides 

accumulated as a sedimentary unit. The conduits through which these 

fluids flowed are represented by a zone of alteration, which lies 

stratigraphically below the massive sulfide lens. Near the lens, in the 

alteration zone, sulfide minerals may be present in amounts totaling 

15 percent of the rock.



CHAPTER 7

SUMMARY

The Bruce massive sulfide deposit occurs in a differentiated 

series of subaqueous volcanic rocks and intercalated sedimentary rocks 

of the Precambrian Yavapai Series. This pile of stratified rocks has 

been intruded by a series of later Precambrian rocks of various composi

tions. Erosion has locally exposed much of the Precambrian basement.

The deposit is a lenticular, stratiform body, concordant with 

regional and local stratigraphic trends. This lens consists of over 90 

percent sulfide minerals, predominantly minanalogically banded pyrite, 

sphalerite, and chalcopyrite. The lens is in contact with a funnel- 

shaped zone of altered andesite, which is elongate perpendicular to 

local stratigraphic trends. The alteration zone grades laterally into 

unaltered wall rocks over tens of meters, and vertically into the mas

sive sulfide lens in less than one meter. The alteration is exposed in 

the working area of the mine for approximately 100 meters away from the 

orebody. The morphology of the alteration at depth stratigraphically 

below the orebody is unknown. The lens occurs at the contact of an 

andesite flow and a later rhyolite flow, which are separated in places 

by a banded pyroclastic quartz-sericite schist, into which the lens 

laterally pinches out.
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Mineralogically, the alteration zone consists of a core zone of 

chlorite and quartz, with minor epidote, plagioclase, rutile, calcite, 

and sulfide minerals. Total sulfides in this zone, including pyrite, 

chalcopyrite, and sphalerite, increase to nearly 15 percent of the rock 

within ten meters of the massive sulfide lens. Near the lens, this zone 

laterally grades into a sericite-chlorite-quartz zone, with minor plagio

clase, biotite, calcite, pyrite, and sphene. Both the chlorite and 

sericite zones represent andesite that has been completely replaced by 

alteration minerals, and both of these zones grade laterally outward 

into an amphibole-chlorite-quartz-plagioclase zone, with variable 

amounts of biotite, and accessory pyrite, calcite, magnetite, and sphene. 

The amphibole grades from tremolite-actinolite near the chlorite zone 

to hornblende near the unaltered andesite. This gradational zone grades 

outward into unaltered andesite. Chlorite compositions grade from mag

nesian chlorites near the center of the alteration zone to iron-rich 

chlorites in the unaltered andesite. Biotite and amphibole compositions 

follow this trend. The rocks of the mine area have been regionally 

metamorphosed to epidote-amphibolite facies assemblages, obscuring 

primary alteration mineralogy.

The massive sulfide lens was formed through precipitation of the 

sulfide minerals as a chemical precipitate in a subaqueous environment. 

The base metal-bearing ore forming fluids flowed into this subaqueous 

environment at the site of sulfide precipitation through submarine 

fumarolic activity. The fumarolic fluids were hydrothermal in nature 

and are responsible for the funnel-shaped alteration zone beneath the
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deposit, which served as a conduit for these fluids. This hydrothermal 

system could have resulted from convecting fluids. The fluid flow was a 
function of fluid density variations in a horizontal plane, caused by

heating of these fluids over a limited area, and also of the permeability 

of the rocks. A pluton of unknown composition was a likely heat source

for this convection.



APPENDIX A

ANALYTICAL TECHNIQUES

Bulk chemistry of the 12 channel samples was determined by 

Georesearch Laboratories, Inc., Salt Lake City, Utah. They analyzed for 

Na^O, K^O, CaO, MgO, MaO, FeO, Fe^^, Al^O^, TiOg, SiOg, Cu, Fb, and Zn. 

SiOg concentrations were determined colorimetrically. FeO concentration 

was determined through titration, and FegO^ concentration was assumed 

to be the difference between the titrimetric FeO and total iron as de

termined by atomic absorption. The concentrations of the remaining 

components were determined using atomic absorption.

Sulfur concentration for the samples was determined using a Leco 

induction furnace and a Leco digital titrator. CO^ concentration was 

determined with a Leco induction furnace, using the following technique.

A powdered sample was oxidized in 99.95 percent pure oxygen, and after 

the removal of impurities, the oxidation product of the sample was 

passed through a drying tube containing askerite, a CO^ absorbing sub

stance. The drying tube containing the askerite was weighed before and 

after each run, and the difference in weight was assumed to be the weight 

of COg in the sample before oxidation. Repetition of analyses for 

several of the samples for both sulfur and CO^ gave consistent results 

within ten percent of the total weight percent of the unknown. Powdered 

samples used for the sulfur andCOg analyses were the same powders used 

for the other analyses.
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An electron microprobe with three detectors and an integrated 

digital computer were used for the determination of nonstoichiometric 

mineral compositions. An accelerating current of 15 kilovolts and a 

beam current of 0.5 microamperes were used in all the analyses. Various 

silicate minerals of known compositions were used as standards. The 

integrated digital computer and microprobe, with motor drives on the 

stage axis and detectors, allowed the control and positioning of the 

detectors, and the actual tabulation of background-corrected intensity 

data, to be carried out automatically for each unknown sample. Each 

unknown component was counted for 20 seconds. The weight percent of each 

component was then determined by the computer, using a method developed 

by Bence and Albee (1969; see also, Albee and Ray 1970).

The intensity of the beam was determined prior to the analysis 

of each point, and the background-corrected intensity data for each 

radiation line was then standardized to beam counts. The intensity of 

each of the standards was also converted to beam counts. This method 

allows the analyses of a number of points to be conducted between cali

brations, as the beam counts factor is a correction to the intensities 

of the standards and unknowns which accounts for beam drift.

It should be noted that the compositions of the standards used 

in the microprobe analyses intensity data reduction may be incorrect. 

This possible discrepancy has been brought to light through cross 

analyses between two sets of standards, one supplied by Dr. Michael 

Drake, used in the analyses, and one supplied by Dr. Timothy Loomis, 

both of The University of Arizona. Several components in several of the
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standards from one set did not correspond to the recorded analyses, when 

one set was analyzed as unknowns using the other set as standards, and 

vice versa. These variations generally ranged up to five percent of the 

concentration of a component in a standard.

Polished thin sections for each interval were examined with a 

petrographic microscope, and grains of minerals were selected for 

analyses. In several of the thin sections, some minerals occurred as 

fine-grained, disseminated grains, which made microprobe analysis diffi

cult at best. In these instances, the number of grains of a mineral 

which were analyzed was limited by the occurrence of the mineral. At 

least five points of the other minerals were analyzed with the microprobe 

and these analyses were averaged to obtain an average mineral composition 

for an interval. Consistent compositions of a mineral in a thin section 

indicate that the mineral is not chemically zoned, and this was found 

to be the case in all the thin sections used for analysis.

Two of the 12 channel samples were analyzed twice by the Geo

research Laboratory for bulk chemistry. In both instances, the repeated 

analyses were consistent. The greatest standard deviation of any 

component in these analyses is 0.2 weight percent. SiO^ concentration 

in B-155-2, as reported by the Georesearch Lab, was unusually low. SiOg 

concentration in this sample was re-analyzed, once by Mr. Daniel Lynch 

(personal communication), and once by Mr. Fleetwood Koutz (personal com

munication). Data from these sources for B-155-2 were consistent, and 

the average of these two analyses are presented in Figure 18 and Table 4. 

Analyses of SiOg for several of the other samples from the two additional
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sources were in close agreement with the Georesearch Laboratory SiOg 

analyses.

Repeated analyses of mineral species in each polished section 

allows the determination of standard deviations for these analyses.

A 90 percent confidence level for each component in the mineral species 

has been calculated, and these data are shown in Tables 1, 2, and 3, 

and Figures 15, 16, and 17. The large confidence intervals for the 

amphibole compositions is partially statistical in nature, as the small 

number of amphiboles analyzed in each polished section requires the use 

of a large confidence level factor in determining the confidence inter

val for these analyses.



APPENDIX B

QMIN PROGRAM FUNDAMENTALS'

The quantitative abundance of the mineral phases in a rock can 

be determined if the chemical composition of the rock and mineral con

stituents is known. A knowledge of these two quantities permits calcula

tion of the individual phase abundances by solution of a set of equations 

describing the proportions in which constituent minerals mixed to yield 

the observed bulk composition.

The concentration, X^, of the i^1 element in a rock is determined

by the relationships between the mass abundances of the n mineral phases,

m., and the concentrations of the i"*̂  mineral in the mineral, C. ..J 1 * J

n
X, = Z" m.C. . (B.l)
1 j=l J 1>J

A set of such equations can be written to represent the k rock-forming 

elements where n <_ k is a required condition. The set of equations has 

the form:

"i0u  1 V i a  • • •

^ 2 1  + m2C22 * *'' •' * mjC2j X2

V k l  + m2Ck2 Jk j (B.2)
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In matrix notation (B.2) becomes

m • C = X (B.3)

where C contains the chemical composition of the mineral phases, X the 

chemical composition of the rock and m the mineralogical composition of 

the sample. If the number of minerals is equal to the number of ele

ments analyzed, i.e., if n = k, there will usually be a unique solution 

to (B.3). Hydrothermal rocks are generally disequilibrium assemblages, 

thus the number of phases is not constrained by the phase rule to be >_ to 

the number of components, and equation (B.3) is overdetermined. The 

solution to (B.3) may be obtained by a least squares approximation in 

which the sum of the square of the difference between actual whole rock 

chemical data and the value of X^ computed from (B.3) is minimized.

Additional constraints are imposed whereby Enu = 1.0, negative 

values of nu are not allowed and the solution is weighed according to 

the estimated absolute error in the analytical data.



APPENDIX C

COMMENTS ON THE GENETIC MODEL

Submarine fumarolic activity has recently received much atten

tion in geologic literature as a genetic process for massive sulfide 

deposits. Some articles summarizing evidence for this genetic model 

have been published by Kinkel (1966), Anderson (1969), Sangster (1972), 

and Hutchinson (1973). Other important papers instrumental in the de

velopment of this model have been Oftedahl (1958, as reported by many 

authors), Gilmour (1965), Kailiokoski (1965), and Hutchinson (1965).

The framework for this model had been outlined by the mid I9601 s, and, 

since that time several authors have related the formation of massive 

sulfide deposits to the tectonic evolution of the earth's crust. 

Hutchinson (1973) relates the variation of his three classes of volcano- 

genic massive sulfide deposits to three types of tectonic environments: 

initial ocean ridge-rift environments, sub duction along continental 

margins, and Archean deposits related to PreCambrian tectonics.

Sillitoe (1973) delineates Phanerozoic volcanogenic sulfide deposits 

into those formed at "spreading center situations" and those formed at 

"island-arc (and continental margin) situations."

On a much smaller scale, association of volcanogenic massive 

sulfides with volcanic rocks, often silicious pyroclastic rocks, is 

stressed by many authors in literature descriptions of specific deposits.
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and by summary articles (see Gangster 1972 for instance). This associa

tion has led to the widespread assumption that these ore deposits are 

related genetically to the rhyolites or other volcanic rocks that are 

associated with them. But, as Spence and Rosen-Spence (1975) suggest, 

this may be too narrow a concept. An important factor controlling the 

deposition of massive sulfide deposits is the presence of a heat source 

close enough to a seawater-rock interface, such that thermally driven 

convective flow may breach that interface in large enough quantities, 

and for a suitable length of time, to precipitate substantial amounts 

of sulfide minerals, and to cause the intense, localized alteration 

associated with these deposits. The time available for formation of 

these deposits may, in many instances, be controlled by the time span 

between successive volcanic eruptions in a single volcanic pile, which 

may be geologically very short.

Submarine volcanic activity satisfies the criteria of a suitable 

heat source, as magmas rising toward eruption would be present in this 

environment. Large, shallow magma reservoirs might reasonably also 

be present. Hence, those tectonic environments in which submarine vol

canic activity, or shallow intrusive activity, occur would be conducive 

to massive sulfide formation. Active spreading centers, subduction 

zones, and possibly even mantle hot spots occurring beneath submarine 

crust, would all be reasonable locations to expect massive sulfides to 

form.

The association of massive sulfides with silicious volcanic 

rocks may then be a function of the type of magmatic activity associated
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with specific tectonic environments. Those massive sulfide deposits 

associated with ophiolite sequences, however, do not occur with silicious 

volcanic rocks. Fracture controlled hydrothermal fluid flow may also 

be important in localizing massive sulfide deposits, although the 

majority of deposits exhibit no evidence for structurally controlled 

location of alteration zones. The association of massive sulfide de- 

osits with dacitic and rhyolitic domes may be important in this respect, 

as these domes are often fractured through release of volatiles during 

extrusion. These rocks would also be highly viscous in a magmatic 

state, and would rise relatively slowly before extrusion. This may pro

vide suitable heat sources for convective flow. The East Waite orebody, 

Noranda area, Canada, however, is associated with a volcanic dome 

(Spence and Rosen-Spence 1975), yet a well-defined alteration zone has 

been explored for greater than 900 meters stratigraphically beneath the 

deposit (Gilmour 1965). This suggests that the domes may not be the 

thermal source responsible for the deposits, but possible magmatic 

reservoirs from which the domes may have been derived could be heat 

sources. The domes' main function may be to localize the flow of the 

hydrothermal fluid by providing permeable zones near the seawater-rock 

interface.

In the Noranda area, as described by Spence and Rosen-Spence 

(1975), and at the Bagdad area, several massive sulfide deposits are 

located nearly one atop the other, separated by successive volcanic 

units, or sets of units. The eruption of a volcanic unit may temporarily 

plug a fumarolic system. However, as slong as a heat source remains,
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convective flow would occur, and the main conduit for the system may 

extend itself to the stratigraphically higher seawater-rock interface, 

or may shift laterally a short distance to a more permeable zone. In 

this way, successive stratigraphic massive sulfides may be formed, and 

the duration of their formation would span the life of a single con

vective system.
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