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The Valley Cbpper Deposit is a porphyry copper-molybdenum

system in the Highland Valley District 25 miles southeast of Ashcroft

and about 250 miles northeast of Vancouver, British Columbia. The

1 billion ton ore body (0.46 percent copper) occurs near the north edge

of the porphyritic Bethsaida Granodiorite, the central most and

youngest major phase of the 198 m. y. Guichon Creek Batholith. The

calc-alkaline chemistry of the batholith, its geologic setting within

eugeosynclinal (Cache Creek Group) and near-contemporaneous island-

arc (Nicola Group) assemblages, and its proximity to the north

trending Triassic Fraser-Yalakom Fault 45 km to the west suggest

that the batholith, and possibly its contained metals, had their source

in or near an early Mesozoic subduction zone between the Pacific

(Farallon) and North American plates. The paleosubduction zone was

about 140 km beneath the batholith. Fractionation trends, progressive



increases in plagioclase zoning, myrmekite, fluid inclusions, and

deuteric alteration in successive magmatic phases, and local intense

hydrothermal alteration and metallization provide chemical, textural,

and mineralogical evidence of significant late magmatic concentrations

of volatiles and ore metals in the batholith.

The intersection of the north trending Lornex Fault and the

northwest trending Highland Valley Fault controls the location of the

Valley Copper Deposit. At this structural intersection the Bethsaida

Granodiorite host is strongly altered by hydrothermal fluids. Domi-

nant alteration minerals are kaolinite, sericite, microcline, and

quartz. Subordinate alteration products include calcite, biotite,

gypsum, and anhydrite. Fractures control the location and distribu-

tion of alteration minerals that form vein fillings, selvages adjacent

to fractures and quartz veins, and pervasive alteration products of the

host. The principal concentrations of copper minerals occur in quartz-

sericite veins. A dike of the Porphyritic Phase of the Bethsaida

Granodiorite, the Lornex Fault, and a barren quartz vein stockwork

located in the central part of the deposit control the areal limits to

alteration and metallization. The radial alteration patterns at Valley

Copper indicate the following superimposed and generally prograde

alteration sequence: (1) propylitic alteration (?), (2) argillic altera-

tion, (3) pervasive sericite alteration (pyrite, chalcopyrite, sphaler-

ite), (4) barren quartz vein stockwork and potassic alteration, (5)



quartz-sericite veins (bornite, chalcopyrite, molybdenite), (6)

mineralized quartz veins (bornite, chalcopyrite, molybdenite, chal-

cocite, covellite), (7) gypsum veins. The K-Ar ages of hydrothermal

sericite associated with bornite (198 + 4 m. y.) and molybdenite (202 +

4 m. y.) are similar to the age of the pre-metallization Porphyritic

Phase of the Bethsaida dike (204 + 4 m. y. ), but are about 70 m. y.

older than a post-metallization vogesite lamprophyre dike (132 + 3

m. y. ).

Modal and chemical analyses indicate that hydrothermal altera-

tion occurred principally by base leaching of Ca++
, and Na+ from

plagioclase and by metasomatic additions of K , H , and SiO
2

to the

host. On ACFAKF diagrams most samples do not plot in fields that

correspond to their modal mineralogy. However, in response to their

extreme metasomatism, some samples of intense argillic, sericite,

and potassium feldspar alterations plot on the AKF diagram within

fields appropriate for their modal mineralogy. On the AKF diagram,

most altered samples plot on a trend from background Bethsaida

Granodiorite toward muscovite, the alteration mineral associated

with the principal ore values.

The Gibbs free energy, AF°, and enthalpy, Ali°, of chemical

reactions that describe the alteration process are both on the order

of -106 cal per mole of altered plagioclase (per 519 cc of host rock).

The free energy change indicates that, in the presence of water, the



alteration products are thermodynamically much more stable than

the primary mineralogy of the Bethsaida Granodiorite. Evidence

exists in the deposit for the dissipation of the heat of alteration by

processes of conduction, convection, throttling, and influx of rela-

tively cool fluids. The last mechanism, via connate or ocean water,

may be the most important.

Primary minerals of the Guichon Creek Batholith were analyzed

for the isotopic compositions of their oxygen and hydrogen. The range

of 8018 permil values are: quartz (10), +7.27 to +8. 98; potassium

feldspar (7), +5.67 to +9. 70; plagioclase (9), +5.22 to +8.96; and

biotite (8), +1.95 to +5.02. The 8D permil values of primary biotite

(8) range from -66.1 to -111.8. Hydrothermal minerals from the

Valley Copper Deposit were also analyzed for the isotopic composi-

tions of their oxygen, hydrogen, and sulfur. The range of 8018 permil

values are: quartz (9), +8.74 to +12.51; potassium feldspar (6),

+7.65 to +8. 74; sericite (6), +6.60 to +7.56; and kaolinite (4), +6.73

to +11.31. The range of 8D permil values are: sericite (6), -64.8 to

-53.1; biotite (2), -91 to -76; and kaolinite (3), -116.0 to -95.2. The

6534 permil values for sulfides and sulfates are: molybdenite (1),

+0.50; pyrite (1), -3.08; sphalerite (1), -4.11; chalcopyrite (5), -3.30

to +1.53; bornite (4), -0.94 to +1.45; anhydrite (2), +11.76 and

+14. 48; and gypsum (2), +13.13 and +15.22. The mean (-0.81

permil) and total range (5.64 permil) of the sulfide values are typical



of other Cordilleran porphyry copper deposits in which the sulfur is

presumed to have a deep crustal or mantle source. Oxygen isotopic

temperatures calculated for primary minerals range from 850 to

265°C and indicate significant subsolidus reequilibration of oxygen

isotopes, probably in response to the ubiquitous deuteric alteration

or to water associated with subsequent hydrothermal activity. Oxygen

isotope temperatures calculated for hydrothermal minerals range

from 480°C (quartz-sericite in a sulfide-bearing quartz vein) to 260°C

(quartz-sericite in pervasive sericite alteration). Sulfur isotope

temperatures range from 480°C (anhydrite-bornite in pervasive

potassium feldspar alteration) to 266°C (pyrite-sphalerite in per-

vasive sericite alteration). These temperatures indicate that the

margin of the deposit was about 300°C while its central portion was

about 500°C. Additionally, these values record increasing rather than

constant or decreasing temperatures with alteration paragenesis.

Phase equilibria at 400°C indicate that hydrothermal alteration

occurred under the following conditions: pH, 1.74 to 4; -log f02, 20

to 23; and -log f52, 1.4 to 4.5. Additionally, vein sericite alteration

and principal sulfide deposition at 400°C occurred under the following

conditions: pH, 2.5 to 3.0; -log f02, 22.2; and -log f52, 1.5 to 3.6.

Fluid inclusions contain a few sylvite and halite daughter minerals

and liquid CO2 that indicate possible maximum concentrations of K ,

4.6 m; Na +, 6.4 m; and PCO2' 100 to 300 bars.



Isotopic compositions of the hydrothermal fluid, as calculated

from oxygen and hydrogen isotope values from sericite, indicate that

the fluid is a mix of primary magmatic and ocean waters. The per-

cent of ocean water in the fluid decreased from about 70 percent

during paragenetically early pervasive sericite alteration to about 20

percent during main stage quartz-sericite veining. Increase in the

proportion of ocean water, to about 94 percent during precipitation of

paragenetically late gypsum veins, may have quenched hydrothermal

alteration. This mixing model that explains the origin of the hydro-

thermal fluid provides an internally consistent synthesis of the iso-

topic compositions of the hydrothermal fluid and the sulfides, the

paragenesis and chemical and physical stabilities of the different

types of alteration, and the chemical reactions that describe the

alteration process at Valley Copper.
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HYDROTHERMAL ALTERATION AND MINERALIZATION OF
THE VALLEY COPPER DEPOSIT, HIGHLAND VALLEY,

BRITISH COLUMBIA

INTRODUCTION

Geography

The Valley Copper Deposit is in the Highland Valley District,

25 miles southeast of the small town of Ashcroft and 250 highway

miles northeast of Vancouver, British Columbia (Figures 1 and 3).

The deposit is situated on the south side of the Highland Valley and

near the center of the Guichon Creek Batholith. The glacially scoured

valley ranges from 1 to 3 miles in width. Altitudes range from about

4000 feet within the valley floor to about 5000 feet on the summits of

nearby hills. Lakes and glacial drift completely mantle the property

and about 97 percent of the batholith. The thickness of overburden

ranges from 10 feet on the valley sides to over 1000 feet in the valley

floor and from 10 to more than 200 feet over the deposit.

Previous Work

The interregional and plate tectonic setting of British Columbia

outlined by Monger and others (1972) and the regional tectonics and

stratigraphy of southern British Columbia discussed by Campbell

(1966) provide geologic perspective of the Guichon Creek Batholith

within the western Cordillera. The geology of the Guichon Creek



2

Batholith and its country rocks was studied by Cockfield (1948),

Duff ell and Mc Taggart (1952), Carr (1962), and Schau (1970). White

and others (1957), Northcote (1969b), Hy lands (1972), and McMillan

(1972) studied the lithology and structure of the batholith. Frebold and

Tipper (1969) stratigraphically dated the Guichon Creek Batholith as

Late Triassic, Karnian to Rhaetian, and many workers have radio-

metrically dated the batholith at about 200 m. y. (Duff ell and McTaggart,

1952; Erickson and White, 1966; White and others, 1967 and 1968;

Chrismas and others, 1969; Northcote, 1969a and 1969b; and Jones

and others, 1973). Symons (1971) determined that the remanant mag-

netic pole of the Guichon Creek Batholith may be rotated about 40o

clockwise from the commonly accepted Upper Triassic pole position.

A gravity survey over the batholith by Ager and others (1972) indi-

cated that the base of the batholith is funnel shaped.

The sulfide deposits of the Guichon Creek Batholith and Highland

Valley have been studied in both their regional and local context. Ney

(1966), Chrismas and others (1969), and Schau (1970) suggested that

at least some of the sulfur and copper had their source in the Upper

Triassic Nicola volcanic rocks intruded by the batholith. Brown

(1969) included the Highland Valley District in his classification of

porphyry copper-molybdenum deposits. Some of the deposits in and

near the Highland Valley District were studied by White and others

(1957), Carr (1960), Wood (1968), Northcote (1969b),Bergey and
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others (1971), Hy lands (1972), and McMillan (1972). Preliminary

mineralogical and geochemical studies of the Valley Copper Deposit

were made by Osatenko (1969) and Allen and Richardson (1970). The

hydrothermal events at the Valley Copper and Lornex deposits were

dated by Jones and others (1973) at about 200 m. y. J. A. Briskey

and R. A. Schmuck are currently mapping and sampling the Bethlehem

and Lornex ore bodies, respectively, pursuant to the completion of

their doctoral dissertations at Oregon State University.

History

The first systematic exploration over the site of the Valley

Copper Deposit was begun in 1967. Earlier exploration efforts were

directed primarily at the Bethsaida claims higher on the valley wall

to the southwest of Valley Copper. In the 1920's shallow shafts were

sunk on high grade chalcopyrite veins on the Bethsaida claims. After

World War II, Western Beaver lodge acquired the claims and per-

formed geochemical surveying and trenching. Kennco Exploration,

Ltd. optioned the Bethsaida claims in 1957. After performing a wide-

spaced induced polarization (IP) survey, one line of which crossed

the western edge of the Valley Copper Deposit, Kennco relinquished

its option to the claims. In 1964 the claims were optioned by Valley

Copper Mines, owned principally by Cominco, Ltd., and three holes

were drilled that year. Subsequent drilling of ten additional holes in
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1966 indicated large amounts of sub-ore grade copper mineralization

just southwest of the Valley Copper Deposit. This find, in addition to

information gained from a geologic study of the Guichon Creek

Batholith and the discovery of the Lornex ore body nearby to the

south-southeast, indicated that the Valley Copper site warranted

more intense exploration. Favorable results obtained from an IP

survey and percussion drilling over the Valley Copper site in 1967

led to the acquisition of six additional claims from Bethlehem Copper

Corporation, Ltd. A large-scale drilling program in 1968 led to the

discovery of the ore body and to its continuous exploration and de-

velopment through 1970.

Purpose

This study is a continuation of Cominco's exploration and in-

vestigation of the Valley Copper Deposit. It was undertaken with

emphasis on detail to determine (1) types, intensities, and distribu-

tion of alteration minerals; (2) mineralogy and distribution of sulfide

minerals; (3) the association of alteration types and sulfide minerals;

(4) structural controls for mineralization; (5) oxygen, hydrogen, and

sulfur isotope geochemistry of alteration, gangue, and ore minerals;

(6) chemistry of mineralization; (7) geologic and radiometric ages of

plutonic and hydrothermal events; and (8) history and paragenesis of

the hydrothermal alteration and mineralization.
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PETRO-TECTONIC SETTING

The Canadian Cordillera of British Columbia consists of five

structural provinces (Figure 1) that trend north-northwest and are

approximately parallel to the coast (Brown, 1966; Campbell, 1966;

Roddick, 1966; Souther and Armstrong, 1966; Wheeler, 1966; Monger

and others, 1972). From west to east the provinces are the Insular,

Coast Crystalline, Intermontane, Omineca geanticline, and Rocky

Mountain fold belt. The Guichon Creek Batholith is located in the

southern part of the Intermontane province..

There appears to be no systematic space-time relationship

among Pacific Northwest porphyry copper-molybdenum deposits

(Field and others, 1973). In British Columbia these deposits occur

in the Omineca, Intermontane, Coast Crystalline, and Insular pro-

vinces, however, they are most common in the Intermontane Province

(Brown and others, 1971). Their ages range from Late Triassic to

Tertiary. The deposits related to the Guichon Creek Batholith are

among the oldest.

The Intermontane province consists predominantly of date

Paleozoic and Mesozoic eugeosynclinal sedimentary and volcanic rocks

of the Cache Creek and Nicola Groups (Campbell, 1966). The sedi-

ments were derived from highlands to the east and from volcanic

islands (Wheeler, 1966; Monger and others, 1972). Volcanic
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assemblages may represent paleo-island arcs (Souther, 1970; Monger

and others, 1972). Granitic intrusions, generally of Early and Middle

Jurassic age, intruded the sedimentary and volcanic rocks. The

Omineca geanticline to the east is a crystalline belt of metamorphosed

pre-Cambrian to early Tertiary shelf and slope sedimentary rocks

(Wheeler, 1966). The Coast Crystalline belt to the west includes the

Coast Range Batholith and related plutons and metamorphic rocks 107

to 18 m. y. in age (Roddick, 1966).

The structural provinces west of the Qmineca geanticline may

represent oceanic and continental crust sutured to the North American

plate in three stages by plate subduction processes (Monger and

others, 1972). The sutures correspond to three fault zones across

which are major lithic and structural discontinuities, and along which

occur variable amounts of blue schist facies metamorphic rocks and

ultramafic pods (Figure 2). The fault zones, which presumably dip

to the east, represent the upper edges of paleo-Benioff zones, the

approximate position of the paleo-trenches. The faults from east to

west and their periods of active subduction are the Pinchi (Carbonifer-

ous to Permian), the Fraser-Yalakom (Triassic), and the Fairweather-

Queen Charlotte (Jurassic to Recent) (Monger and others, 1972).

The Guichon Creek Batholith intrudes the Cache Creek and Nicola

Groups about 45 km east of the Fraser-Yalakom Fault.
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Figure 2. Plate tectonic setting of the Pacific Northwest.



The Cache Creek Group is Mississippian to Permian in age.

It is a typical oceanic assemblage of chert, pelite, metabasalt, and

carbonate (Monger and others, 1972) and has lithic and possibly tec-

tonic similarities to the Franciscan Formation in northern California.

Cache Creek rocks crop out west of the Guichon Creek Batholith

(Figure 3).

The Nicola Group is Late Triassic, Karnian and Norian, in age

(Frebold and Tipper, 1969) and lies unconformably upon the Cache

Creek Group. The Nicola Group is an island arc assemblage (Monger

and others, 1972) of basalt, basaltic andesite, felsic volcanic rocks,

and pyroclastic rocks of the calc-alkaline and alkaline suites, and

marine volcanic-clastic (Campbell, 1966) and carbonate rocks. This

group is probably equivalent to the Seven Devils Group in western

Idaho and the Clover Creek Greenstone in eastern Oregon. Nicola

rocks cover much of the southern portion of the Intermontane belt and

crop out west, northwest, east, and south of the Guichon Creek

Batholith (Figure 3).

Four younger lithologic groups overlie the Guichon Creek

Batholith (Northcote, 1969b, Allen and Richardson, 1970). The

oldest consists of conglomerates, black shales, and sandstones of the

Lower (Frebold and Tipper, 1969) to Upper Jurassic Ashcroft-

Thompson Group (or Series). They unconformably overlie the Nicola

Group and the northwest edge of the batholith. The basal con,glomerate,
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possibly Hettangian in age, contains boulders of plutonic rock similar

in texture and composition to rock types in the Guichon Creek Batho-

lith (Frebold and Tipper, 1969).

The lower Cretaceous Spences Bridge Group is unconformable

upon the Cache Creek Group and the southwest side of the Guichon

Creek Batholith (Northcote, 1969b). The unit is primarily porphyritic

andesite and dacite lavas and pyroclastic rocks with smaller amounts

of rhyolite, basalt, conglomerate, sandstone, and water-lain tuff.

Swarms of Spences Bridge feeder dikes cut the western margin of the

batholith.

The Cretaceous Kingsvale Group unconformably overlies the

Spences Bridge Group and the Nicola Group just south of the Guichon

Creek Batholith (Northcote, 1969b). The Kingsvale Group is pri-

marily basaltic flows and breccias with smaller amounts of rhyolite

and andesite.

The Eocene Kamloops Group overlies the northern portion of

the batholith (Northcote, 1969b). Most of the unit is vesicular or

amygdaloidal black basalt with smaller amounts of andesite and

rhyolite. Plugs and dikes, some in and near Highland Valley, cut the

batholith.

Overburden consisting of glacial drift and alluvium forms a

widespread veneer of variable thickness that covers all earlier rocks.
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THE GUICHON CREEK BATHOLITH

The Guichon Creek Batholith was first mapped by Cockfield

(1948) and Duff ell and McTaggart (1952). The batholith is named after

the creek that flows along its eastern margin. The Nicola River flows

along its southern and southwestern flanks and the Thompson River

flows around its northern and western flanks.

The Guichon Creek Batholith is a mesozonal to epizonal pluton.

It is about 20 miles wide and 40 miles long, and elongate north-south.

The concentrically zoned batholith becomes more silicic and rela-

tively younger toward its center (Figure 3). Northcote (1969b) used

intrusive contacts such as dikes, contact breccias, xenoliths, and

chilled contacts, to determine the relative ages of the phases. How-

ever, Northcote (1969b) states that a contact may be gradational in

one place and intrusive in another, and McMillan and others (1970)

indicate that "virtually all... contacts shown are gradational."

Plutonic Phases

Plutonic phases described by Northcote (1969b) in order of

decreasing age and the phases included in this study are outlined in

Table 1. The LeRoy, Gump Lake, Witches Brook, and Gnawed

Mountain Porphyry phases described by Northcote are minor dike

phases of the batholith. Rock classifications presented in this study
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Table 1. Plutonic Phases of the Guichon Creek Batholith (in order of
decreasing age).

Northcote* This Study

Hybrid Phase QD-GD Border Phases

Highland Valley Phase Black Lake

Guichon Variety QD-GD Hybrid

Chataway Variety GD-QM Guichon Phase

Le Roy Phase** GD-QM Chataway Phase

Gump Lake Phase** GD-QM Bethlehem Phase

Bethlehem Phase GD-QM (Skeena Phase)

Witches Brook Phase** GD-QM-G Bethsaida Phase

Bethsaida Phase GD-QM Gnawed Mountain Porphyry

Gnawed Mountain Porphyry

QD quartz diorite
QM quartz monzonite

Northcote, 1969b
*

Minor dike phases of the batholith

GD granodiorite
G granite
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are based on thin section modal analyses in Table 2.

Border Phases

Two units, the Black Lake and Hybrid Phases, constitute the

Border Phases of the Batholith. The Black Lake comprises about 95

percent of the Border Phase and the two units are not distinguished

on the map of the batholith (Figure 3).

The Black Lake Phase is the outer-most and oldest major phase

of the Guichon Creek Batholith. It is in contact with Cache Creek and

Nicola country rocks and grades inward to the Guichon and Chataway

Phases(Figure 3). The Black Lake Phase is hypidiomorphic equi-

granular diorite consisting of plagioclase (62 percent, An -10),39-10

biotite (11 percent), hornblende (10 percent), quartz (8 percent), and

augite (4 percent) (Table 2). The crystal sizes range from 0.25 to 3

mm. Both the plagioclase and biotite are notably bent. The granular

or protoclastic deformation in the marginal phase of the batholith

probably developed during intrusion of the batholith. The plagioclase,

in contrast to that in other phases of the batholith, is only weakly

twinned and shows only slight normal zoning. Replacements of

pyroxene by amphibole, hornblende by biotite, and biotite by chlorite

indicate that the margin of the batholith cooled in the presence of

water.



Table 2. Modal Analys esof Major Phases of the Guichon Creek Batholith.

GB-3 GB-4 GB-7 GB-7 GB-6 GB-6 Bethlehem Bethlehem GB-2 GB-2 GB-1 GB-1 GB-5 BS-2 BS-2 Bethsaida Bethsaida Background
Black Lake Hybrid Chataway Chataway Guichon Guichon (McMillan) (Heustus) Bethlehem Bethlehem Skeena Skeena Bethsaida Bethsaida Bethsaida ( TAM) (6-30-70) Bethsaida

TS TS TS Slab TS Slab Slab Slab TS Slab TS Slab TS TS Slab Slab Slab ( average of GB-5
and GB-2)

Quartz 8 0.4 23.2 20 20.9 27.1 21.7 15.1 18.2 22.5 19.3 20.2 30.1 28.5 23.5 28.8 25.5 29.3

Orthoclase 0.6 12.9 18.9 12.2 14.4 8.1 19.3 6.2 11.7 4.9 12.6 9.4 9, 6 13.6 17.7 15.7 9.5
Plagioclase 62.0 66.8 52.1 43.4 57.4 50.7 58.4 43.1 69.4 56.4 65.5 56.7 58.5 58.1 50.2 49.5 56.4 58.3

Biotite 11.4 2.0 0.5 0.5 3.2 0.4 1.8 I. 1

Hornblende 10.1 29.1 6.8 17.7 7.5 7.8 11.8 22.5 3,8 9.4 5.2 10.5 0.7 Tr 12.7 4.0 2.4 0.4

Augite 4.3

Magnetite 2.1 0.5 1.6 1.0 0.9 1.5 0.2 1.0 0.6
Sphene 0.2 0.6 0.2 1.2 Tr 0.1 Tr 0.1

Apatite 0.5 Tr 0.3 0.2 Tr 0,1

Zircon Tr Tr 0.1

% of plag altered
to: 31 88 41 = 19 20 10 26 44 35

Clay x 37 10 9 14 2 19 35 27

Epid x 51 10 5 3 4 3 9 6

Ser x 21 5 3 4 4 Tr 2

Chlorite 0.4 2.4 0.5 0.9 0.2 0.4 0.5 0. 4

Uralite x x

An content 39-10 68-23 37-22 43-16 37-10 43-22 33-11 35-10 35-10

Myrrnetite x x x x x x

Plag % E Feld 99 100 77 82 92 93 86 86 86

Plag zoning wk normal no zoning normal , normal, normal, normal, normal, normal, normal,
zoning wk oscill wk oscill oscill oscill oscill oscill oscill

TS = Thin section

Slab = Rock slab
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The Hybrid Phase comprises about 5 percent of the Border

Phases (J. J. Hy lands, personal communication, 1970) and differs

from the Black Lake Phase in texture and mineralogy. The rock is

allotriomorphic and medium crystalline, and may be metamorphic.

The dominant minerals are plagioclase (44 percent), hornblende (29

percent), and epidote (about 23 percent) (Table 2). Hornblende and

plagioclase range up to 3 mm in length. In the scale of a hand sample

hornblende is slightly segregated from plagioclase. Epidote, which

replaces up to 50 percent of the plagioclase, is much more abundant

than in any other phase of the batholith. The plagioclase composition

appears to be bimodal, An68_60 and An
38-23' The more anorthite-

rich plagioclase is more calcic than feldspar in other phases of the

batholith. Amphibolite grade metamorphism may have generated the

labradorite-hornblende assemblage. The oligoclase-epidote assemb-

lage approaches greenschist facies metamorphism and probably

corresponds to the retrograde replemerits of the mafic minerals in

the Black Lake Phase.

Northcote (1969b) states that the Guichon Creek Batholith

formed an albite-epidote and hornblende-hornfels facies thermal

aureole up to one half mile in width. The Hybrid Phase may represent

partially assimilated inclusions of aureole rock which have been up

graded or converted to an amphibolite grade mineral assemblage.
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Guichon Phase

The Guichon Phase is gradational outward to the Black Lake

Phase and inward to the Chataway and Bethlehem Phases (Figure 3).

The Guichon Phase is a hypidiomorphic-granular granodiorite (Table

2) in which crystal sizes range from 0.25 to 3 mm in diameter.

Plagioclase (57 percent, An43-16) and hornblende (8 percent) are

subhedral to euhedral. Intergranular quartz (21 percent) slightly

embays plagioclase and dusty orthoclase (12 percent) partially sur-

rounds and embays hornblende, plagioclase, and quartz.

Chataway Phase

The Chataway Phase crops out within the west, south, and east

portions of the batholith between the Guichon and Bethlehem Phases

(Figure 3). The rock is hypidiomorphic granodiorite with anhedral

orthoclase phenocrysts. Principal minerals (Table 2) are plagioclase

(52 percent, An37 _22), quartz (23 percent), orthoclase (13 percent),

hornblende (7 percent), and biotite (2 percent). These minerals

generally range from less than 1 to 3 mm in diameter. Perthitic and

dusty orthoclase crystals up to 7 mm in diameter contain abundant

inclusions of plagioclase and mafic minerals. Orthoclase embays

quartz and plagioclase and develops small amounts of myrmekite ad-

jacent to plagioclase, Anhedral quartz forms interstitial patches
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which slightly embay plagioclase. Mafic minerals display retrograde

replacements; augite is replaced by hornblende, hornblende by biotite,

and biotite by chlorite and sericite.

Bethlehem Phase

The Bethlehem Phase forms an annular outcrop pattern. It

grades outward into Guichon and Chataway Phases and inward to the

Bethsaida Phase (Figure 3). McMillan and others (1970) mapped the

Bethlehem as two units; an outer Bethlehem Phase that grades inward

to the Skeena Phase. The Bethlehem-Skeena contact is gradational

and up to 1000 feet wide (W. J. McMillan, personal communication,

1971). Distinction of the phases is made on the slightly more abundant

mafic minerals and the higher proportion of hornblende to biotite in

the Bethlehem Phase and the common presence of quartz phenocrysts

in the Skeena Phase.

On the regional map (Figure 3) the Bethlehem and Skeena Phases

are not distinguished and both are indicated as Bethlehem Phase,

following Northcote (1969b). Justification for the combination of

these units is based on their gradational contact, their similar modes

(Table 2: Bethlehem slab, Skeena-3 slab equivalent to Bethlehem

Phase, and Skeena-1 slab; Bethlehem-Heustus slab may contain

significant amounts of secondary potassium feldspar), and their al-

most identical major oxide abundances (Table 4, Figures 4 and 5).



19

However, the distinction between the phases may be useful for de-

tailed mapping, for example, at the Lornex property (R. A. Schmuck,

personal communication, 1972).

The Bethlehem Phase (Table 2) is hypidiomorphic- granular

quartz diorite to granodiorite in composition. Plagioclase (66 to 69

percent, An43-10) ranges from 0.25 to 7 mm in length. Quartz (18

to 19 percent) is generally interstitial, but may form multi-crystal

masses up to 4 mm in diameter. Orthoclase (5 to 6 percent) forms

interstitial and slightly poikilitic anhedra up to 6 mm in diameter.

Both orthoclase and quartz embay plagioclase and myrmekite develops

between the two feldspars. Hornblende (4 to 5 percent) and biotite

(0. 5 to 3 percent) range up to 3 and 5 mm in diameter, respectively,

and are partially replaced by chlorite and epidote.

Bethsaida Phase

The Bethsaida Phase is the central-most and geologically

youngest major phase of the Guichon Creek Batholith (Figure 3)., This

phase is the host rock to the Valley Copper Deposit. In available

literature the Bethsaida Phase is generally classified as a granodiorite

or quartz monzonite. Samples collected for this study (Table 2) from

within and outside the mine area are hypidiomorphic-porphyritic

granodiorite with generally less than 10 percent total mafic minerals.
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Major minerals are plagioclase (58 percent, An 35-10), quartz (28 to

30 percent), orthoclase (9 to 10 percent), and biotite (0.4 to 2 percent).

Two generations of quartz crystallization produced both interstitial

crystals and phenocrysts. Squarish quartz phenocrysts up to 1 cm in

diameter characterize the Bethsaida Phase. Quartz displays little or

no boundary reactions with plagioclase and orthoclase; however,

slightly perthitic orthoclase anhedra 5 mm in diameter strongly

embay plagioclase and exhibit myrmekitic intergrowths. Plagioclase

crystals are seriate from 0.5 to 10 mm in length. Black biotite

books as much as 1 cm in diameter and less than 1 percent hornblende

also characterize the Bethsaida Phase.

Dikes

Late dikes are common in the Bethsaida and Bethlehem Phases

(Northcote, 1969b). They consist of aplite, pegmatite, and dacite and

quartz diorite porphyries. A swarm of dacite and quartz diorite

porphyries about 3 to 5 miles wide extends north from Gnawed Moun-

tain for about 10 miles. Some of these dikes in the Highland Valley

District are illustrated in Figure 6.

The Gnawed Mountain porphyries (different from the dike swarm)

are on the south side of Highland Valley. These porphyries may be

the youngest rock types of the Guichon Creek Batholith and are

possibly closely related to the Bethsaida Phase (Northcote, 1969b).



Table 3, Modal Analyses of Valley Copper Dikes.

69- 30/820 68- 27/147 69-47/1364 68/2-855 12-2/624 69 -4/402 HM-Ppy-3 Lmc -3

PPP, PPB TFP TFP Aplite Vogesite Gnawed Mtn Quartz -
12 -2/624 Lamprophyre Porphyry porphyry

Dike, Lornex

Quartz 10.3 7 3.2 4.9 35 10. 1 27. 8
Orthoclase 0.1 2.6 21.1 11.8 2.9 0.1
Plagioclase 34.7 43 7.9 4.4 43.4 31. 5 31. 1

Biotite 1 1 0.7 23. 3. 1 0.6*
(secondary)

Hornblende Tr
Augite 37

Magnetite 0.4 0.4
Hematite Tr Tr
Sphene Tr Tr Tr
Apetite
-Zircon

0.6 0.2 Tr 1

x
0. 1
Tr

0. 1

Other
Sulfide 0.7
Matrix 52 48.1 74.6 87.4 51. 9 34.5
% of plag altered
to: 70-80 72 46 10-20 19 23 26

P. Ser x x 16 x 13 x x

Clay xx x 30 x 6 x

Calcite x x x

Epid x xx
Sericite 14 5. 1

Chlorite x 0.2 0.2 14.8 x

Epidote 1 x x

Calcite 0.3 0.3 Tr 0.4 6.4
Siderite x

An content
Myrmetite

24-20 30-22 17 32-24 15-7 23
x

20

PPB = Porphyritic Phase of Bethsaida TFP = Tan Felsite Porphyry
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According to Northcote, these porphyries consist of 25 to 35 percent

coarsely crystalline subhedral to euhedral plagioclase and coarsely

crystalline quartz phenocrysts in a finely crystalline quartz-feldspar

matrix. The large porphyry body closely associated with sulfide

metallization at the Highmont property (Figure 6; Table 3, HM-PPY-

3) is Gnawed Mountain porphyry. Similar porphyries at the Lornex

(Table 3, LNX-3) and Valley Copper (Table 3, 69-30/820, 68-27/147)

properties are also associated with sulfide metallization and may also

be Gnawed Mountain porphyries.

Chemistry and Genesis

Chemical analyses of the major and some minor phases of the

Guichon Creek Batholith were made to determine the magmatic affinity

and differentiation trend of their parent magma. Chemical analyses

of the major phases of the batholith and of dikes from the Valley

Copper Deposit are in Tables 4 and 54 respectively. The analyses

are plotted on an AFM ternary diagram (Figure 4) to show their

differentiation trend. The values plotted on the diagram, recalculated

to 100 percent, were determined as follows:

A = Na20 + K20

F FeO + Fe2O3

M = MgO



Table 4, Chemical Analyses of Major Phases of the Guichon Creek Batholith.

GB-3
Black Lake

GB-4
Hybrid

GB-7
Chataway

GB-6
Guichon

GB-2
Bethlehem

GB-1
Sheena

GB-5
Bethsaida
p= 2..671

BS-2
Bethsaida
p= 2.669

Background Bethsaida
(average of GB-5 and BS-2)

p= 2.670
wt % gm/cc

Si02 55.31 46.06 64.98 66.04 65.79 64.44 68.39 68.86 68.63 1.832
TiO2 1.23 0.83 0.65 0.53 0.45 0.68 0.40 0.29 0.35 0.009
A1203 17.29 22.01 15,44 15.88 16.91 17.23 15.79 15.94 15.87 0.424
Fe203 3.57 3.03 2.04 1.88 1.94 1.76 1.33 1.56 1.45 0.039
Fe0 4.44 4.04 2.25 1.93 1.44 1.79 1.77 1.41 1.59 0.042
MnO 0.20 0.25 0.15 0.19 0.13 0.19 0.19 0.06 0.13 0.003
Mg0 3.91 4.79 2.22 1.59 1.64 2.04 1.18 0.45 0.82 0.022
CaO 7.37 11.79 4.71 4.03 4.78 4.89 3.37 3.38 3.38 0, MO

Na20 3.61 2.54 3.96 4.05 4.54 4.33 4.42 5.11 4.77 0.127
K20 1.63 0.98 2.33 2.67 1.33 1.31 1.72 1.63 1.68 0.045

H2O 4- 1.25 3.24 1.10 1.06 0.73 0.72 0.89 0.65 0.77 0.021

P205 0.01 0.01 0.01 0.02 0.02 0.02 0.02 0,13 0.08 0.002

E 99.96 99.65 99.90 100.05 99.78 99.43 99.52 99.52
Analyses by: *K. Daimarn, Okayama University, Misasa, Japan, 1970, **K. Aoki, Tohoku University, Sindai, Japan, 1969,

Table 5. Chemical Analyses of Dikes from the Valley Copper Deposit.
69-30/820

PPB

p = 2.667

69-47/1364
TFP

p = 2.635

12-2/2.584
Aplite

p = 2.584

69-4/402
LAMP
p = 2.920

Si02 72.64 75.60 78.78 46.18
TiO2 0.14 0.04 0.04 1.77
A1203 14.88 14.23 12.01 10.27
Fe203 0.60 * * 1.68
Fe° 0.75 * * 6.45
MgO 0.4 0.1 0.0 11.86
CaO 2.04 0.86 0.53 12.92
Na20 4.6 4.0 3.2 2.15
K20 1.96 4.03 4.52 2.36

E 98.01 98.86 99.08 95.74
PPB = Porphyritic Phase of Bethsaida TFP = Tan Felsite Porphyry LAMP = Vogesite lamprophyre
Analyses by: *E. M. Taylor, Oregon State University, Corvallis, Oregon, 1971.
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12

Figure 4, AFM ternary diagram of major phases of the Guichon Creek Batholith and dikes from the
Valley Copper Deposit.

Guichon Creek Batholith

1, Hybrid Phase GB-4
2. Black Lake Phase GB-3
3. Guichon Phase AW -3
4. Guichon Phase GB-6
5. Chataway Phase GB-7
6. Skeena Phase GB-1
7. Bethlehem Phase GB-2
8. Bethlehem Phase AW-1 (altered)
9. Bethsaida Phase BS-2

10. Bethsaida Phase GB-5
Valley Copper Dikes

11. Porphyritic Phase of Bethsaida 69-30/820
12. Tan Felsite Porphyry 69-47/1364
13. Aplite 12-2/624
14. Vogesite hamprophyre 69-4/402

Ca lc-alkaline trend after Daly (1933) and NockoldS (1954)
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The calc-alkaline line in Figure 4 is based on average rock analyses

from Daly (1933) and Nockolds (1954).

The major oxide chemistry of the Guichon Creek Batholith fol-

lows the calc-alkaline trend and all the samples except two plot near

the calc-alkaline line (Figure 4). Sample AW-1 is Bethlehem quartz

diorite from the Jersey Pit of the Bethlehem mine (Wood, 1968).

It plots above the line due primarily to its relatively small amount of

MgO, 1.1 percent. The sample is relatively fresh, but some hydro-

thermal alteration may account for its aberrant position on the

diagram. Sample L, a vogesite lamprophyre dike, plots well below

the calc-alkaline line and is unrelated to main-stage Guichon Creek

plutonism.

The differentiation trend of the major phases is not strictly

consistent with their relative ages. The Black Lake and Hybrid

Phases are oldest and plot at the upper end of the calc-alkaline trend.

The Bethsaida Phase is youngest and plots at the lower end of the

trend. From the Border phases to the Bethsaida Phase should come

the Guichon, Chataway, and Bethlehem and Skeena Phases, respec-

tively. This sequence is followed except for two samples. Sample G

is Guichon Phase and should plot nearer to sample AW-2, also

Guichon Phase. Sample AW-1 is Bethlehem Phase from the Bethle-

hem mine and may be altered.
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The Valley Copper dikes other than the lamprophyre are more

siliceous and plot much closer to the A apex of the AFM diagram

than other rocks of the batholith. The differentiation trend of these

dikes is consistent with their para.genesis. The Porphyritic Phase

of the Bethsaida is younger than the Bethsaida Phase and older than

the Tan Felsite Porphyry which is older than the aplite.

Northcote (1969b) suggested that compositional differences

between the Border Phase and the other phases of the batholith were

attributable to contamination by country rock. On the AFM diagram

the relatively large distance from the Black Lake and Hybrid Phases

to the other phases may reflect large compositional differences re-

sulting from assimilation of country rock at the margin of the batho-

lith. The relatively small spread among the Guichon, Chataway, and

Bethlehem-Skeena plots reflects correspondingly small compositional

differences resulting from magmatic differentiation by crystal frac-

tionation and volatile transfer. These phases crystallized, according

to Northcote (1969b), while the batholith was in the mesozonal en-

vironment. The gap in the plots between these phases and the later

Bethsaida Phase may reflect compositional differences that accom-

panied the transition from mesozonal to epizonal environment.

The calc-alkaline trends of the Guichon Creek Batholith and

other porphyry copper-molybdenum-bearing Pacific Northwest plu-

tons (Field and others, 1973) may have plate tectonic significance.
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According to Hatherton and Dickinson (1967 and 1969), Gilluly (1971),

and Sillitoe (1972), the talc- alkaline trend is typical of igneous rocks

genetically related to subduction processes. Hypothetical depths to

the paleo-Benioff zone can be calculated from chemical analyses of

suites of related igneous rocks and depth-to-Benioff-zone graphs as

outlined by Hatherton and Dickinson (1967 and 1969). K2O values at

55 and 60 percent SiO2 from Harker variations are plotted on

Hatherton and Dickinson's 1969 curves of K2O versus depth to the

center of the Benioff zone. Dickinson (1970) followed this procedure

to determine the position of the subduction zone beneath the Sierra

Nevada Batholith, as did Lipman and others (1971) in their study of

volcanic rocks to develop their theory of two subparallel imbricate

middle Cenozoic subduction zones dipping about 20 beneath the

western United States.

Calculated depths to the paleo-Benioff zone below Pacific

Northwest Late Triassic to Jurassic plutons, including the Guichon

Creek Batholith, are presented in Table 6. The depths range from

about 103 km in south-central Alaska to 153 km in the Northern

Plutonic Area of the Klamath Mountains. The calculated depth to the

paleo-Benioff zone beneath the Guichon Creek Batholith is about 140

km. The negative slope (r < 0) of K2O versus SiO2 for the Eastern

Plutonic Belt and the wide scatter of points (small R2) of K2O versus

SiO2 for the Mineral District and Ironside Mountain make their



Table 6. Calculated Depths to the Paleo-Benioff Zone Beneath Pacific Northwest Plutons-.

Area Age R2 of K2O
vs. SiO2

K20-55
K20-60

Depth- K2O -55
Depth-K20-60

South-central Alaska 145-179 my 0.54** 0.74 104 km
1.11 102

Guichon Creek Batholith 198 my 0.52** 1.16 136 km
1.61 141

Cuddy-Peck Mtns 181-217 my 0. 49 ** 1.02 125 km
(Idaho) 161 my 1.38 123
Mineral District 197-200 my 0.17 1.02 125 km
(Idaho) 1.19 110
Eastern Plutonic Belt >170 my 0.70 3.79 362 km
(Klamath Mtns.) (r< 0) 3.27 269
Ironside Mtn. 165-167 my 0.05 1.91 202 km
(Klamath Mtns.) 2.45 206
Northern Plutonic Area 145-155 my 0.65** 1.28 148 km
(Klamath Mtns. ) 1.82 158
Trinity Plutonic Belt 127-140 my 0. 46 ** 1.03 126 km
(Klamath Mtns.) 1.37 163

Regression of K2O vs. SiO2 significant at the 99 percent level of confidence. (R2 is the square
of the correlation coefficient, r).

Sources of Chemical Analyses:
South-central Alaska: Reed and Lanphere, 1969
Guichon Creek Batholith: Table 4
Cuddy-Peck Mtns.: Field, unpublished data, 1973
Mineral District: Field, unpublished data, 1973
Klamath Mtns.: Lanphere, Irwin, and Hotz, 1968
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calculated depths questionable. More chemical data on these and

other Pacific Northwest plutons would help define the position and

perhaps the evolution of the early Mesozoic subduction between the

American and Pacific (Farallon) plates.

The Triassic Fraser-Yalakom Fault is 45 km west of the

Guichon Creek Batholith. If the origin of the batholith were in the

subduction zone related to this fault, the subduction zone must have

dipped about 73° to the east. The magnitude of this dip is greater

than the average of about 450 for active subduction zones in the west

Pacific as calculated by Hatherton and Dickinson (1967 and 1969).

However, the Early Jurassic to Late Cretaceous dip of the Sierra

Nevada paleo-Benioff zone is 500 (Dickinson, 1970). The Mesozoic

subduction zone between the American and Pacific (Farallon) plates

may have been steeper than more recent circum-Pacific subduction

zones.

The calculated 140 km depth to the paleo-Benioff zone below the

Guichon Creek Batholith is within the low velocity zone of the upper

mantle and in the depth range of genesis of Cenozoic calc-alkaline

circum-Pacific volcanic rocks (Hatherton and Dickinson, 1967 and

1969; Wyllie, 1971). Quartz monzonites near Highland Valley and

secondary potassium feldspar from the Craigmont mine at the south

end of the batholith yield an initial Sr-87/86 ratio of 0.7037 (Chrismas

and others, 1969). This ratio is possibly characteristic of a mantle
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source similar to recent basalts and, therefore, may indicate a rela-

tively deep source for the Guichon Creek magma.

Intrusion and Crystallization

Following Buddingtonrs (1959) classification of plutons into

catazonal, mesozonal, and epizonal, Northcote (1969b) and Hy lands

(1972) have concluded that the Guichon Creek Batholith was originally

intruded and began initial crystallization as a mesozonal pluton within

4 to 6 miles of the surface. The last phases, the Bethsaida and

possibly the Bethlehem-Skeena, are interpreted to have crystallized

in an epizonal environment at depths of less than 1 to 2 miles. The

eugeosynclinal and island-arc character of the Cache Creek and

Nicola Groups, respectively, and the probable near-contemporaneity

of the Nicola Group with the Guichon Creek Batholith suggest that the

intrusion was sub-island arc. Partial assimilation of the Cache Creek

and Nicola Group country rocks generated the Border Phases. Differ-

entiation, enhanced by volatile transfer of alkalies and silica, gen-

erated the subsequent Guichon, Chataway, and Bethlehem-Skeena

Phases. On the AFM ternary diagram (Figure 4) the position of the

Bethsaida Phase relative to earlier phases suggests that the Bethsaida

Phase crystallized following a period of more pronounced fractiona-

tion. On a normative quartz-albite-orthoclase-water diagram (Figure
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5, and discussion of water, p. 36-47) the position of the Bethlehem-

Skeena and Bethsaida Phases relative to earlier phases suggests that

they crystallized at water pressures about 0.5 to 1 kb higher than the

earlier phases. During post-Guichon-Chataway fractionation, the

environment of the magma may have changed from mesozonal to

epizonal or sub-volcanic with contemporaneous increase in water

pressure.

Inter-phase contacts are generally gradational (Northcote,

1969b; McMillan and others, 1970). However, sharp contacts are

found (Northcote, 1969b; W. J. McMillan and J. J. Hy lands, personal

communications, 1970) and these indicate at least some local or

partial cooling between successive intrusive phases (Northcote, 1969b).

Sharp, but not necessarily chilled, contacts might also result by

water migration without cooling. Isothermal migration of water in

the magma away from contacts and toward lower pressure zones

would raise the solidus near the contact and cause crystallization.

Occurrences of sulfides and hydrothermal alteration that are wide-

spread throughout the batholith (Carr, 1968) might be evidence of

such water migration.

The Bethsaida Phase and other units younger than the Bethlehem

Phase locally have chilled contacts adjacent to older phases and con-

tain or consist of porphyry dike swarms and intrusive pipe breccias.
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These features are indicative of an epizonal to sub-volcanic environ-

ment (Northcote, 1969b). From the lack of extensive faulting and

shearing in the Border Phase and adjacent country rock, Northcote

(1969b) concluded that the epizonal conditions resulted from erosion of

5000 to 15,000 feet of overlying strata while the Guichon Creek

Batholith crystallized. Erosion unroofed the batholith by Early

Jurassic time; the Hettangian conglomerate unconformable upon the

batholith contains boulders of probable Guichon provenance.

The Guichon Creek Batholith may have intruded its own ejecta.

This process is typical of some plutons, such as the Boulder Batholith

and some plutons in the southwestern United States (Gilluly, 1965;

Hamilton and Meyer, 1967). It is possible that Nicola Group volcanic

rocks are genetically related to Guichon Creek plutonism. Although

the Guichon Creek Batholith intrudes the Nicola Group, they are

similar in age and, in part, possibly the same age. From paleon-

tologic and stratigraphic evidence Frebold and Tipper (1969) dated the

Nicola Group as Late Triassic (Karnian and Norian) and the batholith

as Late Triassic (Karnian to Rhaetian). The minimum age of the

batholith from K-Ar age determinations is 198 + 8 m. y. (Northcote,

1969b). This date falls within the Rhaetian epoch (Harland and others,

1964). Volcanic rocks of the Nicola Group have not yet been dated.

Nicola Group volcanic rocks and the Guichon Creek Batholith

may also have similar compositions. Monger and others (1972)
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stated that the volcanic rocks consist of calc-alkaline and alkaline

suites. On the AFM ternary diagram (Figure 4) the Hybrid and Black

Lake Phases plot on the calc-alkaline trend line. The Hybrid Phase

represents partially assimilated country rock, and the Black Lake

Phase is significantly contaminated by assimilated country rock

(Northcote, 1969b; J. J. Hy lands, personal communication 1970).

Most of the country rock to the Guichon Creek Batholith is Nicola

Group (Figure 3; Hy lands, 1972), If the contaminant were signifi-

cantly different in its composition or in its calc-alkalinity from the

Guichon Creek magma, the Hybrid Phase would not be expected to

plot near the Black Lake Phase and neither phase would be expected

to plot on the line marking the calc-alkaline trend. Unfortunately,

chemical analyses of Nicola Group volcanic rocks are not available

for comparison to those of the Guichon Creek Batholith.

After the Guichon Creek magma rose to the upper crust, it may

have been emplaced in one of two ways. Hy lands (1972) suggests that

the magma was intruded up from the east as a flat-lying tongue. The

magma differentiated in place with some assimilation of the country

rock at essentially the level at which the batholith is exposed. The

more refractory components crystallized first around the margin of

the magma chamber while the more leucocratic components and

volatiles concentrated toward the center. The Guichon Creek magma

chamber was floored by country rock, autonomous, and not connected
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at depth to a larger body of magma. The other mechanism, favored

by Northcote (1969b), postulates that a fractionating body of magma

existed below the presently exposed level of the batholith. Additional

magma undergoing progressive fractionation was periodically injected

upward to the observed level of the batholith.

A gravity survey over the Guichon Creek Batholith by Ager and

others (1972) indicates that the batholith is funnel shaped. The stem

or root of the batholith is centered under Highland Valley east of the

Bethlehem mine and plunges 85° N. 65° E. Hylands' interpretation is

probably more in agreement with the gravity survey than is Northcote's.

The mechanisms postulated by Hylands and Northcote are both

consistent with observed features in the major phases. Successively

younger major phases of the batholith show a general progressive de-

crease in specific gravity (Northcote, 1969b; Table 4). Late igneous

activity probably reached the surface along conduits marked by

breccia pipes and porphyry dike swarms. Volatiles capable of signifi-

cant mineralization were concentrated late in the magmatic history

of the batholith.

The metals contained in the Guichon Creek magma may have

had their ultimate source in the divergent zone of the paleo-rise

(Sawkins, 1972; Sillitoe, 1972) related to Guichon Creek subduction,

or in a metal rich zone in the upper mantle (Noble, 1970) through

which the Guichon Creek magma rose. In either case, processes of
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magma generation and later crystallization scavenged and concen-

trated the metals in the magma and ultimately they became available

for later hydrothermal processes.
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Water

Magmatic fractionation, textural, and alteration mineralogy

evidence indicate progressive increase of water in the magma. How-

ever, water contents from chemical analyses of the major batholith

phases (Table 4) do not corroborate this trend. The water content

from chemical analyses is dependent on the abundance of the hydrous

primary minerals, hornblende and biotite. These show a general

decrease from the Border Phases to the Bethsaida Phase. The rela-

tively high water content, 3.24 percent, of the Hybrid Phase results

from both abundant hornblende (29 percent) and large amounts of

hydrous alteration minerals (nearly 60 percent clay and epidote).

Magmatic fractionation in the quartz-albite-orthoclase-water

system has been investigated at various water pressures by Tuttle

and Bowen (1958), Luth and others (1964), and Luth and Tuttle (1969).

These workers show that as water pressure increases from 0.5 to 10

kb, the minimum melting temperature decreases from about 770°C

at 39 quartz: 30 albite: 31 orthoclase to the eutectic minimum of

625°C at 23 quartz: 56 albite: 21 orthoclase (Luth and others, 1964).

In Figure 5 the solid line that connects the six points is the locus of

compositions of minimum temperature of melting in the quaternary

quartz-albite-orthoclase-water system as projected to the anhydrous

base of the tetrahedron. The points correspond to 0.5 kb water
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5,

and 10 kb water pressure at the albite end of the line. At about 3.6 kb

water pressure the quaternary minimum becomes a eutectic as the

solidus is depressed below the alkali feldspar subsolvus (Luth and

others, 1964), and at 4.5 kb water pressure the two phase feldspar

boundary extends all the way to the albite-orthoclase side of the

ternary diagram (Luth and Tuttle, 1969). In Figure 5 major phases

of the Guichon Creek Batholith and dikes from the Valley Copper

property plot in three groups with distinct mineralogical and textural

features. Application of the results of these workers to the frac-

tionation trend of the Guichon Creek magma indicates that post-

Guichon-Chataway Phase fractionation may have occurred with an

increase in water pressure of about 0.5 to 1 kb.

The trend of the first group (Hybrid, Black Lake, Guichon,

and Chataway Phases) closely parallels the minimum melt line.

Processes of fractional crystallization and wall rock contamination in

these phases were probably governed by melt-hydrous mineral equi-

librium conditions. They plot in the area Qz 0-30: Ab 48-77: Or 20-

23.

The occurrence and morphology of orthoclase and quartz in

phases of the first group provide evidence of their crystallization at

about 4 kb water pressure at temperatures ranging from 725 to 690°C.
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Figure 5. Normative quartz-albite-orthoclase ternary diagram of major phases of the Guichon Creek
Bathclith and dikes from the Valley Copper Deposit.

Group I Group II

1. Hybrid Phase GB-4 6. Skeena Phase GB-1
2. Black Lake Phase GB-3 7. Bethlehem Phase GB-2
3. Guichon Phase AW-3 8. Bethlehem Phase AW-1 (altered)
4. Guichon Phase GB-6 9. Bethsaida Phase BS-2
5. Chataway Phase GB-7 10. Bethsaida Phase GB-5

Group

11. Porphyritic Phase of the Bethsaida 69-30/820
12. Tan Felsite Porphyry 69-47/1364
13. Aplite 12-2/624

(Ternary diagram compiled from Figures in Tuttle and Bowen, 1958; Luth and others,
1964; and Luth and Tuttle, 1969.)
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Phases of the first group have about the same amount (20 percent) of

normative orthoclase. However, there is no modal orthoclase in the

Hybrid Phase, whereas it ranges from 0.6 percent in the Black Lake

Phase to about 12 percent in the Guichon and Chataway Phases (Table

2). There are no quartz phenocrysts in any of these phases; all quartz

is interstitial. At about 4 kb water pressure, the two feldspar bound-

ary extends only part way from the quaternary eutectic to the albite-

orthoclase boundary. That the phases of the first group have similar

normative but different modal orthoclase contents indicates that the

water pressure may have been about 4 kb during crystallization of

these phases. The orthoclase that does not occur in the mode pre-

sumably is in solid solution in the plagioclase and other minerals.

At 4 kb water pressure the Black Lake Phase would plot at a position

that corresponds to about 725°C on the solidus surface (determined by

interpolation between P = 3 kb, Figure 25, Tuttle and Bowen,
H20

1958, and P = 5 kb, Figure 2, Luth and others, 1964). The
H2O

Guichon and Chataway Phases plot within the feldspar field, as is con-

sistent with their lack of quartz phenocrysts. At 4 kb water pressure

their position on the solidus surface corresponds to a temperature of

about 690°C.

The second group (Skeena, Bethlehem, and Bethsaida Phases;

Figure 5), with the exception of Bethlehem sample AW-1 which is

probably altered, plots in the area Qz 32-35: Ab 53-57: Or 12-13.
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This group contains about 6 percent higher normative albite and 3

percent higher normative quartz than the Guichon and Chataway Phases

of the first group. Both Bethlehem-Skeena and Bethsaida Phases con-

tain quartz phenocrysts, but those in the Bethlehem-Skeena Phase are

less abundant and less idiomorphic. At 4 kb water pressure the

Bethlehem-Skeena Phase would plot almost directly on the quartz-

feldspar boundary line, a relation that is inconsistent with the occur-

rence of quartz phenocrysts in this phase. However, at 4.5 to 5 kb

water pressure the Bethlehem-Skeena Phase samples plot slightly

within the quartz field and the Bethsaida Phase samples plot farther

inside it. These relations are consistent with the different quartz

morphologies in these phases. At 5 kb water pressure the position

of the Bethlehem-Skeena and Bethsaida Phases corresponds to a

temperature of about 690 oC on the solidus surface. The change in

the occurrence of quartz from interstitial to porphyritic between

the Guichon and Chataway Phases and the Bethlehem-Skeena and

Bethsaida Phases could be produced by a 0.5 to 1 kb increase in water

pressure at constant temperature.

The third group (Porphyritic Phase of the Bethsaida, Tan

Felsite Porphyry, and aplite dikes; Figure 5) consists of dikes from

the Valley Copper Deposit that occupy the area Qz 40-44: Ab 28-47:

Or 13-27. They plot at higher normative quartz than the first two

groups and in a trend of increasing normative orthoclase. This trend,
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which is approximately parallel to the quartz-feldspar boundary and

toward minimum temperatures in the quartz-albite-orthoclase-water

system, probably indicates fractionation governed by magma-hydrous

phase equilibrium conditions.

The Porphyritic Phase of the Bethsaida and the Tan Felsite

Porphyry dikes are presumably genetically related to the Bethsaida

Granodiorite and contain partially resorbed quartz phenocrysts. At

5 kb water pressure, the Porphyritic Phase of the Bethsaida and Tan

Felsite Porphyry plot on the solidus surface well within the quartz

field and at 740 and 710°C, respectively. If the Porphyritic Phase

of the Bethsaida and Tan Felsite Porphyry magmas formed or segre-

gated at 5 kb water pressure, their temperatures that are higher than

the Bethsaida Phase (690°C) indicate that segregation must have

occurred at greater depth (higher temperature environment) than their

present level of exposure. However, potentially higher water pres-

sures at greater depth would not lower the temperature of segrega-

tion of the dike magmas. At 10 kb water pressure the Porphyritic

Phase of the Bethsaida and Tan Felsite Porphyry plot on the solidus

surface at 750 and 730°C, respectively.

Intrusion of the dike magmas into a region with 0.5 kb water

pressure or decrease of water pressure in the dike magmas to 0.5

kb would shift the quartz-feldspar boundary relative to the positions

of the Porphyritic Phase of the Bethsaida and Tan Felsite Porphyry
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samples such that the dikes would plot within the feldspar field. The

unstable quartz phenocrysts could then be resorbed by the melt. At

0.5 kb water pressure the Porphyritic Phase of the Bethsaida and Tan

Felsite Porphyry plot at positions corresponding to about 790°C.

This temperature is greater than their estimated initial temperatures

(740 to 710°C). Accordingly, a drop in water pressure would quench

the dike magmas, produce their finely crystalline groundmasses, and

preserve partially resorbed quartz phenocrysts. The position of the

aplite in Figure 5 indicates that it may have crystallized at water

pressures even lower than 0.5 kb.

Whether the porphyritic dikes were intruded upward from high

to low water pressure or water pressure decreased, possibly caused

by surface venting or dilatant fracturing of the host rock, the

Porphyritic Phase of the Bethsaida and possibly the Tan Felsite

Porphyry represent local heat sources from 20 to possibly 50 oC or

more higher than surrounding Bethsaida Granodiorite. As such, they

may have significantly influenced the migration of hydrothermal fluids

within the Valley Copper Deposit.

Major phases of the Guichon Creek Batholith contain normative

anorthite. The effects of normative anorthite on the field relations

in the quartz-albite-orthoclase ternary diagram produce a two phase

plagioclase-alkali feldspar field at all water pressures and enlarge

the plagioclase field at the expense of the alkali feldspar field.
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Additionally, at constant water pressure, increase of anorthite moves

the feldspar-quartz boundary line toward the quartz apex with the line

pivoting at the quartz-alkali feldspar side of the diagram (von Platen,

1965). Consideration of the anorthite component on the normative

quartz-albite-orthoclase diagram necessitates an increase in the

effective water pressure for the Guichon Creek Batholith rocks to plot

in similar positions relative to the compositions of minimum temper-

ature of melting and the quartz-feldspar line. The arguments and

conclusions made without consideration of normative anorthite, ex-

cept for those concerning the relative abundance of modal orthoclase

in the Black Lake, Guichon, and Chataway Phases, nonetheless should

be valid for, crystallization relations between magma and water pres-

sure. However, the absolute water pressures and temperatures

represent only relative changes; their actual values are probably

higher and a function of the relative amounts of albite to anorthite.

Aside from its fractionation trends, the Guichon Creek Batholith

contains lithic, major mineralogic, and chemical features that Luth

and others (1964) suggest are indicative of magmas that crystallized

in the presence of significant amounts of water. These features in-

clude the occurrence of aplites and pegmatites, two feldspar (plagio-

clase and alkali feldspar) rocks, and rocks with normative corundum.

The Bethsaida Phase and dikes from the Valley Copper Deposit contain

normative corundum whereas it is absent from earlier phases of the
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batholith. Luth and others (1964) indicate that such a normative change

from corundum-free to corundum-bearing rocks with progressive

fractionation may result from progressive increase in the water

pressure. This interpretation is enhanced by the progressive decrease

in modal hornblende from 10.1 and 29.1 percent in the Black Lake and

Hybrid Phases to less than 1 percent in the Bethsaida Phase. Experi-

mental (Tuttle and Bowen, 1958) and detailed field and petrographic

studies (Taubeneck, 1967) indicate that hornblende becomes unstable

in magmas under high water pressure.

Textures such as plagioclase zoning, myrmekite, and fluid

inclusions in the major phases also suggest that the amount of water

dissolved in the magma increased as fractionation progressed. The

twinning and zoning of plagioclase in the Black Lake and Hybrid

Phases is weak or absent. In the Guichon and Chataway Phases

plagioclase has normal zones with weak oscillations. The Bethlehem-

Skeena and Bethsaida Phases have normal zoned plagioclase with

abundant oscillations, up to 15 to 20 oscillations per crystal. The

oscillations may be caused by raising and lowering of the plagioclase

solidus by fluctuations in water pressure (Turner and Verhoogen,

1960). Fluctuations in water pressure apparently correlate with the

greater degree of crystallization of the batholith or the higher crustal

level, epizonal to sub - volcanic, of the late phases of the batholith and

the development of dike swarms and breccia pipes. If sub-volcanic



45

water pressure fluctuations did not cause the oscillatory zones, in-

creased water content in the magma would still promote formation of

oscillatory zones. By depressing the solidus, increased water content

would prolong crystallization and, thereby, increase the number of

erratic changes in pressure, temperature, and composition that would

be reflected in oscillatory zonations. Myrmekite that is weakly

developed in the Chataway Phase becomes more abundant in later

phases. Its formation would also be enhanced by increased concen-

trations of water in the magma. Furthermore, fluid inclusions in

quartz crystals generally become more abundant and larger from the

Border to the Bethsaida Phase.

Additionally, hydrous alteration minerals in all the phases also

demonstrate that late magmatic processes occurred in the presence

of water. The most obvious is the local intense hydrothermal altera-

tion associated with some of the mineral deposits (Valley Copper,

Bethlehem, Lornex, Highmont). The large amount of hydrous retro-

grade alteration of the Border Phase required abundant water. The

other major phases also show hydrous retrograde or deuteric altera-

tion, although it is generally much less intense than in the Border

Phase. The presence of water is indicated by small amounts of

chlorite, epidote, sericite, and clay as listed in the modal analyses

of these phases (Table 2).



46

The water that altered the Border Phase may be magmatic water

or connate water from adjacent country rock. Water that altered

the interior phases of the batholith may be restricted to magmatic

water. Connate water would have had to migrate many miles to be

available for alteration within the interior of the batholith. There is

an irregular but general increase in the amount of late magmatic

hydrous alteration from the Guichon to the Bethsaida Phase (Table 2,

percent of plagioclase altered). This alteration-deuteric trend may

correspond to a general progressive increase in the water content of

successively younger magmatic phases. If the Guichon and later

phases were altered primarily by post-magmatic connate water, it

would be expected that the progressively younger phases more distant

from the batholith margins would be in contact with progressively less

connate water and would show progressively less deuteric alteration.

Age

Northcote (1969b) dated 26 samples of the major phases of the

Guichon Creek Batholith by the K-Ar method. The ages (190 to 206

m. y.) that he obtained are indistinguishable within the limits of

analytical error. He determined the average age of the batholith to

be 198 ± 8 m. y. Chrismas and others (1969) obtained a Rb-Sr

isochron of 200 ± 2 m. y. from quartz monzonites near Highland

Valley and from secondary potassium feldspars of the Craigmont mine
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at the south end of the batholith. The apparent contemporaneity of

the major intrusive phases supports the interpretation of relatively

rapid intrusion and (or) crystallization of magma that is indicated by

the scarcity of chilled and sharp contacts.

Major Structures

The predominant structural trend in the Guichon Creek Batholith

is northerly and parallels the dominant regional trend of the country

rocks. Most major dikes, many faults, and breccias follow this trend.

Dikes

Most major dikes are in the eastern half of the batholith and

trend north. Northcote (1969b) interprets the Witches Brook Phase

on the east side of the batholith to be a major north trending dike

swarm. A dike swarm that is 10 miles long crosses Highland Valley

(Northcote, 1969b) and porphyry dike swarms on the Bethlehem

property (Wood, 1968) strike north (Figure 6). On the Valley Copper

property part of the Porphyritic Phase of the Bethsaida dike has a

northerly trend (Figure 6). In contrast, the porphyry dikes at Gnawed

Mountain trend northwest (Figure 6, Highmont mine area).
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Faults,,...,

Fault and shear trends are more diverse than those of major

dikes. Northcote's (1969b) rose diagram of faults and shear zones is

bimodal. One trend is northeast with the mode at N. 10°E. The

other and more dominant trend is northwest with the mode at N. 30o

W. This direction, however, is parallel to glacial movement and is

probably accentuated by glacial scouring.

Major faults in the Highland Valley area strike north and north-

west. Highland Valley follows northwest-trending faults. The

Gnawed Mountain porphyry parallels the south side of Highland Valley.

The Lornex Fault trends north and has a weak topographic expression.

It offsets the Bethsaida Phase by apparent right lateral movement of

about 3 miles and may offset the southern contact of the Guichon

Creek Batholith (W. J. McMillan, personal communication, 1972).

This fault may continue north of Highland Valley with a right lateral

offset of about 1 mile (Hy lands, 1972; the Lornex Fault is equivalent

to the Big Divide Fault on Hyland's maps) or continue to the north-

northwest (Ages and others, 1972). Faults in the Bethlehem (Wood,

1968) and Valley Copper (T. Allen, personal communication, 1969)

mine areas have northerly trends. The dips of most faults, where

determinable, are steep to vertical.
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The importance of structural control to metallization in other

deposits of the Guichon Creek Batholith was critical in decisions which

led to initial drilling of the Valley Copper Deposit (Allen and

Richardson, 1970). Valley Copper lies just southwest of the juncture

of the Lornex Fault with Highland Valley (Figure 6). The potential

significance of this major structural intersection as a channelway for

ore - bearing - fluids was recognized by Cominco, Ltd. The discovery

of the Lornex orebody adjacent to the east side of the Lornex Fault

independently indicated the possibility of a fault-segment continuation

of the orebody to the north on the west side of the Lornex Fault. The

occurrence, distribution, and mineralogy of certain lithologies,

hydrothermal alteration, and sulfides at Lornex (R. A. Schmuck,

personal communication, 1973) are similar to those at Valley Copper

and are consistent with Valley Copper and Lornex originating as a

single continuous deposit.

Breccias

Breccias are also aligned along a north trend. They extend for

10 miles and are coincident with the north striking porphyritic dike

swarm (Carr, 1960; Hy lands, 1972). The Krain and Salmo Prince

breccias and the Trojan breccia are 5 and 3 miles north, respectively,

of the Bethlehem property. The Bethlehem property contains four

breccias, the Jersey, East Jersey, White, and Iona (Figure 6; Wood,
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1968). The southern-most breccia occurs at Gnawed Mountain about

5 miles south of the Bethlehem property. Breccias have not been

identified at Valley Copper.

White and others (1957) and Northcote (1969b) believe that these

breccias are pipe-shaped bodies formed by sub-volcanic explosions.

Wood (1968), Hy lands (1972), and J. A. Briskey (personal communica-

tion, 1973), however, believe that the Bethlehem breccias are pre-

dominantly intrusion breccias localized at the Bethlehem-Guichon

contact. Locally, the intrusion breccias were subsequently acted

upon by explosive forces and became intrusive breccias.

Summary

The Valley Copper Deposit is at the major structural intersection

of the northwest to west-northwest trending Highland Valley Fault and

the north trending Lornex Fault. The Bethsaida Granodiorite, the

youngest and central-most major phase of the concentrically zoned

Guichon Creek Batholith (198 m. y. ) is the host rock to the deposit.

Mineralogy, textural features, and fractionation trends of the major

batholith phases indicate a progressive increase in late magmatic and

hydrothermal fluids. The calc-alkaline chemistry of the batholith, its

geologic setting within eugeosynclinal and near-contemporaneous

island-arc assemblages, and its proximity to the north trending



51

Fraser-Yalakom Fault suggest that the batholith, and possibly its

contained metals, had their source in or near an early Mesozoic sub-

duction zone between the Pacific (Farallon) and North American plates.
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THE VALLEY COPPER DEPOSIT

Introduction

The Valley Copper Deposit is near the north edge of the Beth-

saida Granodiorite, the central and youngest major phase of the

Guichon Creek Batholith. The northern part of the deposit is in the

northwest trending Highland Valley depression-. The ore body is

roughly circular in plan and about 1 mile in diameter. Reserves are

about 1 billion tons that average 0.46 percent copper (Allen and

Richardson, 1970). Within 4 miles of Valley Copper are four other

major copper-molybdenum deposits of the Highland Valley District.

The spacial and geologic relationships among the Valley Copper,

Bethlehem, J-A zone, Lornex, and Highmont ore bodies are shown in

Figure 6. The Bethlehem ore bodies (including the 3-A zone) and

their host rocks, the Bethlehem Granodiorite and Guichon Quartz

Diorite, are 2 1/2 miles east of the Valley Copper Deposit. The

eastern part of the Valley Copper deposit may terminate against the

north striking Lornex Fault. The Lornex ore body and its host rocks,

the Skeena (Bethlehem) Granodiorite, Bethsaida Granodiorite, and

a quartz porphyry dike, are 2 miles south-southeast of Valley Copper

and along the east side of the Lornex Fault. The Highmont ore bodies

are in the Bethlehem Granodiorite and the Gnawed Mountain Porphyry

2 miles southeast of Lornex.
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This study is based upon the detailed examination of 32,849 feet

of diamond drill core in 31 holes from which over 500 samples were

obtained for petrographic, chemical, X-ray, and isotopic studies.

In an attempt to quantify structures related to alteration, at 200 foot

intervals in drill holes numbered 68- all veins and fractures in 5 foot

lengths of the cores were identified and counted and their angles to the

core axis measured.

Mineralogical and alteration data from the drill cores are com-

piled on plan and section views (Figures 7 to 12) of the deposit. These

compilations display the geology and distributions of copper, altera-

tion types, and sulfide minerals. Arbitrary cut-offs for low grade

(blue line) and high grade (red line) copper values are based on assays

of consecutive 10 foot splits of core and relate the information dis-

played on all section and plan maps to the distribution of copper. All

the diamond drill holes in the plan and section views are collared in

Valley Copper property (Figure 7) and are in or near vertical sections

10, 12, 14, 16, 18, and the Reference Line section. The numbered

sections are 825 feet apart and trend N. 44055' E. and the reference

line is normal to the numbered sections. The choice of the 3800 and

3000 foot levels for plan views compromises maximum vertical

separation of the plans with the lack of data caused by overburden at

higher levels and the few number of drill holes at depth.
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The principal host rock throughout the Valley Copper Deposit is

the Bethsaida Granodiorite, which crops out nearby to the south and

west of the deposit. Accordingly, its distribution is not shown on the

Geology sections (Figure 7). Petrography of the Bethsaida Gran-

odiorite is discussed under Plutonic Phases of the Guichon Creek

Batholith. Four kinds of dike lithologies are found within the deposit.

Inorder of emplacement, they are the Porphyritic Phase of the

Bethsaida Granodiorite, the Tan Felsite Porphyry, aplites, and

lamprophyres (Figure 7). Modal and chemical analyses of the dikes

are in Tables 3 and 5, respectively.

Porphyritic Phase of the Bethsaida Granodiorite

The Porphyritic Phase of the Bethsaida Granodiorite is a quartz

latite porphyry dike having a maximum thickness of about 100 feet.

Drill holes intersect this dike on the west and south sides of the

deposit where it dips to the east and north, respectively (Figure 7).

A thin apophysis about 15 to 20 feet thick splits from the main dike

near hole 68-17 in Section 10 and trends northwest. The Porphyritic

Phase of the Bethsaida Granodiorite characteristically has a finely

crystalline green matrix (about 50 percent) that consists primarily
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of granular plagioclase, potassium feldspar, and quartz, The im-

portant phenocryst phases are subhedral to euhedral partially re

sorbed plagioclase (35 to 43 percent, An30-20 ) to 7 mm in length,

partially resorbed euhedral quartz (about 10 percent) to 8 mm in

diameter, and biotite (1 percent) to 1 mm in diameter (Table 3).

The modal mineralogy of the Porphyritic Phase of the Bethsaida

is similar to that of the Gnawed Mountain porphyries and the quartz

porphyry dike at Lornex (Table 3, HM-PPY-3 and LNX-3). Hand

samples stained for potassium, however, reveal practically no

potassium feldspar in the matrix of the Gnawed Mountain and Lornex

porphyries,

Filter pressing and (or) the phenomenon of grain dispersive

pressure (Komar, 1972) may have caused local changes in the rela-

tive abundance of matrix to phenocrysts, Near some contacts, and

in some small stringers in the host rock, the matrix of the Porphyritic

Phase of the Bethsaida is sparse or lacking in phenocrysts. In other

areas (holes 68-17 and 68-32) the amount of matrix decreases to the

extent that the phenocrysts form a nearly continuous framework,

The Porphyritic Phase of the Bethsaida Granodiorite is pre-

metallization in age. Sulfide-bearing quartz and quartz-sericite veins

cut the dike and it is altered by kaolinite, pervasive sericite, and

secondary potassium feldspar.
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Tan Felsite Porphyry

The Tan Felsite Porphyry is a porphyritic quartz latite that

intrudes the Bethsaida Granodiorite as a dike swarm. These dikes

are cut by diamond drill holes in Section 16 (Figure 7). Intersection

lengths with the holes reach a maximum of 15 feet. The matrix of the

Tan Felsite Porphyry is more abundant (about 80 percent) than that

of the Porphyritic Phase of the Bethsaida Granodiorite. The matrix

is light tan in color and consists primarily of serrate potassium

feldspar and quartz. The predominant phenocrysts are round to euhe-

dral partially resorbed quartz crystals (about 5 percent) to 2 mm in

diameter, euhedral plagioclase (about 6 percent, An 32-17) to 2 mm

in length, euhedral potassium feldspar (2.6 percent) to 1.5 mm in

length, and anhedral b.iotite (0. 7 percent) to 1 mm in length (Table 3).

The Tan Felsite Porphyry dikes may have been intruded during

metallization (similar to the intra-mineralization dikes of Wallace

and others, 1968). Relatively unaltered dikes contain sericite-veined

inclusions of Bethsaida Granodiorite, yet also contain disseminated

chalcopyrite and bornite and are sparsely veined by mineralized

quartz.

Aplite

Aplite dikes are scattered throughout the Bethsaida Phase and

the Valley Copper Deposit. They range from 1 to 15 cm wide and
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consist primarily of albite, quartz, and orthoclase (Table 3). Their

generally sugary texture and 0.2 to 0.3 mm crystal size in places

grades outward to 1 to 2 cm thick pegmatitic borders. Some aplites

contain, quartz 'veins, 1 to 3 mm in width and sparsely disseminated

bornite and chalcopyrite. In hole 69-46 an aplite cuts the Porphyritic

Phase of the Bethsaida Granodiorite.

Lamprophyre

Three types of lamprophyre dikes are intersected by holes in

Sections 10, 12, and 18 (Figure 7). Their maximum intersection

length is 37 feet. According to the terminology of Williams and

others (1954) one type is spessartite with augite more abundant than

phlogopite and plagioclase more abundant than potassium feldspar.

A 2 mm wide veinlet of hornblende-vogesite cuts the spessartite.

The third type is vogesite (Table 3, 69-4/402) with augite more

abundant than phlogopite. It contains relatively abundant calcite

(6. 4 percent) and host rock within 1 to 2 cm of the lamprophyre con-

tact is commonly finely veined and permeated with calcite.

Lamprophyre dikes cut the Porphyritic Phase of the Bethsaida

Granodiorite and sulfide-bearing veins of quartz and sericite, and

thereby, clearly postdate hydrothermal mineralization.
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Chemistry

The major oxide chemistry (Table 5) of the Porphyritic Phase

of the Bethsaida, the Tan Felsite Porphyry, and aplites continue the

calc-alkaline trend of the major phases of the Guichon Creek Batho-

lith (Figure 4). The proximity of their plots to the A apex of the

AFM diagram correlates with abundant potassium feldspar and albitic

plagioclase in their matrices. The aplite plots on the A apex. Be-

cause of its relatively high Mg:Fe (about 2:1), the ultramafic lampro-

phyre plots well below the calc-alkaline line and toward the M apex.

Age

Northcote (1969b) obtained 26 dates on major phases of the

Guichon Creek Batholith by the potassium-argon method and found

them to group around 198 + 8 m. y. This study has provided addi-

tional potassium-argon dates (Table 7) for the Porphyritic Phase of

the Bethsaida Granodiorite (204 + 4 m. y. ) and a vogesite lamprophyre

dike (132 + 3 m. y. ). Within the analytical limits of the potassium-

argon method, the ages for the Bethsaida and other major phases of

the Guichon Creek Batholith and the Porphyritic Phase of the Bethsaida

Granodiorite are the same, about 200 m. y. However, the single date

for the lamprophyre (132 m. y.) indicates that these dikes are signifi-

cantly younger than the batholith and, therefore, are probably not

genetically related to Guichon Creek plutonism.



60

Table 7. K- A.r Ages of Dikes and Hydrothermal Alteration from the
Valley Copper Deposit.

*Sample K (%) Ar 40 cc/gm % Ar
40 Age (m.y.)

1. 68-2/147 4.46 38.27 x10 6
61 204 + 4

Biotite from quartz latite porphyry (Porphyritic Phase of the
Bethsaida Granodiorite).

2. 68-2/449 8.54 72.65 x 10 6
95 202 + 4

Sericite from quartz-sericite-molybdenite vein.

3. 68-10/477 8.70 73.26 x 10-6 95 198 + 4

-671.57 x 18.70 94

Sericite from sericite-quartz-bornite vein.

4. 69-4/402 6.22 33.90 x 10-6

6.22 33.78 x 10 -6

85

91

Phlogopite from lamprophyre (vogesite) dike.

132 + 3

Constants: XF = 5.84 x 10-11/yr, p = 4.72 x 10 -10 /yr,XE

1.19 x 10-4 atoms/atom
JK =

Potassium determined by atomic absorption and argon by isotope

dilution (Armstrong, 1970). Determinations performed by Donald J.

Parker of Oregon State University at the Kline Geological Laboratory

of Yale University under the direction of Professor R. L. Armstrong.

Modal analyses of dikes and sercite-bearing sample 68-2449 in

Tables 3 and 10 respectively. Chemical analyses of lamprophyre

(69-4/402) in Table 5.
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Hydrothermal Alteration

The Bethsaida Granodiorite host rock of the Valley Copper

Deposit has been strongly altered by hydrothermal fluids. Mineralog-

ical and physical evidence of this alteration is conspicuous. Dominant

alteration minerals are kaolinite, sericite, potassium feldspar, and

quartz. Calcite, biotite, gypsum, and anhydrite are subordinate.

Fractures generally control the location and distribution of alteration

minerals. The minerals are present as vein fillings, as selvages

adjacent to fractures and quartz veins, and as pervasive alteration

products of the host rock adjacent to fractures. Megascopic distinc-

tion and relative intensities of argillic, sericite, and potassium

feldspar alterations in the core are based primarily on color, hard-

ness, and vein abundance.

The alteration summaries in the cross sections and plan views

(Figures 8 through 11) show the distribution of the intensities of

argillic, pervasive sericite, vein sericite, and potassium feldspar

types of alteration. The Geology sections (Figure 7) also show the

distribution of barren quartz veins, vugs in quartz veins, gypsum

veins, and anhydrite. Modal analyses of various intensities of

argillic, pervasive sericite, vein sericite, and potassic alterations

are presented in Tables 8 through 11. Plagioclase is the host mineral

for most of the alteration, and accordingly, the alteration types and
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intensities are illustrated as a function of plagioclase replacement in

Figure 13.

Barren Quartz Veins

Sulfide minerals are rare or absent in barren quartz veins that

form the low grade quartz stockwork core to the deposit. The veins

range from less than 1 mm to about 3 cm in width. Sericite envelopes,

where present, are thin and discontinuous. Potassium feldspar com-

monly forms selvages adjacent to the barren quartz veins. Distri-

butions of argillic and pervasive sericite alterations are independent

of the barren quartz vein stockwork and indicate that they formed

before most of the barren quartz veins. Most unequivocal offsetting

relationships indicate that the barren quartz veins are older than the

sulfide-bearing quartz and quartz-sericite veins. In Sections 14 and

16, however, conflicting offset relationships were observed that

suggest minor exceptions to this generalization.

Three barren quartz vein horizons are shown on Sections 10,

12, and 14 (Figure 7). The upper horizon, Bl, marks the topo-

graphically highest occurrence of any barren quartz veins. The

intensity of veining increases downward to the middle horizon, B2,

where the frequency of occurrence is three to four or more per foot.

Below the B2 horizon, the abundance of veins generally decreases

slightly and then increases again. The lowest horizon, B3, marks
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their reoccurrence at three to four or more per foot. Drill holes

posted on Section 16 intersected a few barren quartz veins between

about the 3400 and 3200 foot levels. No barren quartz veins were

encountered above or below these levels or in Section 18. Accordingly,

the northwest front of the barren quartz core is interpreted to be very

steep to overturned (Figure 7, Reference Line Section).

The general position of the barren quartz core in all plan views

is marked by the deflection of the blue low grade copper line along the

Reference Line.

Propylitic Alteration

The distribution of propylitic alteration is not well defined at

Valley Copper due to the difficulty in recognizing the propylitic

assemblage and distinguishing it from deuteric alteration. As an

example, relatively unaltered Bethsaida samples GB-5 and BS-2

(Table 7) were collected several miles south of the Valley Copper

Deposit and have 26 and 44 percent of their plagioclase replaced by

propylitic minerals. Propylitic minerals include clay, epidote,

clinozoisite, and chlorite that have formed both from localized

metallization-related alteration and from more pervasive late mag-

matic deuteric alteration of the batholith.

Within the deposit, minerals common to propylitic alteration

are recognized in rock which is not otherwise intensively altered.
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However, no propylitic mineral or assemblage is restricted to

propylitic alteration. The plagioclase in rocks altered by propylitic

minerals is cloudy white to pale green due predominantly to clay and

epidote. Also, biotite may appear green from partial replacement by

chlorite and sericite, or contain orange siderite lenses between

cleavage planes. Epidote and clinozoisite, which are generally less

than 1 to 2 percent of the plagioclase, occur with clay and sericite in

propylitic as well as in other alteration assemblages. Bornite is

associated with epidote in rare fracture fillings and rarely in and near

quartz-sericite veins. The bornite-epidote association is much more

common at the Bethlehem mine (Wood, 1968; J. A. Briskey, personal

communication, 1973). The carbonate minerals calcite and siderite

commonly occur in weakly altered rocks. Siderite replaces biotite

and calcite replaces both plagioclase and some biotite. However,

calcite also occurs in all the other alteration assemblages and siderite

is found in the argillic and pervasive sericite assemblages. Carbon-

ates, epidote, and chlorite are not unique indicators of propylitic

alteration at Valley Copper.

The carbonate minerals, in contrast to epidote, clinozoisite,

and chlorite, appear to be restricted in their distribution to regions of

hydrothermal alteration and may be a useful guide to metallization

in the Guichon Creek Batholith. Although carbonate minerals are

common to all the deposits in Highland Valley, they were not identified
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in samples of the major phases of the batholith (Table 2). The para-

meters that control calcite solubility are consistent with the occur-

rence of calcite in and near hydrothermal alteration. Calcite solu-

bility is proportional to the concentrations of both CO2 and salts, and

inversely proportional to pH and temperature (Holland, 1967).

Hydrothermal fluids are commonly saline and some have significant

concentrations of CO2. In point, some fluid inclusions in hydro-

thermal quartz from Valley Copper contain a liquid CO2 phase

(J. T. Nash, written communication, 1972) and sylvite and halite

daughter minerals. Dilution of the hydrothermal fluid by mixing with

ground or connate water would decrease the CO2 and salt concentra-

tions and promote the precipitation of calcite. Additionally, argillic

and sericitic alterations develop by fixation of H+ in the rock. Re-

moval of hydrogen from the hydrothermal fluid tends to increase its

pH and thereby also promotes calcite precipitation. Decreasing

temperature, however, increases calcite solubility. The occurrence

of calcite may be a strong indicator of the previous existence of a hot

fluid capable of sulfide mineralization.

Other minerals that may be indicative of propylitic alteration

were not found in sufficient abundance or extent to be useful in alter-

ation classifications. Traces of albite were identified in five thin

sections from holes near the arbitrary cut-off for low grade copper

(blue line). Although the albite is generally adjacent to quartz-sericite
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veins, not enough was found to determine its significance. Addi-

tionally, trace amounts of prehnite were found in thin sections of

samples from the west side of the deposit. It is also reported in small

amounts from the Bethlehem (Wood, 1968) and Highmont (Bergey

and others, 1971) properties.

Argillic Alteration

Argillic alteration consists predominantly of kaolinite that

replaces plagioclase in both pervasive form and in envelopes adjacent

to quartz-sericite veins. Criteria for determining the relative

intensity of argillic alteration in the Bethsaida Granodiorite were

based on the amount, color, and hardness of altered plagioclase.

Alteration was classified as weak where plagioclase was determined

to be translucent and hard, moderate where white and hard, or intense

where white and soft. In the Porphyritic Phase of the Bethsaida

Granodiorite, argillic alteration is defined by chalky white plagioclase

phenocrysts in a purple-brown matrix, whereas in the Tan Felsite

Porphyry it is marked by white plagioclase phenocrysts in a pink to

white matrix.

Kaolinite is the only clay mineral recognized in both thin sec-

tions and X-ray diffraction patterns. However, traces of mont-

morillonite-group clays were identified in X-ray patterns of intense

pervasive argillic alteration. Also poorly crystalline montmorillonite
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or mixed layer montmorillonite-chlorite have been identified in X-ray

patterns of biotite that is otherwise altered by sericite or illite,

kaolinite, and siderite. Although the distribution of montmorillonite

clays is not known, most samples in which they were identified are

from the western part of the deposit.

Kaolinite has a bimodal size distribution. In all alteration in-

tensities it is microscopic, but in some regions of intense alteration

the individual crystals are large enough to resolve under high power.

They appear as plates with first-order gray birefringence. More

commonly, individual crystals are too small to be clearly resolved

and the kaolinite appears as dust.

Alteration minerals in the argillic assemblage are kaolinite,

pervasive sericite and calcite with smaller amounts of chlorite,

siderite, epidote, and the titanium minerals, leucoxene and sphene

(Table 8). Kaolinite, sericite, calcite, and epidote replace plagio-

clase. The other minerals generally replace biotite, but siderite is

commonly antithetic to chlorite and epidote. Siderite, as well as

calcite, are more abundant in intense argillic alteration; chlorite and

epidote are more prominant in moderate alteration. Additionally,

earthy red hematite replaces disseminated magnetite.

Although there is a continual gradation in alteration intensity,

there appears to be distinct differences in the abundance of alteration

minerals between intense and moderate alterations (Figure 13),



Table 8. Modal Analyses of Argil lic Alteration. Table 9. Modal Analyses of Pervasive Sericite Alteration.

Intense
69-4/124

Intense

16-2/910

Argillic

Intense Intense
12-3/345 69-25/939

Moderate
12-3/547

Moderate
12-3/273

Quartz 37.9 26.2 49.2 20.7 39.0 45.0

K-feldspar 8.3 12.8 8.9 1.7 10.3 5.4

Plagioclase 35.3 56.4 37.8 75.3 48.8 31.5
(% Plag/%Init. Plag) (0.61) (0.97) (0.65) (1.29) (0.84) (0.54)

Biotite 4.0 0.9 2.4

Magnetite 0.2

Sphene + Ti mins 1.5 0.3 0.5 0.2 0.1 1.1

Zircon

Apatite 0.2 0.1 Tr 0.9 Tr Tr

% of plag. alt
to:

54 96 74 79 34 34

P. 5er 22 3 17 31 9 11

Kaol 22 56 41 35 25 23

Cal 10 37 16 13

Ep-Clz Tr Tr

P. Sericite

Vn Sericite 12.7 3.6 1.0 0.2 10.1

2nd Biot x x

Chlorite 0.7 2.2
Calcite 0.1

Ep-Clinozoisite 0.9

Siderite 3.4 Tr Tr

Opaques 0.8 0.2 1.3
Hem

Myrmekite

K-spar Grid twin

B Qvns

Pervasive Sericite

Intense Intense
3

Mod-Int Moderate Moderate
69-47/392 69-25/459 69- 30/1044 68-2/92 69-47/ 1515

Quartz 32 46 35.1 35.6 30.1

K-feldspar 7.4 7.8 8.2
Plagioclase 50.9 46.1 55.2

(% Plag/% Initial Plag) (0.87) (0.79) (0.95)

Biotite 2.6 0.4
Magnetite

Sphene + Ti mins 0.5 0.4 0.1

Zircon Tr Tr Tr Tr Tr

Apatite 0.3 Tr 0.1 0.1 0.1

% of plag. alt 100 100 43 49 40
to:

P. 5er x x 35 32 36

Kaol 5 8 4

Cal x 3 9 x

Ep-Clz

P. Sericite 53.7 48.5

Vn Sericite 9.1 0.3
nd

Biot2 3.9 0.4
Chlorite 0.1

Calcite 10.8 0.6

Ep-Clinozoisite

Siderite 1.5 Tr 0.7 Tr

Opaques 0.2 cpy 5.1 py 0.5 0.6

Hem x x

Myrmekite x x

K-spar Grid twin

B Qvns
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Intense alteration results from 55 to 99 percent replacement of the

original plagioclase with 22 to 68 percent of the plagioclase converted

to kaolinite. However, moderate alteration averages about 35 percent

replacement of the original plagioclase with about 25 percent of the

plagioclase converted to kaolinite. In the altered samples the total

amount of altered plus unaltered plagioclase relative to that in back-

ground Bethsaida Granodiorite is inversely proportional to their

respective quartz contents (Figure 13, percent of plagioclase, percent

of initial plagioclase). Quartz and orthoclase generally appear to be

unaltered in zones of argillic alteration and orthoclase remains

slightly perthitic and dusty.

Kaolinite and very finely crystalline sericite replace plagioclase

in envelopes up to 2 cm wide adjacent to quartz-sericite veins. This

occurrence of argillic alteration is relatively moderate to weak in

intensity and is recognized only in host rocks with little or no per-

vasive argillic alteration. The pervasive argillic alteration varies

from weak to strong in intensity. Where most intense, it generally

coincides with sections of gougy, crumbled, and broken core where

plagioclase is almost completely replaced. Intensity of alteration

generally decreases within ten or more feet away from zones of

disrupted core.

Intense argillic alteration (Figure 8) forms three vertically

nested (concave-down) zones which are separated by regions of weaker
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alteration intensity. These zones plunge about 150 NW. and coalesce

to the east into one extensive zone of intense alteration. The intense

alteration fingers out toward the west and thereby suggests that the

fluids that caused the alteration originated from the east, possibly in

the vicinity of the Lornex Fault.

The concave-down profiles of the zones of intense argillic altera-

tion (Figure 8, Sections 10 through 16) have a shape and position

similar to the profile of the barren quartz vein core (B1, B2, and B3

horizons). The intense clay and barren quartz vein distributions,

however, are independent of one another. Although similar in shape,

the discordance of the argillic zones to the barren quartz core in

Sections 10 through 16 and the Reference Line section demonstrates

the separate structural and temporal controls of their respective

distributions.

Pervasive Sericite

Microcrystalline sericite generally forms pervasive replace-

ments of plagioclase. To a lesser extent, it also replaces orthoclase

and biotite and forms minor veins. The pervasive sericite has been

identified as 2M1 muscovite from X-ray diffraction patterns. Mega-

scopically, the microcrystalline sericite imparts a green color to the

plagioclase that it replaces. Relative intensity of pervasive sericite

alteration is based on the chroma of green coloration. Accordingly,
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pervasive sericite alteration ranges from very pale green where weak

(incipient) to jade or emerald green where intense (complete). In the

prophyry dikes it is primarily the plagioclase phenocrysts that are

altered.

Alteration minerals in the pervasive sericite assemblage are

microcrystalline sericite, kaolinite, calcite, and some quartz.

Secondary quartz generally does not crystallize within the site of the

pseudomorphed or partly replaced plagioclase crystal, however,

alteration is accompanied by a 1 to 15 percent increase in modal

quartz (Table 9). Crystals of pervasive sericite adjacent to quartz

generally penetrate or replace the margin of the quartz. The occur-

rence of kaolinite is restricted to alteration of moderate intensity.

Where alteration is intense, calcite may form megascopic white

borders to plagioclase pseudomorphed by sericite.

As with argillic alteration, there is a continual gradation in

alteration intensity with fairly distinct differences in alteration

mineral abundances between intense and moderate alterations (Figure

13). Intense pervasive sericite alteration results from about 100

percent replacement of primary plagioclase with about 80 to 100 per-

cent of the original plagioclase converted to sericite. Moderate

alteration results from 40 to 50 percent replacement of primary

plagioclase about 35 percent of which is converted to sericite. The

lower percentage of altered plus unaltered plagioclase relative to
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background plagioclase is a function of the slight increase in quartz

relative to that in background Bethsaida Granodiorite.

Although orthoclase is replaced in zones of intense pervasive

sericite alteration, it may be metastable in zones of moderate altera-

tion, where it persists as slightly perthitic and dusty grains. How-

ever, incipient alteration of orthoclase is indicated by the trace

amounts of sericite within the feldspar. In the matrix of the porphyry

dikes the abundant potassium feldspar may retard the development

of much pervasive sericite.

Zones of intense pervasive sericite generally contain dissemin-

ated chalcopyrite, with or without pyrite, and lack bornite. Also,

chalcopyrite is generally the sulfide mineral in quartz-sericite veins

that traverse chalcopyrite-bearing zones of pervasive sericite.

Availability of iron may be the parameter that determines the green

color of the pervasive sericite (Bryant, 1967) and the precipitation of

associated iron-rich sulfides, chalcopyrite and pyrite, in both the

pervasive sericite and cross-cutting quartz-sericite veins.

Tongues of moderate and intense pervasive sericite alteration

in the central part of the deposit coalesce into one or two large zones

toward the east where they dip 15 to 300 NE. This alteration pattern,

which is similar to that of argillic alteration, suggests that the alter-

ing fluids originated in the vicinity of the Lornex Fault. In Sections
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10 and 12 (Figure 9) the pervasive sericite is strongly discordant to

the barren quartz horizons.

Vein Sericite

Mixed quartz and sericite form replacement veins and alteration

envelopes and selvages adjacent to sulfide-bearing quartz veins. In

both occurrences the sericite flakes appear to replace the host rock

adjacent to the quartz vein or fracture.

Sericite in veins is generally relatively coarsely crystalline,

0.5 to 2 mm across, and silver colored. Quartz in all veins is mixed

with the sericite and in some veins it forms a core up to 5 mm wide.

The intensity of vein sericite alteration corresponds to the extent of

the rock that consists of quartz-sericite veins. Accordingly, altera-

tion is classified as weak where quartz-sericite veins comprise 10

percent or less of the core, moderate where they are 15 to 20 percent

of the core, and intense where they are equal to or greater than 30 to

40 percent of the core.

Quartz-sericite veins are much narrower in the Tan Felsite

Porphyry than in the Bethsaida Granodiorite and Porphyritic Phase of

the Bethsaida. Veins up to 6 cm and 2.5 cm wide cut the Bethsaida

Granodiorite and the Porphyritic Phase of the Bethsaida, respectively,

whereas their maximum width in the Tan Felsite Porphyry is 5 mm.

Orthoclase, which is relatively stable in argillic and sericitic
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alterations, is more abundant in the matrix of the Tan Felsite

Porphyry than in the other rock types. It may have had a retardative

effect on the development of quartz-sericite veins.

The intensity of vein sericite alteration is a function of both the

number of veins and their width. Generally, those holes outside the

moderate alteration (Figure 10, and see Figure 14) average less than

3 veins per foot and those within moderate and intense alteration

average 3 to 5 veins per foot. Several exceptions to these generaliza-

tions are attributable to variations in vein thickness. For example,

although hole 68-1 averages only 2.7 veins per foot, relatively thick

veins put it in moderate and intense alteration. Relatively thin veins

put hole 68-17 entirely within weak alteration though it averages 3.2

veins per foot.

Vein sericite has been identified as 2M1 muscovite from X-ray

diffraction patterns. Six samples of vein sericite and 11 samples of

pervasive sericite were X-rayed and their 002 and 004 diffraction

peaks compared for differences (Table 10). Although the CuKal 28

averages for the 002 and 004 peaks of pervasive sericite are greater

than those of vein sericite, the differences are not statistically (95

percent confidence level) significant.
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Table 10. Average 002 and 004 X-ray Diffraction Peaks from Vein
Sericite and Pervasive Sericite.

(CuKa radiation)
1

Peak Vein Sericite (6) Pervasive Sericite (11)

002

004

20
d-space

29
d-space

8.825°
10.0000A
17. 7520
4.9926 A

8.875°
9.9552 A

17.7970
4.9787 A

Alteration minerals in the vein sericite assemblage are musco-

vite and quartz with minor potassium feldspar, gypsum, and calcite,

and rare anhydrite. Potassium feldspar, gypsum or selenite in

patches less than 1 mm across, and calcite are generally most abun-

dant at the margin of the quartz-sericite vein. Sulfide abundances in

quartz-sericite veins reach 9 percent and more. Generally all of the

original rock, except perhaps quartz and some potassium feldspar,

is replaced by quartz and sericite. Sericite flakes generally penetrate

the margins of adjacent quartz and potassium feldspar crystals.

In samples that do not contain quartz veins or large quartz

segregations (Table 11, samples with an asterix; Figure 13), quartz

is antithetic to sercite and is generally more abundant than in average

Bethsaida Granodiorite. In these samples sericite ranges from 31 to

84 percent, and quartz ranges from 13 to 62 percent of the rock.

However, if quartz veins and segregations are also considered, quartz



Table 11. Modal Analyses of Vein Sericite Alteration.

16-2/910 69-47/1620 68-2/235 68-2/449.5 68- 2/1375 68-2/1676 68-4/1415 69-25/839.5 68-7/723.5
Quartz 56.0 27.5 54.1 74.5 62.8 70.9 12.6 49.1 43.1(°/:. Q/Initial °AC) (1.91) (0.94) (2. 14) (0.43)
K-feldspar 3.8 3.4 1.4 0.3 3.5 0.2 13.9 4.7
Plagioclase 8.5 1.1 Tr 0.3 Tr
Biotite

0.6
Magnetite

0.1
Sphene + Ti mins Tr Tr 0.2
Zircon Tr Tr Tr Tr
Apatite 0.1 1.0 0.2 0.5
Gypsum 0.2 2.2 3.4 0.1 2.8 0.2
Anhydrite 0.4 Tr 3.1 Tr

of plag alt 11 63
to:

P. Sec 18

Kaol 11 45

Cal

Ep-cl z

P. Sericite
Tr

Vn Sericite 37.3 SS. 6 34.1 18.7 30.9 19.1 84.0 34.8 47.4
(% VS/Initial cYr, Plag) (0.64) (0.95) (0.53) ( 1.44)
2nd Mot

Tr Tr
Chlorite Tr 0.5
Calcite 1.4 0.3 0.3 Tr 0.1 1.8
Ep.-clinozoisite

Tr 0.1
Siderite 0.1

Tr
Opaques B O. 2, Cy 0.4 B0.9, Cy O. 1, M-Tr B7.6, Cy 1.4 M6.6, Cu 0.2 Cy 2.6 B 3.1 B 0.2, Cy 0.2, CCO.1 B0.4 B 2,1Hem 0.6 Tr

Myrmekite

K-spar Grid Twins

K-spar 2V
500

B Qviss
-*.)
COB = Bornite; Cy = Chalcopyrite; M = Molybdeni e; Cu = Copper minerals; cc = chalcocite.

* No quartz vein or large quartz segregation.
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generally ranges from 50 to 75 percent of the samples (Table 11).

Most of the sulfide minerals are directly associated with the

quartz-sericite veins (e.g., in Figure 10 note the superposition of

high grade copper indicated by the red line with regions of intense

vein sericite alteration). Bornite, chalcopyrite, and minor molybden-

ite as well as gypsum and rare anhydrite form disseminated inter-

growths with the sericite. Bornite and chalcopyrite also form dis-

continuous cores to some of the quartz-sericite veins.

Vein sericite is most abundant in three nested zones (Figure 10).

These zones curve around the northwest side of the barren quartz

core (see 3800 and 3000 FootLevels of Figure 10), plunge steeply to

the northwest, and may coalesce at depth. In contrast to the argillic

and pervasive sericite alterations, the zones of moderate to intense

vein sericite are broadly parallel to the barren quartz horizons. In

addition, they are not significantly developed within the B3 barren

quartz horizon, except locally in Section 14. Apparently, the barren

quartz core was a fundamental lithic or structural barrier that con-

trolled or restricted the distribution of the quartz-sericite veins.

Zones of intense vein sericite and intense argillic alterations

have different distributions that provide evidence for at least two

fracture sets that formed at different times. The zones of intense

vein sericite plunge more steeply and are situated more to the north-

west than the paragenetically older zones of intense argillic alteration.
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Within each of these alteration types, the three zones of intense alter-

ation may have formed contemporaneously or sequentially with pro-

gressive fracturing of the host rock.

Mineralized Quartz Veins

Quartz veins that contain obvious sulfides or that have relatively

coarsely crystalline sericite selvages or envelopes are classified as

mineralized quartz veins. They range in width from 5 mm to about

1 m, but most are less than 3 cm wide. Their lower size limit

arbitrarily distinguishes them from quartz-sericite veins with quartz

cores up to 5 mm wide. The quartz crystals in the veins are as much

as 5 to 10 mm in size and they are generally larger than the quartz

crystals in the barren quartz veins. Most mineralized quartz veins

have quartz-sericite envelopes that range from about 1 to 10 mm in

width and that are identical to vein sericite. The quartz-sericite

envelopes appear to replace the adjacent rock. Mineralized quartz

veins that have quartz-sericite envelopes and quartz-sericite veins

probably represent the same type of alteration, their only major

difference being the relative abundance of quartz. Mineralized quartz

veins occur throughout the deposit. Their distribution density ranges

from less than one vein in 5 feet in the barren quartz core to three

veins per foot in hole 68-2 and averages 1 vein every 2 feet.
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Sulfides identified from quartz veins include chalcopyrite,

bornite, molybdenite, pyrite, sphalerite, chalcocite, and possibly

enargite. Specular hematite may also occur in minute amounts.

Gangue minerals in the veins are calcite, feldspar, gypsum, and

anhydrite. Some quartz veins that contain molybdenite as the dominant

sulfide are similar to those described by Bergey and others (1971) for

the nearby Highmont Property. They consist of gray quartz and have

clay seam margins to the exclusion of sericite envelopes. Critical

cross cutting relationships that would indicate the paragenesis of the

molybdenum-bearing veins were not observed in the core. However,

cross cutting relationships were observed for quartz veins with

quartz-sericite envelopes that indicate that these veins are generally

younger than quartz-sericite and barren quartz veins.

In the higher parts of the deposit small open cavities generally

less that 5 mm across are common in quartz veins. Although the vugs

are more abundant in the sulfide-bearing than the earlier barren quartz

veins, they fail to develop to megascopic size in both types of veins

at about the same depth. Quartz and calcite crystals that line many

of the vugs have euhedral terminations. The occurrence of vugs may

correspond to depths at which pressures were sufficiently low to

permit boiling of the hydrothermal fluids. In Figure 7 the vug line

marks the deepest occurrence (generally about the 3200 foot level,

but as deep as the 2800 foot level) of open space cavities in quartz veins.
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Cominco staff geologists measured quartz vein attitudes in 3800

feet of underground workings. In Decline-A (in Section 14) the aver-

age number of veins was about 0. 6 per foot. A synthesis of their

directional data reveals two sets of mineralized quartz veins. The

more dominant set is N. 22 W. , 65o E. and the other set is N. 710

W. , 75°S. Both sets have strikes parallel to major faults. Ager

and others (1972) indicate that Valley Copper lies at the intersection

of faults that trend N. 15-20° W. (the Lornex Fault) and faults that

trend N. 75° W. (Highland Valley faults).

Relationships among the Porphyritic Phase of the Bethsaida, the

barren quartz core, copper, vein sericite, and mineralized quartz

veins are illustrated in Figure 14. The deflection of the blue line (low

grade copper) along the Reference Line corresponds to the position of

the northwest plunging barren quartz core. The cross hachured

pattern represents the distribution of intense vein sericite alteration

at the 3800 foot level. The numerical data for the vertical holes are

from 5 foot lengths of core at 200 foot intervals and are presented as

averages for each hole. There are three numbers at each hole loca-

tion. The top number is the average number of mineralized quartz

veins per foot and the middle number is the average number of quartz-

sericite veins (vein sericite) per foot. The bottom number is the

correlation coefficient, r, a measure of the correspondence of the
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number of mineralized quartz veins to the number of quartz-sericite

veins in that hole.

The correlation coefficient (r) measures the mutual change or

the degree of closeness of the linear relationship between two variables

(Snedecor and Cochran, 1967). The coefficient can range in value

from -1 (perfect negative correlation) to +1 (perfect positive correla-

tion). If values from two variables are determined, in this case the

number of mineralized quartz veins and the number of quartz-sericite

veins in the same 5 foot lengths of core, and plotted on a graph, and if

the plot falls exactly on a straight line, the absolute value of r would

be 1. If that line has a positive slope, r would be +1, and if it has a

negative slope, r would be -1. If the points plot in a nebulous pattern,

there would be no linear relationship between the variables and r

would be 0.

Distinction must be made between the absolute numbers of the

two types of veins, and whether or not these veins tend to occur to-

gether in the same 5 ft lengths of core. Inspection of Figure 14A

shows that quartz-sericite veins are slightly more abundant to the

northwest (3 to 5' veins per foot) than to the southeast (generally 2 to

3 veins per foot). Mineralized quartz veins, however, are more

abundant on the west and north side of the barren quartz core

(generally 0.6 to 1 vein per foot) than within and east of it (generally

0.1 to 0. 6 vein per foot). Toward the west in the regions of high
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positive r, the two vein types tend to occur together. Five foot

lengths of core that contain many or few quartz-sericite veins will

correspondingly contain many or few mineralized quartz veins.

Toward the east in the region of high negative r, the two vein types

do not tend to occur together. Here, 5 ft lengths of core that contain

many or few quartz-sericite veins will correspondingly contain few or

many mineralized quartz veins. In the intervening regions of low

positive and negative r, the two vein types may or may not occur to-

gether.

The relations among the numbers of mineralized quartz veins

and quartz-sericite veins per foot and the value of r are shown in de-

tail in Section 12 (Figure 14B). At the west end of the section in hole

68-31 there are relatively few veins of either type, however, the

greatest abundance of each vein type occurs at the same level, and

r = +0.8. Hole 68-10 intersects many quartz-sericite veins through-

out its length, but mineralized quartz veins are abundant only below the

3800 ft level, and the correlation coefficient (+0.5) is correspondingly

lower in magnitude than that for hole 68-31. A relatively high negative

r (-0.7)in hole 68-3 reflects the inverse relation in the abundance of

the two vein types; as quartz-sericite veins increase from 2 to 3 and

2.2 veins per foot, the number of mineralized quartz veins decrease

from 1 to 0. 4 per foot. Similar relations exist for hole 68-7 (r=0, 8).
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Where quartz-sericite veins are relatively abundant (4.0 veins per

foot), mineralized quartz veins are relatively scarce (0. 4 veins per

foot), and where quartz-sericite veins are relatively scarce (3. 2 and

1.8 veins per foot), mineralized quartz veins are relatively abundant

(0.6 vein per foot).

The relative distributions of mineralized quartz veins and

quartz-sericite veins, the similarity in the chemistry of their parent

fluids, and their relative ages help to demonstrate the importance of

fracture control in localizing the Valley Copper Deposit. Both types

of veins are similar in age, general appearance, and mineralogy.

However, cross cutting relationships indicate that mineralized quartz

veins are slightly younger than quartz-sericite veins and that both

are generally younger than barren quartz veins. It is likely that the

same fluid generated both mineralized quartz and quartz-sericite

veins by progressive decrease in water pressure attendant upon pro-

gressive widening of fractures (see discussion, p. 167 to 168). The

late paragenesis of mineralized quartz veins indicates that fracture

widths increased late in the history of the quartz-sericite fluid.

Moreover, progressive fracturing or widening of fractures was

synchronous with the deposition of sulfides. Hydrothermal fluids did

not migrate through fixed, static, or unchanging fracture sets.

Because fracturing was synchronous with fluid migration, the

development of new dilatant zones forcibly drew the fluid into the new
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or wider fractures. Progressive fracturing thereby actively influ-

enced the direction of fluid migration. Mineralized quartz veins

are relatively abundant west of the barren quartz core, not so abundant

east of the core, and relatively scarce within it. In regions of high

positive r toward the west, it is likely that some fractures in sets

that hosted quartz-sericite veins became wider and thereby caused

the precipitation of mineralized quartz veins in the same volumes of

rock that contain quartz-sericite veins. However, toward the east in

regions of high negative r, younger sets of fractures provided sites

for mineralized quartz veins in rock not previously abundantly veined

by quartz-sericite. These younger fractures would help cause, in

effect, fluid migration from west to east. The lower abundance of

mineralized quartz veins within and east of the barren quartz core

suggests that the core acted as a relatively impermeable (unfractured)

barrier to eastward fluid migration.

Potassium Feldspar

Hydrothermal potassium feldspar occurs as (1) partial to

complete (pervasive) replacement of plagioclase, in (2) pegmetitic

veins and as (3) replacement envelopes adjacent to barren quartz

veins, quartz-sericite veins, and fractures. Much of the hydrother-

mal feldspar can be distinguished in thin section from primary feld-

spar. Secondary feldspar is generally less perthitic and contains
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traces of grid twinning. Some secondary crystals are extremely

dusty, almost opaque. The dust is probably iron oxide, for these

grains are dark pink.

Relative intensity of potassium feldspar alteration is based on

the color change to pink that accompanies hydrothermal additions of

secondary feldspar. Intensity ranges from weak for a local 1 or 2

percent increase in potassium feldspar to intense for about 50 percent

replacement of the host.

Thirty samples of potassium feldspar from the Guichon Creek

Batholith and the Valley Copper Deposit were X-rayed to determine

their composition and structural state. The samples represent potas-

sium feldspar from primary and late magmatic rocks and from

various hydrothermal environments; coarsely and finely crystalline

barren quartz veins, pervasive replacements, and envelopes adjacent

to quartz - sericite veins. The coarsely crystalline barren quartz

veins are gradational into more coarsely crystalline pegmatite.

Figure 15 the CuK a
1,

28 values for the 060 and 204 reflections are

plotted on a diagram that identifies the structural state of alkali

feldspars (Wright, 1968). All but seven of the X-rayed feldspars are

anomalous. Alkali feldspars are anomalous and have abnormal cell

dimensions if their ze value for 201 determined from the diagram

varies by more than 0,10 20 from the value measured directly from

the diffraction pattern (Wright, 1968). Anomalous structures can be



Figure 15. Plot of primary and hydrothermal potassium feldspar
2 0 X-ray diffraction peaks: 060 vs. 204.
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determined from the diagram, but their composition cannot be de-

termined from the 29 value for 201. The seven feldspars that are not

anomalous range in composition from Or88 to Or98.

Potassium feldspars from the various magmatic and hydro-

thermal environments are structurally variable (Figure 15). These

variations include (1) orthoclase in the Bethsa,ida. Granodiorite and

other major phases of the batholith, (2) intermediate or relatively

disordered microcline from envelopes around quartz-sericite and

finely crystalline barren quartz veins, and (3) maximum microcline

from pegmatites, coarsely crystalline barren quartz veins, and

pervasive replacements. Feldspar from the aplite appears grada-

tional in structure between the primary magmatic and hydrothermal

samples, otherwise, there is an apparent structural discontinuity

between the feldspars from these two environments. Sub-magmatic

temperatures of crystallization (less than 500 oC) in a hydrous environ-

ment may cause the more ordered (intermediate to maximum micro-

cline) structural states of the hydrothermal feldspars. Within the

hydrothermal samples the degree of lattice order appears to corre-

late with crystal size; samples of maximum microcline are generally

more coarsely crystalline than those of intermediate microcline. The

coarser crystallinity and possibly the greater structural order of the

maximum relative to the intermediate microcline samples may be

caused by a slower crystallization rate in the coarser samples.
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Two samples suggest that some spacially close primary and

secondary feldspars may have the same composition. Feldspar

samples 35 and 36 in Figure 15 are both from location 68 - 23A/394.

Sample 35 is intermediate microcline that envelopes a quartz-sericite

vein and sample 36 is primary orthoclase about 3 cm from that vein.

Although both feldspars are anomalous, both have approximately the

same 201 value (21.3 and 21.4o 29, respectively) determined from

the diagram. These similar 201 values suggest that at least over

short (3 cm) distances, feldspars from these two environments have

similar composition. Feldspar samples 37-38 and 39-40 are similar

pairs of envelope and primary potassium feldspar that do not demon-

strate similarities in composition. However, one or both members

of these pairs do not plot in domains that correspond to their para-

genesis. Contamination of these feldspar separates may have caused

spurious X-ray diffraction patterns.

Plagioclase is the principal host of secondary potassium feldspar.

Initial replacement starts at the boundary between primary potassium

feldspar and plagioclase. Myrmekite in the Bethsaida Granodiorite

reveals that this boundary was unstable even during late magmatic

processes. In more intense alteration interior and more calcic zones

of the plagioclase are preferentially replaced. After complete re-

placement, only vestiges of the original plagioclase remain; patches

of myrmekite are completely surrounded by potassium feldspar, and
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small scattered inclusions of plagioclase within potassium feldspar

have optical continuity. Many pervasive sericite crystals prefer-

entially replace plagioclase parallel to its cleavage planes. Potassium

feldspar that replaces argillized and pervasively sericitized plagio-

clase is generally free of alteration except for relict oriented sericite

crystals. A very few feldspar crystals have concentric migrating

extinction which may be relict normal zoning of the original plagio-

clase host. Crystals of secondary feldspar that form pervasive

replacements generally do not contain inclusions of secondary quartz.

The potassium feldspar alteration assemblage (Table 12 and

Figure 13) consists of secondary potassium feldspar and sericite with

or without secondary biotite. Kaolinite and calcite are commonly

present. Of the plagioclase not replaced by secondary feldspar, 25

to 60 percent is replaced predominantly by pervasive sericite and

some kaolinite (Figure 13). Comparisons of the amount of altered

plus unaltered plagioclase in argillic, pervasive sericite, and second-

ary potassium feldspar alterations to that in background Bethsaida

Granodiorite (Figure 13, percent plagioclase/percent initial plagio-

clase)shows that there is much less plagioclase in the zones of

potassium feldspar alteration. This decrease is commensurate with

the increase in secondary feldspar, which ranges from 16 to 62 per-

cent of the rock.



Table 12. Modal Analyses of Potassium Feldspar and Secondary Biotite Alteration.

SecondaryPegmatite Band Pervasive Pervasive Pervasive Band Kfw/B Qvn Kfw/B Qvn
Biotite

68-32/74 16-2/359 68-4/999 68-4/1052 69-33/1194 69-12/1058 68-10/776.5 68-10/827 VC-2 Bi

Quartz 19.4 18.9 27.5 26.9 17.4 27.7 31.5 22.6 13.4

K-feldspar 58.0 50.2 15.8 44.8 48.1 19.0 43.8 62.4 39.7
(Prim + 2nd)

Plagioclase 22 13.2 42.7 2.7 2.6 51.9 18.9 10.1 19.5
(%Plag/% Initial Plag) (0.38) (0.23) (0.73) (0.05) (0.04) (0.89) (0.32) ( 0.17) (0.33)

Biotite 1.4

Magnetite

Sphene + Ti mins 0.1

Zircon Tr Tr Tr Tr Tr

Apatite Tr Tr 0.7 0.1 Tr

Gypsum vein 2.1

% of plag alt
to:

62 42 44 44 42 26 39

P. Ser x 33 38 44 32 38 19 39

Kaol x 29 4 4.7* 5.9* 8 4 7

(% of rock) (% of rock)
Cal 4

Ep-cl z Tr

P. Sericite 0.4

Vn Sericite

nd

15.0 6.2 9.8 21.9 0.1 2.9 3.6

2 Biot 3.0 3.0 2.5 25.5 (%13/% Init. B =

Chlorite 0.1 Tr 0.3 0.3

Calcite 0.2 0.8 1.4 3.0 2.9 0.1 0.1

Ep. -clinozoisite 0.1 0.1 0.1 0.1 0.1 0.2

Siderite

Opaques 0.4 1.2 4.9 0.4 1.1 0.2 1.3

Hem x

Myrmekite x x x

K-spar Grid Twin Tr x Tr Tr

K-spar 2V 65 60 50 55-60 60 40-45 (prim) 45-50 45 =50

B Qvns x x x

X-rayed x x

23)
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A zone of more intense potassium feldspar alteration is con-

cave-downandsymmetrical about the northeast and southwest sides

of the barren quartz core (Figure 11). In this zone the feldspar occurs

as pervasive replacements of the host, in pegmatitic veins and in

envelopes adjacent to barren quartz veins. Pervasive potassium

feldspar (Table 12, 16-2/359, 68-4/999, 68-4/1052, 69-33/1194,

69-12/1058; Table 15, 68-9A/1178) replaces the plagioclase of the

host rock for distances of several centimeters to a meter. Feldspar

crystals are pink, 1 to 10 mm in diameter, and associated with

sericite, disseminated bornite, chalcopyrite, and molybdenite, and

rare purple anhydrite. Pegmatitic veins (Table 12, 68-32/74) consist

of quartz up to 15 mm in diameter and dark pink potassium feldspar

crystals up to 2 cm in diameter. Although the quartz is generally

barren, small amounts of disseminated sulfide, mostly chalcopyrite,

occur in some of the feldspar crystals. Quartz-sericite veins cut the

pegmatitic veins. In the potassium feldspar-barren quartz vein

association (Table 12, 68-10/776, 68-10/827) the quartz is less than

2 mm in diameter and forms thin veinlets. The feldspar is about 1

mm in diameter, pink to flesh colored, and partly replaces the host

rock next to the vein for distances up to a few centimeters.

That part of the zone of more intense potassium feldspar altera-

tion within and approximately parallel to the barren quartz horizons

reflects the pegmatitic and barren quartz vein occurrences. Part of
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the zone outside the barren quartz core represents patches and bands

of pervasive replacements and well developed envelopes adjacent to

quartz-sericite veins. The Reference Line section (Figure 11) shows

the discordance of the potassium feldspar zone to the barren quartz

horizons. The same general concave shape and maximum elevation

(3600 feet) of the potassium feldspar zone, both within and outside

the barren quartz core, suggest that possibly the temperature

gradient governed the formation and distribution of the feldspar.

As defined by its symmetry about the barren quartz zone and

its apparent steep plunge to the northwest, the distribution of major

potassium feldspar alteration is similar to that of vein sericite, but

is dissimilar to those of argillic and pervasive sericite alterations

(compare Figures 8, 9, 10, and 11). This similarity may indicate

that the potassium feldspar alteration and deposition of vein sericite

were closely related in time and in source of the altering fluids.

The zones of less intense potassium feldspar alteration consist

of feldspar envelopes adjacent to quartz-sericite veins (Table 12,

16-2/910, 68-2/235; Table 11, 68-9A/952.5) and fractures. These

envelopes are generally less than 5 mm wide. They are normally

continuous next to fractures, but some are discontinuous on a scale

of 1 to 2 mm next to quartz-sericite veins. The envelopes, which are

best developed where quartz-sericite veins grade outward into

moderately argillized rock, occur throughout the deposit and are
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indicated on the cross sections as weak intensity potassium feldspar

alteration.

Biotite

Secondary biotite replaces primary biotite and some plagioclase

and forms thin veinlets and large replacement patches, The biotite

crystallizes as brown and khaki green shreddy flakes < generally less

than 0.5 mm in length. Initial replacement of primary biotite gener-

ally starts at grain boundaries in contact with plagioclase rather than

quartz. Flakes of secondary biotite are oriented subparallel to

cleavages in the primary host and may extend into or be completely

within the bordering plagioclase. In some plagioclase crystals a

green to khaki green mineral too small to identify microscopically,

but which looks like the coarser crystalline khaki green secondary

biotite, forms stringy replacements along the plagioclase cleavages.

Incipiently altered primary biotite books lose some of their mega-

scopic euhedral outline. Complete replacement results in a matte of

finely crystalline biotite with various crystal orientations at the site

of the replaced host. These mattes may be flanked by irregular

microscopic biotite veinlets a few millimeters long.

Rare megascopic fracture controlled veinlets of secondary

biotite are black, less than 1 mm wide, and generally less than a few

centimeters long. The subparallel biotite flakes in the veinlet appear
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identical to those that replace primary biotite. Black patches of

pervasive secondary biotite up to 10 cm across consist of shreddy

biotite crystals generally less than 0.5 mm long. The intimate asso-

ciation of these patches with barren quartz veins and secondary

potassium feldspar suggests that they are contemporaneous. Minor

amounts of chalcopyrite and bornite occur in the secondary biotite

veins and patches.

Small amounts of secondary biotite are found with the major

alteration types where some of the biotite is replaced by chlorite,

siderite, and sericite. Biotite occurs in trace amounts in vein seri-

cite and moderate argillic alterations and from 2 to 4 percent in moder-

ate pervasive sericite and secondary potassium feldspar alterations.

However, in extensive potassic alteration that is indicated by per-

vasive biotite, potassium feldspar and biotite replace up to 40 and 25

percent of the rock, respectively (Table 12, VC-2Bi; Figure 13).

Although secondary biotite appears more abundant and con-

spicuous in Sections 12 and 10, in terms of absolute abundance it does

not appear to form distinct alteration zones as do the other major

alteration types. Lack of sufficient control points prevents drawing a

secondary biotite is ograd. However, its overall distribution may be

similar to that of the barren quartz core with the upper limit of

secondary biotite generally above the core. The approximate highest

occurrence of secondary biotite determined from thin section analyses
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rises a distance of 1200 feet from Sections 18 to 12: Section 18, 3000

feet; Section 16, 3400 feet; Section 14, 3800 feet, Section 12, 4200

feet, Section 10, top of drill holes at 4100 feet.

Secondary biotite may have crystallized at two different times.

The occurrence of small amounts of secondary biotite, some of it

altered, in argillic and pervasive sericite alterations indicates that

at least some secondary biotite may have preceded these alterations.

The apparent association of secondary biotite with hydrothermal

potassium feldspar and barren quartz veins implies that some second-

ary biotite may have been contemporaneous with them.

Sulfates

In common with many other porphyry copper deposits, Valley

Copper contains anhydrite and gypsum. Anhydrite is a rare com-

ponent of hydrothermal mineralization that forms distinctively purple

crystals up to 1 cm in diameter. It occurs in gypsum veinlets from

moderately argillized rock, as replacement masses up to 3 cm wide

in zones of intense pervasive potassium feldspar alteration, and in

sulfide-bearing quartz and quartz-sericite veins. The topographically

highest occurrence (approximately the 3400 foot level) of this sulfate

mineral is indicated by the anhydrite line in Figures 7 and 11.

Secondary potassium feldspar and anhydrite are commonly associated

in porphyry copper deposits and the anhydrite line in Figure 11
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(Potassium Feldspar Alteration) illustrates similarities between the

distributions of anhydrite and more intense potassium feldspar alter-

ation. Bornite is common in and adjacent to the anhydrite.

Gypsum occurs principally as veins, but minor amounts form

small (less than 1 to 5 mm) blebs in quartz-sericite and mineralized

quartz veins. Veins are common below about the 3500 foot level and

their abundance ranges from less than one to about 3.2 veins per foot.

The width of the veins ranges from generally less than 3 mm to a

maximum of 8 cm. A few veins contain rare anhydrite crystals.

Gypsum veins cut all alteration types, sulfide-bearing veins, and

host rocks except the lamprophyre dikes. The gypsum line in Figure

7 marks the topographically highest occurrence of this sulfate mineral

in all sections except Section 10 where gypsum was not observed.

Although they are paragenetically late, available evidence sug-

gests that the gypsum veins are not supergene. Gypsum does not

occur near the surface and the sulfate-sulfur could not have originated

from oxidized sulfide-sulfur. The OS34 value of +15.2 permil of

gypsum from a 5 cm wide vein is similar to values of hypogene

anhydrite (+11.8 to +14.5 permil) and is much heavier than hypogene

sulfide-sulfur (Table 28). Gypsum replacement of anhydrite veins is

unlikely as no anhydrite veins have been found. Throughout much of

the deposit, the gypsum line is close to the vug line which suggests

that hypogene rather than supergene conditions controlled gypsum
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precipitation. The gypsum veins probably represent the latest major

hypogene hydrothermal event.

Small patches of gypsum less than 1 mm across commonly occur

near and within margins of quartz-sericite veins below the gypsum

line. The patches are more easily recognized in thin section than

megascopically. The gypsum forms sheaves with first-order gray

birefringence in sharp contrast to the second- and third-order bire-

fringence of surrounding sericite. The gypsum is distinguished from

relatively coarsely crystalline kaolinite by the latter's platey habit.

Gypsum sheaves cut through small patches of platey kaolinite and

form coronas around some secondary potassium feldspar crystals

which envelope quartz-sericite veins. Although sericite flakes cut

through some patches, they appear interleaved with others and thereby

indicate that gypsum patches apparently formed contemporaneously

with the enclosing quartz-sericite veins.

Blebs of gypsum up to 5 mm across in mineralized quartz veins

are generally associated with and appear to replace anhydrite. Blebs

that are isolated or that are associated with anhydrite are not in late

fractures or along gypsum veins and are not associated with iron

stains, tenorite, malachite, or secondary chalcocite that are indica-

tive of supergene effects at Valley Copper. The isotopic composition

of sulfur from a bleb of gypsum (SS34 = +13.13 permil, Table 28,

69-28/1084) is consistent with this interpretation.
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The existence of hypogene gypsum and anhydrite indicates that

the hydrothermal fluids had a relatively high Eh.that is consistent with

the replacement of magnetite by hematite in argillic alteration.

Calcite Veins

Calcite forms minor and paragenetically late fracture controlled

veins and veinlets scattered throughout the deposit. Calcite in the

veins is generally white, yellow, or pink. A few veins are up to 1

cm wide, but most are less than 1 mm wide and megascopically

detectable only with hydrochloric acid.

Age of Alteration

Geologic relations indicate that hydrothermal alteration and

metallization followed and in part were synchronous with injection

of dikes into the Bethsaida Granodiorite. The Porphyritic Phase of

the Bethsaida is cut by sulfide-bearing quartz and quartz-sericite

veins. Also, inclusions of vein sericitized Bethsaida Granodiorite

within dikes of relatively unaltered Tan Felsite Porphyry demonstrate

the coincidence of hydrothermal and late magmatic processes.

Potassium-argon dates of post-Bethsaida Granodiorite dikes

and hydrothermal sericite were obtained to determine the age and

possible duration of late magmatic and hydrothermal activity (Table

7). The age of the pre-metallization Porphyritic Phase of the
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Bethsaida dike (204 ± 4 m, y, ) is slightly greater than hydrothermal

sericite associated with molybdenite (202 + 4 m. y.) and with bornite

(198 + 4 m. y.). A post-metallization vogesite lamprophyre dike

(132 + 3 m. y. ), however, is about 7Q m. y. younger than the hydro-

thermal alteration. Within the limits of analytical error, these

dates (except for that of the lamprophyre dike) are equivalent to the

198 + 8 m. y, age (Northcote, 1969b) of the Guichon Creek Batholith.

Radiometric dating of porphyry copper hydrothermal systems in the

southwestern United States and in Papua (Page and McDougall, 1972)

record similarly short intervals between magmatic and subsequent

hydrothermal processes.

Chemistry of Alteration

The Bethsaida Granodiorite at Valley Copper provides a uniform

and constant chemical host for the chemical changes that accompany

hydrothermal alteration. All the chemical changes recorded in the

altered samples result from mineral and chemical modification of

one rock type and do not reflect lithic changes in the host. Knowledge

of the chemical changes that accompany alteration allows evaluation

of (1) the composition and evolution of the hydrothermal fluid, (2) the

application of ACF-AKF diagrams to describe alteration mineralogy,

and (3) the correspondence of chemical changes to chemical reactions.
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Two groups of alteration samples were chemically analyzed.

The first group consists of the following nine samples representative

of single alteration types and intensities: relatively unaltered host

(1), moderate (2) and intense (1) argillic alteration, moderate (1)

and intense (1) pervasive sericite, vein sericite (2),and pervasive

potassium feldspar alteration (1). The other group consists of 10

splits from 10 foot sections of crushed diamond drill core. Each

composite sample represents a combination of various intensities of

argillic, pervasive sericite, vein sericite, and potassium feldspar

alterations, and gypsum, mineralized quartz, and barren quartz

veins. These 10 foot composite samples were selected such that, as

much as possible, the intensity of each alteration type was constant

throughout the 10 feet of core.

The major oxide chemistry of the altered samples are com-

pared to that of the average of background Bethsaida Granodiorite

(average of samples GB-5 and B5-2 in Table 4). The comparison is

made as a gain or loss in gm/cc of each oxide in the altered samples

relative to its background value and is displayed in Figure 16. The

gm/cc of the oxides of the altered samples are calculated from their

chemical analyses and densities given in Tables 13 and 14. Modal

analyses for the single alteration types and for representative samples

from the 10 foot composite samples are given in Tables 15 and 16,

respectively.



Table 13. Chemical Analyses of Single Alteration Samples.

Wt. %
gm /cc
gain or loss relative to Background Bethsaida

14-5/143 68- 6/1496 68-4/58
Int. Arg Mod. PS Int. PS
p = 2. 500 p = 2.642 p = 2. 724

68- 9A/1178
Int. Kf
p = 2.488

68- 12/619
M Arg Env.

p = 2. 596

68 -12/ 619
VS

p = 2. 648

68 -9A/952,
Weak Arg
p = 2. 636

5 68 -9A/952. 5
M Arg Env. w/Kf
p = 2. 564

68- 9A/956.5
VS

p = 2. 695

Plagioclase An33
Na2CaA14518024

p = 2. 67

Kaolinite
A14Si4010(01-1)8

p = 2. 6

Sericite
KAI3Si3010(OH)2

p = 2. 85

K-feldspar
KAISi3O8
p = 2. 56

64.73 69.8 72.26 67.01 70.48 69.94 72. 7 68.3 67. 0 59.89 46.5 45.2 64.71.618 1.844 1.968 1.667 1. 830 1. 852 1.916 1.751 1. 806
-0.214 0.012 0. 136 -0. 165 -0.002 0. 020 0. 084 -0.081 -0. 026

Ti 02 0.23 0.31 0.20 0. 19 O. 14 0. 17 0. 15 0.23 0. 15
0.006 0.008 0.005 0. 005 0.004 0. 004 0.004 0. 006 0.004

-0.003 -0.001 -0. 004 -0. 004 -0. 005 -0. 005 -0.005 -0.003 -0. 005

Al2 03 23.01 16.85 14.93 17.71 16.82 16. 75 17.3 19.5 19.5 25.40 39.5 38.5 18.40.575 0.445 0.407 0.441 0.437 0.444 0.456 0.500 0.526
O. 151 0.021 -0.017 0.017 0.013 0. on 0.032 0.076 0. 102

F e2 03 0.43 1.49 1. 12 a 0.68 3. 14
0.011 0.039 0.031 0.018 0.083

-0.028 0. 000 -0. 008 -0.021 0. 044

Fe 0 0.80 1.11 0.51 0.65 0.68 1.0 1.4 3.0
0.020 0.029 O. 014 0. 017 0.018 0. 026 -0.036 0. 081

-0. 022 -0. 013 -0.028 -0.025 -0.024 -0. 051

Mn 0

Mg 0 0.25 0.6 0.4 0.1 0.1 0.25 0. 1 0.3 O. 5
.006 0.016 0.011 0.002 0.003 0.007 0.003 0.008 0.013

-0.016 -0.006 -0.011 -0.020 -0.019 -0.015 -0. 019 -0. 014 -O. 009

Ca 0 4.33 2.7 2.62 1.54 1.58 0.60 3. 1 2.7 1.9 6.99
0. 108 0. 071 0.071 0.038 0.041 0.016 0.82 0.069 0.051
0.018 -0.019 -0.019 -0. 052 -0.049 -0. 074 -0. 008 -0.021 -0.039

Na 0 0.53 4.30 0.25 2.65 4.85 1.63 4.65 4.80 0. 70 7.72
0.013 0.114 0.007 0.066 O. 126 0.043 0. 123 0. 123 0. 019

-0.114 -0.013 -0. 120 -0.061 -0.001 -0.084 -0.004 -0,004 -0. 108

K2 0 2.49 2.40 4.96 9.73 2.44 4. 69 1.54 3.50 6.75 11.8 16.90.062 0.063 0. 135 0.242 0.063 0. 124 0.041 0.090 0.182
0.017 O. 018 0. 090 0.197 0.018 0. 079 -0. 004 0.045 0.137

H2O 6.30 0.06 1.30 0.25 1.01 0.87 14.0 4.5
0. 158 0. 002 0.035 0. 006 0.026 0.023
0. 137 -0. 019 O. 014 0. 015 0. 005 0.002,

103.10 99.62 98.55 99.18 98.75 98.72 100.54 100.73 99.50

Analyses by: E. M. Taylor, Oregon State University, Corvallis, Oregon, 1971.
H2O by: R. Broadhead, C. M. S. Inc. Salt Lake City, Utah, 1972.



Table 14. Chemical Analyses of Composite 10 Foot Sections of Core.

69-47/1370-80
p = 2.688

69-47/1310-20
p = 2.665

16-2/10-20 69-47/1240-50 14-5/720-30 16-2/400-10 69-33/350-60 69-46/510-20 69-30/1210-20 69-46/750-60
p = 2.642 p = 2.647 p = 2.592 p = 2.675 p = 2.647 p = 2.627 p = 2.649 p = 2.641

Si02 71. 10
1.911
0. 079

Ti02 0. 20
0.005

-0. 004

A1203 14.31
0.385

-0. 039

Fe203 0.82
0.022

-O. 017

Fe0 1. 43

0.038
-0.004

Mn 0

MgO 0.4
0.011

-0.011

CaO 2.68
0.072

-0.018

Na20

H2O

3.9
0. 105

-0. 022

2.77
0.074
0.029

71.49
1.905
0. 073

0. 15
0.004

-0. 005

15.01
0.400

-0.024

0.76
0.020

-0. 019

1.24
0.033

-0.009

0. 2

0.005
-0.017

2.66
0.071

-0. 019

3.5
0.093

-0.034

3.07
0.082
0.037

97.61 98.08

73. 03
1.929
0.097

0.23
0.006

-0. 003

14.38
0.380

-0. 044

1.47
0. 039
0.00

1.21
0.032

-0.010

0.25
0.007

-0.015

1.90
0.050

-0.040

2.80
0.074

-0. 053

3.75
0.099
0.054

68,98
1. 826

-0. 006

0.20
0.005

-0. 004

14. 54
0.385

-0. 039

0. 78
0.021

-0. 018

1.54
0.041

-0. 001

0.25
0.007

-0.015

3. 52
0.093
0.003

3.5
0.093

-0.034

3. 11
0.082
0.037

99.02 96.42

74. 21
1.924
0. 092

0.23
0. 006

-0. 003

12.49
0.324

-0. 100

0. 83
0.022

-0.017

0.73
0.019

-0. 023

68. 54
1.833
0. 001

0.38
O. 010
0.001

13. 52
0.362

-0. 062

2.36
0. 063
0.024

1. 12
0.030

-0.012

0.64 0.95
0.017 0.025

-0. 005 0.003

2. 12 2.35
0.005 0.063

-0. 035 -0. 027

1. 21 1.83
0.031 0.049

-0.096 -0.078

3. 80 3. 78
0.098 0.101
0.053 0.056

3.03 3.77
0.079 0..101
0.058 0.080

99..52 99.45

73.61
1.948
O. 116

0.23
0.006

-0. 003

14. 86
0. 393

-0.031

1.46
0.039
0.00

0. 83
0.022

-0. 020

0.4
0.011

-0.011

0.83
0.022

-0.068

0.40
0.011

-0. 116

4.67
0. 124
0. 079

74. 57
1.959
0. 127

0. 18
0. 005

-0. 004

14.46
0. 380

-0.044

0.03
0. 001

-0. 038

0. 78
0.020

-0. 022

0.25
0. 007

-O. 015

2.31
O. 061

-0. 029

4. 2

O. 110
-0.017

2. 16
0. 057
0.012

97.29 98.94

75.92 76.14
2.011 2.011
0. 179 O. 179

0. 13 0. 14
0.003 0.004

-0.006 -0. 005

12. 50 13, 75
0.331 0.363

-0.093 -0.061

0.26 0.33
0.007 0.009

-0. 032 -0. 030

0.97 0.55
0.026 0.015

-0.016 -0. 027

0. 1

0.003
-0.019

2. 14
0.057

-0. 033

2. 80

0.074
-0.053

3. 32
0.088
0.043

0. 1

O. 003
-0.019

2.46
0. 06S

-0. 025

2.27
0.060

-0.067

2.99
0.079
0.034

98.14 98.73

Sample description in Figure 16.



Table 15 Modal Analyses of Chemically Analyzed Single Alteration Samples.

Arg

14-5/143

Mod. PS

68-6/1496

Int. PS

68-4/58

Int. Kf

68-9A/1178

( slab)

68-9A/1178

VS -*MA

68-12/619

VS-MA w/Kf
wk Arg

68-9A/952.5

Quartz 40.2 32.6 35.7 26 39.6 36.6 31.2
K-feldspar 7.4 7.4 13.6 44.4 4.4 8.8
Plagioclase 48.8 54.0 59.0 12.4 29.5 42.4
Biotite 3.4 0.4 2.7
Magnetite 0.6 Tr x 0.8
Sphene Tr Tr
Zircon Tr 0 ,.2 Tr Tr Tr
Apatite 0.4 0.4 Tr 0.1 0.6
% of Plag alt

to:
99 54 100 65 43 28

P. Ser 9 37 45 8 9
Kaol 68 9 14 35 19

Cal 22 3 6

Ep-cl z. 5

Perv. Sericite 52.2
Vn Sericite 3.2 26.7 12.3
2nd Biot
Chlorite 2.0 0.3
Calcite 12.1 1.4 0.8
Ep.-clinozoisite Tr 0.1
Siderite x 1.4 x 1.2 x
Opaques 1.2

Hem 0.6 Tr Tr 0.2 x
Myrmekite x x x x



Table 16. Modal Analyses of Representative Samples from Chemically Analyzed 10 Foot Sections of Core.

69-47/1377 16-2/20 69-33/357 14-5/728 69-47/1318 16-2/407 69-47/1240 69-46/511 69-30/1211 69-46/756

Quartz 46 28.0 59, 2 57 37.7 35.5 52, 2 40. 4 39.4 38.9
K-feldspar 5. 6 6.7 6.2 6. 3 6. 1 11. 3 6.2 12.6 1.9
Plagioclase 44.4 45, 4 21. 2 42. 1 55, 8 11.9 53.1 41. 1 33. 3

Biotite 3.6 4.2 2. 4 0.2 1. 4

Magnetite 0. 2 0. 8

Sphene + Ti mins 0.25 Tr 1. 1 0. 6

Zircon Tr Tr
Apatite Tr 0.3 0.1 Tr Tr 02 0. 1 0. 1 Tr

% of plag alt 34. 7 68 100 80 52 45 70 46 47 60
to:

P. Ser 4 56 36 30 5 36 17 22 36

Kaol 30 12 36 22 40 34 20 25 21

Cal 0.5 8 x 1

Ep-cl z 0.2 Tr Tr
P. Sericite 40. 3
Vn Sericite 15.1 11.4 6.9 20.9 0. 1 1.9 19.2
2nd Biot 0.2
Chlorite 0.2 0.2 Tr
Calcite 3.6 1.2 2.6 2.6 3. 3

Ep.- clinozoisite Tr 0.2
Siderite x x x x x x

Opaques 0. 7 0.4 0.8 0.8 0. 5 0.4
Hem

Other 1. 1 0.6
Myrmelite x x
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. SINSLE ALTERATICN TYPOS AND INTaiSITIES

lu

11. COMPOSITE 10 FOOT AVERAGE ALTERATION TYPES AND INTENSITIES

SAMPLE IDENTIFICATION Facet LaFT TC RI1RT IN EACH COLUMN:

1: 68-9A/952.5 Relatively unaltered.
2. 68-12/619 rsderate argil is envelope adjacent to sericite vein.
3! 88-9A/952.5 Pcderate argillic envelope with secondary X-spar

adjacent to cericite vein.
4. 14-5/10 Intense pervasive argillic alteration.
5. 88-6/11496 Moderate pervasive sericite.
6. 68-4/58 Intense pervasive sericite.
7. 68-12/619 Vein sericite.
81. 68-9A/952.5 Vein Sericite.

9. 68-9A/1178 Intense pervasive K-spar.

* Total iron as FeD, no water analysis

ARO PS VS XF GYP SUN
1. 69-47/1370-1380 WX no,..x WK NO X
2. 16- 2/10 -20 C0 !'CD :co NC
3. 69-33/350-36o INT INT I NO-7K
4! 14-5/72o-73o /NT NOL-A WK-VCD WK I iti IF
5. 69-47/7310-1320 '7K-ycn M. ^0-INT wK-M00 NO X
6r 16-2/40o-410 "CD x INT NO I
7. 69-47/124o-125o rco YOD-INT WX-MCD INT I
8. 69-46/510 -520 wN-!..00 WK WK NC I
9. 69-30/1210-1220 Y{ -MOD ryr NK NC-WK X '

10. 89-48/750-780 INT INT WK-MCD NO I

NO NONE ARO ARZILLIC
WK WEAK PS PERVASIVE SERITITE
NOD MCI:MATS VS VEIN SMI-ITE
TNT INTENSE KF POTASS1TM F71.D6PAR
I PRESENT GYP GYPSUM VEINS

BUN 3ARR QUARTZ VEINS
* Water analysis

Figure 16. Alteration oxide gains and losses relative to background Bethsaida Granodiorite.
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Oxide Gains and Losses--Single Alteration Samples

Hydrothermal alteration of the Bethsaida Granodiorite host re-

sulted in significant metasomatic changes in the abundances of the

major oxides. Relative to background values, most samples of the

single alteration types (Figure 16A) have a general decrease in SiO2,

Fe203, FeO, MgO, C 0, and Na20 and an increase in A1203, K20,

and H2O Furthermore, metasomatism removed from the host almost

all the Fe203, FeO, MgO, and, in the samples of intense alteration,

Na20. These oxide changes are generally accompanied by a decrease

in density to a maximum of about 0.17 gm /cc.

Besides these generalizations, several other trends are dis-

cernable from the data. Increase in the intensity of argillic alteration

is accompanied by progressive loss of SiO2 and Na20, progressive

gain in A1203 and H20, and change from loss to gain of CaO. The

Si02, A1203, and H2O changes are chemically appropriate for con-

version of plagioclase to kaolinite (see plagioclase and kaolinite oxide

analyses in Table 13). The increase in CaO corresponds to an in-

crease in modal calcite (Table 15). Two samples, 68-9A/952.5

(relatively unaltered host) and 68-4/58 (intense pervasive sericite),

show relatively large gains in silica of 0.05 and 0.14 gm/cc, re-

Ppectively, that are largely unexplained. Replacement of plagioclase

(An
33 about 60 percent SiO2) by muscovite (about 45 percent Si02)



112

might account for the 6 percent increase in modal quartz in the sample

of intense pervasive sericite (Table 15) relative to background Beth-

saida Granodiorite (Table 2). The relatively unaltered sample is 2 to

3 cm from a quartz-sericite vein and has a 2 percent increase in

modal quartz. The increase in SiO2 in both samples may be due to

a general flooding of silica in the rock. In Figure 16A argillic,

through sericitic, to potassium feldspar alterations show a progres-

sive increase in gain of K2O. Such an increase in K2O is permissive

evidence for kaolinite, sericite, and potassium feldspar alterations

to develop by progressive increase in K+ activity at relatively

constant H activity and temperature.

Oxide Gains and Losses--10 Foot Composite Samples

With the exceptions of SiO2 and A1203, oxide gains and losses

in the 10 foot composite samples (Figure 16B) are comparable to, but

generally slightly less in magnitude, than those in the single alteration

types. In particular the first three samples correspond to general

progressive increases in intensity of argillic, pervasive sericite,

and vein sericite alterations and are accompanied by progressive

decrease in FeO, CaO, and Na2O, and progressive increase in K20.

In contrast to the single alteration samples, SiO2 shows a consistent

gain and A1203 a consistent loss. Inspection of modal analyses of

altered samples in Tables 8, 9, 11, 12, 15, and 16, shows that most
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alteration, with the exception of some samples of vein sericite and

potassium feldspar alterations, is accompanied by at least a 5 percent

increase in modal quartz over the 29 percent in background Bethsaida

Granodiorite. The increase may represent a general flooding of the

rock with silica. This and the inclusion in the composite samples

of mineralized and barren quartz veins that were not included in the

single alteration samples produce the general 0.1 to 0.2 gm/cc

increase in silica. Silica gain is greatest for those samples with the

most barren quartz veins (samples 8, 9, and 10). The increase in

silica causes the antithetic 0.05 to 0.1 gm/cc decrease in A1203.

Sample 6 represents primarily intense vein sericite alteration and is

anomalous in that it has only a 0.001 gm/cc increase in SiO2, How-

ever, this sample is similar to the single alteration quartz-sericite

samples that also have relatively small changes ( +0. 020 and -0.026

gm/cc) in their silica contents.

Chemical Changes and Comyosition of the Hydrothermal Fluid

The gains and losses in the rock of CaO, Na2O, and K2O indi-

cate that the hydrothermal fluid that reacted with the host must liavf,,

been similar to Na-Ca-K brines described by White (1967). Halite

and sylvite daughter minerals in a few fluid inclusions in hydrothermal

quartz indicate that at least some Cl was in the fluid and that the

salt concentration approached 360,000 ppm. Most alteration depletes
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the rock of CaO and Na2O (Figure 16) and these components are

removed in the fluid. Their concentration depends on the relative

abundance of fluid and altered rock. Additionally, most alteration

enriches the rock in K2O. The added K2O must be brought in by the

fluid. Where replacement of the host rock occurred, the fluid con-

tained calcium, sodium, potassium, and chlorine.

The cation exchanges between hydrothermal fluid and rock may

have caused the fluid or brine to evolve from one that was initially

K-rich, through a Ca-Na-K type, to a Na-Ca or Na type. The Cl

content of the fluid is not affected by alteration. The source of the
-

aqueous Cl was probably chlorine partitioned into an aqueous phase

in equilibrium with a siliceous melt (Burnham, 1967). The con-

sistent gain in K2O in all explored altered rock necessitates that the

initial fluids which encountered the host already contained potassium.

Data from experimental and natural systems show that hydrothermal

fluids in contact with reactive granitic rock have higher K/Na ratios

at magmatic than at lower temperatures (Rye and Haffty, 1969). The

potassium, chlorine, and possibly silica may have originated in the

magmatic source region of the fluid. During the main stages of

alteration, while host rock sodium and calcium were exchanged for

potassium, the fluid was a Ca-Na-K type. During late stage and (or)

peripheral alteration, the fluid may have been largely depleted of

potassium and in equilibrium with propylitic mineral assemblages.
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The host may show little or no leaching of cations, but may have

hydrothermal additions of calcium fixed as epidote or calcite and

sodium as albite.

Chemical Changes and Alteration Mineralogy

ACF and AKF ternary diagrams are commonly used to show the

relation between the chemistry and mineralogy of altered rock at a

given temperature (Creasey, 1966; Meyer and Hem ley, 1967).

Ideally, samples that plot within fields or on tie lines in the ternary

diagrams are composed of the minerals that define the fields or lines.

In such cases the minerals in the sample may be in stable equilibrium,

however, a mineral assemblage of lower free energy that did not form

due to kinetic reasons may actually be the most stable assemblage at

the assumed temperature.. In samples that do not plot in fields that

correspond to their mineralogy, the minerals are not in thermody-

namic equilibrium at the assumed temperature, or the sample contains

minerals or mineral assemblages of different parageneses.

Eskola (1920) first introduced the use of ACF and AKF diagrams

and Turner (1968) summarizes Es lola's procedure for calculating the

molecular percentages that correspond to the apices of the ternary

diagrams. For the ACF -AKF plots in this paper CO2 determinations

were not made and the chemical analyses were not corrected for

modal minerals. Accordingly, the molecular percentages recalculated



116

to 100 percent that are shown in the ACF and AKF diagrams are

calculated as follows:

ACF Diagrams A = A1203+ Fe203 - Na20 K20
C = Ca0 - 3.3 P205
F = Fe0 + Mg0 + Mn0

AKF Diagrams A = A1203 + Fe203 - CaO - Na20 K20
K = K20
F = Fe0 + Mg0 + Mn0

Chemical analyses of hydrothermally altered samples from

Valley Copper, when plotted on ternary ACF -AKF diagrams, display

only approximate correlations with the alteration minerals in the

sample (Figure 17). In the ACF diagram at magmatic temperatures,

anorthite would replace epidote, and background Bethsaida Granodio-

rite would plot very near the anorthite (plagioclase)-biotite tie line in

agreement with its mineralogy. For both the single alteration types

and the 10 foot composite samples the ACF diagram does not dis-

tinguish the different alteration types. Both types of samples plot

within the kaolinite-epidote-chlorite (biotite) field. Although kaolinite,

epidote, and chlorite are common alteration minerals, especially in

argillic alteration, considerable calcite occurs in the modes of some

of the samples (12 percent in intense pervasive sericite sample

68-4/58), yet none of the samples plot within the calcite field. The

plots of the 10 foot composite samples, relative to the single altera-

tion samples, are more concentrated and closer to background
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Bethsaida Granodiorite in accordance with the more average chemical

nature of the composite samples.

In the AKF diagram background Bethsaida Granodiorite, in

agreement with its mineralogy, plots on the potassium feldspar-

biotite tie line. Single alteration samples that are intensely altered

plot in or near fields on the AKF diagram that correspond to their

alteration type. However, moderately altered samples and the 10

foot composite samples all plot within the muscovite-potassium feld-

spar-biotite (chlorite) field. The intense argillic sample plots within

the kaolinite-muscovite-chlorite field and the principal alteration

minerals in this sample are kaolinite, pervasive sericite, chlorite,

and calcite (Table 15, 14-5/143). One sample of a quartz-sericite

vein plots near muscovite and the sample of intense potassium feld-

spar plots near the potassium feldspar apex of the AKF diagram.

Presumably, the alteration mineral assemblages in these three

samples have approached equilibrium. It should be noted, however,

that all three samples contain kaolinite, sericite, calcite, and potas-

sium feldspar (Table 15, 14-5/143, 68-12/619, 68-9A/1178). The

other single alteration samples represent moderate argillic and

pervasive sericite, intense pervasive sericite, and vein sericite

alterations. Their plots within the muscovite-potassium feldspar-

chlorite field are toward muscovite from background Bethsaida

Granodiorite.
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The 10 foot composite samples also generally plot toward mus-

covite from relatively unaltered Bethsaida Grandiorite. In addition,

samples 1, 2, and 3 represent progressively more intense argillic,

pervasive sericite and vein sericite alterations and plot progressively

closer to muscovite. The relatively low A1203 content of the 10 foot

composite samples causes their plots to be slightly farther from the

A apex than those of the single alteration samples (Figure 17).

Although the AKF diagram more closely displays the dominant

alteration mineralogy at Valley Copper, the ACF-AKF ternary repre-

sentations of the chemistry of altered samples only approximate the

alteration mineralogy. The composite samples adequately reveal the

overall chemical changes which accompany alteration. Their inclu-

sion of alteration types of different paragenesis, however, generally

prevents their usefulness in rigorous correlations of chemistry with

alteration mineralogy in ACF-AKF diagrams. Intensely altered

single alteration samples may plot in fields corresponding to their

alteration mineralogy. In moderately altered single alteration

samples the modal abundance of calcite and kaolinite are not ade-

quately represented on ACF and AKF diagrams. The inadequacy of

the diagrams to reflect alteration mineralogy may in part be due to

the large bulk chemical changes in the rock required for an altered

sample to plot within the various fields in the ternary diagrams.



A Kaolinite Epidote Calcite A Kaolinite Epidote Calcite C

K K-spar
A. single alteration samples

1. Relatively unaltered 68-9A1952.5
2. Mod argillic 68-12/619
3. Mod argillic 68-9A/952.5
4. Int. perv. argillic 14-5/143
5. Mod. perv. sericite 68-6/1496
6. Int. perv. sericite 68-4/58
7. Vein sericite 68-12/619
8. Vein sericite 68-9A/952.5
9. Int. perv. K-spar 68-9A/1178

K K-spar
B. 10 foot composite samples

Background Bethsaida GD GB-5, BS-2

(For sample identification, see Figure 16 .)

Figure 17. AKF and ACF ternary diagrams of hydrothermal alteration.
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Unless extensive metasomatism has occurred, the altered sample,

by necessity of similar bulk chemistry, will plot near its unaltered

equivalent.

The general trend in the ACF-AKF diagrams of the altered

samples relative to their background equivalent may be of more sig-

nificance that whether the samples plot in fields that correspond to

their alteration mineralogy. Valley Copper samples plot toward

muscovite from background Bethsaida Granodiorite and the principal

ore occurs within quartz-sericite (muscovite) veins. The general

trend of samples from deposits in which the principal ore is in

potassic alteration may be toward the potassium feldspar-biotite tie

line from their unaltered equivalents. Such a trend is indicated at

Bingham where the principal copper ore is in secondary potassium

feldspar. A ternary plot of modal quartz, potassium feldspar, and

plagioclase from altered samples collected in the Bingham pit shows

a trend from relatively unaltered granodiorite toward the potassium

feldspar apex (Peters and others, 1966).

Chemical Changes and Chemical Reactions

Chemical reactions that describe the hydrothermal alteration

processes are written to correspond to (1) the relative modal (volume)

abundances of the primary and alteration minerals and to (2) chemi-

cally equivalent replacement of cations released during alteration
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(generally Na+ and Ca++
from plagioclase) by K+ and H+ (hydrogen

metasomatism, Hem ley and Jones, 1964; Meyer and Hem ley, 1967).

In most of the reactions plagioclase is the mineral that is altered and

the altered portion is used as a reactant. As an example, in moder-

ate argillic alteration 35 percent of the original plagioclase (An33)

replaced by kaolinite and pervasive sericite (Figure 13). The modal

(volume) proportion of kaolinite to sericite (muscovite) i 2.5:1. The

modal reaction, therefore, i

0.35 An33 -->0.25 Ka + 0.1 Mu

Modal (volume) proportions must be converted to mole propor-

tions in order to write chemical reactions. Where there is only one

reactant mineral, its modal coefficient is taken as the number of

moles involved in the chemical reaction. Where there is more than

one reactant mineral, plagioclase is generally the principal mineral

and the other reactant minerals are normalized to plagioclase in the

following way. One mole, of plagioclase (An33, Na2Ca(A14Si8)Q24)

has a molecular weight of 802_70 gm mole-1 and a density of 2.67

gm cc-1. The molar volume of plagioclase is, therefore, 300.63

cc mole-1. Plagioclase is 58 volume percent of the host, and,

accordingly, 519 cc of rock contain 1 mole of plagioclase. The

modal (volume) percentages of the other reactant minerals then cor-

respond to a percentage of 519 cc of rock. The volume of each
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reactant mineral divided by its molar volume determines the number

of moles of each reactant mineral.

The conversion of modal proportions to mole proportions for

the product minerals is made by a molar volume correction factor.

The correlation factor is the number of moles of each product mineral

that can replace, volume for volume, 1 mole of each reactant mineral.

A correction factor is calculated by dividing the volume of 1 mole of

reactant mineral by the volume of 1 mole of product mineral. The

modal (volume) coefficient of each product mineral is multiplied by

its corresponding correction factor to determine the number of moles

of product mineral produced by the modal reaction. Where there is

more than one reactant mineral, the number of moles of each product

mineral is the sum of the number of moles of that mineral produced

by each reactant mineral.

Total reactions are calculated from hydrolysis half reactions

(Table 12, Helgeson, 1969) for each reactant and product mineral.

The half reaction of each mineral is multiplied by its corresponding

number of moles and the resulting half reactions are summed to give

the total reaction. The total reactions are modified to correspond to

equivalent replacement of Na+ and Ca++
by K+ and H . Accordingly,

the total electric charge (equivalence) of Na+ and Ca++ is replaced by
+.an equivalent amount of K+ and H+. The amount of K is fixed at the

amount required to form muscovite or potassium feldspar. The total
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chemical reaction is then mass balanced for the resulting change in

total hydrogen by adding an appropriate amount of H2O to either the

reactant or product side. The change in total oxygen is then mass

balanced by adding 02 to either the reactant or product side.

The modal and chemical reactions that describe argillic, per-

vasive sericite, secondary potassium feldspar, and vein sericite

types of alteration are given in Table 17.

Oxide gains and losses for the single alteration samples are not

all consistent with the changes predicted by appropriate chemical

equations. This comparison for Si02, A1203, CaO, K20, and H2O

is shown in Table 18 in which the oxide gains or losses and occur-

rences as reactant or product are abstracted from Figure 16A and

Table 17, respectively. Ideally, oxides that show gains should occur

as reactants and oxides that show losses should occur as products.

Moderate argillic alteration and vein sericite replacement of rela-

tively unaltered rock have perfect agreement between gains-reactants

and losses-products. The other alteration samples, however, show

discrepancy, generally with Si02 and A1203.

The discrepancies are largely unexplained. The chemical

analyses indicate the actual composition of the rock and the chemical

equations are based on modal analyses, the actual mineralogy of the

rock. More chemical analyses and modal determinations may show



Table 17. Alteration Chemical Reactions, A F°, and PH°.

Temp Fo (kcal) pH (kcal)

I. ARGILLIC ALTERATION

A. Moderate (12-3/273, 12-3/547)

Modal: 0. 35 An
33

-40. 25 Ka + 0. 1 Mu

Chemical: 0. 35 An
33

+ 1. 18 H+ + + 0. 22 K+ + 0. 74 Al
-H-F

+ 1. 12 H2O + O. 54 0
2

75 Ka + 300 C - 814 - 781

0.22 Mu + 0.67 Q + 0. 70 Na + O. 35 Ca++

B. Intense (16-2/910, 14-5/143, 12-3/345, 69-25/939)

Modal: 0, 87 An3i---)0. SO Ka + 0. 15 Mu + 0.22 Cal

Chemical: 0. 87 An
33

+ 3. 16 H
±

+ O. 32 K
±

+ 0.92 Ca-H-+ 1.78 H2O + 1.27 0
2

+1.79 CO
2
--->

1. 51 Ka + O. 32 Mu + 1.79 Cal + 2.98 Q + 1. 74 Na+
+ 0. 14 Al 300°C -1937 -1971

II. PERVASIVE SERICITE ALTERATION

A. Moderate (68-2/92, 69-47/1515, 68-6/1496, 69-30/1044)

Modal 0.45 An33 Mu + 0.06 Ka + 0. 04- -0.35 Cal

Chemical: 0.45 An
33

+ 1.05 H + 0. 75 K + 0.81 Al-H-++ 0.58 H2O + 0.77 0
2

+ 0.32

CO2-40.75 Mu + 1.80 Ka + 0. 32 Cal + 0.99 Q + 0.90 Na+ + 0. 13 Ca++ 300
oC - 812 - 990

B. Intense (69-47/392, 68-4/58, 69-25/459)

Modal: 1. 0 An33-40. 87 Mu + 0. 13 Cal

Chemical: 1.00 An
33

+ 2. 13 H + 1. 87 K + 0. 05 Ca -H-
+ 1.61 A1-14+ + 0. 80 H2O + 1. 73

0
2

+ 1.05 CO2 -->1. 87 Mu + 1.05 Cal + 2.39 Q + 2.00 No+ 300
oC

-2244 -2202



Table 17. Continued.

Temp A Fo (kcal) A Ho (kcal)

HI. SECONDARY POTASSIUM FELDSPAR ALTERATION

A. K-Spar Envelope to Vein Sericite

Modal: 1.0 An
33

->1 0 Kf
+ + + ++Chemical: 1.00 An

33
+ 0.28 Q+ 1.24H + 2. 76 K -+2.76 Kf + 2. 00 Na + 1.00 Ca

+ 1.24 Al* + 0.62 H2O + 0.93
02 400 oC -1910 -1757

B. Pervasive K-Spar

Modal: 1.0 An33-1. 0 Kf
++Chemical: 1.00 An

33
+ 0.28 Q + 1.24 H+ + 2.76 K-F--), 2. 76 Kf + 2.00 Na + 1.00 Ca

+ 1.24 Alm + 0.62 H2O + 0.93 02 500
o

C -1823 -1718

IV. VEIN SERICITE ALTERATION

A. Vein Sericite on Relatively Unaltered Rock (69-47/1620, 68-4/1415)

Modal: O. 58 An
33

+ 0.29 Q + 0. 10 Kf -}0.22 Q + 0. 76 Mu + 0. 02 Kf = O. 58 An
33

+

0.07 Q + 0.08 Kf --> 0. 76 Mu

Chemical: 1.00 An
33

+ 1.60 Q + 0.38 Kf + 2. 34 H+ + 1.66 K± + 1.74 Al
-H-+

+ 10. 11 H2O

+ 1.30 0
2
-} 2.04 Mu + 2.00 Na + 1. 00 Ca + 4.62 SiAc 400 C -2098 -2182

B. Vein Sericite on Intensely Argillized Plagioclase (16-2/910, 68-2/1375)

Modal: 0. 13 An
33

+ O. 50 Ka + 0. 15 Mu + 0.22 Cal->0. 16 Q + 0.37 Mu =

0. 13 An
33

+ O. 50 Ka + 0.22 Cal 42 Q + 0. 58 Mu

(Products recalculated to 100 percent, quartz corrected for background quartz)
+ +Chemical: 0. 13 An

33 + 1.51 Ka + 1.79 Cal + 3.67 H + 1. 05 K + 3. 81 SiAc--> 4. 72 Q
++ ++++ 1.05 Mu + 0.26 Na + 1.92 Ca + 0.39 Al + 11.42

H20 +0,1402 +1,79 CO2
400°C - 382 - 188



Table 17. Continued.

MINERALS

An
33

Plagioclase (An
33)

Na C a(Al Si )
2 4 8 °24

Q Quartz SiO
2

Kf Potassium feldspar KA1Si 03 8

Mu Muscovite (sericite) KAI Si 0 (OH)
3 3 10 2

Ka Kaolinite Al2 Si
2
0

5
(OH)

4

Cal Calcite CaCO
3

SiAc Silicic acid H
4

SiO
4



Table 18. Gains and Losses of Selected Oxides vs. Their Occurrence as Reactant or Product in
Chemical Equations.

Si 02--Q, (H4SiO4) L- -P L--P L--P G--P L--R G& L -R, (P) *- -P, (R--)

A1203--A1+++ G--R G--P G--R L--R G--P G--R *- -P

Ca0--Ca++ L--P G--R L--P L--R L--P L--P *__ p

K20--K+ G -R G--R G--R G--R G--R G--R *--R

H
2
0--H20 G -R G--R L--R G--R L--P G--R * -P

Q = SiO2

Gain does not correspond to reactant or Bethsaida Granodiorite G = Gain L = Loss
Oxide Gain and Losses Relative to Background

loss does not correspond to product..
No data

Oxide or Cation Occurrence in Chemical Reaction
P = Product R = Reactant
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that these discrepancies are spurious results in otherwise conformable

relationships between chemistry and chemical equations.

Some of the discrepancies, however, may be caused by non-

ideal composition of mineral phases represented by ideal formulas

in the chemical equations. For example, if pervasive sericite were

phengitic, it would contain more silica and less alumina than indicated

by the formula used for muscovite. An increase in silica and decrease

in alumina in sericite from intense pervasive sericite alteration

might change silica from product to reactant and alumina from re-

actant to product and thereby make the chemical equation consistent

with the oxide gains and losses.

X-ray diffraction patterns of sericite from its vein and per-

vasive occurrences support the possibility that pervasive sericite is

phengitic. Although the differences between the average 28 values

of the respective 002 and 004 reflections from the two sericite

occurrences are statistically significant only at about the 80 percent

confidence level, the averages of the pervasive sericite reflections

are slightly greater than those of vein sericite (Table 10). Increased

silica in phengite is electrically balanced by substitution of the smaller

Mg++ and Fe++ for the larger Al+++ in octahedral sides (Deer and

others, 1966, p. 202). The smaller cations would cause smaller

d-spaces and larger 2Q reflections for the 002 and 004 peaks in the

more phengitic pervasive sericite samples.
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Fournier (1967) suggests that high silica activity may depress

the stability field of muscovite relative to the fields of kaolinite and

potassium feldspar and thereby cause the crystallization of secondary

potassium feldspar at the outer edge of the quartz-sericite vein where

it merges into its argillic envelope. At Valley Copper potassium

feldspar envelopes are wider and more continuous around vein seri-

cite that replaces relatively unaltered rock than around that which

replaces previously intensely argillized rock. This phenomenon may

be explained by the occurrence of silicic acid, H4SiO4, as product

and reactant, respectively, in the chemical equations that describe

vein sericite replacement of relatively unaltered rock and of intensely

argillized plagioclase (Table 17). Quartz-sericite veins that replace

relatively unaltered rock develop argillic envelopes of moderate

intensity that may have metastably high activities> of silica (Hem ley

and Jones, 1964; Meyer and Hem ley, 1967). Moderate argillic alter-

ation of plagioclase generates 0.67 moles of silica (Table 17). Addi-

tionally, high silica activity in the argillic envelopes would be

enhanced by the 4.62 moles of silicic acid produced during the re-

placement of the rock by vein sericite. At the outer edge of the

quartz-sericite vein that replaces relatively unaltered rock, potassium

that migrates into the rock from the vein, silica, and alumina re-

leased from the breakdown of plagioclase combine to form the potas-

sium feldspar envelope. Vein sericite that replaces previously
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intensely argillized plagioclase consumes 3.81 moles of silicic acid

to form quartz and muscovite (Table 17). Accordingly, potassium

feldspar envelopes around quartz-sericite veins that replace intensely

argillized rock are not as wide or as continuous as envelopes around

veins that replace relatively unaltered rock.

Sulfide Mineralization

Study of the ore metals and sulfide mineralogy at Valley Copper

was directed toward (1) identification of the physical occurrence and

mutual associations of the sulfides, (2) determination of copper dis-

tribution and sulfide zonations, and (3) correspondence of metal

concentrations with different intensities of the various types of hydro-

thermal alteration. To compliment these studies, ore metal concen-

trations in the Guichon Creek Batholith were also determined.

The sulfide mineralogy at Valley Copper is relatively simple.

Minerals identified both megascopically and in polished sections are

pyrite, molybdenite, sphalerite, chalcopyrite, bornite, and both

supergene and hypogene chalcocite. Trace amounts of enargite and

(or) tetrahedrite may also occur in the core and traces of covellite

were identified in one polished section.

The bed rock surface is locally oxidized, but no significant

supergene chalcocite zone exists. Iron staining, tenorite, and

malachite characterize oxidized bed rock which ranges from 0 to about
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100 feet thick. Oxide zone copper minerals include malachite,

azurite, tenorite, and traces of native copper. Traces of ferrimolyb-

date may accompany these minerals. Small amounts of supergene

chalcocite generally accompany oxide minerals and replace hypogene

bornite and chalcopyrite.

Sulfide Occurrences and Associations

Hypogene sulfide minerals occur in disseminations, fractures,

pervasive sericite, quartz-sericite veins, and quartz veins. Sulfide

crystal sizes in the quartz veins range up to about 1 cm in diameter.

In other occurrences the sulfide minerals are generally 1/2 to 2 mm

ac ross. Hole 68-18 (not logged) at the northeast end of Section 13,

however, intersected for about 10 feet a zone of almost massive

chalcopyrite. Pyrite, chalcopyrite, and traces of bornite form

sparce replacements of biotite. Chalcopyrite, bornite, and molyb-

denite are disseminated in secondary potassium feldspar and also

fill fractures which cut most types of alteration. Sulfides dissemin-

ated in pervasive sericite are pyrite, chalcopyrite, minor sphalerite,

and rare bornite. In the pervasive sericite at least some of the

pyrite and chalcopyrite replace or are localized in the sites of former

biotite crystals. Quartz-sericite veins host pyrite, chalcopyrite,

bornite, and molybdenite. Quartz veins contain all the hypogene
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sulfides and molybdenite is chiefly associated with quartz veins that

have weak sericite or clay seam envelopes.

Common sulfide mineral associations are pyrite-chalcopyrite-

molybdenite, pyrite-chalcopyrite-sphalerite, and chalcopyrite-bornite

with or without chalcocite, covellite, or pyrite. Molybdenite flakes

and stringers appear to cut through or disrupt coexisting chalcopyrite.

Pyrite which coexists with chalcopyrite or sphalerite exhibits various

degrees of replacement by those minerals depending on the extent of

fracturing of the pyrite. Unfractured pyrite crystals adjacent to

copper or zinc sulfides have straight boundaries that show no evidence

of replacement. Fractured pyrite crystals are variably embayed,

veined, and replaced by chalcopyrite and sphalerite. Larger blebs

or masses of chalcopyrite generally contain traces of microscopic

sphalerite. Bornite commonly partly or completely surrounds co-

existing chalcopyrite. This atoll structure develops by encroach-

ment of bornite into chalcopyrite. The contact between the phases is

irregularly lobed and embayed and microscopic chalcopyrite inclusions

in bornite occur adjacent and parallel to the contact. The encroach-

ment is probably due to progressive exsolution and separation of the

two phases. Fracture fillings or through-going veins of bornite in

chalcopyrite were not observed. Chalcocite may have exsolved from

bornite. Mutual contacts between these minerals are in part inter-

bladed and interlathed. Some chalcocite may have migrated resulting
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in areas, patches, bands, and rinds of chalcocite within, projecting

into, and surrounding bornite. In one polished section traces of

covellite occurred within chalcocite and bornite.

Copper Distribution and Sulfide Zonation

Copper values based on averages of 10 foot assays from the drill

core were provided by Cominco Ltd. For the purposes of this study,

the assay data were reduced to show the approximate limits of low

(significant copper content, but less thancut-off grade), intermediate,

and high (significantly above the average copper content of 0.46

percent) intensities of copper metallization. On the alteration and

sulfide distribution cross sections and plan maps the blue line separ-

ates low from intermediate total copper and the red line separates

intermediate from high total copper.

The relative abundances of bornite and chalcopyrite that are

displayed in plan maps and cross sections of the deposit (Figure 12)

are based on visual estimates of their ratios in the core. In Figure

12 the hachured line delineates regions with bornite > chalcopyrite

(indicated by the hachures) and the dotted line indicates regions with

bornite < chalcopyrite. In general, bornite is more abundant than

chalcopyrite in the central portions of the deposit. Comparison of

the zones of high total copper (red line), vein sericite (Figure 10),

and relatively abundant bornite (Figure 12) indicates (1) the
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unmistakable correlation of high copper assays with intense vein

sericite and low copper assays with the barren quartz core, (2) the

correspondence of relatively abundant bornite to moderate and intense

vein sericite, and (3) the occurrence of high copper values in regions

of abundant bornite.

The general distribution and zoning of chalcocite, pyrite, molyb-

denite, and sphalerite are shown on the 3800 foot plan view in Figure

12. Hypogene chalcocite and pyrite distributions are based on whether

or not those sulfide minerals were observed anywhere in the core.

Primary chalcocite is rare and was identified from only those holes

connected by the heavy-dashed chalcocite line. Pyrite is abnormally

scarce relative to other porphy ry copper deposits; it averages less

than 1 percent by volume. The pyrite line (dashed with P's) separ-

ates pyritiferous (indicated by the P's) from non-pyritiferous regions.

The eastern part of the pyrite line transects the barren quartz core

(indicated by the deflection of the blue low grade copper line along

the Reference Line). Much of the pyrite, however, occurs in intense

pervasive sericite that formed before the barren quartz veins.

Molybdenite was found in all the diamond drill holes logged for this

study. The molybdenite line (dotted with M's) is based on assays

averaged over the entire hole in those vertical holes for which

Cominco Ltd. supplied molybdenite assays. A significant molybdenite
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zone (indicated by the M's) fringes the deposit. Rare megascopic

sphalerite was identified in three holes: 68-1, 69-28, and 69-30.

Pyrite, chalcocite, relatively high chalcopyrite:bornite, and

relatively high molybdenite distributions overlap, curve around the

northwest part of the deposit, and are generally concentric to the

barren quartz core (Figure 12). These sulfide distributions lead to

the following generalizations:

1) The Valley Copper Deposit has a weak pyrite halo.

2) Sulfide mineral zoning grades from a central zone of high

Cu:Fe minerals to a peripheral zone of low Cu:Fe minerals.

3) Sulfur to metal ratios are low in the center and high in the

periphery of the deposit.

The distribution and paragenesis of molybdenite is enigmatic.

In many porphyry copper deposits, molybdenite is most abundant in

the deep central portion of the ore body. At Valley Copper most of

the molybdenite is peripheral to the ore body and its distribution is

similar in shape to one of the truncated molybdenite zones at Climax,

Colorado. The association of molybdenite with pyrite suggests that

molybdenite may have formed earlier than bornite-chalcopyrite in

the paragenesis of the sulfides. The occurrence of molybdenite in

both quartz-sericite and quartz veins suggests contemporaneity with

the similar occurrence of bornite-chalcopyrite. Textural features

in polished sections indicate molybenite may be younger than
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coexisting chalcopyrite. Data obtained for this study do not resolve

these inconsistencies.

Hypogene chalcocite coexists with bornite in quartz veins and

exhibits microscopic exsolution and replacement textures with the

bornite. The late paragenesis of mineralized quartz veins, the

restricted areal distribution of chalcocite, and its association with

bornite indicate that (1) chalcocite formed late in the paragenesis of

the sulfides, (2) the chemical environment favored precipitation of

progressively higher Cu:Fe sulfides, as through increased sulfur

fugacity (see Figure 34), or iron became progressively less available

for precipitation, and (3) sulfur:metal ratios of the sulfides decreased

with time.

Metal-Alteration and Metal-Metal Associations

Hydrothermal alteration at Valley Copper has not significantly

changed zinc and lead values but, has caused an increase in copper,

molybdenum, and silver in the altered host. Whole rock analyses for

copper, molybdenum, silver, zinc, and lead for 10 foot composite

samples and for single alteration samples are presented in Tables 19

and 20, respectively. The composite samples were collected from

splits of 10 feet of crushed core which consist of various intensities

of argillic, pervasive sericite, vein sericite, and potassium feldspar

alterations. Zinc values in the single alteration samples range from
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Table 19. Trace Element Analyses; 10 Foot Composite Samples.

Variable No.

Hole Section

Alteration Type and Intensity

1 2

Beginning Pervasive
Footage Argillic Sericite

3 4

Vein
Sericite Cu %

Geochem

5 6

Mo %
x 102 Ag ppm Zn ppm Pb ppm

16-2 16 West 10 5 5 5 0.46 0.49 2.9 H 20 -10
370 6 3 7 0.72 2.0 4.4 H 20 -10
400 5 3 7 0. 74 0. 05 3.5 H 25 10

930 5 6 6 0.51 0.04 1.6 30 10

1100 5 4 4 0.27 0. 09 1.0 20 10

69-47 16 East 490 5 4 5 0.25 0.01 1.0 25 -10
570 *5 6 6 0.61 6.90 2.3 H 20 -10

1010 7 1 7 0.88 0.08 3. 0 H 15 10

1190 5 4 7 0. 74 0. 30 1.4 25 -10
1210 4 4 5 0.31 0.05 2.8 H 25 -10
1240 *5 6 4 0.37 0.25 1.3 30 30
1250 *5 6 4 0.39 0.16 1.4 20 10

1310 4 6 4 0.26 0.08 1.0 20 -10
1370 3 .2 3 0.22 0. 15 0.6 25 30

14-5 14 West 30 3 2 3 0. 15 0. 10 0.7 25 10

120 6 3 4 0.34 0.04 1.6 25 -10
460 7 3 5 0.41 0. 14 1.5 25 -10
720 7 2 4 0.18 0.75 0.7 20 -10

69-33 14 East 230 7 5 7 0.61 0. 09 2. 9 H 25 -10
330 7 7 6 0.54 0. 15 1. 1 30 20
350 7 7 7 0.43 0. 25 1. 6 0. 11% 10

1160 *7 3 5 0.27 0.13 1.3 15 -10

69 -30 12 West 140 3 3 3 0. 16 0.40 0.2 40 -10
740 5 3 7 0. 75 0. 15 3.8 H 20 -10

1210 5 6 3 0.29 0.12 1.2 20 -10
1450 *5 2 3 0.06 0.22 0. 1 15 -10

69 -46 10 510 4 3 3 0. 14 0.22 0.3 25 -10
750 7 6 4 0.25 0.04 0.5 20 -10
780 7 2 2 0.27 0. 05 O. 8 15 -10

* Moderate or intense potassium feldspar alteration
H Relatively high silver value

Cu and Mo analyses supplied by Cominco, Ltd.
Ag, Zn, and Pb analyses by Rocky Mountain Geochemical Corp.

Alteration Intensity: no alteration 1 moderate 5

weak-no 2 intense-moderate 6

weak 3 intense 7

moderate-weak 4
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Table 20. Trace Element Analyses: Intense Argillic, Pervasive
Sericite, and Potassium Feldspar Alterations.

Single Alteration Types
PPM

Cu Mo Ag Zn Pb

14-5/143 Intense Argillic 140 1 1.0 30 5

68 -458 Intense Pervasive Sericite 1200 1 0.7 11 5

68-9A/1178 Intense Potassium Feldspar 430 14 0.5 18 6

Analyses by Chemical and Mineralogical Services, 1972

Table 21. Trace Element Analyses: Guichon Creek Batholith.

Sample Cu Mo
PPM

Ag Zn Pb

GB-3 Black Lake 125 3 0.3 65 -10

GB-4 Hybrid 235 1 0.4 60 20

GB-7 Chataway 90 1 0.1 30 -10

GB-6 Guichon 235 2 0.2 30 -10

AW-1 Guichon 95 3 1 30 25

GB-2 Bethlehem 25 3 -0.1 30 -10

AW-3 Bethlehem 420 3 1 20 35

GB-1 Skeena 35 2 0.1 30 -10

GB-5 Bethsaida 5 2 -0.1 35 -10

BS-2 Bethsaida 10 -1 -0.1 35 20

Analyses by Rocky Mountain Geochem, 1966 and 1969
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11 to 30 ppm. In the 10 foot composite samples they range from 15

to 40 ppm, except for 0.11 percent (1100 ppm) in 69-33/350-360.

Lead values are 5 to 6 ppm in single alteration samples and less than

30 ppm and generally less than 10 ppm in the composite samples.

Zinc and lead values are about the same in the altered samples and

background Bethsaida Granodiorite (Zn = 35 ppm, Pb = <10 to 20

ppm, Table 21).

In contrast copper, molybdenum, and silver have been added to

altered rock. In the single alteration samples of intense argillic,

pervasive sericite, and potassium feldspar alterations (Table 20)

copper values range from 0.014 to 0.12 percent. Although it is

relatively low in these alteration types, copper is about 10 times

more abundant than in background Bethsaida Granodiorite. In the 10

foot composite samples, which contain variable amounts of vein

sericite, copper values range from 0.06 to 0.88 percent. Molyb-

denum in the single alteration samples ranges from 1 to 14 ppm.

The 14 ppm indicates molybdenum addition to rock pervasively re-

placed by potassium feldspar. In the composite samples molybdenum

ranges from 0.0001 percent (1 ppm) to 0.069 percent (690 ppm) and

averages about 0.0047 percent (47 ppm), a 25 to 50 fold increase over

background values. Silver values range from 0.5 to 1 ppm in the

single alteration samples and from 0.1 to 4.4 ppm in the composite
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samples.. Most alteration is accompanied by a 10 to 15 fold increase

in silver.

The distribution of metals in altered rock is further defined by

plotting the concentrations of copper, molybdenum, and silver against

the intensities of argillic, pervasive sericite, and vein sericite al-

terations (data in Table 19). Zinc and lead values are uniformly low

and all the samples except those indicated by an asterix in Table 19

have weak potassium feldspar alteration. Accordingly, zinc and lead

values and the intensity of potassium feldspar alteration are not

variables. To facilitate graphic comparison of metal content with

alteration intensity, the intensities are numerically coded (Table 19):

1 = no alteration, 3 = weak, 5 = moderate, and 7 = intense. Even

numbers correspond to appropriate intermediate intensities. The

plots were made by computer teletype output and show the abundances

of copper (Figure 18), molybdenum (Figure 19), and silver (Figure

20) versus the intensities of argillic, pervasive sericite, and vein

sericite alterations. Additionally, the relationships among the three

metals are displayed in Figure 21. The R value in these figures is

the correlation coefficient.

The general relationships in Figures 18, 19, and 20 show that

values of copper and silver, but not molybdenum, have strong positive

correlations with the intensity of vein sericite, and that the abundances

of all three metals have only weak positive or negative correlations
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with the intensities of argillic and pervasive sericite alterations. In

detail, the relationships indicated for the metals by Figures 18

through 21 are:

Cu: Copper shows a strong positive correlation with the intensity of

vein sericite (Figure 18C) which confirms the superposition of high

copper (red line) on zones of intense vein sericite in Figure 10.

There is no correlation with pervasive sericite (Figure 18B) and

weakly argillized rock contains little copper (Figure 18A). Strong

vein sericite is accompanied by moderate argillic envelopes to the

quartz-sericite veins, and, accordingly, some high copper values

are associated with moderate argillic alteration. Similarly, some

high copper values in intense argillic alteration are due to the

presence of quartz-sericite veins. Both high and low copper values

in moderate and intense argillic alterations are, therefore, an indirect

confirmation of the separate distributions of pervasive argillic and

vein sericite alterations.

Mo: Molybdenum has no correlation with argillic, pervasive sericite,

or vein sericite alterations (Figure 19). This is an indirect confirma-

tion of the occurrence of molybdenum in quartz veins. Some molyb-

denum is associated with secondary potassium feldspar. Samples with

asterisks in Table 19 have moderate or intense potassium feldspar

alteration and have greater than 0.001 percent molybdenum. Fur-

thermore, sample 69-47/570-580 has the highest molybdenum content,
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0.069 percent, and is associated with moderate to intense potassium

feldspar alteration.

Ag: Silver is similar to copper in its strong positive correlation with

vein sericite (Figure 20C), lack of correlation with pervasive sericite

(Figure 20B), low abundance in weak argillic alteration, and variable

abundance in moderate and intense argillic alterations (Figure 20A).

Silver abundance may be bimodal; the eight higher values (indicated

by H in Table 19) range from 2.3 to 4.4 ppm and the lower values

range from 0.1 to 1.6 ppm. The higher values are all in moderate to

intense vein sericite.

Mo-Cu: Molybdenum shows little correlation with copper (Figure

21A). If, however, the three high molybdenum values are ignored,

much of the molybdenum is associated with lower copper values in

agreement with the peripheral occurrence of the zone of more abun-

dant molybdenite (Figure 12).

Ag-Cu: Silver and copper have a high positive correlation (Figure

21B) because they both occur in vein sericite. Distinct silver-bearing

minerals were not identified in polished sections and it is presumed

that the silver is in solid solution in chalcopyrite and bornite.

Ag-Mo: The bimodal distribution of silver is most evident in the Ag

versus Mo graph (Figure 21C). Silver and molybdenum have a low

correlation due at least in part to their respective correlations with
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vein sericite. The two highest molybdenum values coincide with high

silver values and indicate that some silver may occur in quartz veins

with molybdenite.

Trace Elements in the Guichon Creek Batholith

Background trace element values for molybdenum, silver, zinc,

and lead from the Guichon Creek Batholith appear to be relatively low

and constant, but copper values decrease from the Border Phases to

the Bethsaida Phase (Table 21). Whole rock analyses of molybdenum,

silver, zinc, and lead are uniformly low in all phases: Mo < 3 ppm,

Ag < 1 ppm, Zn = 20 to 65 ppm, and Pb < 35 ppm. Copper values in

the batholith are more variable and form two groups. Black Lake,

Hybrid, Chataway, and Guichon Phases have relatively high copper

values, 90 to 235 ppm, that show a possible decrease inward from

the Border Phase. Samples AW-1 (95 ppm Cu) and AW-3 (420 ppm

Cu) in Table 21 (collected from the Bethlehem property by Wood,

1968) appear relatively fresh, but it is probable that in at least AW-3

copper has been hydrothermally added. Bethlehem (with the excep-

tions of samples AW -1 and AW-3), Skeena, and Bethsaida Phases

have relatively low copper values of 5 to 35 ppm. The abrupt de-

crease in background copper may correspond to and be the result of

a 0.5 to 1 kb increase in water pressure between crystallization of

the Guichon and Chataway Phases and the Bethlehem-Skeena and
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Bethsaida Phases (see discussion of water under The Guichon Creek

Batho lith). The copper may have been partitioned into a hydrous

phase where it was made available for post-magmatic metallization.

Phases that are the principal hosts to metallization in the Highland

Valley District contain the least background copper.

Paragenesis

Paragenetic relationships (Table 22) among rock types and

hydrothermal alteration products have been deduced from megascopic

examination of diamond drill core and confirmed by examination of

thin sections. The Porphyritic Phase of the Bethsaida Granodiorite

is cut by aplites and quartz veins and replaced by all alteration types.

Relatively unaltered Tan Felsite Porphyry contains inclusions of

sericitized Bethsaida Granodiorite. Propylitic and kaolinitic altera-

tions are early replacement products of the plutonic host. Pervasive

sericite replaces both fresh rock and rock previously subjected to

varying intensities of argillic alteration. In thin section the core or

particular zones of some plagioclase crystals are replaced by kaolin-

ite and younger pervasive sericite surrounds some of the argillized

zones. The discordance of the barren quartz core to zones of both

argillic and pervasive sericite alteration is presumably due to the

younger age of the barren quartz veins. Secondary potassium feldspar

replaces argillized and pervasively sericitized plagioclase.



Table 22. Paragenesis of Host Rocks and Ore and Gangue Minerals.

Host Rock Types

Bethsaida Granodiorite
Porphyritic Phase of Bethsaida
Tan Felsite Porphyry
Aplites

Hydrothermal Alteration
Propylitic (?)
Kaolinite
Pervasive sericite
(pyrite, sphalerite, chalcopyrite)
Barren quartz veins
Potassium feldspar
(chalcopyrite, molybdenite)
Biotite
Vein sericite
(bornite, chalcopyrite, pyrite,
molybdenite)
Sulfide-bearing quartz veins
(bornite, chalcopyrite, pyrite,
molybdenite, chalcocite, covellite)
Anhydrite
Gypsum
Calcite veins

Post-alteration Rock Types
Lamprophyre dikes
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Conformity of the zone of more intense potassium feldspar with the

barren quartz core results from their contemporaneity. At least

some secondary biotite may also be conformable to and contemporan-

eous with the barren quartz core. The three barren quartz horizons

may result from several pulses of vein formation. Furthermore,

with respect to veins and patches of secondary biotite, there are two

periods of barren quartz veining. Quartz veins without associated

secondary potassium feldspar are cut by biotite veinlets, but veins

with potassium feldspar cut patches of secondary biotite. Sulfide -

bearing quartz-sericite veins traverse relatively unaltered host rock,

argillic, pervasive sericite, and secondary potassium feldspar alter-

ations, and generally offset barren quartz veins. In thin section a

sericite filled fracture cuts through a single flake of pervasive seri-

cite and vein sericite appears to replace secondary potassium feldspar.

However, veins of both secondary potassium feldspar and barren

quartz cut or offset a few quartz-sericite veins. Sulfide-bearing

quartz veins generally offset barren quartz and quartz-sericite veins.

Anhydrite is associated with pervasive potassium feldspar, quartz-

sericite veins, and sulfide-bearing quartz veins while small gypsum

patches are associated with quartz-sericite veins. Gypsum and cal-

cite veins cut all other types of veins and hydrothermal alteration.

Lamprophyre dikes cut mineralized quartz and quartz-sericite veins

and have been radiometrically dated as about 70 m. y. younger than
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sericite that accompanies the sulfide mineralization.

Progressive alteration appears to have occurred in two partially

repetitive cycles (Figure 22). Paragenetic overlap of alteration types

indicates a general continuum of alteration processes. The progres-

sion of the first cycle consists of propylitic, pervasive argillic, and

pervasive sericite alterations and barren quartz veins. The second

cycle starts with vein sericite and ends with mineralized quartz

veins. Principal sulfide deposition was coincident with the second

cycle.

Summary

Structure is the primary control that localized the Valley Copper

Deposit. The deposit lies just southwest of the intersection of north-

west striking faults in the Highland Valley depression and the north

striking Lornex Fault. Within the deposit, fractures control the

location of barren and sulfide-bearing quartz and quartz-sericite

veins. Fractures and fault zones are also loci from which fluids

permeated and pervasively altered the host rocks.

Recognized limits to alteration and metallization coincide with

and may result from proximity to a dike of the Porphyritic Phase of

the Bethsaida Granodiorite, the barren quartz core, and the Lornex

Fault (Figure 23). Propylitic alteration cannot readily be distin-

guished from deuteric alteration of the Bethsaida Granodiorite,



153

PS

MQ. VN
PPB

5

7VS

ARG

(BQ VN \
\\ 6 \

-
*es

.00

I

LORNEX
FLT

0 4000

Figure 23. Alteration paragenesis and source areas. Valley Copper
Deposit showing approximate outline of deposit,
Porphyritic Phase of the Bethsaida, and Lornex Fault. in
order of formation are (1) Porphyritic Phase of the
Bethsaida, Lornex Fault, (2) argillic alteration, (3) per-
vasive sericite alteration, (4) barren quartz core with
secondary K-spar and secondary biotite, (5) vein sericite,
(6) mineralized quartz veins. Arrows show direction of
movement of altering fluids.
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however, the occurrence of carbonate minerals may identify altera-

tion that resulted from Valley Copper hydrothermal processes. Early

hydrothermal fluids originated in the vicinity of the Lornex Fault and

initially kaolinized then pervasively sericitized the plagioclase of the

host rock. Following and possibly partly contemporaneous with this

initial alteration was the precipitation of barren quartz veins and

associated secondary- potassium feldspar and secondary biotite.

These quartz veins form the impermeable barren quartz core which

plunges northwest above the Porphyritic Phase of the Bethsaida

Grandiorite. Subsequent fracturing of the host rock did not appre-

ciably increase the permeability of the core to mineralizing fluids.

Fluids that precipitated the quartz-sericite veins and the bulk of the

sulfide minerals originated from the northwest and migrated around

the southwest and northeast sides of the barren quartz core. Sub-

sequent fluids which precipitated sulfide-bearing quartz veins may

have originated near the east side of the Porphyritic Phase of the

Bethsaida dike and migrated toward the east around the top side of the

barren quartz core.

Hydrothermal mineral assemblages at Valley Copper are similar

to prophyry copper alteration types described by Creasey (1966) and

Meyer and Hemley (1967). The mineral assemblages that comprise

the Valley Copper alteration types are summarized in Table 23.



Table 23.. Summary of Alteration Mineralogy..

Propylitic ( ?) Argillic

Alteration Type

QuartzSericite
Pervasive Vein

Potassic
K-Feldspar Biotite

Epidote

Alteration Mineral Assemblage
Chlorite Kaolinite Quartz Quartz Biotite
Kaolinite Sericite Sericite Sericite K-feldspar + K-feldspar
Sericite Calcite Calcite

Chlorite K-feldspar
Prehnite Siderite Kaolinite Calcite Quartz

Minor Alteration Minerals
Siderite ( ?) Hematite Siderite Gypsum Sericite
Montmoril-
lonite ( ?)

Montmoril-
lonite

Anhydrite Biotite

Epidote ( ?)

Plagioclase Stable No No No No No No

Yes: for weak
to moderate

K-Feldspar Stable Yes Yes Yes and No Yes Yes
No: for intense

Bornite
Pyrite Chalcopyrite Chalcopyrite Chalcopyrite

Sulfides Chalcopyrite Molybdenite Bornite Bornite
Sphalerite Pyrite Molybdenite

Chalcocite
Covellite
Sphalerite
Enargite ( ?)
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Argillic alteration at Valley Copper is similar to the intermediate

argillic alteration defined by Meyer and Hem ley (1967). Most altera-

tion is at the expense of plagioclase, but minor minerals of the

propylitic and argillic assemblages commonly replace mafic minerals.

The low abundance of mafic minerals in the Bethsaida Granodiorite

prevents any significant contribution of their alteration products to the

alteration mineral assemblages. The lack of significant disseminated

metallization and pyrite may also result from the low abundance of

primary mafic minerals.

In the host, chemical changes that accompanied alteration re-

sulted in a decrease in density and strong base leaching accompanied

by hydrothermal additions of K20 and H2O. Bulk chemical changes

also reveal a general increase in SiO2 that corresponds to a general

flooding of the rock with silica and formation of mineralized and

barren quartz veins. In general, plots of chemical analyses of altered

samples on ACF-AKF diagrams only approximate the modal minerals

in the samples. Some intensely altered samples of argillic, sericite,

and potassium feldspar alterations, however, plot on the AKF diagram

within fields that correspond to their modal mineralogy. Most plots

of altered samples on the AKF diagram trend from relatively unaltered

Bethsaida Granodiorite toward muscovite (sericite), the alteration

mineral associated with the principal ore values at Valley Copper.
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Large scale alteration zoning at Valley Copper does not re-

semble the typical porphyry copper zoning described by Lowell and

Guilbert (1970) and Rose (1970). Although the deep central part of the

Valley Copper Deposit does contain potassic alteration, the highest

copper values are in quartz-sericite veins, not disseminated within

the potassic alteration. The quartz-sericite and argillic assemblages,

moreover, are not concentric to the potassic alteration. Typical

porphyry copper systems are generally centered about relatively

small stocks (Lowell and Guilbert, 1970; Rose, 1970). These stocks

provide a central source for heat and at least the initial hydrothermal

fluids. In contrast, Valley Copper is not centered on a stock, recog-

nizable cupola, or even a porphyry dike. Alteration patterns and

parageneses indicate that the altering fluids originated at different

times from different places around the periphery of the deposit and

migrated toward the center (Figure 23). Accordingly, the alteration

zoning is more radial than concentric.

The geology, structure, and hydrothermal mineralogy at Valley

Copper are similar to corresponding features at Butte, Montana, des-

cribed by Sales and Meyer (1948), Bateman (1950), and Miller (1973).

Geologic and structural similarities include (1) location within a

batholith, (2) association with quartz porphyry dikes, (3) hydro-

thermal alteration and sulfide deposition coincident with progressive

fracturing of the host rock, and (4) principal sulfide deposition
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localized in veins and fractures rather than disseminations. Miner-

alogic similarities include (1) pre-main stage (before major sulfide

precipitation) barren quartz veins, (2) green pervasive sericite re-

placement of plagioclase, (3) potassic alteration cut by main stage

quartz-sericite veins, (4) major sulfide deposition in quartz-sericite

veins with argillic envelopes, and (5) outward increase in sulfur:

metal and decrease in Cu:Fe ratios.
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COOLING PROCESSES AND FREE ENERGY AND
ENTHALPY OF HYDROTHERMAL REACTIONS

Thermodynamic data for mineral reactions have been compiled,

standardized, and extrapolated to the higher temperatures and pres-

sures that are encountered in hydrothermal systems by Helgeson

(1969). His compilation of internally consistent thermodynamic values

provides the basis for evaluating the attainment of equilibrium by

hydrothermal mineral assemblages and the amount of energy that is

involved in the alteration process. The Gibbs free energy, AFo, for

the chemical reactions that correspond to processes of hydrothermal

alteration provides an estimate of the spontaneity of the reactions and

the relative stabilities of the products (the alteration minerals) and

the reactants (the host rock or paragenetically earlier suite of altera-

tion minerals). The enthalpy, AHo, for the chemical reactions of the

hydrothermal alteration process determines the endothermic or

exothermic nature of the reactions and the amount of heat consumed

or evolved. The Gibbs free energy is calculated from its defining

equation:

AFo = AHo 'FAS°

Values of AH° and AS° were taken or extrapolated from values given

by Helgeson (1969, Tables 3 and 7). The AF0 of each reaction is

calculated as follows:
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oOF OF products -AF=reaction products reactants

The change in Gibbs free energy and enthalpy for chemical

reactions that describe argillic, pervasive sericite, secondary potas-

sium feldspar, and vein sericite types of alterations are given in

Table 17. The approximate temperatures of reaction, 300°C for

argillic and pervasive sericite alterations, 400 oC for vein sericite

and its potassium feldspar envelopes, and 500 oC for pervasive

secondary potassium feldspar, are estimated or derived from oxygen

isotope thermometry (Table 27).

Free Energy

All the reactions have a large negative change in AF° (Table 17).

The range in values of AFo is -382 kcal for vein sericite replacement

of previously intensely argillized plagioclase to -2244 kcal for intense

pervasive sericite and is generally greater than -1000 kcal. Moder-

ate argillic and pervasive sericite alterations have AFos less than

one half of those that correspond to intense alterations.

The actual free energy change that accompanies a chemical

reaction is given by the equation:

OF = AF° + RT1nQ

For a generalized chemical reaction

aA + bB = cC + dD

and
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=
(c)c(D)d/(A)a(B)b

For reactions in Table 17 AFo is generally greater than -106 cal.

For RT1nQ to have an important effect on the value of Al', the absolute

value of RT1nQ must be greater than 105. Values of Q(> 1030 ) that

meet this requirement at temperatures of 300 to 500°C necessitate

unrealistic concentrations of the components in solution and AFo,

therefore, provides reasonable approximations to AF.

The mineral phases that comprise the various products of

hydrothermal alteration may or may not be in thermodynamic equili-

brium with their parent fluids at the temperature at which they pre-

cipitated. However, the large decrease in free energy, on the order

of 106 cal, indicates that in the presence of an aqueous fluid the

alteration mineral assemblages at their presumed temperatures of

formation are much more stable than the primary mineral assemblage

of the Bethsaida Granodiorite.

Enthalpy

All the reactions are highly exothermic (Table 17). The heat

given off during the reactions ranges from -188 kcal for vein sericite

replacement of intensely argillized plagioclase to -2202 kcal for in-

tense pervasive sericite alteration. Moderate argillic and pervasive

sericite alterations evolve less than one half the heat of corresponding

intense alterations. One million calories is taken as an order of
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magnitude estimate of the heat evolved during the average alteration

of one mole of plagioclase of composition An
33

in the Valley Copper

Deposit.

The smallest change in free energy and the least amount of heat

is evolved by replacement of intense argillic alteration by vein seri-

cite. Both argillic and vein sericite alterations represent an adjust-

ment of the fresh rock-hydrothermal water system to more stable

mineral assemblages. Accordingly, conversion of the argillic to the

vein sericite mineral assemblage involves a smaller thermodynamic

change in state than the development of either alteration assemblage

from the fresh rock-hydrothermal system.

Cooling Processes

Alteration of one mole of plagioclase generates 1-2 x 106 cal-

ories of heat; yet, on the basis of mineral assemblages and oxygen

isotope data, the host rocks have never been subjected to tempera-

tuires above 300 to 500°C. The heat of alteration must have been

dissipated. Knowledge of the mechanisms by which the heat loss

takes place may place temporal and mechanical limits on the hydro-

thermal process and provide estimates of the volume of the hydro-

thermal fluid. The generation of 1-2 x 106 calories for every mole

of plagioclase that undergoes alteration is a tremendous amount of
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heat. For comparison, the combustion of one mole of dynamite (TNT)

generates only 820.7 kcal of heat. The volume of the Valley Copper

Deposit is about 0.42 km3. The total alteration heat generated in this

volume is about 8 x 1017 calories, which is the amount generated by a

247 megaton nuclear bomb! The heat capacities of plagioclase (An 33)

and quartz at 300 oC are 65.77 and 15.10 cal mole-1 deg-1, respec-

tively. These values are small compared to the amount of heat

generated during alteration. Unless the heat was removed by pro-

cesses of conduction, convection, throttling, or mixing with cooler

water, the altered rock would have been heated to ridiculously

(>18,000°C) high temperatures.

C onduction

The amount of alteration heat dissipated by conduction is

strongly dependent on the duration of the alteration process. The cal-

culation outlined in Table 24 indicates that it could take about 422,000

years to dissipate by conduction the heat generated by hydrothermal

alteration. If the duration of alteration were greater than about

105 years, processes other than conduction might have little or no

cooling effect. If, however, the duration of alteration is on the order

of 100,000 years, as documented by Page and McDougall (1972) for

the Ok Tedi porphyry copper deposit in the Territory of Papua, less

than 25 percent of the heat of alteration could be dissipated by
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Table 24. Heat Conduction.

Estimate of the minimum time (years) required to conduct all
heat generated in one half width of the Valley Copper Deposit from the
edge of the deposit to a distance 1 km from the edge of the deposit.

KA(t
2

tl)

H = heat flow (cal sec-1)
K = thermal conductivity (5 x 10-3 cal cm-1 sec-1 oC-1)*

A 7= area

t
2

= higher temperature
t

1
= lower temperature

D = distance between t
2

and t
1

1 yr = 3.155 x 107 sec

* from Toulmin and Clark, 1967

Assumptions:

1. Each 1 cc of rock in a line from the edge to the center of the
deposit generates 1927 cal

2. All heat along this line migrates from the edge of the deposit
3. Half width of Valley Copper Deposit = 5.18 x 104 cm
4. Area through which migration occurs is 1 cm2
5. t

2
= 300°C

6. t
1

= 150°C

7. D = 1 km = 105 cm

Time E calories (1927 cal /cm)(5. 18 x 104 cm)
H (5 x 10-3 cal/cm sec °C)(1 cm2)(150°C)

(1 yr)
(3. 155 x 107) = 4.22 x 105 yr
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conduction and the bulk of the heat must be removed by processes of

cooling other than conduction.

Convection

Convection processes that involve circulating waters could dis-

sipate all the heat generated during hydrothermal alteration. The heat

is removed by the same water that is involved in the alteration.

Moreover, estimates of the quantity of water required to prevent

heating of the rock also provide estimates of the maximum volume of

the hydrothermal fluid.

For rock temperatures to remain constant during alteration,

sufficient volume of water must migrate through the rock to remove

all the heat generated. One mole of plagioclase (An
33)

corresponds

to about 519 cc of rock and during alteration evolved about 10 6

calories of heat. One cubic centimeter of water can remove one

calorie of heat with a negligible increase in temperature of 1°C, and,

accordingly, 106 cc of water could remove the 106 calories of heat

generated in the 519 cc of rock. Therefore, the volume of convecting

water required to prevent the rock from heating during alteration is

1927 (106 cc of water / 519 cc of rock) times the volume of the rock

altered. This volume of water is possibly equivalent to the maximum

volume of the hydrothermal fluids. If the temperature of the circu

lating water increased by more than 1°C, or if other cooling processes
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acted simultaneously with convection, the volume of water needed to

prevent further heating of the rock would be correspondingly less.

The approximate volume of altered rock at Valley Copper is 0.1 mi3

(0.42 km3) and the corresponding maximum volume of hydrothermal

fluid is 193 mi 3 (806 km3).

If a convection cell of recirculating water were operative during

hydrothermal alteration, the total maximum quantity of water that

migrated through the altered rock would be about 2000 times the

volume of altered rock. However, the actual amount of water in-

volved in cooling the rock would be less and would depend on the size

and the number of convective overturns of the cell.

Considerably smaller estimates of the volume of water that

reacts with a cooling pluton or that forms a porphyry copper deposit

have recently been made. Calculations of oxygen isotope exchange

between solution and rock indicate that the volume ratio of water to

exchanged rock is about 1:1 (Taylor, 1971; Turi and Taylor, 1971).

From an estimate of 2000 ppm copper in the hydrothermal fluid, Rose

(1970) estimates 2.5 x 109 metric tons of fluid are required to form

a 0.5 km3 porphyry copper deposit that averages 0.4 percent copper.

This amount of water is equivalent to a volume ratio of 4.5:1 of

hydrothermal fluid to rock. However, his estimate of 2000 ppm

copper in the hydrothermal solution is considerably larger than copper

concentrations measured in natural brines; notably, the Salton Sea
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brine contains 8 ppm copper (Skinner and others, 1967). These

authors did not make estimates of the amount of water that may have

been required to dissipate the heat of alteration.

Throttling

A fluid cools if it undergoes adiabatic expansion attandant upon

rapid decrease in confining pressure. Throttling is such a process,

and has been suggested by Toulmin and Clark (1967) to be a means of

cooling a hydrothermal fluid. The pressure differential is that be-

tween the lithostatic and hydrostatic pressures on the fluid. If the

host rock to which a fluid is confined becomes ruptured and fractured

to the extent that the fracture system penetrates the surface, the

confining pressure will decrease in response to a shift from litho-

static to hydrostatic load.

Mineralized and barren quartz veins may have precipitated in

response to decreased confining pressure caused by open fracturing

of the rock. In particular, the transition from quartz-sericite veins

(vein sericite) to quartz veins with quartz-sericite envelopes

(mineralized quartz veins) could be caused by reduction of pressure

on the hydrothermal fluid. Although the sericite in both occurrences

appears to replace the wall rock, the quartz in mineralized quartz

veins contains vugs and open cavities and appears to fill open frac-

tures. The ratio of dissolved silica to alkalies plus alumina in a
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hydrothermal solution is inversely proportional to the confining pres-

sure on the solution (Luth and Tuttle, 1969) Reduction of the con-

fining pressure with progressive widening of the fractures would

reduce the concentration of alkalies and alumina relative to silica.

This pressure reduction was reflected initially as fixation of alumina

and alkalies as sericite. After equilibrium was established at the

reduced pressure, only quartz precipitated as cores to the miner-

alized quartz veins. The late paragenesis of the mineralized quartz

veins indicates that wide or open fractures developed during the late

stages of quartz-sericite veining.

Decreased confining pressure caused by progressive widening of

fractures may also have caused the precipitation of the barren quartz

veins. However, the occurrence of potassium feldspar, rather than

sericite, envelopes around the barren quartz veins indicates that the

fluid that precipitated these veins was stable with respect to potassium

feldspar. The fluid had a higher temperature or higher activity ratio

of K+/H+ than that which precipitated the mineralized quartz veins.

In both mineralized and barren quartz veins the occurrence of vugs

may indicate that the confining pressure was reduced to hydrostatic

loads that permitted boiling.

The pressure differential between lithostatic and hydrostatic

loads and the temperature decrease of a fluid throttled in the pressure

gradient can be determined from estimates of the depth of intrusion
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of the Bethsaida Granodiorite. The Bethsaida Granodiorite crystal-

lized in an epizonal environment (Northcote, 1969b; Hy lands, 1972).

The temperature decrease of solutions of different initial tempera-

tures that undergo throttling at depths of 1 and 2 miles is given in

Table 25. The temperature changes were derived from Toulmin and

Clark (1967, Figure 10.2). At both depths the temperature decrease

for solutions with an initial temperature of 500°C is about 100°C, of

400 C about 50oC, and of 300 C no change in temperature.

Throttling may have influenced the transition from pervasive

secondary potassium feldspar to vein sericite alteration. From

oxygen isotope thermometry pervasive potassium feldspar and vein

sericite alterations formed at about 500 and 400°C, respectively

(Table 27). The early barren quartz veins may have sealed fractures

to the extent that at least some pervasive potassium feldspar crystal-

lized under lithostatic pressure. Throttling of the hydrothermal fluid

by refracturing of the rock may have caused the 100°C drop in temper-

ature. At the lower temperature (400°C), muscovite rather than

potassium feldspar was stable with respect to the composition of the

fluid and the quartz-sericite veins formed. Rose (1970) has shown

that it is probably temperature changes rather than reaction between

wall rock and hydrothermal fluids that produce different alteration

types. The rapid cooling and possible decrease in density of the fluid

caused by the throttling process may have promoted sulfide deposition
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Table 25. Throttling Induced Temperature Changes.

Depth Lithostatic
Pressure

Hydrostatic
Pressure

Temperature °C
Initial Final*

1 mi = 1.61 km 460 bars 159 bars 500° 390°

400° 3330°

300° 300°

2 mi = 3.22 km 920 bars 318 bars 500° 410°

400° 350°

300° 300°

Temperature decrease of fluid undergoing irreversible adiabatic
expansion produced by change in confining pressure from lithostatic
to hydrostatic load (estimated from Toulnnin and Clark, 1967, Fig.
10. 2).
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in the quartz-sericite veins. The cooler throttled fluid would also

help dissipate the heat of alteration through heat exchange with the

rock. Abundant and narrow fractures would promote transfer of heat

to the cooling fluid. However, transfer of alteration heat to the fluid

would decrease the amount it cooled during throttling.

Where wide veins are not abundant and hydrodynamically im-

portant, as at Valley Copper, a zone of potential throttling should

correspond to a zone of increased fracture density. Such a zone of

relatively abrupt increase in fracture density has been mapped (Figure

24). At 200 foot intervals in the core from the vertical holes the num-

ber of mineralized quartz and quartz-sericite (vein sericite) veins per

foot were totalled and plotted on cross sections. These totals pro-

vide estimates of the density of fractures available to the mineral-

izing fluid. The throttle lines in Figure 24 mark the upward increase

in total vein density of at least 2 veins per foot where the number

of veins increase from about 2 to 4 to about 4 to 6 veins per foot.

The potential throttle zone, therefore, corresponds to an upward

increase in fracture density of 50 to 100 percent within 200 feet.

Vein density generally decreases several hundred feet above this

zone. In Sections 16, 14, and 12, where it is best documented, the

zone of increased fracture density is concave upward. The bottom

of the zone rises from the 2300 foot level in Section 16 to about

the 4100 foot level between Sections 12 and 10. The zone of potential



172

SW Section 18 RL NE SW Section 12 RL

4200

380D I

3400

NE

Section 16
2200

4200

3800

3400

3000

2600

2200

4200

3800

Section 14

Section 10

Reference Line Section

3400

3000

. Data points from

. vertical holes

0--0 Potential throttle zone outlines upward increase of 50 to 100 percent in total
number of quartz-sericite and mineralized quartz veins, per foot.
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throttling may also be concave upward in the plane of the Reference

Line Section.

A concave-up or cup-shaped zone of throttling would concen-

trate lower temperature throttled fluids in the central area of the cup.

Comparison of the zone of potential throttling (Figure 24) with the

generalized temperature distribution derived from oxygen and sulfur

isotope thermometry (Figure 30) shows that there is some corres-

pondence between the central portion of the cup shaped throttle zone

and the region between the presumed 400 and 500°C isotherms. In

the temperature section normal to the reference line (Figure 30A)

the upward bulge of the 400°C isotherm is within the central region

of the cup shaped throttle zone. In the Reference Line Section (Figure

30B) the 500 oC isotherm in the vicinity of Section 16 almost coincides

with the throttle zone and the 400°C isotherm between Sections 16 and

14 is above and approximately parallel to the throttle zone.

Mixing

Mixing of hydrothermal fluids with cooler water is yet another

process that could effectively lower the temperature of the fluids and

confining host rocks. This process could have occurred in conjunc-

tion with convection or in highly fractured zones of throttling. It may

have been an important cooling process at Valley Copper via the

agencies of oceanic or connate waters.
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The sub-oceanic environment of the Guichon Creek Batholith

and the calculated isotopic composition of the hydrothermal fluid are

consistent with mixing of magmatic water with potentially cooler

connate or ocean water. The calculated isotopic composition of water

in equilibrium with sericite ranges from that considered magmatic

(6018 + 7 to + 9.5 permil, 5D = -50 to -90 permil) toward that of

ocean water (6018 = 0 permil, 6D = 0 permil) and indicates that ocean

water may have comprised 20 to 70 percent of the hydrothermal fluid

(Figure 32). The major faults that intersect near the Valley Copper

Deposit may have been the principal structures that channeled the

connate or ocean waters to the Valley Copper Deposit. At this struc-

tural intersection, they may have become available for mixing with

higher temperature magmatic water.

Conclusion

Although the present data do not establish the relative cooling

effectiveness of conduction, convection, or throttling at Valley Copper,

they identify mixing as an important process that may have dissipated

the heat generated during hydrothermal alteration. The calculated

isotopic composition of the hydrothermal fluid indicates that the fluid

is a mix of connate or ocean water with magmatic water. Moreover,

the correspondence in pervasive sericite alteration of the lowest

isotopic temperatures (260 to 266 oC) with the greatest proportion of
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ocean water (69 percent) in the hydrothermal fluid is compelling evi-

dence that mixing effectively cooled the fluid. Duration of the altera-

tion process is the dominant factor that controls the effectiveness of

dissipating the heat of alteration by conduction. However, the resolu-

tion of the K-Ar dating method, + 4 m. y. , is not small enough to

determine the duration of alteration. White and others (1971) believe

that convective overturn of water is a natural phenomenon in and above

a relatively hot plutonic mass that intrudes permeable water-bearing

rocks. Closely spaced sampling of the Bethsaida Granodiorite in

traverses normal to the Valley Copper Deposit may reveal the areal

limits of alteration, for example, the extent of carbonate minerali-

zation, and thereby possibly delimit the size of an alteration related

convection cell. More structural and isotopic data are required to

adequately evaluate the effective cooling of the hydrothermal fluid by

throttling.

Additional study of the distribution of certain trace elements

might further define the role of ocean water in the hydrothermal fluid.

For example, rocks that chemically interact with ocean water may be

depleted in cerium (Jack Corliss, personal communication, 1973)

and enriched in cesium (Hart, 1969),
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ISOTOPE GEOCHEMISTRY

Recent experimental, theoretical, and field oriented studies of

the stable isotopes of oxygen, hydrogen, and sulfur have outlined the

chemical and temperature controls of their fractionation and have

indicated their uses in solving geological problems. Craig (1961),

Savin and Epstein (1970), Turi and Taylor (1971), and Sheppard and

others (1969, 1971) have isotopically identified meteoric and magmatic

waters and traced the interaction of meteoric water with igneous rocks.

The relationships of oxygen isotopes among coexisting minerals,

magma, and water and their use in solving problems of petrology,

magmatic differentiation, and hydrothermal alteration are described

by Taylor and Epstein (1962a, 1962b, 1963), Garlick and Epstein

(1966), O'Neil and Taylor (1967), and Taylor (1967a, 1967b, 1968,

1971, and 1973). Field (1966a, 1966b), Jensen (1967), Sakai (1968),

Bachinski (1969), Field and Moore (1971), Field and others (1971),

Lange and Cheney (1971), and Ohmoto (1972) have discussed the

temperature and chemical controls of sulfur isotope fractionation and

the possible applications of sulfur isotopes to the determination of

sulfur source and the temperature, Eh, and pH controls of sulfide

and sulfate deposition.

Oxygen, hydrogen, and sulfur isotopic compositions of silicate,

sulfate, and sulfide minerals from Valley Copper have been determined
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to define the temperatures of hydrothermal alteration and sulfide

deposition and the chemistry and composition of the hydrothermal

fluid, In addition, hydrogen and oxygen isotope analyses have been

made on minerals separated from major plutonic phases of the batho-

lith. Although some of these samples were collected by others, as

part of a collaborative study between investigators of Oregon State

University and the Geological Survey, the preliminary results of this

work are given for comparison with hydrothermal minerals and to

help define the differentiation process of the Guichon Creek magma.

All isotopic analyses are on single mineral samples. The

minerals were separated by hand picking, heavy liquids, and magnetic

susceptibility. Further processing of samples prior to isotopic

analysis was accomplished by conventional methods. Extractions of

sulfur from sulfate and sulfide minerals were performed at Oregon

State University. Sulfur isotope analyses were made by C. W. Field

and others at the Isotope Geology Laboratory of the University of

Utah. Extractions of oxygen and hydrogen from minerals and subse-

quent isotopic analyses were made by C. W. Field and Robert 0. Rye

at the Isotope Geology Branch, Geological Survey, Denver, Colorado.

All isotope data are reported as 5-values in permil where:

[Rsamplex Rstandard ] 1000
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For oxygen

For hydrogen

For sulfur

x = 5 018

x = 5D

x = SS34

R = 018//016 experimental error ± 0.2

R = D/1-1 experimental error + 1.0
/

R = S34/S32 experimental error + 0.2

The isotopic standard for oxygen and hydrogen is standard mean

ocean water (SMOW). The standard for sulfur is the troilite phase of

the Canyon Diablo Meteorite.

Primary Minerals

Oxygen

The oxygen isotope compositions of primary minerals from the

major phases of the Guichon Creek Batholith (Table 26, Figure 25)

are comparable to the general range of corresponding minerals in

igneous rocks given by Taylor (1967a). The range of 5018 permil

values for the minerals from the batholith are: quartz, +7.27 to

+8.98; potassium feldspar, +5.67 to +9. 70; plagioclase, +5.22 to

+8.96; and biotite, +1.95 to +5.02. Oxygen values of quartz and bio-

tite are slightly lighter than the +8. 9 to +10.3 and +4.4 to +6.6

permil ranges given by Taylor (1967a).

Not all the batholith samples contain minerals that are in mutual

oxygen isotopic equilibrium. The sequence of 018 depletion that

must be exhibited for the minerals to be in isotopic equilibrium is

quartz-potassium feldspar-plagioclase-biotite (Taylor and Epstein,



Table 26. Oxygen and Hydrogen Isotope Values and Isotopic Temperatures of Major Phases of the Guichon Creek Batholith.

6 0

Kf

18/16%o

Plag Blot

8 D/H%o

Biot Q-Kf Q-Plag

Isotopic Temperature °C

Q-Biot Kf-Plag Kf-Biot Plag-Biot

BTH-1 GCH +7.48 +7.66 +3. 24 - 66. 1 IMP 525 450
GB-7 CHAT +7.58 +7.07 +6.97 +2. 85 - 89.7 IMP IMP 580 IMP 525 480
GB-2 BTH/SK +7.80 +6.51 +2.06 -111.8 780/760 450 460
GB-1 SKEENA +6.71 +3.34 - 81.2 580

LNX -1 SKEENA +8.23 +7.47 +7. 15 +3. 77 - 78.8 500 IMP 640 850 600 580

LNX-2 SKEENA +8.98

GB-5 BS +7.27 +5. 67 +5. 22 +1.95 - 73.6 >1000/265 320 480 570 600 600

BS-2 BS +6.57
VC-1 BS +8. 32 +8.39 +5.02 - 94.5 IMP >1000 600

VC-3 BS +8.56 +7. 85 +4. 15 - 77.9 IMP 680 530

LNX-3 Q-PPY +8.93 +9. 70 IMP

68-32/74 Peg (V. C.) +8.84 +8.46 IMP

Quartz
K-feldspar
Plagioclase
Biotite

Mean
+8.28
+7.49
+7.06
+3.30

8018%0

Range
+7.27 to + 8.98
+5.67 to + 9.70
+5.22 to + 8.96
+1.95 to + 5. 02

Mean

-84.2

80%o IMP = Impossible equilibrium fractionation
Range

-111.8 to -66.1

Temperature range:

265 °C (Bethsaida GB-5) to 850 °C (Skeena LNX -1)

GCH = Guichon BS = Bethsaida
CHAT Chataway Q-PPY = Quartz porphyry
BTH = Bethlehem Peg = Pegmatite
SK = Skeena
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1962a, 1962b; Taylor, 1967a). Samples BTH-1, VC-1, and LNX-3

contain quartz, potassium feldspar, and plagioclase that do not follow

the equilibrium order of 018 depletion. Either these minerals did not

crystallize in mutual isotopic equilibrium, or the feldspars have ex-

changed oxygen with water of appropriate isotopic composition at sub-

magmatic temperatures to cause at least a 1 permil enrichment in the

feldspar. Notably, these three samples were collected from the

Bethlehem, Valley Copper, and Lornex properties and may have been

in contact with hydrothermal fluids. Although the plagioclase in

BTH-1 appears glassy and fresh, the isotopic inequilibrium between

potassium feldspar and plagioclase in this sample indicates that

plagioclase may exchange oxygen more readily than potassium feld-

spar. Magmatic quartz generally does not exchange oxygen at sub-

magmatic temperatures (Sheppard and others, 1971), however, this

generalization may not be valid for these samples of the Guichon

Creek Batholith (see discussion of temperature, p. 196 to 199).

Isotopic values of the primary minerals plotted in Figure 25 do

not show obvious trends. If, however, samples from the Lornex and

Valley Copper properties that appear altered (LNX-1, LNX-2,

VC-1, VC-3) or that are late dike phases (LNX-3, 68-32/74) are

omitted, the remaining six samples of the Guichon, Chataway,

Bethlehem (Skeena), and Bethsaida Phases appear to become pro-

gressively lighter in their oxygen isotope composition. In particular,

there is a progressive depletion of 018 in the plagioclase of these
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phases that probably reflects a similar trend in their parent magmas.

The isotopic composition of plagioclase in plutonic rocks of inter-

mediate composition is generally similar to that of the magma (Taylor

and Epstein, 1962; Taylor, 1968). Magmatic differentiation or influx

of water into the magma may have caused the progressive depletion

of 018. Early crystallization of isotopically heavy quartz that formed

the quartz phenocrysts in the Bethlehem and Bethsaida Phases could

have depleted their magmas of 018 relative to the oxygen composition

of the Guichon-Chataway magma. Influx of ocean (connate) or

meteoric waters, which are isotopically lighter than the magma,

might also contribute to the trend of decreasing 018 in the later

phases of the Guichon Creek magma. Oxygen isotope values of

mineral phases in the Border Phase would help clarify the processes

that cause the apparent trend of 018 depletion in the interior phases

of the batholith.

Hydrogen

Only biotite of the major phases of the batholith has been

analyzed for deuterium. The 6D permil values of the biotite samples

range from -66.1 to -111.8 permil (Table 26, Figure 26) and are

commonly about -80 to -100 permil. There are no apparent trends

to the deuterium values of the magmatic biotite samples.
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Figure 26. Hydrogen isotope values (permil) of magmatic biotite and
hydrothermal biotite, sericite, and kaolinite.
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Isotopic compositions of oxygen in hydrothermal quartz, potas-

sium feldspar, sericite, and kaolinite are listed in Table 27 and

illustrated in Figures 25 and 27. The range of 6018 permil values

of the minerals are: quartz, +8.74 to +12.51; potassium feldspar,

+7.65 to +8.74; sericite, +6.60 to +7.56; and kaolinite, +6.73 to

+11.31. Comparison of the oxygen values of hydrothermal quartz

and potassium feldspar with their magmatic equivalents in the

Bathsaida Phase (Figure 27) and especially with Bethsaida samples

GB-5 and BS-2, which were collected several miles from the Valley

Copper Deposit, shows that hydrothermal quartz and potassium feld-

spar are isotopically heavier than their magmatic counterparts. The

amount of isotopic fractionation is inversely proportional to tempera-

ture, and the lower temperatures of crystallization of the hydrothermal

minerals may be the cause of their 018 enrichment relative to the

magmatic minerals. Also, the relatively heavy oxygen in presumably

magmatic plagioclase from samples VC-1 and VC-3, which were

collected from the Valley Copper Deposit, probably reflects weak

hydrothermal alteration and oxygen isotopic exchange at sub-magmatic

temperatures.



Table 27. Oxygen and Hydrogen Isotope Values and Isotopic Temperatures of Magmatic Minerals from the Bethsaida Granodiorite and Hydrothermal
Minerals from the Valley Copper Deposit.

Q

6018

Kf Plag Biot Biot

8 D %o Calculated
Bethsaida Granodiorite

Isotopic Temperature,
oC

Q-Biot Kf-Plag Kf-Bi Plag-BiQ-Kf Q-Plag
GB-5 7.27 5.67 5.22 1.95 -73.6 > 1000

or 265
320 480 570 600 600

BS-2 6. 57
VC-1 8.32 8.39 5.02 -94.5 IMP >1000 600
VC-3 8.56 7.85 4. 15 -77.9 IMP 680 530

Hydrothermal Minerals

Kf Ser Kaol Biot Ser Kaol Q-Kf Q-Ser Kf-Ser

1. 69-46/131 M. Arg 7. 60
2. 69- 25/939 BQvn in I. Arg 9.68 8. 05 -116.0
3. 14-5/143 I. Arg 11.31 - 95.2
4. 69-4/917 MQvn in I. Arg 9. 72 6.49 6. 73 -63. 1 -137. 7 330
5. 68-32/74 Pegmatite 8.84 8.46 IMP
6. 69-28/573 I. PS w/Q 11. 07 7. 13 -53. 1 260
7. 69 -33/1194 Perv. K-spar 8. 17
8. 68-2/1858 Perv. K-spar 7.65 7. 18 -55. 8 > 1000
R. 16-2/910 K-spar env. on

V. S. 8.74
10. 68-10/827 K-spar env. on

BQvn 8.02
11. VC-3 VS 8.74 8.35 6.64 -57.9 IMP > 500 370
12. VC-4 MQvn 9.42 6.60 -57. 2 370
13. 68-23A/493 MQvn 9. 52
14. 68-5/887 MQvn 12.51
15. 68-5/1421 MQvn 9.73 7. 56 -64. 8 480
16. 68- 10/776.5 -76
17. VC -2Bi -91

IMP impossible equilibrium fractionation
Arg Argillic



Table 27. Continued.

PS

VS
K-spar

Pervasive Sericite
Vein Sericite
Potassium feldspar Bethsaida GD

S018% o

Mean Range Mean
SD% o

Range

MQvn Mineralized quartz vein Quartz +8. 05 +7.27 to + 8. 56

BQvn Barren quartz vein K-feldspar +6. 12 +5.67 to + 6. 57
Plagioclase + 7. 15 +5.22 to + 8.39

M Moderate
Biotite +3. 71 +1.95 to + 5.02 - 82.0 - 94. 5 to - 73. 6

env
Intense
envelope Hydrothermal

Quartz +9.91 +8.74 to + 12.51
K-felaspar +8.23 +7.65 to + 8. 74
Sericite +6.93 +6.49 to + 7. 56 58.65 - 63. 1 to -53. 1
Kaolinite +8.42 +6. 73 to + 11.31 -116. 3 -137.7 to -95.2
Biotite - 83.5 - 91 to -76

Temperature range:
Bethsaida GD
Hydrothermal

265 to 680 C
260 to 480°C
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Figure 27. Paragenesis of oxygen isotope values (permil) of hydrothermal quartz, potassium feldspar, sericite, and kaolinite.
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According to Taylor (1967a), oxygen isotopic equilibration among

the hydrothermal minerals would be indicated by 018 depletion in the

order quartz-potassium feldspar-sericite-kaolinite. Minerals from

the same sample display this order of 018 depletion (Figure 25) except

for sample 69-4/917 in which kaolinite is isotopically heavier than

parageneticallyyounger sericite.

The oxygen isotope values of the hydrothermal minerals plotted

in Figure 27 show no definite trends. Although the quartz from a

quartz-sericite vein (VC-3, 6018 = +8.74 permil) is isotopically

lighter than values for other vein samples of hydrothermal quartz

(6018 = +9.42 to +12.51 permil), no significance should be drawn from

this one sample. The isotopic composition of each sample is a func-

tion of both its temperature of crystallization and the isotopic compo-

sition of the fluid from which it precipitated. Oxygen isotope trends

of the hydrothermal minerals have meaning only if the temperature

or isotopic composition of the hydrothermal fluid are known.

Hydrogen

Hydrogen isotope compositions of six sericite (6D = -64.8 to

-53.1 permil), two hydrothermal biotite (6D = -91 and -76 permil),

and three kaolinite (6D = -116.0 to-95.2 permil) samples are also

listed in Table 27 and illustrated in Figure 26. The values from the

hydrothermal biotite samples are within the range of those for
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magmatic biotite from the Bethsaida Phase (6D = -94.5 to -73.6

permil). There is no apparent trend to the hydrogen values of kaolin-

ite. The sericite samples listed in Figure 26 in their approximate

paragenetic order appear to get isotopically lighter with decreasing

age. However, as with the oxygen isotope values of the sericite

samples, the hydrogen isotopic composition of each sample is a func-

tion of both its temperature of crystallization and the isotopic compo-

sition of the fluid from which it precipitated and, therefore, no

significance should be drawn from this apparent trend.

Sulfur

The 6534 permil values of 12 sulfide and four sulfate mineral

concentrates from 10 different samples have been determined (Table

28, Figure 28). The range of values of the minerals are: anhydrite,

+11.76 to +14. 48; gypsum, +13.13 to +15.22; molybdenite, +0.50;

pyrite, -3.08; sphalerite, -4. 11; chalcopyrite, -3.30 to +1.53; and

bornite, -0.94 to +1.45. The total variation of values in the sulfates

and sulfides is 3.46 and 5.64 permil, respectively. The mean and

standard deviation about the mean of the sulfide values are -0.81 and

1.91 permil, respectively.

The near zero permil mean and small standard deviation of the

isotopic compositions of Valley Copper sulfides are characteristic of

Cordilleran hydrothermal deposits with magmatic associations (Field,



Table 28. Sulfur Isotope Values and Isotopic Temperatures of Sulfide and Sulfate Minerals from the Valley Copper Deposit.

S S34%o

Sample Mo Py* SPH CPY BN ANHYD GYP A To C

1. 69-28/573 In IPS -3. 08 -4. 11 -3. 30
py-sl 1.03 266
py-cpy'0.28 1157

2. 68-4/435 Cpy-ser vai let in
Mgn band (+2. 15) +1. 14

3. 68-2/1858 In Perv. IKf (+0. 06) -0.94 +11. 76 12. 70 480

4. 68-5/1421 In M Qvn ( +0. 31) -0.69 +14.48 15.17 425

5. 68-5/887 Massive Cpy (-0. 79) -1. 78

6. 68-23A/493.5 Bn w/ bleby Cpy
inclusions ( +0.35) -0.64 +0.20

7. VC-4/decline Qtz-ser knot ( +2.52) +1.53 +1.45

8. 69- 28/1084 Gyp bleb in Qvn +13. 13

9. 69 -53/ 1063 5 mm Gyp vn +15.22

10. 68-2/449 In VS +0. 50

34$S %o
Mean Range

Sulfides - 0.81 - 4.11 to + 1.53
Anhydrite +13. 12 +11.76 to +14.48
Gypsum +14. 18 +13. 13 to +15.22
Temperature range: 266°C (pyrite-sphalerite)

to 480°C (anhydrite-bornite)

) Composition of hypothetical pyrite in equilibrium with chalcopyrite or bornite. A assumed to be pi 1%0. A calculated from:
Py -bn Py-cPY

A "^^'4. 5 x 105/T2. Temperature estimated to be 400 C.
Py-cPY

Temperatures calculated from data in Table 29. 0
An-Bn

from unpublished data, C. W. Field.
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1966a; Jensen 1967; Field and others, 1971). The small range and

near zero permil mean are commonly attributed to relatively high

temperature sulfide precipitation from an homogenous source of

sulfur that originated in the deep crust or mantle (Field, 1966a). A

deep source for the sulfur is consistent with the probable deep source

of the Guichon Creek magma based on chemical data, Sr-87/86 ratios,

and tectonic setting. Possible significance of the sulfur isotope values

are discussed in the chapter Chemical Environment of Metallization.

The mean value of the sulfates, +13.65 permil, is 14.46 permil

heavier than the mean value of the sulfides and indicates that the

sulfates are hypogene. Supergene oxidation of sulfide-sulfur to sul-

fate-sulfur occurs without fractionation (Field, 1966b) and, therefore,

the source of the sulfate-sulfur is not oxidized sulfides. Moreover,

the occurrence of the anhydrite crystals and gypsum blebs in contact

with fresh unweathered sulfide and hypogene alteration minerals deep

within the deposit also indicates that these sulfates are hypogene.

The gypsum veinlets are post-sulfide in age, but their heavy sulfur,

+15.22 permil, is similar to the sulfur from anhydrite and gypsum

blebs and suggests that the gypsum veins are also hypogene.

Anhydrite and possibly the gypsum blebs were probably pre-

cipitated in isotopic equilibrium with bornite and possibly chalcopy-

rite. Lack of replacement textures between anhydrite and bornite in

samples 68-2/1858 and 68-5/1411 suggests thatthese minerals
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precipitated together. At hydrothermal temperatures the 13.93 per-

mil difference between the average sulfur isotopic values of anhydrite

and sulfides is within the equilibrium fractionation range between

sulfate- and sulfide-sulfur predicted by theory (Sakai, 1968; Ohmoto,

1972) and of a magnitude similar to that in other Cordilleran porphyry

copper deposits (Field and others, 1971).

Two samples, 69-28/573 and 68-23A/493, contain sulfides that

are not in sulfur isotopic equilibrium. In sample 69-28/573 the

chalcopyrite would be isotopically lighter than the sphalerite if these

two minerals were in isotopic equilibrium (Sakai, 1968; Bachinski,

1969). Petrographic evidence for non-equilibrium between the

sphalerite and chalcopyrite in this sample is subtle. In polished

section the contacts of both sphalerite and chalcopyrite with pyrite

are straight and show no evidence of replacement. However, the

contacts between sphalerite and chalcopyrite are slightly irregular

and indicate that the two sulfides may not have precipitated simul-

taneously. The bornite in sample 68-23A/493 should be isotopically

lighter than the chalcopyrite for the sulfide pair to be in isotopic

equilibrium (Sakai, 1968; Bachinski, 1969). In polished section the

bornite appears to encroach upon the chalcopyrite by either marginal

exsolution or replacement. Along their broadly lobate contacts are a

few straight stringers of bornite that project into the chalcopyrite.
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Also, chalcopyrite inclusions are concentrated just within the bornite

at bornite-chalcopyrite contacts. In both samples it appears that the

paragenetically latest sulfide is isotopically heavier than what it would

be if it were in isotopic equilibrium with the other sulfide phases

in the sample.

Available paragenetic and isotopic evidence indicates that,

throughout the deposit, younger sulfates and sulfides are isotopically

heavier than older sulfates and sulfides. The average composition

of anhydrite is +13.12 permil and the composition of paragenetically

younger vein gypsum is +15.22 permil. Also, for each sulfate min-

eral, the heavier sample corresponds to the paragenetically younger

sample. For anhydrite, mineralized quartz veins are younger than

pervasive potassium feldspar alteration and for gypsum, the gypsum

veins may be younger than gypsum blebs in quartz veins. The sulfides

in sample 69-28/573 are associated with pervasive sericite, a para-

gentically early alteration type, and their average isotopic composition

is -3.50 permil. The other sulfides that are not associated with an-

hydrite occur in paragenetically younger vein sericite and mineralized

quartz veins and average +0.32 permil. The molybdenite sample,

68-2/449, is not included in these averages because of its uncertain

paragenesis. However, the molybdenite is associated with vein seri

cite and hypothetical chalcopyrite in isotopic equilibrium with the

molybdenite would probably be 1.0 to 1.5 permil lighter than the
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molybdenite (C. W. Field, personal communication, 1973) and in the

isotopic range of the younger copper sulfides. Samples, that contain

bornite and anhydrite (68-2/1858 and 68-5/1421) are not included in

the averages because of the apparent shift toward lighter isotopic

values of sulfides in equilibrium with sulfate (Field and others, 1971;

Ohmoto, 1972). It should be noted, however, that if the anhydrite

were not associated with the bornite, the bornite in these two samples

would be expected to contain heavier sulfur that might enhance the

isotopic difference between older and younger sulfides.

The correspondence of isotopically heavy sulfides with para-

gentically young sulfides is reinforced by the isotope distributions in

the samples that contain non-equilibrium suites of sulfides, 69-28/573

and 68-2-23A/493. Possible causes of the higher permil values of the

younger sulfides will be discussed in the chapter Chemical Environ-

ment of Metallization.

Contemporaneous sulfides also appear to be enriched in S34 in

the higher parts of the deposit. Isotopic values of sulfides from quartz-

sericite and mineralized quartz veins are +1.50 and +1.14 permil at

about 3800 feet, +0.5 to -1.78 permil at about 3200 feet, and -0.69 to

-0.94 permil between 2600 and 2300 feet. The average isotopic com-

position (-3.50 permil) of paragenetically early pyrite-sphalerite-

chalcopyrite from intense pervasive sericite alteration is up to 5 per-

mil lighter than near-by younger sulfides at about the 3800 foot level.
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Possible causes of the altitude effect on the isotopic composition of

the sulfides will also be discussed under Chemical Environment of

Metallization.

Temperature

The amount of fractionation of the isotopes of an element in

isotopically equilibrated mineral-mineral or mineral-water phases

is inversely proportional to their temperature of equilibration and

theoretically approaches unity at very high temperatures. Isotope

thermometers are developed by experimental calibration of isotopic

fractionations at different temperatures, and these calibrations have

been made for isotopes of sulfur, oxygen, and hydrogen. Determina-

tion of the isotopic compositions of these elements in appropriate

natural mineral pairs can, therefore, be used to determine the

temperature of precipitation of the mineral pairs. In order that the

calculated temperature represent the temperature of crystallization,

the natural mineral pair must have precipitated in isotopic equilibrium

without subsequent change to their isotope ratios. The fractionation

factor, a, between two minerals, A and B, is calculated as follows:

a, is approximated by:

1 + SA%o
1000

1 + $ B%o
1000

a 1 + SA%0 B% 0
1000



and:

1000 In a N 6.A°100 - 6W/00 = A
AB
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The temperature of equilibration can be determined from the measured

A AB values of natural mineral pairs and the experimental fractiona=

tion factors for those two minerals. Experimental calibration curves

for mineral-water pairs for oxygen and hydrogen isotopes and sulfide

mineral pairs for sulfur isotopes were provided by Robert 0. Rye of

the United States Geological Survey (Table 29).

Primary Minerals

Oxygen and hydrogen isotopic temperatures calculated from

primary mineral pairs of the Guichon, Chataway, Bethlehem (Skeena ),

and Bethsaida Phases of the Guichon Creek Batholith (Table 26) are

generally less than 600°C and most are lower than possible minimum

solidus temperatures of 725 to 690°C indicated by the ternary quartz-

albite-orthoclase diagram (Figure 5). The temperatures range from

850 °C for a sample of Skeena Quartz Diorite (LNX-1) to 265 °C for a

sample of Bethsaida Granodiorite (GB-5). Temperatures calculated

for Skeena LNX-1 (850°C), Bethlehem-Skeena GB-2 (780 to 760°C),

and Bethsaida VC-3 (680°C) samples are high enough to represent

possible solidus temperatures. Although Taylor (1967a) indicates

that the oxygen isotope ratios of primary igneous minerals generally
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Table 29. Experimental Isotopic Fractionation Values. (1000 ln a -rZ
A% o - B% o AB)

A. Oxygen
Quartz-Water: 1000 lna = 3. 38 x 10z6 /T 2 - 3. 40

1000 lna = 2.51 x 106/T2 - 1.96

Alkali Feldspar-Water: 1000 lna = 2. 91 x 106/T2 - 3. 41
Plagioclase-Water: 1000 lna = (2.91 - 0. 7613) x 106/T2 - 3. 41

- 0. 4113 (13 = mole fraction An)

200-500°C
500-750°C

Muscovite-Water: 1000 lna = 2. 38 x 106/T2 - 3. 89

*Biotite-Water: A = -3.6 (+ O. 5)
A =-2. 5 (+ 0.5)

*Kaolinite-Water: A = 2. 5 (+ 0. 5)

B. Hydrogen
*Muscovite-Water: A = -5 (+ 10)

A = -20 (+ 10)
A = -30 (± 15)

*Biotite-Water: A = -20 (+ 10)
A = -50 (+ 10)

*Kaolinite-Water: A = -30 (+ 15)

@ 700°C
@ 400°C
@ 300°C

@ 700°C
@ 400°C
@ 300°C
@ 700°C
@ 400°C
@ 300°C

C. Sulfur
Pyrite - Sphalerite: 1000 lna r= 3. 0 x 105/T2
Pyrite - Chalcopyrite: 1000 lna = 4. 5 x 105/T"'
Sphalerite - Chalcopyrite: 1000 lna = 1. 5 x 105/T2

Source: Robert 0. Rye, personnel communication, 1971
*Sheppard, Nielsen, and Taylor, 1971
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do not reequilibrate during retrograde cooling, the oxygen isotope

temperatures calculated for the major phases of the batholith do in-

dicate subsolidus reequilibration. The reequilibration probably

occurred in response to the ubiquitous deuteric alteration of the batho-

lith or to the presence of water associated with subsequent hydro-

thermal activity.

Hydrothermal Minerals

Oxygen isotope temperatures calculated from five pairs of

hydrothermal quartz, potassium feldspar, and sericite from the Valley

Copper Deposit range from 480 to 260°C (Table 27). Sulfur isotope

temperatures calculated from three samples range from 480 °C for

anhydrite-bornite to 266°C for pyrite-sphalerite (Table 28, Figure 29).

Both oxygen and sulfur isotopic temperatures were calculated from

two samples. Quartz-sericite and pyrite-sphalerite pairs in sample

69-28/573 yielded temperatures of 260 and 266°C, respectively. In

sample 68-5/1421 quartz-sericite and anhydrite-bornite pairs yielded

temperatures of 480 and 425 °C, respectively. The anhydrite-bornite

temperatures for samples 68-5/1421 and 68-2/1858 (480°C) were

calculated assuming SO4 - H 2S equilibrium in the hydrothermal solu-

tion.

Calculated isotopic temperatures indicate that several samples

contain mineral pairs that are not in isotopic equilibrium. Oxygen
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isotope fractionations between quartz and potassium feldspar in peg-

matite sample 68-32/74 (0.38 permil) and vein sericite sample VC-3

(0. 39 permil) are too small for the quartz and feldspar to be in iso-

topic equilibrium. Also in sample VC-3, calculated oxygen tempera-

tures for quartz-sericite and potassium feldspar-sericite are 500 and

370 oC, respectively. The lower temperature is geologically more

reasonable (Figure 30) and thereby indicates that the oxygen isotope

ratio of the quartz in sample VC-3 is probably too low to be in equi-

librium with the other minerals. This quartz has the lowest permil

value (+8. 74) of the hydrothermal samples (Table 27) and comes from

a relatively thin (1 cm) quartz-sericite vein in which some of the

quartz appears to be relict primary quartz. The low oxygen isotope

ratio is probably inherited from magmatic quartz that has not com-

pletely reequilibrated with adjacent hydrothermal minerals. The sul-

fur isotopes of pyrite, sphale rite, and chalcopyrite in sample 68-28/573

are not in mutual isotopic equilibrium (Table 28, Figure 28). Tex-

tural relations that indicate that the chalcopyrite and sphalerite are

not in equilibrium explain the unrealistically high (11570) sulfur

isotope temperature for pyrite-chalcopyrite which does not agree with

the pyrite-sphalerite (266°C) and quartz-sericite (260°C) tempera-

tures.

Isotopic temperatures calculated from the six different hydro-

thermal samples suggest that both temporal and spacial temperature



202

gradients existed during alteration of the Valley Copper Deposit. In

Figure 29 the calculated temperatures are plotted as a function of

time. The time scale has one major discontinuity between the para-

genetically older pervasive sericite sample 69-28/573 and the other

paragenetically younger samples of vein sericite (1), mineralized

quartz veins (3), and pervasive potassium feldspar (1). The tempera-

ture of the older pervasive sericite sample (266 to 260°C) is about 70

to 210 oC lower than the younger samples. Moreover, the temperature

of the older sample is about 100°C lower than near-by younger samples

in generalized temperature cross sections through the deposit (Figure

30). Temperatures calculated from oxygen and sulfur isotopes from

hydrothermal minerals indicate that depositional temperatures in-

creased, rather than decreased, with time, and that hydrothermal

minerals that crystallized at relatively low temperatures did not

isotopically reequilibrate at higher temperatures.

In idealized cross sections normal and parallel to the Reference

Line the spacial distribution of temperatures within the deposit indi-

cate that the upper and marginal parts of the deposit were about 300 o
C

and the deep central parts were about 500°C (Figure 30). Isotherms

in Figure 30 are drawn in reference to the isotopic temperature

determinations from the five paragenetically younger samples (Figure

29) which, for this purpose, are considered contemporaneous. Both

oxygen isotope temperatures, 370 and 500 oC, calculated from sample
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VC-3 as well as the 260 (oxygen) and 266 C (sulfur) temperatures

calculated from the paragenetically older sample 69-28/573 are

shown on the cross sections. The isotherms appear to be approxi-

mately horizontal in the Reference Line Section and concave down or

concave toward the northeast in the section normal to the Reference

Line. The isotherms are probably concave toward the original source

of the heat. Additional isotopic data from the east side of the deposit

would help define the isotherm configuration more accurately and,

thereby, possibly the original source of the heat.

Hydrothermal Fluids

The origin or source of many natural waters can be identified

by their oxygen and hydrogen isotopic compositions (Craig, 1961,

1966; Taylor, 1967a). In addition, through use of experimentally

calibrated isotope fractionation curves between water of known oxygen

and hydrogen composition and minerals precipitated from that water,

the isotopic composition of a mineral can be used to calculate the

isotopic composition of the fluid from which it precipitated. Frac-

tionation between water and mineral decreases with increasing

temperature. Therefore, the temperature of mineral precipitation

must also be known in order to calculate the isotopic composition of

the water.
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The isotopic compositions of primary magmatic, meteoric, and

ocean waters are important to this study and are shown in Figures 31

and 32. Primary magmatic water has isotopically equilibrated with

igneous rocks or magma at magmatic temperatures. The isotopic

composition of primary magmatic water is 6D = -50 to -80 permil

and 6018 = +7.0 to +9.5 permil (Sheppard and others, 1969) and is

indicated by the box in Figures 31 and 32. Meteoric water that has

been involved in the atmospheric cycle has isotopic compositions that

correspond to the relation (Craig, 1961):

6D = 8.06018 + 10

It is indicated by the meteoric water line in Figures 31. and 32. The

approximate present isotopic composition of meteoric water in the

vicinity of the Guichon Creek Batholith is 6D = -137 permil and

6018 = -18 permil (Sheppard and others, 1969). The isotopic compo-

sition of ocean water (SMOW), the isotopic standard for oxygen and

hydrogen, is defined as 6D = 0.0 permil and 6018 = 0.0 permil

(Taylor, 1967a). Also shown in Figures 31 and 32 are the composi-

tions of sedimentary kaolinites (kaolinite line) that have isotopically

exchanged with meteoric water and follow the relation (Savin and

Epstein, 1970):

6D = 7. 66018 - 220
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At elevated (hypogene) temperatures the smaller fractionation be-

tween meteoric water and kaolinite allows distinction between probable

hypogene and supergene kaolinites. The hypogene-supergene line in

Figure 32 delimits probable hypogene from supergene kaolinites

(Sheppard and others, 1969).

Water in Equilibrium With Primary Biotite

Isotopic compositions of primary magmatic waters of the

Guichon Creek Batholith were calculated from the oxygen and hydrogen

isotopic composition of primary biotites in the Guichon, Chataway,

Bethlehem (Skeena), and Bethsaida Phases (Table 30). Data included

in Table 30 are oxygen and hydrogen isotopic compositions of primary

biotites, temperatures calculated from quartz-biotite or feldspar-

biotite fractionation, and the calculated isotopic compositions of water

in equilibrium with biotite at the given temperature. Both the oxygen

and hydrogen composition of the biotites and their calculated waters

of equilibrium are plotted in Figure 31.

The calculated isotopic compositions of waters in equilibrium

with primary biotites from major phases of the Guichon Creek

Batholith plot in and near the field of magmatic water (Figure 31).

Additionally, six of the eight calculated waters plot near a line that

connects SMOW with primary magmatic water. Although the plot of

these six waters shows no systematic variation that corresponds to
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the relative ages of the major phases, their general trend may indi-

cate the influx of ocean derived water into the Guichon Creek magma.

Presumably, the ocean water would be a more or less concentrated

Na-C1 brine. This hypothesis is consistent with (1) mineralogic and

textural evidence that indicates a progressive increase in the water

content of successive magmatic phases, (2) a shift toward more sodic

(normative albite) compositions of the Bethlehem and Bethsaida mag-

mas relative to the Guichon and Chataway magmas, and (3) the pro-

nounced decrease in background copper in the Bethlehem and Beth-

saida Phases relative to the older phases. The latter effect may be

related to chloride complexing of magmatic copper and subsequent

concentration into the hydrothermal phase.

Biotite samples (VC-1 and VC-3) of Bethsaida Granodiorite were

collected from the Valley Copper Deposit. The average isotopic

composition (SD = -61.3 permil, 60 18 = +8.01 permil) of the waters

calculated from these biotite samples is taken as the composition of

primary magmatic water from the Valley Copper Deposit.

Water in Equilibrium With Hydrothermal Minerals

The isotopic composition of the hydrothermal fluid has been

estimated from the oxygen and hydrogen isotopic composition of

hydrothermal sericite (6) and kaolinite (3) as shown in Table 30.



Table 30 Calculated Isotopic Composition of Waters in Equilibrium with Primary Biotite and Hydrothermal Sericite and Kaolinite

Sample

018%0

(Mineral)

6 D%o

Biot Ser Kaol
A Qtz -min
(0 18/16) T°C

Calc. H2O

0 18/16 D/H

Bth-1 Guichon +3,24 -66.1 4.24 525 +6.34 -33.1
(Kf-Bi)

GB-7 Chataway +2.85 -89,7 4.73 580 +6.15 -61.7
GB-2 Bethlehem/ Skeena +2.06 -111.8 5,74 450 +4.86 -70.8
LNX-1 Skeena +3.77 -78.8 4.46 640 +7.27 -55.3
GB-1 Skeena +3.34 -81.2 3.37 580 +6.64 -52.2

(Plag-Bi)

GB-5 Bethsaida +1.95 -73.6 5.32 480 +4.95 -36.1
VC-3 Bethsaida +4.15 -77.9 4.41 680 +7.65 -55.4
VC-1 Bethsaida +5.02 -94.5 3.37 580 +8.37 -67.2

(Plag-Bi)

69- 28/573 IPS w/PY, SPH, CPY +7.13 -53,1 3.94 260 +2.75 -17.6
68-2/1858 w/Pervasive K-spar +7.18 -55.8 12.70 480 +7.28 -43.8

(An-Bn)

VC-3 Sericite Vein +6.64 -57.9 1.71 370 +4.94 -35.4
(Kf-Ser)

VC-4 Sericite in Qvn +6.60 -57.2 2.82 370 +4.90 -34.7
69-4/917 Sericite envelope on MQvn +6.49 -63.1 3.23 330 +3.94 -36.1
68-5/1421 Sericite envelope on MQvn +7.56 -64.8 2,17 480 +7.28 -50.3

69-25/939 I Arg w/ BQvns +8.05 -116.0 1.63 300* +5,55 -86

14-5/143 I Arg, intermediate depth +11.31 -95.2 No Qtz 300 +8.81 -65.2
69-4/917 I Arg, intermediate depth +6.73 -137.7 2.99 300 +4.23 -107.7

*
Kaolinite-Water equilibration assumed at 300°C
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Also listed in Table 30 are isotopic temperatures calculated for the

sericite-bearing samples. With the exception of two samples, all the

calculated temperatures are from quartz-sericite mineral pairs.

The temperatures calculated for samples 68-2/1858 and VC-3 are

from anhydrite-bornite and potassium feldspar-sericite mineral

pairs, respectively. Isotopic fraction for kaolinite has not been cal-

ibrated and, therefore, a temperature of 300 oC is assumed for the

formation of hypogene kaolinite (Sheppard and others, 1969). Oxygen

and hydrogen isotope compositions of hydrothermal kaolinites and

sericites and their calculated hydrothermal waters are shown in

Figure 32.

Water in Equilibrium With Kaolinite

The isotopic trends of kaolinite and their calculated waters of

equilibrium plot on lines that are approximately parallel to the

kaolinite line (Figure 32). The trends suggest that either the kaolin-

ites have exchanged oxygen and hydrogen with meteoric waters or that

they are supergene clays. However, the paragenesis and distribution

of kaolinite and its apparent hypogene isotopic composition indicate

that the kaolinite is hypogene rather than supergene. The isotopic

trends of the kaolinite samples and their calculated waters of equi-

librium may be caused by partial isotopic exchange between hypogene

kaolinite, with possible initial composition represented by sample
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14-5/143, and meteoric waters at temperatures above those com-

monly found in supergene environments.

Water in Equilibrium With Sericite

The calculated isotopic compositions of waters in equilibrium

with sericite plot on and near a line that connects SMOW with pri-

mary magmatic water from the Valley Copper Deposit (Figure 32).

This trend of the sericite waters is considered an important indi-

cator that ocean or connate water that had not undergone an 018 shift

(Craig, 1966) comprised a significant portion of the hydrothermal

fluid.

Sheppard and others (1969, 1971) and Taylor (1973) effectively

argue that meteoric water is a significant portion of at least some

metallizing hydrothermal fluids. Additionally, Taylor (1971) and Turi

and Taylor (1971) show that meteoric ground waters may commonly

interact on a large scale with granodioritic plutons. However, at

Valley Copper the calculated isotopic trend of waters in equilibrium

with sericite preclude meteoric waters with D/H ratios lighter than

about -15 permil from having interacted significantly with the metal-

lizing fluid (Figure 32). The compositions of waters calculated from

sericite data trend directly toward SMOW and in the opposite direction

from present day meteoric water of the Guichon Creek Batholith.
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Moreover, the previous existence at Valley Copper of meteoric water

with D/H ratios heavier than about -15 permil is geologically unlikely.

The deuterium content of meteoric waters is greater at lower lati-

tudes and lower elevations (see Sheppard and others, 1969, Figure 5).

Isotopically significant latitude changes of the North American con-

tinent caused by continental drift in the last 180 m. y. are unlikely

(Coney, 1972). Furthermore, deuterium content of water in the

Sierra Nevada Mountains is about 100 permil lighter than along the

California coast (Sheppard and others, 1969, Figure 5). If, due to

changes in elevation, 200 m. y. meteoric water at Valley Copper were

100 permil heavier in its D/H ratio than present day meteoric water,

it would still be more than 30 permil lighter than SMOW (assuming

SMOW remained about constant since the Late Triassic). In summary,

the trend of the calculated isotopic compositions of the hydrothermal

fluid in equilibrium with sericite can be reasonably explained only if

ocean or connate water, rather than meteoric water, were a signifi-

cant portion of the hydrothermal fluid.

The variable isotopic composition of hydrothermal fluids in

equilibrium with sericite could be caused by variable mixing of water

with isotopic composition of SMOW with primary magmatic water

from the Valley Copper Deposit. Accordingly, the percent of SMOW

in each of the six sericite waters can be determined from the sample's

relative position between SMOW and primary magmatic water of
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Valley Copper in Figure 32. These values are listed in Figure 32 and

range from 69 percent for sample 69-28/573 to 16 percent for sample

68-5/1421. The values of percent SMOW in the hydrothermal fluid

are also plotted and contoured on generalized cross sections of the

Valley Copper Deposit normal and parallel to the Reference Line

(Figure 33). The 20 and 40 percent contours are drawn in reference

to the five sericite samples from veins that, for this purpose, are

considered contemporaneous. On the basis of the one water calcu-

lated from the paragenetically earlier sample of intense pervasive

sericite, 69-28/573, the same contour lines are relabeled 50 and 70

percent SMOW. The 50 and 70 percent contours, therefore, repre-

sent the possible distribution of mixing of SMOW and primary mag-

matic water at some time previous to the mixing indicated by the 20

and 40 percent contours.

The proportion of SMOW in the hydrothermal fluid varied both

in time and space. Although the control points are scant, the avail-

able data (40-70 percent contour, Figure 33) suggest that during

paragenesis from pervasive sericite to vein sericite and mineralized

quartz veins the amount of SMOW in the hydrothermal fluid decreased

by about 30 percent. If the source of the primary magmatic water

were deep and in the vicinity of the deposit, the decrease in SMOW

with time was due either to a progressive decrease in the influx of

SMOW or to an upwelling of primary magmatic water with a
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consequent outward and upward shift of the zone of mixing. The latter

case is consistent with the prograde, rather than collapsing, altera-

tion system that is indicated by paragenetic relationships among hydro-

thermal minerals (Figure 22) and isotopic evidence of increasing

temperatures with time (Figure 29).

The source of primary magmatic water, as suggested by the

position and shape of the mixing contours, was from below, possibly

from the vicinity of the Lornex Fault, and perhaps similar in location

to the source of heat. If magmatic waters were the source of metals

and heat, and if they migrated generally upward and through the de-

posit from east to west, this inferred direction of migration could

account for the distribution of the argillic and pervasive sericite

alteration patterns. However, distribution patterns of quartz-sericite

and mineralized quartz veins indicate that their parent fluids probably

migrated to the south and east, respectively (Figure 23). The evi-

dence of conflicting directions of fluid migration can be at least partly

resolved. If it is assumed that the vein distribution data define the

succession and extent of fractures available to vein fluids, rather than

to their actual source regions (see discussion of mineralized quartz

veins, p. 80 to 88, all hydrothermal fluids could have originated in

the vicinity of the Lornex Fault.
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CHEMICAL ENVIRONMENT OF METALLIZATION

Recent work by Sakai (1968), Field and others (1971), and

Ohmoto (1972) outline the interrelationships of sulfur isotope frac-

tionations with oxygen and sulfur fugacities and pH. Synthesis of their

results with sulfur isotope data and isotopic temperature determina-

tions presented in the previous chapter and solute concentration esti-

mates from fluid inclusions (1) delimit the chemical parameters of

oxygen and sulfur fugacity and pH that were effective during metalli-

zation, (2) provide models that explain the sulfur isotope distributions

in time and space, and (3) outline possible mechanisms that caused

sulfide deposition.

Fluid Inclusions

Microscopic fluid inclusions occur in samples of primary and

hydrothermal quartz from the Valley Copper Deposit. Both sylvite

(KC1) and halite (NaC1) crystals form daughter minerals in hydro-

thermal quartz, whereas only halite was identified in primary quartz

phenocrysts from a sample of Tan Felsite Porphyry. At room temper-

ature the solubilities of sylvite (34.5 gm/100 ml) and halite (37 g /100

ml) in water correspond to potassium and sodium concentrations of

4.6 m and 6.3 m, respectively. Due to the scarcity of halide daughter

minerals, 4 m and 6 m are taken as approximations of the maximum
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potassium and sodium concentrations in the hydrothermal fluid.

Dr. J. Thomas Nash of the U. S. Geological Survey has ex-

amined five representative samples from the Valley Copper Deposit.

The inclusions in hydrothermal quartz are small, generally less than

5 microns in diameter, and generally consist of a liquid phase with

about 15 percent vapor bubble. A few inclusions contain a reddish to

opaque daughter mineral (hematite?) and others contain a birefringent

daughter mineral (carbonate?). Dr. Nash determined the presence of

liquid CO2 in some inclusions that may indicate CO2 pressures up to

100 to 300 bars (1972, written communication).

Oxygen and Sulfur Fuga,cities and pH

The phase diagram in Figure 34 (taken from Field and others,

1971) illustrates equilibrium distributions of sulfide, sulfate, and

oxide minerals and aqueous sulfur species in the Cu-Fe-S-0 system

at 400°C and total sulfur concentration of 0.1 M. Boundaries between

minerals and aqueous sulfur species are drawn at equal proportions

of adjacent minerals or species. The axes are calibrated for fuga-

cities of oxygen and sulfur and the diagram is contoured for pH.

Superposition of alteration and sulfide mineral stabilities on this dia-

gram provides limits to the oxygen and sulfur fugacities and pH that

were effective during hydrothermal alteration.
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The three principal alteration minerals at Valley Copper are

kaolinite, sericite, and potassium feldspar. Of these, sericite is

most directly associated with sulfide metallization and, accordingly,

the chemical environment of sulfide deposition must be restricted to

the stability field of sericite. The stability of sericite (muscovite)

relative to kaolinite and potassium feldspar is governed by the follow-

ing hydrolysis reactions (Table 11, Helgeson, 1969: log K values

extrapolated above 300°C by use of the van't Hoff equation):

3 Kf + 2 H+ = 1 Mu + 6 Qtz + 2 K+ log
K400°C 7'32

2 Mu + 2 H+ + 3 H2O = 3 Kaol + Z K+ log K4000c = 4.68

If the solid phases and water are assumed to have unit activity, the

stabilities of kaolinite, sericite, and potassium feldspar at constant

temperature are a function of the activity ratios of K+ to H+. At a

potassium concentration of 4 m the potassium feldspar-sericite and

sericite-kaolinite equilibrium pH values are 3.05 and 1.74, respec-

tively. The corresponding pH stability range of sericite is inter-

polated between appropriate pH contours on the phase diagram (Figure

34) and is also shown in Figure 35,

The approximate stability regions for argillic, pervasive

sericite, vein sericite, and potassium feldspar alterations at Valley

Copper are indicated by ARC, PS, VS, and KF in Figure 34. Their

respective stability fields are determined by the pH stability range of

sericite (3.05 to 1.74) and the alteration and sulfide minerals that
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commonly occur in each alteration type. Argillic alteration is domin-

antly kaolinite with minor sericite. Hematite occurs in both pervasive

argillic alteration and moderate argillic envelopes adjacent to vein

sericite, and with some samples of pervasive sericite. Sulfide

minerals are important in zones of sericite and potassium feldspar

alteration, but do not occur in argillic alteration. In pervasive seri-

cite alteration, pyrite and chalcopyrite are common and bornite is

rare. In vein sericite and to a lesser extent in potassium feldspar

alterations, chalcopyrite and bornite are both common, whereas

pyrite is rare. Also traces of chalcocite and covellite occur in vein

sericite and mineralized quartz veins. The occurrence of both potas-

sium feldspar and argillic envelopes adjacent to quartz-sericite veins

suggests that these three alteration types should plot near each other

on a stability diagram. Assuming that all alteration occurred at

400 oC, from Figure 34 the approximate limits to the oxygen and sulfur

fugacities and pH during hydrothermal alteration were:

-log f02 = 20 to 23

-log f52 = 1.5 to 4.5

pH = 1.74 to 4

At 300°C the sericite-kaolinite boundary would shift to slightly lower

pH and at 500°C the potassium feldspar-sericite boundary would shift

to slightly higher pH. At about 400°C the approximate conditions

during main stage copper metallization and quartz-sericite vein
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formation were:

-log f02 = 22.2

-log fS2 = 1,5 to 3. 6

pH = 2.5 to 3.0

The important aqueous sulfur species during main stage metallization

were H2 S, SO
4

and HSO4
(Figure 34).

Sulfur Isotope Distributions

The younger sulfides and sulfides at higher elevation in the

deposit appear to be relatively enriched in S34 (Figure 28). Three

models are proposed to explain this distribution of sulfur isotopes in

time and space. The first or magmatic model assumes that all the

sulfur in the hydrothermal system is derived from the Guichon Creek

magma. The second, the mixing model, assumes that the hydro-

thermal fluid is a mix of ocean and primary magmatic waters and that

the sulfur is derived from both ocean water sulfate and magmatic sul-

fide. Both models explain some, but not all, aspects of the distribu-

tions of sulfur isotopes in the Valley Copper Deposit. The third

model, in which the results of the mixing model are modified by

consideration of the effects of the fugacity of oxygen in the alteration

process, may provide the best explanation of the distributions of sul-

fur isotopes.
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Magmatic Model

The isotopic compositions of sulfides in many Cordilleran

porphyry copper systems average about zero permil and have a nar-

row range of about +5 to -5 permil (Field and others, 1971). These

values are similar to the assumed zero permil composition of mantle

or deep crustal sulfur. Accordingly, the sulfur in these deposits is

presumed to have precipitated from a well homogenized sulfur reser-

voir that had a deep magmatic source. The small variations of the

sulfide isotopic compositions about zero permil are presumably caused

by variations in aqueous sulfate-sulfide equilibria or from the supply

of sulfur.

At Valley Copper magmatic fluids and their contained metals

and sulfur presumably originated in late stage water-rich differentiates

of the Bethsaida Granodiorite. A recent geophysical survey over the

batholith has revealed a gravity low in the Valley Copper-Bethlehem-

Lornex-Highmont region that is interpreted to be the root zone of the

batholith (Ager and others, 1972). Fluid inclusions in quartz pheno-

crysts from relatively unaltered Tan Felsite Porphyry contain salt

crystals which reflect high salinities in a water-rich phase that co-

existed with the dike magma in its source area. This saline hydrous

phase may have subsequently become the magmatic ore-forming

hydrothermal fluid.
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The strongest evidence for the application of the magmatic model

to the Valley Copper Deposit is the near zero permil mean (-0.81

permil) and narrow isotopic range (+1.53 to -4.11 permil) of the

sulfides. Also, the magmatic model can account for the average -3.50

permil composition of the early sulfides associated with pervasive

sericite. The sulfur isotopic composition of pyrite as a function of

simultaneous aqueous SO4= and S, HS , or H2S equilibria (Table 31C)

at 400°C C s shown in Figure 35 (taken from Field and others, 1971;

compare with Figure 34). The total average composition of sulfur in

Figure 35 is zero permil and 50 percent of the total aqueous sulfur

occurs as SO
4 If the average composition of aqueous sulfur is

different from zero permil, the indicated isotopic compositions of

pyrite in Figure 35 would be changed by that difference. In Figure 35

pervasive sericite plots in a region that corresponds to a pyrite com-

position of -8. 6 permil. At 300°C, the approximate temperature of

pervasive sericite alteration, the same position would correspond to

a pyrite composition of about -10 permil (Table 31C). In the system

FeS2-H S at this temperature (Table 31B) pyrite has about the same

isotopic composition as H2S. The isotopic composition of the pyrite

associated with pervasive sericite alteration is -3.08. Therefore,

if pervasive sericite alteration occurred in an environment where

aqueous H2S SO4, rather thanS > athe th H2S 'S = S pyrite with composition
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Table 31, Equilibrium Sulfur Isotope Fractionations in Aqueous
Solution.

127° 227° 327° 427° 527° 400°C

A. Equilibrium fractionation between aqueous SO
4

and S, HS , or H 2S
= =

A SO4-S 51.7 35.2 25.3 18.8 14.0 20.4

A SO4 -HS 45.0 30.1 21.6 15.8 11.6 17.2

A SO 4-H2S 42.8 28.6 20,2 14.8 10.8 16.1

B. Equilibrium fractionation between pyrite and aqueous S , HS, or
H 2S

A FeS 2-S 10.9 7.0 4.8 3.6 2.7 3. 9

A FeS
2

-HS- 4.2 1.9 1.1 0.6 0.3 0.7

A FeS
2-H 2S 2.0 0.4 -0.3 -0.4 -0.5 -0.4

C. Equilibrium fractionation between pyrite and aqueous sulfur
composed of equal portions of SO4- and 5, HST, or H25

A FeS
2

-(504 -S) -15.0 -10.6 -7.9 -5.8 -4.3 -6.6

A FeS
2

-(SO4 -H5) -18.3 -13.1 -9.7 -7.3 -5.5 -8.0

A FeS
2

-(SO4 -H
2

S) -19.4 -13.9 -10.4 -7.8 -5. 9 -8. 6

After Field and others, 1971
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-3.08 permil could precipitate from a solution with average sulfur

composition of zero permil (i. e. , magmatic sulfur).

The magmatic model, however, does not easily explain the

heavier isotopic composition of the younger sulfides nor the apparent

534 enrichment in the higher parts of the deposit. To compare the

isotopic compositions of the different sulfide minerals in quartz-

sericite and mineralized quartz veins to the isotopic contours of pyrite

in Figure 35, the isotopic compositions of the younger sulfides have

been normalized to hypothetical pyrite that would be in isotopic equi-

librium with these younger samples. At 400°C pyrite is enriched in

534 by 0.99 permil (Table 29) with respect to isotopically equilibrated

chalcopyrite. Accordingly, the calculated compositions of hypotheti-

cal pyrite in equilibrium with the four younger chalcopyrite samples

(Table 28) range from +2.52 to -0.79 permil. In Figure 35, pyrite of

this isotopic composition would plot near the intersections of the

pyrite, pyrrhotite, and magnetite stability fields. However, these

minerals do not occur with the younger sulfides and vein sericite

alteration at Valley Copper. For calculated younger pyrites to have a

composition of +2.52 to -0.79 permil at the oxygen and sulfur fugacity

and pH conditions of vein sericite alteration, aqueous sulfur equi-

libria andlor the average composition of aqueous sulfur must have

been different than that which prevailed during pervasive sericite

alteration. If the average isotopic composition of aqueous sulfur were
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increased to 3 to 4 permil, or if most of the SO4
were reduced to

H
2
S and the average composition of aqueous sulfur were increased to

about 1 permil, pyrite of the appropriate composition (+2.52 to -0.79

permil) could precipitate from a fluid that was in equilibrium with

vein sericite. Most of the chemical reactions that describe the altera-

tion process (Table 17) consume 02 and this process could reduce

SO4 2to S. However, the change in average isotopic composition

of total aqueous sulfur is not consistent with the model of an homo-

genous magmatic sulfur reservoir. If the sulfur reservoir were small

relative to the amount of sulfides that precipitated, early precipitation

of isotopically light sulfur could have enriched the reservoir sulfur

in S34. The amount of sulfide that precipitated during paragenetically

early pervasive sericite alteration, however, is small relative to the

amount that precipitated during vein sericite alteration. Moreover,

a limited or closed sulfur reservoir was unlikely. The chemical

changes that accompanied alteration (Figure 16) show that all the

oxides were mobile. Therefore, the hydrothermal system, of which

the sulfur reservoir was a part, was probably open rather than closed.

Mixing Model

The calculated isotopic compositions of waters in equilibrium

with sericite strongly suggest that the hydrothermal fluid was a mix

of ocean water and primary magmatic water (Figure 32). In this
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model, the percent of ocean water in the hydrothermal fluid is con-

toured on generalized cross sections (Figure 33) of the Valley Copper

Deposit. Through several basic assumptions the mixing model can be

extended to include the isotopic composition and relative abundance

of the dominant aqueous sulfur species and the isotopic compositions

of the sulfides. The first assumption is that ocean water that migrated

to the site of the Valley Copper Deposit carried in solution sea water

sulfate. The isotopic composition of Late Triassic sea water sulfate

was about +13.1 permil (Sangster, 1968). The total sulfur concentra-

tion of Late Triassic ocean water, in the form of SO4, is assumed

to be 885 ppm S (0.0276 m SO4 ' Krauskopf, 1967, p. 641), the same

as modern ocean water. The concentration and isotopic composition

of sulfur in the primary magmatic water is assumed to be 0.1 molal

(Field and others, 1971; Ohmoto, 1972) and zero permil (Field, 1966a,

Field and others, 1971). All the magmatic sulfur is assumed to be

in the form of H2S (Krauskopf, 1967; Skinner and Barton, 1972).

The concentration of total aqueous sulfur, its average isotopic

composition, and the permissible isotopic compositions of aqueous

SO4 and H
2
S at various increments of mixed ocean and primary mag-

matic water are summarized in Table 32 and Figure 36. In Table 32

the molal concentration of total sulfur, the percent of total sulfur as

sulfate, and the average isotopic composition of all the sulfur in

solution are indicated for 10 percent increments of mixing. In Figure
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Table 32. Concentration and Isotopic Composition of Aqueous Sulfur
Due to Mixing of Late Triassic Ocean Water and Magmatic
Water.
Initial sulfur concentration and isotopic composition:
Sea water: S(as SO4_) 0.0276 m, SS34 = +13. 1 %o
Magmatic water: S(as H2S) = 0.1 m, 8534 =

% Ocean
Water

S
m/1000 gm

% SO4
of ES

Average
g S34700

100 0.028 100 +13.1

90 0.035 71 9.3

80 0.042 53 6.9

70 0.049 39 5.1

60 0.057 29 3.8

50 0,064 22 2.9

40 0.071 16 2.1

30 0,078 11 1.4

20 0,086 6 0,8

10 0.093 3 0.4

0 0.100 0 0.0
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36 the average isotopic composition of total sulfur in solution is indi-

cated by the central line labeled S. If 99 percent of the aqueous

sulfur consists of one sulfur species, its isotopic composition will be

represented by line S. At 400 oC aqueous SO4 is enriched in 53,4

by 16.1 permil relative to equilibrated aqueous H2S (Table 31A).

Accordingly, the.S0.
4

and .H2S lines indicate the limiting isotopic

compositions of SO
4

and H2S
permissible at 400°C and at total sulfur

compositions indicated by line ZS. As an example, if 99 percent of

the aqueous sulfur is H
2S

and the isotopic composition of total aqueous

sulfur is +3 permil, the small amount of aqueous SO4 will have a

composition of +19.1 permil. Conversely, if 504 is 99 percent of

the aqueous sulfur and the total sulfur is +3 permil, the small amount

of aqueous H2S will have a composition of -13.1 permil. The fields

labeled SO
4 and H2S

(between their respective lines and the ZS line)

indicate the possible isotopic compositions of these species as their

proportions vary. The lines labeled SO 4
Mix and H25 Mix indicate

the relative amounts and isotopic compositions of SO4 and H2S from

mixing of Late Triassic ocean water and magmatic water at 400 C.

As an example, at 50 percent ocean water, 22 percent of the total

sulfur is SO 4 (Table 32), the position of the SO4 Mix line corres-

ponds to 22 percent of the distance from the SO
4

line to the ZS line,

and the isotopic compositions of the SO4 and H2S
after they have

isotopically equilibrated, are about +15.5 and-O. 6 permil, respectively.
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Several lines of evidence support the mixing model, The

strongest evidence for this model is from oxygen and hydrogen isotope

data of sericite. The isotopic compositions of the hydrothermal fluid

calculated from these data have values between those of ocean and

primary magmatic water. As additional evidence, the isotopic com-

positions of all the sulfate and sulfide samples for which mixing ratios

are calculated or inferred plot within the respective permissible limits

for sulfate and sulfide values indicated by the SO4 and H 2S lines

(Figure 36). Also, there is an approximate correspondence of pyrite

isotopic compositions to values predicted by the mixing model. At

300
oC, the approximate temperature of pervasive sericite alteration,

pyrite is about 11 permil lighter than total aqueous sulfur that con-

sists of equal proportions of SO4 and H 2S (Table 31C). Pyrite ass o-

ciated with pervasive sericite alteration, however, precipitated from

a fluid that was 69 percent ocean water in which total sulfur consisted

of 38 percent SO4 (Figure 32 and Table 32). At this SO4 concentra-

tion, total sulfur-pyrite fractionation would be less and in approximate

agreement with the -8 permil fractionation between total sulfur (about

+5 permil, Figure 36) and the pyrite ( -3. 08 permil). Furthermore,

with progressive increase in the proportion of H 2S in the fluid at

increasing percentages of magmatic water, pyrite would be enriched

in S34 as isotopic fractionation between aqueous sulfur and pyrite

approached a minimum limit of -0.4 permil at 100 percent H2S
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(Table 31B). With the exception of two calculated pyrite compositions

at 44 percent ocean water, the calculated isotopic compositions of

younger pyrites follow a trend of progressive S34 enrichment and

decreasing fractionation relative to total sulfur.

The mixing model also provides an explanation for the occur-

rence and sulfur isotopic composition of the paragenetically late

gypsum veins, These veins are the latest hydrothermal event and

signal the termination of hydrothermal activity. Gypsum solubility

is inversely dependent on temperature (Holland, 1967). If a relatively

cool fluid that contained calcium and sulfate in solution were heated,

gypsum would precipitate.

The formation of gypsum veins was not accompanied or followed

by any recognizable pervasive alteration of the host. Therefore,

these veins probably precipitated at temperatures below the lowest

recorded for pervasive alteration (260 to 266 oC for pervasive sericite).

At 260 oC equilibrium fractionation between aqueous SO
4

_
and H S

is about 26 permil (Table 31A). Using this value and the procedure

for constructing the SO4 Mix line (p. 232) for Figure 36, the SO4

Mix values at 100 and 90 percent ocean water are +13.1 and +16.8

permil, respectively. There is no significant isotopic fractionation
7-4

between aqueous SO4 and sulfate minerals formed therefrom. The

isotopic composition of the gypsum vein (+15.22 permil) falls between

these values and corresponds to a fluid of about 94 percent ocean water.
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Accordingly, the rapid influx of relatively cool (< 260°C) ocean water

increased the percentage of ocean water in the hydrothermal fluid

from about 16 to 94 percent. Heat exchange between this fluid and

its host rock caused the precipitation of the gypsum veins.

Modified Mixing Model

Although the mixing model explains the variations in the isotopic

composition of the hydrothermal fluid, the +15.22 permil value of

sulfur in gypsum veins, and the average isotopic composition (-3.50

permil) of sulfides associated with the paragenetically older pervasive

sericite alteration, it does not adequately explain the isotopic com-

positions of pyrite (2.52 to -0.79 permil) calculated for paragenetically

younger samples of quartz-sericite and mineralized quartz veins.

However, by including the effect of oxygen fugacity on the equilibrium

reaction between aqueous H
2S

and SO4, a modified mixing model

provides a much closer fit of this model to the calculated isotopic

values of the younger pyrites. In Figure 36 the calculated pyrite

isotopic values of all the younger samples are less than 2 and gen-

erally less than 1 permil lighter than the average values of aqueous

sulfur indicated by the line ES at the percent ocean water for each

sample. The isotopic compositions of the younger pyrites fit the

mixing model if the composition of total sulfur were determined by

mixing of ocean and magmatic waters, but, due to reduction of the
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SO4 H2S comprised about 99 percent of total aqueous sulfur during

vein sericite and mineralized quartz vein alteration.

The reaction that relates reduction of SO
4

to H2S is (log

K400 °C graphically extrapolated from data in Table 9, Helgeson,

1969):

H2S + 2 0 H+ + SO log K
4 400°C

At SO4 and H2S concentrations predicted at 70, 40, and 20 percent

ocean water and at pH of 3, determined from potassium feldspar-

sericite equilibration, -log of oxygen fugacities at equilibrium for this

reaction are 21.65, 21.91, and 22.15, respectively. At lower 102

the back reaction is favored and 50
4

would be reduced to H 2S.

These oxygen fugacities are plotted on Figure 34. The equilibrium

oxygen fugacity at 70 percent ocean water falls within the pervasive

sericite stability field. At 40 percent ocean water the oxygen fugacity

coincides with the approximate boundary between the pervasive seri-

cite and vein sericite stability fields, and much of the vein sericite

field occurs at oxygen fugacities below the equilibrium value at 20

percent ocean water, Accordingly, the sulfur isotopic compositions

of gypsum veins and pyrite in the older pervasive sericite altera-

tion are due to the initial SO
4

:H25 ratio determined by mixing of

ocean and magmatic water. The calculated pyrite compositions for

the samples from the younger quartz-sericite and mineralized quartz

veins are explained by the modified mixing model in which SO4 was
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reduced to H2S at the oxygen fugacities at which vein sericite altera-

tion was stable.

The quantity of SO4= that could be reduced is dependent on the

extent to which 0
2

is removed from solution. The chemical reactions

in Table 17 show that, with the exception of vein sericite alteration

of intensely argillized plagioclase, significant amounts of 02
are

consumed by the quantitatively important argillic, pervasive seri-

cite, and vein sericite types of alteration. Hydrothermal alteration

consumes oxygen and thereby promotes the reduction of SO4 to H 2S.

The isotopic evidence, assuming the modified mixing model is cor-

rect, suggests that almost all the SO4 was converted to H 2S during

vein sericite and mineralized quartz vein alterations, The small

amount of anhydrite and gypsum blebs in the deposit is consistent with

a low concentration of SO4 in the hydrothermal fluid during forma-

tion of the veins. Moreover, although pervasive potassium feldspar

is not as quantitatively important as the other alteration types, the

strongest development of anhydrite in pervasive potassium feldspar

is consistent with the evolution of 02 (Table 17) during this type of

alteration.

In conclusion the modified mixing model appears to best ex-

plain the distributions of sulfur isotope values in time and space by

relating those distributions to the mixing of ocean and primary mag-

matic waters. This model is consistent with the near zero permil
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average composition of the sulfides that is also explained by the mag-

matic model. However, the modified mixing model also provides

a mechanism to help dissipate the heat of alteration. Additionally,

by relating the isotopic compositions and distributions of the sulfides

to the composition of the hydrothermal solution indicated by oxygen

and hydrogen isotope data, to the paragenesis and chemical and

physical stability fields of the alteration types, and to the chemical

reactions that describe the alteration process, the modified mixing

model provides an internally consistent synthesis of the complex

chemical and physical interactions that formed the Valley Copper

Deposit.

Sulfide Deposition

Helgeson (1964) and Krauskopf (1967) have emphasized the

complexities and lack of detailed knowledge concerning the mechan-

isms of sulfide deposition from hydrothermal fluids. Theoretical

(Burnham, 1959; Krauskopf, 1967) and experimental (Helgeson, 1964;

Burnham, 1967) work and sampling of fluid inclusions (Roedder, 1967,

1971; Rye and Haffty, 1969; Nash and Theodore, 1971) and natural

hydrothermal systems (Skinner and others, 1967) indicate that geo-

logically reasonable absolute and relative ore metal solubilities can

be attained by metal-anion complexes and that the chloride ion is the

most likely anion. The occurrence of halite and sylvite daughter
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minerals in fluid inclusions from the Valley Copper Deposit suggests

that the hydrothermal fluid was a chloride brine.

Helgeson (1964) has proposed six mechanisms that may lead to

sulfide deposition by producing relative instability of metal-chloride

complexes in a hydrothermal fluid:

1. High geothermal gradient resulting from near surface in-

trusion.

2. Reversible or irreversible adiabatic expansion (throttling)

of the hydrothermal fluid.

3. Dilution of hydrothermal fluids with cool water.

4. Mixing of two compositionally different hydrothermal fluids.

5. Increase of free metal ion activity by wall rock alteration,

possibly at constant temperature and pH.

6. Increase in sulfide ion activity.

Evidence exists for the possible application of all these mechanisms

in the Valley Copper Deposit. The Guichon Creek magma intruded

into a mesozonal to epizonal environment and oxygen and sulfur iso-

tope thermometry indicates the existence of a large temperature

gradient during metallization. Fracture densities within the deposit

are consistent with the existence of a zone of potential throttling.

Oxygen and hydrogen isotopic evidence indicate mixing of a primary

magmatic fluid with potentially cooler ocean water. Alteration min-

eral stabilities, chemical reactions, and sulfur isotope distributions
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suggest that SO4 was reduced to H 2S in the hydrothermal fluid.

Dissociation of H
2S

by fixation of the hydrogen in the rock during the

formation of hydrothermal kaolinite and sericite would increase the

activity of the sulfide ion. Additionally, at the relatively high temper-

atures of vein sericite alteration, HC1 tends to associate at the

expense of H2S (Helgeson, 1964). Association of HC1 thereby not only

increases the activity of the sulfide ion, but also tends to increase

the activities of metal ions by stripping the chloride ion from the

metal-chloride complexes. Any one or combination of these mechan-

isms may have caused the deposition of sulfides in the Valley Copper

Deposit.
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SUMMARY AND CONCLUSIONS

The Valley Copper Deposit is at the intersection of the Lornex

and Highland Valley Faults in the Bethsaida Granodiorite near the

center of the 200 m. y. Guichon Creek Batholith. The batholith was

probably a sub-island arc intrusion with calc-alkaline affinities and

may have been genetically related to Triassic subduction on the

Fraser-Yalokom Fault which is exposed about 45 km to the west.

The chemistry, textures, and mineralogy of the major phases of the

batholith reflect late magmatic concentration of volatiles and metals.

Chemical evidence includes (1) increase in normative albite between

the Guichon and Chataway Phases and the Bethlehem-Skeena and

Bethsaida Phases, (2) fractionation trends, especially with the

porphyry dikes, toward minimum melt compositions in a hydrous

silicate system, and (3) normative corundum in the Bethsaida Phase.

Textures such as aplites and pegmatites, abundant oscillatory zoning

in plagioclase, and increase in myrmekite and fluid inclusions are

consistent with increased. volatiles in the magma. Additionally, two

feldspar rocks, decrease in modal hornblende, increase in hydrous

deuteric alteration, and, especially, local intense hydrothermal

alteration and metallization provide mineralogical evidence of signifi-

cant late magmatic concentrations of volatiles and ore metals.
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Important geological, mineralogical, and chemical aspects of

the Valley Copper Deposit demonstrate their interdependence. The

three most important geological aspects of the deposit are fractures,

the barren quartz core, and the quartz porphyry dikes. Fractures

localized the deposition of quartz and gypsum veins and most of the

sulfides, and were the loci from which fluids pervasively altered the

rock. Although the barren quartz veins are fracture controlled and

were precipitated by hydrothermal activity, the barren quartz stock-

work formed an impermeable core around and over which subsequent

metallizing fluids were channeled. The annular distributions of

quartz-sericite and mineralized quartz veins, total copper, and

sulfide minerals all display this fundamental effect of the barren

quartz core. The quartz porphyry dikes, in particular the more con-

tinuous and abundant Porphyritic Phase of the Bethsaida, may have

been the heat source that initiated hydrothermal alteration and may

have also channeled migrating hydrothermal fluids, The temperatures

of the Tan Felsite Porphyry and. Porphyritic Phase of the Bethsaida

dikes were at least 20 to possibly 50 oC or more higher than surround-

ing host rock. The dikes, as a local source of heat, may have in-

creased the rate of hydrothermal reactions and started convective

overturn in adjacent fluids. Additionally, the Porphyritic Phase of

the Bethsaida appears to border economic mineralization to the west

and south, and possibly at depth. The flow of metallizing fluids may
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have been restricted by both the barren quartz core and the Porphy-

ritic Phase of the Bethsaida.

The mineralogy of the argillic, sericitic, and potassic altera-

tions and sulfides at Valley Copper is similar to corresponding

alteration types and sulfide mineralogy described for porphyry copper

deposits in the American Southwest and from Butte, Montana. How-

ever, the alteration zoning and paragenesis are not consistent with

concentric alteration patterns that result from a steady state or

collapsing thermal regime indicated by classic models of porphyry

copper systems centered on relatively small stocks. The alteration

patterns at Valley Copper are interpreted to indicate the following

superimposed, partly cyclic, two phase, and generally prograde

alteration sequence: (1) propylitic alteration (?), (2) argillic altera-

tion, (3) pervasive sericite alteration (pyrite, chalcopyrite, sphaler-

ite), (4) barren quartz vein stockwork and potassic alteration, (5) vein

sericite alteration (bornite, chalcopyrite, molybdenite), (6) min-

eralized quartz veins (bornite, chalcopyrite, molybdenite, chalcocite,

covellite), (7) gypsum veins.

The radial alteration patterns suggest that the Valley Copper

Deposit may represent the bottom of a porphyry copper system where

fluid migration may be inward and upward, rather than the top of a

system where migration would be outward and upward. The annular

distribution of higher grade molybdenite may also result from a
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structurally deep level of exposure for the deposit. In many porphyry

type deposits, high grade molybdenite generally is deep and centrally

located. At Bingham, this zone is hood-shaped and of limited verti-

cal thickness (Edward C. John, personal communication, 1972).

Below the apex of the hood, the molybdenite zone is annular in plan

and, by analogy, the annular distribution of higher grade molybdenite

at Valley Copper may indicate that this deposit has a relatively deep

structural exposure.

Modal and chemical analyses indicate that hydrothermal altera-

tion occurred principally by base leaching of Ca++ and Na+ from

plagioclase and by metasomatic additions of K+, H+, and SiO
2

to the

host. Fluid inclusions contain a few sylvite and halite daughter

minerals and liquid CO2 that indicate possible maximum concentra-

tions of K+, 4.6 m; Na+, 6. 4 m; and P 100 to 300 bars. The
CO2'

temperature range of alteration and sulfide deposition calculated

from oxygen and sulfur isotope ratios is 480 to 260°C. Phase equi-

libria at 400°C indicate that hydrothermal alteration processes

occurred within the following ranges of pH (1.74 to 4), -log f02

(20 to 23), and -log fS2 (1.5 to 4.5). Additionally, vein sericite

alteration and principal sulfide deposition at 400°C occurred at the

following conditions of pH (2.5 to 3.0), -log f02 (22.2) and -log fS2

(1.5 to 3.6). The isotopic composition of sulfides (12) have a mean

(-0.81 permil) and narrow range (+1.53 to -4.11 permil) that are
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typical of Cordilleran porphyry copper deposits. The sulfur isotopic

mean and range to two samples of anhydrite (+13,12, +14.48 to

+11.76 permil) and two samples of gypsum (+14.18, +15.22 to +13.13

permil) prove that they are hypogene minerals. From thermodynamic

considerations of host rock and alteration mineralogy, hydrothermal

alteration generated about 1000 kcal of heat per mole of plagioclase

altered. Oxygen and hydrogenisotope ratios of primary and hydro-

thermal minerals are consistent with the probable, sub-oceanic en-

vironment of intrusion of the batholith and indicate that the hydro-

thermal fluid may have been a mix of ocean water with primary

magmatic water.

Once established, hydrothermal alteration may have been

largely self-perpetuating and may have caused its own evolution.

Initial alteration, either propylitic or argillic, may have resulted

from initial influx into fractured rock of relatively hot magmatic

water, possibly from the vicinity of the Lornex Fault, or from in-

trusion of the relatively hot Porpliyritic Phase of the Bethsaida dike.

Thermodynamic calculations show that the alteration process gen-

erated considerable heat. Therefore, once significant alteration

began, further alteration was not strictly dependent on continued

influx of hot water. Furthermore, the heat generated by alteration

may also have been the energy source for convection of hydrothermal

fluids, and, thereby, alteration could continually generate
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new supplies of water. Progressive fracturing provided fresh rock

for alteration and maintained the plumbing system. The generally

prograde alteration sequence may have developed from (1) increasing

temperatures caused by inefficient dissipation of the heat of altera-

tion and/or (2) chemical evolution of the hydrothermal fluid through

potassium, hydrogen, and oxygen metasomatism.

The general lack of late stage retrograde alteration suggests

that the hydrothermal system faded rapidly. Hydrothermal alteration

requires both heat and water and curtailment of the supply of either

should terminate the alteration. Two mechanisms could reduce the

supply of heat. If all the host rock had eventually attained thermo-

dynamic equilibrium with the hydrothermal fluid, continued alteration

and evolution of heat would cease. However, the resultant product

should consist of one alteration type or mineral assemblage that is not

evident at Valley Copper. Also, if the deposit were rapidly cooled

by a great influx of cool water, alteration should cease. The late

paragenesis of the gypsum veins may be evidence that ocean water

was such a quenching solution. Abatement of the supply of water is

also geologically reasonable. If new fractures within the deposit

ceased to form, continued precipitation of vein sericite and miner-

alized quartz veins would seal existing channelways and further

hydrothermal activity would terminate.



2.47

Fluctuations in the channelways and fracture systems and in the

supply of water at Valley Copper are consistent with the structural

setting of this and near-by deposits in the vicinity of the Highland

Valley and Lornex Faults. Fracturing of rock adjacent to these major

faults provided dilatant zones suitable for migration of hydrothermal

fluids and consequent alteration. Furthermore, if the hydrothermal

fluids originated from these faults, movement along them, or sealing

of portions of them by gouge and alteration products, would cause

perturbations in the extent and direction of fluid migration. Thereby,

essentially one hydrothermal fluid could generate the different

deposits in the Highland Valley District.

The Valley Copper Deposit has relatively complex alteration

patterns interpreted to have resulted from hydrothermal fluids that

migrated from the periphery toward the center of the deposit. These

patterns and the successive development of argillic, sericitic, and

potassic types of alteration reveal the intimate interdependence of

structure, mineralogy, paragenesis, zonation, and chemistry of

hydrothermal alteration and sulfide deposition. The interdependence

could best be studiedby a multi-discipline approach. The results of

this study that have utilized detailed core logging, mineralogy,

chemistry, and isotope geochemistry affirm the general mineralogical

and chemical concepts of hydrothermal alteration in a porphyry copper

system that were developed by Creasey (1959, 1966) and Meyer and
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Hem ley (1967). However, features such as the prograde alteration

paragenesis and radial zonation patterns at Valley Copper indicate

that not all mineral and chemical patterns of Valley Copper fit the

relatively simple model of steady-state or collapsing thermal regime

and concentric zonation for porphyry copper systems described by

Lowell and Guilbert (1970) 'and Rose (1970). Additionally, oxygen and

hydrogen isotope data identify ocean water as a significant component

of the hydrothermal fluid. Although Garlick and Epstein (1966),

Sheppard and others (1969, 1971), and Taylor (1973) identify meteoric

rather than ocean water as a component of the hydrothermal fluid,

this study supports their conclusions that non-magmatic waters are

important in hydrothermal processes.

In conclusion, the detailed study of an ore deposit should result

in the development or refinement of both local and regional explora-

tion guides. At Valley Copper alteration patterns suggest that the

hydrothermal fluids had their source at depth in the vicinity of the

Highland Valley and Lornex Faults. If the Porphyritic Phase of the

Bethsaida Granodiorite did channel the rising hydrothermal fluids, it

may also have been a relatively impermeable cap to any fluids rising

from beneath the dike. Rolls or relatively horizontal sections of the

dike may have impounded these fluids. Seismic reflection surveys

may be able to delineate the dike below the depths reached by present
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drilling. Any rolls or horizontal sections determined from the seis-

mic profiles might be excellent targets for a deep drilling project.

Mineral, structural, and geologic features of the Valley Copper

Deposit and Guichon Creek Batholith that are significant for explora-

tion are listed below:

Mineralogy:

1. The host rock has low background copper relative to other major

phases of the batholith.

2. Calcite is common in propylitic type alteration at Valley Copper

and other Highland Valley deposits but is apparently absent in

deuteric alteration of the major phases of the batholith.

3. Valley Copper has a weak pyrite halo.

4. Principal copper metallization occurs in quartz-sericite altera-

tion rather than potassic alteration.

Structure:

1. Valley Copper is within 2 to 3 miles of four other major porphyry

copper deposits.

2. Two major faults intersect at Valley Copper.

3. A stockwork of barren quartz veins forms a central low grade

core to the deposit.

4. Principal metallization is in fractures and veins rather than

dis seminations.
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Geology:

1. Glacial drift completely covered Valley Copper.

2. The central most and youngest major phase of the concentrically

zoned Guichon Creek Batholith is the host rock to the Valley

Copper Deposit.

3. Valley Copper is located near the margin of a major phase of a

batholith rather than near the center of a stock.

4. The host rock contains quartz phenocrysts, whereas other major

phases of the batholith do not.

5. The deposit is associated with quartz-plagioclase porphyry dikes.

6. The root zone (determined by gravity survey, Ager and others,

1972) of the batholith structurally underlies the Highland Valley

District.

7. The Guichon Creek Batho lith and the Valley Copper Deposit are

both about 200 m. y. old.

8. The batholith intrudes eugeosynclinal or island arc lithologies.

9. The batholith intrudes the copper-rich Triassic Nicola Volcanic

Group. One model for the hydrothermal fluid at Valley Copper

indicates that it is a mix of ocean water with primary magmatic

water. If the model is correct, there is a possibility that some

or all of the copper in the deposit was leached out of the volcanic

rocks by the migrating ocean water. Other plutons that intrude
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the Nicola or correlative volcanic rocks, such as the Seven

Devils Volcanics in western Idaho and the Clover Creek

Greenstone in eastern Oregon, may be potential exploration

targets.
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