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Lithologic Determination of Mass Transfer Mechanisms of
. Multiple-Stage Porphyry Copper Mineralization at Butte,
SRR Montana: Vein Formation by Hypogene Leaching
and Enrichment of Potassium-Silicate Protore

' Georce H BriMuaLL, JR.

- ‘ Abstract

Stoichiometric reaction coefficients of minerals and aqueous species in overall hetero-
geneous chemical reactions have been lithologically determined expressing intense late-
stage modification of early low-grade copper-molybdenum mineralization during the
Lo growth of the large vein systems at Butte, Montana. Application of the principles of

e irreversible thermodynamics and conservation of mass in open chemical systems has
provided the basis of a rock analysis method offering a quantitative deduction of the
reaction chemistry, mass transfer. and magnitude of progressive late Main Stage hydro-
thermal alteration of the pre-existing mineralized wall rock. The critical information is

. mineral mass data derived from a systematic analysis of diamond drill core and crosscut
e samples from the western edge of the zone of superposition of hydrothermal events,

R The stoichiometric coefficient of each mineral is determined from the slope of its molar
variation with Main Stage reaction progress variable, %, related directly to the number
of moles of an index mineral used for reference. Relict chalcopyrite has been chosen
in this regard as it was formed during the pre-Main Stage hydrothermal event in the
area studied and has undergone progressive destruction during Main Stage activity.
Stoichiometric coefficients of aqueous species are determined by charge balance and con-
servation of mass within the stoichiometric equations. By a conceptual removal of all
severe, modifying effects caused by the large and relatively high grade Main Stage
veins controlling wide and intense alteration envelopes, the nature of the early pre-Main
Stage hydrothermal events have been reconstructed.

The early high-temperature (600°-700°C) mineralization consisting of fracture-con-
trolled molybdenite and disseminated pyrite and .chalcopyrite is found to be distinctly
zoned in its unmodified state at the elevation of this study, approximately 3,400 feet
below the surface. The early zonation in plan, from outside toward the center of the
pattern, is a peripheral pyritic zone with approximately 5 weight percent pyrite, an
oxide zone consisting of 1 to 2 percent magnetite pius hematite with a copper grade
contributed by early chalcopyrite of 0 to 0.2 percent, and an axially symmetric maximum
early chalcopyrite zone with over 0.5 percent copper surrounding a lower grade chalco-
RO ‘ pyrite interior zone with approximately 0.2 percent copper. Molybdenum grades in-
FEER A crease continuously from essentially zero at the outer edge of the maximum early chalco-

; pyrite zone to over 0.05 percent inside the interior low-grade early copper zone. No

L pre-Main Stage bornite has been recognized.

Superposition of late, relatively low temperature (200°-350°C), continuous high-grade
Main Stage veins and ubiquitously refated alteration envelopes upon the early dissemi-
nated sulfides and associated potassium silicate alteration has resulied in profound
mineralogic effects, The earliest Main Stage modification of mineralized wall rock

B involves very little effect on the pre-existing pyrite and chaleopyrite, but plagioclase is

“E o, converted in an outer argillic facies first to montmorillonite which in turn is replaced by

. kaolinite. Magnetite is partially oxidized to hematite during the early clay-forming
event.

Ve Following these incipient, Main Stage effects, more intense effects are monitored con-

tinuously by the reaction progress variable and include continuous chalcopyrite destruc-
tion and hypogene leaching of early disseminated chalcopyrite from the pre-Main Stage
SRR L L assemblage in the near-vein sericitic facies of alteration. Molybdenite is apparently un-
= e affected by strong sericitization. During the early part of intense Main Stage events,
’ total copper decreases in the rock. As the reaction continues, Main Stage fluids eventu-
ally reach saturation with respect to bornite, which precipitates in vein structures.
Finally chalcocite, digenite, covellite, and enargite form in narrow high-grade veins re-
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sulting in a net copper addition or hypogene enrichment.

-1

Throughout the entire span of

Main Stage reaction, biotite, hematite, magnetite, orthoclase, and kaolinite after mont-

morillonite after plagioclase are progressive
cite, and quartz. Sphalerite of pre-Main Stage or early Main Stage

leached during Main Stage events,

Interpretation of the Main Stage reaction chemistry in
equilibria at 250°C implies a strong pre-Main Stage mineralized

ly altered to an assemblage of sulfides, seri-

age is slightly

terms of caleulated phase
wall-rock buffering

effect on the hydrothermal fluids during the early stages of Main Stage reaction, With
the progressive destruction of the early potassium silicate assemblage of chalcopyrite.

magnetite, biotite, and orthoclase, oxidation
ayyt/ohe by three orders of magnitude, essentially at constant o/ 0u-

effects proceeded, with a reduction in
First, satura-

tion with respect to pyrite and bornite was reached, and ultimately high-grade chalcocite,
covellite, enargite assemblages formed during the most intense sericitization of the wall
vock at values of ¢ greater than 0.5, The presence of early pre-Main Stage chulcopyrite

is interpreted to be of primary importance in
position at a relatively high value of log ey
gene sulfide saturation in the high-grade veins.

buffering the initial Main Stage fluid com-

+/ag* near —4.5 causing subsequent hypo-

Although the approach taken is admittedly macroscopic in nature in that the physical
details of diffusion and infiltration are not considered, it has been possible to analyze
exceedingly complex rock masses and to understand the coupling of mineralization and
alteration, revealing the importance of element recycling to the vein-forming process. It
is possible that much of the element content. i.e., base metals and sulfur, of high-grade
Main Stage Butte veins originated as disseminated sulfides in the early hydrothermal

protore mass which underwent a progressive h

ypogene redistribution and enrichment dur-

ing a late-stage fracture-fluid circulation event possibly related to cooling porphyry in-
trusives that were emplaced after and geometrically offset from the earlier pre-Main

Stage intrusives and hydrothermal events.

Introduction

THE spatial distribution of individual minerals in the
ore deposit at Butte, Montana, represents an out-
standing example of complex ore zonation developed
by progressive superposition of hydrothermal events,
each with a distinct structural control. Relatively
young, high-grade vein structures with enormous
Jateral and vertical continuity span much of the dis-
trict, overlapping, in the central portions, an early
subsurface low-grade mass composed of fracture-

. controlled molybdenite and disseminated pyrite and
chalcopyrite (Sales, 1913; Meyer, 1965 ; Meyer et al,,
1968; Miller, 1973; Brimhall, 1977). Although
previous investigations have treated the individual
ore-forming events, termed the Main Stage and pre-
Main Stage, respectively, an important problem re-
mains of understanding the combined effects of both
stages of mineralization and wall-rock alteration pro-
duced by circulation of magmatically heated hydro-
thermal fluids.

In the zone of overlap of Main Stage and pre-Main
Stage events, combined mineralogic effects result in
a complex ore mass. A given volume of rock may
bear the effects of each successive and often dissimilar
hydrothermal event, and, in this regard, the ultimate
mineral assemblage and metal grades at any point in
space are a unique conseguence of both continual and
episodic chemical interaction of hydrothermal fluid and
pre-existing mineralization. Conceivably there are

numerous types of possible interaction depending
upon a wide variety of geologic conditions, including
the chemical composition of the Main Stage fluids, the
extent of Main Stage reaction, and the mineralogy of
the pre-Main Stage assemblage at a given point in
space, pressure, and temperature. As an example of
one possible interaction type, consider the physical
transfer of material, e.g.. copper, from one ore min-
eral assemblage to another younger assemblage by the
introduction of hydrothermal fluids. Initially copper is
present as disseminated chalcopyrite within a dense
network of pre-Main Stage alteration envelopes, but
with Main Stage fracture development and circula-
tion of lower temperature aqueous fluids, the chalco-
pyrite may be out of equilibrium with respect to the
newly imposed surroundings and undergo replace-
ment or dissolution as the high-grade veins form.
Geologic processes of this type may be exceedingly
dependent upon the previous history of the fluid and
rock as well. Examples of path dependency appear
to be commonplace in hydrothermal systems in which
infiltrative fluid migration occurs through a dense
interconnecting network of fractures and faults ex-
posing extensive reactive surfaces to circulating
fluids. Initial chemical interchange between fluid and
surrounding fresh country rock or previously frac-
tured, altered, and mineralized wall rock takes place
at the new fracture surface-fiuid interface ind mi-
grates progressively outward producing alteration
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envelopes involving diffusional mechanisms (Meyer

et al.. 1968). The exact relationship of this wall-.

rock alteration to economic mineralization has been
a basic problem in hydrothermal ore genesis as
geologic complexity due to superposition and inter-
action of sequential events has often obscured the
evidence necessary to ascertain the sources of ore-
forming components as weil as the critical mecha-
nisms of vein and disseminated ore deposition opera-
tive at various times during the growth of the de-
posit.

Although stable isotope geochemistry has made it
possible to determine the dominant source of water
in the Main Stage as being meteoric (Taylor. 1974},
the source of the metals remains uncertain.  Re-
mobilization and redeposition of pre-Main Stage
metals as well as introduction of new chemical ele-
ments. either through Main Stage magmatic sources
or by alteration stripping of trace elements from
previously unaffected wali-rock minerals, are all pos-
sible mechanisms warranting close analysis. As much
of the Butte district is as yet unexplored, it is im-
possible at this time to assess quantitatively the exact
level of element remobilization during multiple min-
eralization events in the deposit as a whole. Neverthe-
less, it is quite possible to determine quantitatively
the local chemical mechanisms of mass transfer by
which late fluids interact with previously mineralized
wall rock and thereby indirectly infer the source of
metals in the high-grade Main Stage veins. Fortu-
nately, in this regard the homogeneous composition
of the Butte Quartz Monzonite wall rock reduces
the number of parameters affecting the resultant
fuid-rock interaction. The Butte deposit is therefore
an excellent environment in which to study the effects
of irreversible mass transfer.

As in mining districts around the world, continued
extraction of high-grade, relatively near surface, de-
posits eventually depletes &CONOmMIc Ore  TeServes
necessitating exploration and definition of new metal
resources at depth. Although underground selective
Main Stage vein mining at Butte has lasted for over
a century, mining activity has recently shifted toward
higher productivity methods requiring complete re-
moval of enormous tonnages of low-grade material
(Miller, 1973). The geological staff of the Ana-
conda Company’s Butte operations is actively en-
gaged in an extensive deep underground exploration
program directed at discovering and developing large
tonnages of ore containing metal contributions of both
the Main Stage and pre-Main Stage events, Initial
formulation of the problems treated in this paper
grew out of the ongoing underground exploration
program at Butte in an attempt to understand the
complexly zoned multiple-stage copper-molybdenum-
silver mineralization.

Previous Work

Inasnmich as most successful mineral exploration is
largely based upon some type of conceptual genetic
model, recent studies have greatly contributed to the
productive search for porphyry copper deposits which
may collectively account for 85 percent of the recog-
nized copper reserves of the Western Hemisphere,
and 62 percent of the known reserves of the world
(Sutulov, 1974). A generalized descriptive model
of the lateral and vertical zonation of porphyry
copper mineralization and alteration (Lowell and
Guilbert, 1970} has been proposed and widely used
in exploration for large-scale target definition by
directly comparing available exposures in a given
district with the zonation patterns of the generalized
model. Detailed descriptions of individual deposits
have immeasurably improved the interpretation of the
space-time patterns and relations of the mineraliza-
tion, alteration. volcanism, intrusion, and fluid com-
position allowing well-documented reconstruction of
the physical environments of deposition ( Gustaison
and Hunt, 1975 Wallace et al., 1968 Meyer et al.,
1968 : Barton et al.. 1977). Normal crustal processes
involving lithospheric plate motion, subduction, and
magma generation near Benioff zones, and ultimate
ascent of calc-alkaline host intrusives (Sillitoe, 1972},
offer a possible, vet speculative, indication of po-
tential regional controls on host magma localization
in some areas such as the South American Cordillera.
Smaller scale mechanisms which may be important in
the generation and ultimate concentration and trans-
port of ore-forming components have been studied
both theoretically and experimentally including the
formation of fractures around intrusions (Koide and
Bhattacharji, 1975), vapor generation in silicate
melts (Burnham, 1967 ; Whitney, 1975). generation
of metal-chloride complexes (Kilinc and Burnham,
1972), fluid composition variations (Roedder. 1971},
influx of meteoric water (Taylor, 1974}, and ground-
water convection near cooling intrusives (Cathles,
1977 : Norton and Knight, 1977 : Norton and Knapp,
1977).

Although metal concentration in hydrothermal
fiuids and agueous transport processes are jmportant
in the ore-forming process as a whole, it is necessary
to understand better the processes which are ulti-
mately responsible for sulfide deposition. Several
sulfide precipitation mechanisms have been proposed
which are based upon the experimentally determined
variation of sulfide solubilities with temperature, sa-
linity, and pH (Crerar and Barnes, 1976). It has
been shown that temperature gradients alone prob-
ably cannot account for ore localization and that wall-
rock alteration reactions, salinity gradients. or boiling
are necessary to explain the observed metal concen-
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trations within ore zones (Cathies, 1977). Genetic
and spatial association of hydrothermally altered wall
rocks and fracture-controlled sulfides are quite com-

_mon {Meyer and Hemley, 1967 ; Meyer et al,, 1968;.

Brimhall. 1977), indicating the importance of ir-
reversible reactions between ore-forming solutions
and surrounding wall rock to the final deposition of
sulfides. Helgeson et al. (1969) have examined the
implications of irreversible hydrothermal rock altera-
tion in idealized computer simulations of ore deposi-
tion and have shown sulfide saturation to be in part
related to changing activity of hydrogen ion produced
by silicate reactions. The thermodynamic and kinetic
principles involved in theoretically simulating geo-
chemical systems has been established with excep-
tional rigor (Helgeson, 1968; Helgeson et al., 1969;
1970 ; Helgeson, 1971). From these studies emerges
a basic conceptual tool in the form of sequential
mineral asesmblages and solution composition reac-
tion paths predicted for the simulated interaction of a
specified rock and solution composition (Helgeson
et al., 1969; Helgeson. 1970; Villas and Norton,
1977 : Knight, 1977).

Approach

Although the basic principles exist which are neces-
sary to predict complex path-dependent behavior in
simulated hydrothermal systems, more research of a
petrologic nature is necessary {0 ascertain the domi-
nant geologic controls on repetitive concentration of
metals. In this paper a new and general lithologic
approach is developed for the analysis of the interde-
pendence of wall-rock alteration and ore deposition
during successive mineralization events. Quantitative
measurements of actual mass transfer due to agueous
metasomatism and irreversible chemical reaction are
deduced from geological data derived by routine de-

“ tailed mapping of diamond drill core and under-

ground exposures coupled with laboratory mineral
mass determinations. Basic to the method is an ac-
curate characterization of an entire composite ore
mass composed of a large number of component
geologic units which are described accurately in terms
of rock types, wall-rock alteration, abundance, and
orientation of various vein stages, mineralogy of ore
phases, and the base metal contribution of each sulfide
to the total metal grade of the sample. A major
attribute of the method is the ability to contend with
rock masses generated by successive hydrothermal
events, eliminating the necessity to rely upon fortuit-
ously preserved specimens formed by single-stage
events.

General Geology of the Butte District

For more than a century the Butte district has been
famous for its extensive vein mineralization and
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Fic. 1. Plan map of Butte district, Montanz, showing the
locus of pre-Main Stage occurrences of abundant molyb-
denite by structure contours given by mine Jevel, approxi-
mately equal to the distance below the surface. Two ages
of quartz porphyry intrusives are shown. The earliest east-
west Steward dikes span the length of the molybdenite dome
structure with the northern dike striking to the northwest
toward the Kelley shaft. The younger Modoe quartz porphyry
masses are near Leonard shaft, north of the Steward
quartz porphyry system. Main Stage Butte veins are shown
on the 2,800 level overlapping the molybdenite_dome in 2
circular area just north of the Belmont shaft. The zone of
pre-Main Stage and Main Stage overlap widens downward,
as the éf.tructure contours on the molybdenite dome expand
outward. :

called the “Richest Hill on Earth.” The deposit is in
the south end of the Boulder batholith, a composite
monzonitic intrusive in which the dominant rock type
is the 70 to 72 million-year-old Butte Quartz Mon-
zonite. Narrow east-west striking quartz porphyry
dikes intrude the Butte Quartz Monzonite. Often
associated with the contacts of these “Steward-type”
quartz porphyty dikes and surrounding Butte Quartz
Monzonite are narrow breccia zones contzining wall-
rock fragments in a matrix of alkali feldspar, biotite,
quartz, and disseminated pyrite and chalcopyrite,
representing the first megascopically visible intro-
duction of copper into the district (Brimhall, 1973,
1976, 1977 ; Miller, 1973). In the deeper portions of
the Butte district, crosscutting both the Butte Quartz
Monzonite and Steward quartz porphyry dikes are
abundant, narrow, and discontinuous veinlets con-
trolling alteration halos characterized by the presence
of fine-grained secondary alkali feldspar, with vari-
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able amounts of quartz. muscovite, biotite, anhydrite,
and magnetite. Disseminated pyrite and chalcopyrite
occur within these alteration envelopes, formed at
temperatures in the range of 650° = 100°C based
upon alkali partitioning between coexisting feldspar
and muscovite (Brimhall, 1977). Crosscutting the
alkali feldspar stable veins and alteration assemblages
which are apparently about 62 to 63 million years old
are somewhat younger guartz or quartz molybdenite
veins without intense alteration halos. which in some
cases are relatively continuous and are rebroken dur-
ing later hydrothermal events (Proffett, 1973). The
distribution of molybdenite-bearing quartz veins is
shown in Figure 1 in plan by structure contours of
equal elevation given as depth below surface. Oc-
currence of abundant molybdenite is restricted to the
interior of a dome-shaped subsurface volume (Meyer
et al., 1968) in the Butte district with closure on
the 2800 level expanding downward. The north-
south striking Continental fault. with substantial
vertical displacement, has upfauited the deep motyb-
denite-bearing monzonite at the eastern end of the
district so that surface exposures exhibit molybdenite
occurrences and often andalusite in addition to other
pre-Main Stage minerals (Brimhall, 1977). Much
of the earlier disseminated pyrite-chalcopyrite oc-
currences are within the molybdenite dome. Per-
vasive biotitization of igneous hornblende has been
affected by all early veins (Roberts, 1973).
Consistently crosscutting the early fractures are
much larger and more continuous high-grade vein
structures, formed at lower temperatures, controlling
intense sericitic alteration halos adjacent to the veins
which yield outward to an argillic halo composed of
an inner kaolinite and cuter montmorillonite subzone
(Meyer et al., 1968). The 57 to 59 million-year-old
Main Stage structures are shown in Figure 1 on the
2800 level with important shafts for reference. The
earliest Main Stage veins in the district, cailed the
Anaconda system, strike roughly N 65° E, dip
steeply, and have individual ore shoots thousands of
feet long and 20 to 30 feet wide. These veins are
faulted and offset by southwest-dipping, northwest-
striking veins, called the Blue system, with average
widths of about 5 to 20 feet, These veins are best
developed in deep levels of the western portion of
the district and are relatively narrow and low grade
near the surface. The youngest Main Stage struc-
tures, the Hanging Wall Steward veins, occur only
in the deep levels of the district between the Steward
and Belmont mines and strike east-west with flat
southerly dips (Proffett, 1973). Zones of closely
spaced Main Stage mineralized fractures, called
Horsetail structures, exist between the Leonard and
Belmont shafts. Cut by these horsetail structures

are quartz porphyry dikes of the Modoc system which -
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becomes pluglike at depth in the Leonard mine, These
intrusives are younger than the east-west-striking
quartz porphyry dikes near the Steward and Kelley

-shafts (Steward type), as associated breccias contain

rock fragments with pre-Main Stage quartz molyb-
denite veins (S. A. Roberts, pers. commun.).

Mineralization in the large Main Stage veins is ar-
ranged in crudely concentric zones of zinc and manga-
nese around a central zone of copper (Meyer et al,
1968). Local terminology describes the zonation as
a central zone in which veins are free of sphalerite,
an intermediate zone in which ores are predominantly
copper but often have some sphalerite, and a peri-
pheral zone of sphalerite veins. Within the zone of
overlap of Main Stage veins and pre-Main Stage
events shown by the molybdenite dome in Figure 1,
the major veins are mineralogically zoned. In the
upper levels, above the 2800 level, pyrite, bornite,
enargite, and chaleocite are the common vein min-
erals. vielding downward to pyrite, chalcopyrite, and
bornite. In an easterly direction, the Main Stage
sulfides become pyrite. chalcocite, covellite, and
enargite.

Physical conditions during Main Stage activity
were vastly different than during the high-tempera-
ture pre-Main Stage events. Fluid inclusion data
imply a Main Stage temperature range for the whole
deposit of 200° to 350°C with the peripheral zone not
more than SO degrees cooler than the central zone
(Meyer et al., 1968). Further evidence substantiat-
ing the maximum 350°C temperature of Main Stage
activity comes from K-Ar dating of igneous biotite in
Butte Quartz Monzonite adjacent to Main Stage
halos. Radiogenic argon was retained by these bio-
tites during the Main Stage event and their apparent
ages were not reset, implying maximum Main Stage
temperatures of less than the presumed argon reten-
tion temperature of 350°C (P. Damon, in prep.}.

In any voilume of Butte Quartz Monzonite with
pre-Main Stage as well as Main Stage effects present,
there is an apparent gap in the sequence of hydro-
thermal events represented by an early high-tempera-
ture assemblage and a much lower temperature as-
semblage approximately 5 m.y. younger. It is un-
likely that this interval represents a prolonged evolu-
tion at a single hydrothermal event caused by a cool-
ing magma at depth. The Modoc dike system offers
a possible explanation for this prolonged interval by
providing a possible heat source of intermediate age
which may have, at least in part, been responsible
for Main Stage fluid circulation and perhaps intro-
duction of elements. The ultimate source of the
metals, sulfur, and arsenic in the Main Stage vein
structures is a problem of basic concern.

ki f?""{:" R SO ]

o o e EOI?



!

TRANSFER MECHANISMS, COPPER MINERALIZATION, BUTTE, MONTANA

General! Geological Considerations

Within the porphyry base metal environment it is
possible for the locus of hydrothermal mineraiization
to shift spatially as a consequence of changes in the
thermal regime causing fluid circulation, Conceiv-
ably the migration of zones in which active fluid-rock
interaction occurs may in part be due to the thermal
collapse of individual circulation cells utilizing a
given fracture system or may result from multiple
igneous intrusion (Wallace et al., 1968; Gustafson
and Hunt, 1975) or the generation of a new network
of channelways controlling 2 new flow pattern. Suc-
cessful exploration for large and complex targets
formed during progressive hydrothermal activity is
exceedingly expensive and requires clear understand-
ing of the position and zonation of individual ore
zomes. It is possible that simple superposition of
hydrothermal effects is not strictly additive in that
relatively young hydrothermal episodes may remobil-
ize base metals in previously formed mineralized
zones resuiting in a depletion in the total metal con-
tent of the rock. Formulation of optimum explora-
tion targets is therefore complicated conceptually as
the highest total metal grades may not necessarily be
located in the zones of overlap of two or more events.
In order to ascertain the zonation of a given event at
the time of formation, it is necessary to determine
and remove the effects of subsequent fluid-rock inter-
action including the introduction. remobilization. and
reprecipitation of metals.

The geometry of fracture systems controlling fluid-
rock interaction determines the ease with which min-
eral assemblages can be unambiguously ascribed to a
particular hydrothermal event. In the simplest case,
one can imagine that the veins and alteration enve-
lopes superimposed upon an early ore zone are widely
spaced, leaving islands of the early ore type un-
affected. In this ideal, yet rare, instance the char-
acter of the early mineralization upon which Main
Stage effects were superimposed is readily discern-
able. As the degree of Main Stage alteration halo
overlap increases in a zone with high vein density, it
would seem that deduction of the nature of pre-exist-
ing ores would become impossible by megascopic
analyses.

The superposition of Butte Main Stage veins and
intense alteration facies upon the early pre-Main
Stage zonation (Brimhall, 1976} seems to be analog-
ous to the collapse and encroachment of fluids causing
late pyrite veins with sericite and hypogene clay alter-
ation upon early central potassium silicate core zones
containing chalcopyrite and bornite in the porphyry
copper environment as a whole (Taylor, 1974). Con-
sidering the geometrical volume with macroscopic
dimensions of multistage economic ore zones as
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chemical systems, produced in part by convective
circulation of magmatic and/or meteoric water, it is
clear that, relative to the composition of average
crustal rocks, base metal introduction occurred within
the boundaries of the system. The mineralized zones
are then open or metasomatic chemical systems in
that material transfer takes place across their bound-
aries. Furthermore, the ore zones represent reactive
chemical systems in which mass transfer occurs in
part by chemical reaction due to an imposed dis-
equilibriuvm of rock and fluid.

Irreversible Chemical Thermodynamics of
Open Chemical Systems

Several geologic environments that are responsible
for severe modification of ore masses by metaso-
matism and chemical reaction have been discussed in
the literature. for example, the processes of super-
gene Jeaching and secondary enrichment in chalcocite
blankets (Anderson. 1955). The mechanisms of
metal transfer are generzlly understood as being part
of surficial weathering phenomena that may occur
over a substantial interval of geologic time during
which climate and ground-water hydrology exert tm~
portant influences on the ore mass. By analogy with
these low-temperature supergene effects it shouid be
possible to understand progressive modification of
early ore masses in the deep-seated hypogene en-
vironment. Processes of hypogene ore modification
may bé deduced from careful analysis of the observed
mineralogic effects and represented in a temporal
framework utilizing the available geologic clocks.
Relative structural and “absolute™ radiometric criteria
have been discussed which offer discrete ages of
events. Another type, and perhaps more useful geo-
chronometer in this context, will be discussed which
offers the type of continuous monitoring of min-
eralogic change necessary to formulate the principles
of hypogene ore modification. This measure of pro-
gress is based upon conservation of mass in open
chemical systems and offers a quantitative means of
analyzing the effects of fluid introduction into frac-
tures including the coupling of mineralization and
alteration. The effects caused by late-stage hydro-
thermal migration are analyzed in terms of a suite of
geological samples each considered as an open chemi.
eal system having undergone various levels of modifi-
cation. For normal radiometric dating methods,
complex alteration is often a serious hindrance. We
will show that by use of a chemical mass balance
clock these same alteration features, in contrast, be-
come very useful measures of reaction progress.
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Conservation of mass during heterogencous chemical
reaction

1n an open chemical system involving fluid motion,
mass and energy may be exchanged through the
boundaries, but there must be an overall conservation
of mass and energy as a-whole. If enrichment of ore
metals occurs within the system, a depletion of those
metals must occur outside the system. The change
in mass of species, i, within an open ‘system may be
divided into an external part, dm, .y Supplied from
outside the system, and an internal part, dm g due
to changes within the system resuiting from chemical
reaction (Prigogine, 1955).

dMy g = AWM e + dMyne (1)

Change in mass due strictly to a single chemical re-
action may occur over the duration of the process.
Using the degree of advancement or extent of re-
action, § with units of moles introduced by De
Donder (1928, 1936), it is possible to express the
change in mass during 23 given reaction as equation
(2) representing the internal change in mass of a
system, in which M, is the molecular weight of species
i, As a reaction proceeds, £ increases from zero at
the start and continuously monitors the unidirectional
progress of the reaction,

dmy e = #MdE 2)

The coefficients (»), designated by small letters in
(3), are stoichiometric reaction coefficient for each
species, i, taking part in the reaction. A stoichio-
metric coefficient is counted as positive when a
species, i, appears as 3 product on the right-hand
side of the equation and negative when species i is a
reactant. For example, consider a heterogeneous
seaction between solid mineral species A and B and
a fluid phase containing agueous species C and D
producing a new mineral species E and gaseous
species F.  Even in an open system in which mass is
either introduced or extracted, in this example by the
reacting fluid, the overail reaction may be written as

(3
aA + bB + cCommm + GDucuns = €E + Foe (3}
Combining (1) and (2) gives (4), an expression for

the total change in mass of species i in a system in-
volving a single chemical reaction and mass exchange

with the surroundings.

dml_w = dmtm + ?iM idE (4}

Simultaneous reactions may be treated in a similar
manner and the total change in mass of species i is

given in (5) summed over all chemical reactions, p
=]1tor.

dmy o = dm, oy + AL Zl vi 0, (3
-~

Instead of the mass transfer of a species it is useful
to consider the mole transfer which may be derived
by dividing equation (5) by the molecular weight,
M, of species i. Equation (6) is a very useful
formula relating externally and internally produced
changes in moles. my, within a chemical system.

dnl.wud = dny g + = vi,dé, (6)
pi

The equations outlined indicate which thermodynamic
parameters are critical for an analysis of chemical
interaction and mass transfer in an open geochemical
system from a lithologic standpoint. Considerations
of conservation of mass (6) offer the most practical
solution to the problem, The relative masses or
moles of minerals in a rock provide us with a splendid
documentation of mass transport between rocks and
fluids ultimately manifested in commonly used and
econorically important parameters such as copper
grade.

In practice a single index reactant mineral is
chosen, e.g., cthalcopyrite which is present in the pre-
Main Stage or early ore assemblage which under-
goes modification by Main Stage fluids. The size of
the chemical system is defined such that the stoichio-
metric coefficient of the index mineral is 1.0 and that
there is 1.0 moles of index mineral at the start of the
reaction when & = O. This formulation requires
that we know the initial chalcopyrite concentration
before late-stage modification begins. A simple and
accurate method will be shown to deduce the early
chalcopyrite content in a subsequent part of this
paper. The stoichiometric reaction coefficients of all
other species may be derived using modifications of
equation {6). Instead of considering each of the
simultaneous reactions, p =1 to 1, we wili be con-
cerned with the net chemical reaction responsible for
mineralogic change in the system including both wall-
rock alteration and sulfide deposition or replacement.
Equation (6) is greatly simplified by this approach.
An overall progress variable, , is used to express the
extent of the net reaction, and the stoichiometric co-
efficients, 1., apply to the overall progress variable,
(7), and to the particular net reaction, ¢, occurring
over a given interval of £.

dnL‘om = dan + ’i..dg (7)

. %ﬁrg'..u ,;‘;\‘ l:‘{‘
S LICVERLE:
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Upon dividing (7) by di, an expression for the
stoichiometric coefficients emerges, (8).

dng e 904 '-
dz = dz . + Vie (8)

Determination of stoichiometric reaction coefficients
from mineralogical data

The mole transfer with respect to the external part
of the chemical system takes place only through the
exchange of agneous species with the hydrothermal
fluid. Consequently, no solid species or minerals
physically move in or out of the system, requiring
that the second term in (8), dny_ .x/dE, be equal to
zero for minerals, resuiting in (9) for the net chemi-
cal reaction affecting mineralogic change.

dnl.mnml

d§ = Pie (9)

This equation has very fundamental geologic sig-
nificance as it relates the moles of mineral species in
a rock to an overall chemical reaction expressing
quantitatively the heterogeneous reaction stoichiom-
etry and casts both the mineralogy and chemistry
in a relative temporal framework. The stoichiometric
coefficients of the mineral species, v, o, may be
determined by calculating the first derivative of n
with respect to E. It is therefore necessary to deduce

an expression for the reaction progress variable, {.

Determination of reaction progress variable, §

The reaction progress variable, §, may be deter-
mined in a physically meaningful form by first ex-
pressing (9) as (10).

AN, piperass = viodE (0

“This expression may be integrated for any mineral
species, i, but for simplicity we will consider only the
reactant index mineral, i = I, as shown in equation

(11).
nr — 0% = e ~ ¥) (11

Superscripted quantities n°y and P refer to initial
states. As mentioned previously, the index mineral
chosen is chalcopyrite and n% = 1.0, ne = —10, 3]
= 0.0.

Upon substitution of these, (11) becomes (12)

“mammm""l“ - (12)

which may be rewritten as (13} giving an expression
of the reaction progress variable in terms of the num-
ber of moles of chalcopyrite present in a rock, 2
quantity easily determined physically.

E= 1~ Dogopyme (13)

Stoichiometric coefficients of the aqueous and gase-
ous species in an overall net reaction may be deter-
mined by first deducing the coefficients of the min-
erals by rock analysis and then balancing the result-
ing reactions on charge and mass. The internal and
external components of mass or mole balance are
thereby represented in heterogeneous chemical re-
actions involving minerals and mobile species in the
fluid phase. The exact speciation of the aqueous
phase is not important in expressing the mole transfer
in the system, but if necessary may be estimated from
experimental data or theoretical calculation (Crerar
and Barnes, 1976). The actual processes of ore
deposition and wall-rock alteration may be expressed
by net chemical reactions and temporally arranged
by use of the extent of reaction or reaction differ-
ential, df, which, although it does not offer absolute.
age information, provides a chemically more useful
measure of geologic progression during a discrete
interval of time. This mass balance clock provides a
monatonic sequential scale of hydrothermal effects
which may have occurred simultaneously, but at vari-
ous levels of intensity, in different places. A re-
markable magnification of the scale of geologic de-
duction results, offering 2 new level of comprehension
of physical process.

Rock Analysis Methods

Although thermodynamic velations indicate a
straightforward method of determining lithologically
irreversible mass transfer relations through the use
of the overall progress variable, £, geological reality
introduces a significant element of complexity which
is not fully apparent in the equations. In practice,
analysis of multistage mineralization and alteration
requires a knowledge of the characteristic mineral
assemblages of the various events which is obtained
only through careful field mapping and petrography
(Mevyer, 1965 ; Guilbert and Zeihen, 1964). This in-
cludes an integrated consideration of wall-rock types,
intrusives, alteration assemblages, abundance, orien-
tation, and nature of veins and sulfide disseminations,
faults, ore mineralogy, relative ages of structures, and
assay values for a number of chemical elements.

Collection of the critical mineral mass data in a
temporal context may be accomplished by detailed
mapping of megascopically visible geological features,
e.g., alteration, veins, and rock types, coupled with
quantitative microscopic determination of the ore
mineral assemblage and mass of each mineral phase
using representative splits of drill core assay pulps or
crosscut channel samples which have been subjected
to heavy mineral separation. Alternatively, whole-
rock chemical analyses or powder diffractometry may
be used to deduce the mineralogy, but modal ambigui-
ties and large errors may result due to the multi-
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T1c. 2. Represemtative diamond drill hole penetration through multiple-stage mineralization
(D.D.H. F-3489) drilled nearly fiat (—5) with a northeast (N 50° E) trend. Location shown
on Figure §; collar position is in F-3483 crosscut south.

Figure 2a illustrates the variation of Main Stage vein density (veins per foot) with distance
down the diamond drill hole, as defined over composite lengths using detailed core jogging on
a scale of 1 inch=20 feet. Figure Zb presents the variation in Main Stage alteration facies
intensity with drill hole distance using alteration index as a length (L) weighted parameter
with sericitic (most intense) arbitrarily assigned a value of 3, white argitlic (kaolinite) as 2,
green argitlic {montmorillonite) as 1, and fresh Butte Quartz Monzonite (with pre-Main
Stage cfiects) as 0. Notice the excelient correlation between Main Stage vein density and
overall alteration index. Figure 2¢ presents the total copper variztion with drill hole distance
as well as the contribution to the total copper grade by each sulfide: coveliite, enargite, ten-
mamtite, digenite, chalcocite, bornite, and chalcopyrite, Composite sample numbers 1 to 19 are
assigned consecutively from drilt hole collar to end of hole throughout this paper. High-grade
zones with high Main Stage vein density and high alteration index generally have relatively
tow chalcopyrite contribution to overall copper grade.

plicity of mineral phases present. It is important to  all these data. To be of optimum value and to gain
assess quantitatively the amounts of even minor necessary support both in a research and exploration

L . phases, such as chalcocite, as relatively large copper framework, the geological data should not only provide
e e contributions may be involved, requiring application the necessary lithologic basis for a detailed scientific
. of the most accurate available mineral counting analysis of the geologic events but, in addition, should

method, supply pertinent information to mine planning

Rigorous geochemical documentation of metallo- groups, including a detailed and exceedingly accurate
genic events is possible only through a unification of mineral inventory which contains rock mechanical

o W N G e
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properties of the ore mass (Pillar and Drummond.
1975) and mineralogic data applicable to process
metallurgical control { Petruk, 1976). Furthermore
the unified information must be readily accessible if
it is to be of any use in the solution of either practical
or academic problems. Excelient geological data
retrieval systems are available and are in use in
exploration (Ekstrém et al., 1975). The method
developed in this paper provides considerable flexi-
bility in the application of geologic and mineralogic
data to a wide variety of problems. Especially useful
in exploration is the capability of determining the

rate zonation and directional gradients of in-
dividual metaliogenic parameters allowing definition of
complex targets of optimum metal grade and tonnage.

Ficld methods

Of all the data necessary to determine the physical
controls upon hydrothermal ore deposition, geologic
mapping is by far the most critical as the sequence
and characteristic mineral assemblages of single
metallogenic events are revealed only by careful ob-
servation of the causative fractures and representation
in a geometrical and temporal framework (Wallace
et al. 1968; Meyer et al., 1968 ; Miller. 1973;
Proffert. 1973: Brimhall. 1973). Mapping of dia-
mond drill core and nnderground exposures on a
scale of 1 inch to 20 feet has provided the necessary
geological data in Butte. Lithologic boundaries. such
as rock-type contacts OF changes in the alteration
facies recognized by mapping. provide convenient and
meaningful breaks on which to subdivide composited
samples which are subsequently crushed, pulverized,
assaved, and subjected to laboratory analysis.

Laboratory methods and computer calculation

“T'he accuracy of modal data has been substantially
* jmproved by separation of the component minerals
into individual groups utilizing differential mineral
density. A study has been made in order to discover
a reliable method of heavy and light mineral analysis
specifically designed to determine feasible methods of
grain separation, €poXy block impregnation of the
~ separates, and optimal mineral counting procedures
yielding accurate results even for minor phases. The
optimal method found, and the one used in this study,
is described in the Appendix, including a discussion
of the routine procedures used in exploration and
jaboratory data collection, coding, and computer cal-
culation.

Graphical determination of
copper contribution

initial pre-Main Stage

As mentioned previously, we will utilize chalco-
pyrite as an index mineral and depending upon the
quantity present in each sample comprising 2 suite,
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determine I and the stoichiometric coefficient of each
mineral. It is therefore necessary to determine the
original concentration of chalcopyrite in the pre-
Main Stage assemblage before later hydrothermal
alteration occurred.

Superimposed mineralization of the Butte (uartz
\Monzonite as well as mineralization of a number of
relatively infrequent wall-rock types such as quartz
porphyty intrusive results in a heterogeneous spacial
distribution of copper. The variability of metal grades
is of course a function of the size of sampling interval.
Main Stage veins tend to be much higher grade
than the interveining pre-Main Stage alteration en-
velopes containing disseminated chalcopyrite, al-
though the latter may contain up to 2 percent cOpper.
Main Stage structures often occur in parallel sets.
Consequently it is useful to express the relative fre-
guency of these structures by the Main Stage vein
density in a given direction. for example along a
diamond drill hole. Figure 2 presents a graphical
correlation of Main Stage vein density, alteration
index, and total percent cOpper (Main Stage plus
pre-Main Stage) as functions of distance in 2 rela-
tively flat diamond drill hole on the 3400 level. In-
tervals characterized by high Main Stage vein density
and sericitic alteration usually are relatively high
grade and contain a high copper contribution by one or
more of the following sulfides which have been ac-
curately identified (see Appendix) : chalcocite, born
ite, digenite. tennantite, enargite, and covellite, with
very little chalcopyrite. Obviously, for our purposes
the age of chalcopyrite is of upmost importance.
Fortunately, at this elevation on the western side of
the Butte district, the Main Stage veins are char-
acterized by pyrite, enargite, bornite, and chalcocite.
Directly below, however, on deep mine levels the
veins contain pyrite, chalcopyrite, and bornite as the
dominant sulfides (Meyer et al., 1968). Recent
petrographic studies of polished slabs show that,
although chalcopyrite occurs in Main Stage veins on
the deep levels, it is very rarely present in high-grade
Main Stage veins on the upper levels and is definitely
the only pre-Main Stage copper-bearing sulfide. The
apparent inverse relationship between the copper con-
tribution of chalcopyrite in Figure 2 and that of other
sulfides characteristic of the Main Stage at the 3400
level implies a Main Stage modification effect of pre-
existing chalcopyrite, which is most severe in zones
with a high Main Stage vein density and high altera-
tion index.

A graphical method has been derived which depicts
the magnitude and nature of the Main Stage modifi-
cation of pre-Main Stage pyrite-chalcopyrite-molyb»
denite-magnetite-hematite assemblages.  Individual
composite samples are represented by a plot of per-
cent total copper determined by atomic absorption

i
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Some Possibie Muiti-stage interaction Types
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o _Fie. 3. Graphical representation of possible Main Stage reaction types, inciuding copper addi-
o tive replacement of the pre-Main Stage assemblage (2), copper constant replacement ( ).
S copper subtractive replacement (c), and Main Stage vein formation with chalcopyrite (4.
Alteration index increases with high values of d.
' versus total weight percent heavy minerals deter- to chalcopyrite and the partial weight percent heavy

mined gravimetrically (Fig. 3a-1).

For each com-

posite a corresponding point, found by calculation, is
plotted for the percent copper contribution due only

minerals due only to pyTite, chalcopyrite, magnetite,
molybdenite, and hematite. Each composite 15 then
depicted by a tie Jine relating present total-rock
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values (Main Stage plus pre-Main Stage) to relict
pre-Main Stage content including, of course, some
Main Stage pyrite, The tie line is represented in two-
dimensional vector space as @, and the absolute valne
or length of d is calculated from its two orthogonal
components (14) for a given sample.

ld] = [(Wr = We) + (Gr — Ge)* ]!

Wy is the total weight percent of ail heavy minerals
in the sample with specific gravity greater than 3.31.
Wy is the partial heavy mineral content in weight

(14)
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percent of the characteristic pre-Main Stage assem-
blage plus additional Main Stage pyrite. Gr is the
total whole-rock copper grade, and Gp is the copper
grade due only to chalcopyrite.

The magnitude of d is used in Figure 3a-1I as the
independent variable in a plot expressing the percent
copper contributed by relict chalcopyrite. In the
projected limit of |d{ = 0 there is no Main Stage
modification of the pre-Main Stage assemblage. Al-
though it is very difficult to find samples free of Main
Stage effects, the graphical projection through the

DDH F-3490 composites (1-10)
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Fic. 4. Gravimetric datz for D.D.H. F-349%0 subdivided into two groups on the basis of pro-

jected initial pre-Main Stage copper grade.

Figure 4a depicts the total copper comtent of each

.o composite (1-10), eg., 9, 2, or 6, and corresponding copper contents due only to relict chaleo-
Lt pyrite, eg., 9, 2, or 6. The distance between corresponding points [d| is used as & projection
parameter in Figure 4b. In the limiting case when [d] =0, there is no difference between
whole-rock copper content and chalcopyrite contribution, and the percent copper in chalcopyrite
represents the initial grade of the rock before Main Stage activity started to destroy chalco-
- pyrite. All pyrite is mssigned to the characteristic pre-Main Stage assemblage: chalcopyrite,
pyrite, magnetite, hematite (after magnetite), molybdenite. Composites 1 to 10 (Fig. 4b)
visually project to an initial copper grade of 0.54 at {4l =0. Error of projection is_probably
about =01 percent Cu. Good positive correlation exists between the parameter [dl, Main
Stage vein density and alteration index 1. In Figure 4b, samples 2 and 6 are not plotted as
their d value is greater than 3.0. Composites 11 to 16 project 10 a lower initial copper grade
of 023 percemt Cu (Fig. 4d). Al samples are numbered consecutively from the start to the
finish of each drill hole. :
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DD.H F-3489 composites (1-/2)

- . gy
Wi. % Heavy Minerals |d]
24610 14 187 P2
s ol B gl e coneoms oo
o 3 L & *f 11,951 grome 1otk
1 e )
g I ~ E:}g'sno -
o Ir 3B, ]
-, Q.2 ol <
3 @ ® I .M -
(0) (b)

composites (13~19)

Wt % Heavy Minerals () (q)

14l

246 (0 4
52
o i
al
8'"‘“ 19 c
! & Com
i % g -] i% num
® L 4 {/s'z‘/ L

81 o ! 2 ]
* pre - Moinstage % Cuz032

g:a | mok cthakopyrite
per 19,860 grom: rock

PENETEE O M DS B SN WS W |

£ Huw -
. 7 1
i 8 16 15 b
I 4 -t

8 5 )8
32 3~ 9 .

Fic. 5. Gravimetric data for D.D.H, F-3489 composites 1 to 12 (Fig. 5 2, b) and composites

13 to 19 (Fig. 5 ¢, d).

Volumetric pyrite/chalcopyrite ratios are shown in

Figure 5a implying

an initial ratio of 3 to 4. Notice the difference in initia] pre-Main Stage copper grade between
composites 1 to 12 and 13 10 19 (Fig. 5d). 1n Figure 5b, sample 9 is not plotted as its value is

greater than 3.0.

data for a suite of altered samples yields unambiguous
estimates of initial pre-Main Stage copper grade.
There are basically two potential problems with the
method as outlined. Both have been successfully
overcome through consideration of a combination of
field data and analysis of possible graphical topologies
in Figure 3 (a~d). The possibility exists of minor
Main Stage chalcopyrite entering into the determina-
tion of pre-Main Stage index chalcopyrite, resulting
in values of § which are too small (equation 13).
Furthermore, because of the occurrence of bornite in
potassium-silicate assemblages in other porphyry
copper deposits, it is possible that in Butte, also,
there may be pre-Main Stage bornite, although it is
as yet unrecognized. Both of these problems might
potentially result in errors in estimation in the orig~
inal copper content of the pre-Main Stage assemblage,
The existence of Main Stage chalcopyrite would
cause an estimate of pre-Main Stage copper content

to be erroneously high, and a pre-Main Stage bornite-
bearing assemblage would be assigned a copper con-
tent which would be too low.

Figure 3 depicts hypothetical topologies representa-
tive of possible metasomatic reaction types: {a) net
copper additive replacement, {b) copper constant
replacement, (c) copper extractive replacement, and
(d) Main Stage chalcopyrite formation.

Regardless of the type of metasomatic reaction, it
is possible to ascertain the salient mechanisms by
analysis of graphical topologies. The existence of
pre-Main Stage bornite has not been substantiated in
numerous optical studies of polished slabs. In no
instances could bornite distribution be ascribed to
any fractures besides those of Main Stage age. It is
possible, however, that exploration efforts on the
western side of the Butte district have so far only
found the early pyrite-chalcopyrite fringe zone sur-
rounding an early bornite zone.
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After consideration of the possible interaction
types, those actually operative have been found
through laboratory analyses. The major effect upon
chalcopyrite is a destruction, either by leaching or

ce replacement, of the pre-Main Stage chalcopyrite.
Figures 4 and 5 show representative plots used to
derive initial pre-Main Stage grades. Heterogeneities
in the initial copper grade are apparent in both
D.D.H. F-3489 and F-3490 as the data arrays for
composite samples near the end of each hole (Fig. 4.
c.d and Fig. 5, c,d) project to lower pre-Main Stage
values than those near the start of each drill hole
(Fig. 4, a.b and Fig. 5, 2.b). The apparent colinear-
ity of the data arrays for a given drill hole intercept
strongly suggests that, for the particular intercept
length from which the individual composites were

MINERALIZATION, BUTTE, MONTANA
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taken, the initial pre-Main Stage copper grade was
reasonably constant. Using the method outlined it
has been possible to reconstruct the distribution of
the initial unmodified pre-Main Stage copper grade
in a manner far more accurate than is possible with
simple magascopic analysis alone. Although there
are Jarge cryptic units showing homogeneous pre-
Main Stage copper values discovered with the graphi-
cal approach. these units are often very hard to
recognize visually because of severe modification and
local small-scale variability in the pre-Main Stage
assemblage.  Fortuitously preserved specimens do
occasionally persist through Main Stage overprinting
in zones of low vein density, but their rarity pre-
cludes their systematic usage. These samples

with low values of d in the graphs do provide the

Pyritic Fringe TN
ko Zone |
[ s )
L g1 ¢
(=% 1 - - : \“._
('g .5"‘ ! - - .
=2 [ Maximum
?......, e Chalco pyrite A3 3 Badger  Shoft
£ { Sulfidation 1 0xide zone : )
pu Zone ) : o
‘\“; L l - [l 1 »
e g ] ¢ @Q‘\\
a i ' & Mt Con Sh, s
o040+ _ Kehey Sh. oe‘b
‘;,‘ - N I s ﬁ,, " @ Lsonard Eh,
& stoweis Sty T
05} = T
o - ;: é',.
= Y
2 & 22
Lo, -
= -
o [~ Pre Maoin Stage
o 2 o t.ow grode Cu
o o zone
0 : , 0 2000 4000
e ———— Feet
I000 2000 3000 ft
A Profile Distance
Fig. 6. Distribution of unmodified gre-Main Stage features on the 3400 level using con-
tinuous sampling composites from D. H, F-3489, F-3490, F-3483 crosscut south (1,491 feet
long), and five sampling sites from Steward shaft up to the start of F-3483 XCS, cach com-
posed of one fresh-rock sample and one altered sample. Molybdenite dome structure contour
on 300 level is given for ceference.  Abbreviations used: py {pyrite), <p (cl;alcopyme),
: mt (magnetite), and hm (hematite), Data represented on profile A-B in conjunction with the
3400 Jevel plan map shows the zomation of the pre-Main Stage effects. A penpherai pyritic
. fringe zone with volumetric py/cp > 30 syrrounds an oxide zone of 1 to 2 weight percent mag-

netite plus hematite, surrounding the highest grade ¢halcopyrite zone of 0.5 percent copper, en-
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most direct evidence for the initial state of Main
Stage alteration and strengthen the graphical deduc-
tions made using the more frequent, strongly affected
samples. '

Results of Lithologic Analysis at Butte

A large-scale exploration program was conducted
in 1975 and 1976 by the Anaconda Company, focus-
ing on defining the western edge of the muitiple stage
ore zone. A major crosscut drive was made on the
3400 Jevel from which fan diamond drilling was
periormed. Deep diamond drilling from the 2000
level along the Leonard-Belmont axis offered pene-
trations northeast of the zone explored from the
crosscut between the Steward and Belmont shafts
(Fig. 6). Although a major portion of the district
remains to be explored at depth, especially in the
central and eastern portions, preliminary resuits
based on the first two-year drilling program offer
insight into the multiple-stage ore deposit at Butte.

Pre-Main Stage zonation

Utilization of the graphical projection methods
previously outlined has permitted unambiguous deter-
mination of the initial pre-Main Stage copper grade
zonation by a conceptual removal of Main Stage
niodification effects corresponding to an idealized
state of Main Stage reaction progress equal to zero.
Figure 6 shows these results in plan on the 3400
level, incorporating crosscut and diamond drilling
data from the 3400 and 2000 levels, from which
other minerologic parameters have been determined
in the freshest units available. Pre-Main Stage fea-
tures are shown in profile A-B as functions of profile
distance. Several important zonation features shown
in plan emerge from the lithologic analysis. From
outside the pre-Main Stage molybdenite zone toward
the center of the pattern there is (1) a peripheral
pyritic zone with approximately 5 weight percent
pyrite, (2) an oxide zone consisting of 1 to 2 per-
cent magnetite plus hematite with a Jow copper grade
contributed by early chalcopyrite, (3) a maximum
early copper zone with over 0.5 percent copper, sur-
rounding (4) a lower grade interior zome with ap-
proximately 0.2 to 0.3 percent copper and increasing
molybdenum grades exceeding 0.05 weight percent
Mo. Deep drilling penetrations from the 2000 level
prove the existence of a maximum early copper zone
inside the north flank of the molybdenite dome struc-
ture, implying concentrically zoned pre-Main Stage
pattern, or at least one which is axially symmetric
about a northwest-trending symmetry plane with
parallel bands trending northwest to southeast offset
1,000 to 2,000 feet on either side of the symmetry
plane.

GEORGE H. BRIMHALL, JR.

Molar mineralogical variation with reaction progress

__ Superimposed upon the initial pre-Main Stage

zonation pattern (Fig. 6) are the overall effects of
Main Stage hydrothermal circulation. Figure 1
represents the distribution of the major Main Stage
veins and offers an indication of the structural com-
plexity of the multiple stage ore mass, especially its
vein-controlled character. The net effects of hydro-
thermal mineralization and alteration of the initially
zoned pre-Main Stage mass may be determined from
the data generated in the lithologic analysis, Neces-
sary to the formulation of the Main Stage reaction
path are exact information on the initial character of
the pre-Main Stage mass, assemblages representing
a number of intermediate stages of Main Stage modi-
fication, and assemblages representing the penuitimate
stages of Main Stage activity. All of the necessary
data are available in the numerous suites of composite
samples which have been subjected to laboratory
analysis.

Ultimately the entire Main Stage reaction path
may be deduced by using basic principles of conserva-
tion of mass and irreversible thermodynamics. Equa-
tion (9) offers a direct means of determining the
stoichiometric reaction coefficients of minerals in the
overall net reactions expressing Main Stage min-
eralization and alteration of a pre-Main Stage assem-
blage. The number of moles of each mineral as
functions of the reaction progress variable are shown
in Figures 7 and 8 in which equation (13) has been
used to determine the reaction progress variabie,£, re-
lated directly to the number of moles of index mineral
chalcopyrite. The size of the initial open chemical
system is conceptually adjusted such that there is 1.0
moles of chalcopyrite at the start of Main Stage
modification. Figures 4 and 5 illustrate the size
(mass) of the systems for the various initial pre-
Main Stage copper grades yielding 1 mole of chalco-
pyrite at the onset of the Main Stage event. For
example, a graphical determination of the initial pre-
Main Stage copper grade in F-3489 composites 1 to
12 (Fig. 5) is 0.53 percent copper; 11991 grams
of such rock are required to contain 1.0 moles of
chalcopyrite.

Molar variations shown include all mineral species
in the rock masses except very minor phases such as
zircon and various carbonates. The volumetric prop-
erties of wall-rock types, as determined by mapping,
are shown by various symbols. Although there is
considerable scatter in the data, general trends are
obvious which are indicated by visually estimated re-
gression lines. In certain instances interpretation is
necessary which is checked in later sections of this
paper. Both high- and low-grade initial pre-Main
Stage zones are shown. Notice in some instances
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that wall rocks with appreciable amounts of lithologic
units other than Butte Quartz Monzonite plot off the
general trends. . )

Molar variations with I are apparent in each of the
Figures 7 and 8. Biotite, hematite, magnetite, spha-
lerite. orthoclase. and kaolinite undergo a more or
less monotonic reduction with increasing reaction
progress. Plagioclase is converted to montmorillonite
which is subsequently converted to kaolinite very early
during the reaction as indicated by the alteration
index of 1.5 to 2.0 at the start of chalcopyrite modifi-
cation at £ = 0. The choice of chalcopyrite as the
index mineral means that the incipient argillic aitera-
tion events are not monitored until chalcopyrite
destruction begins., At this point the clay products
are replaced progressively by sericite. Other possible
index minerals exist but, for the present concern of
understanding the mass transfer of base metals, chal-
copyrite serves a very useful purpose.

Molar values of pyrite remain essentially constant
at the pre-Main Stage level up to an intermediate
value of ¥ when there is an unambiguous increase
corresponding to an increase in molar bornite. Both
of these phases then remain relatively constant during
the duration of the Main Stage reaction. Digenite,
covellite, enargite, and chalcocite simultaneously ap-
pear late in the Main Stage reaction progress se-
quence. The paragenesis revealed using the reaction
progress variable is consistent with the conclusion
that pyrite was a stable phase over most of the Main
Stage event (Meyer et al,, 1968).

Modification of the heavy minerals and silicates in
the pre-Main Stage assemblages is accompanied by
ever-increasing levels of sericitization and silicifica-
tion. The ultimate Main Stage effects include com-

plete destruction of feldspars, magnetite, hematite,

and biotite with the growth of sericite and quartz as
indicated by the dramatic increase of the alteration
index, I, with £.

Main Stage reaction stoichiometry

Generalized molar variations with the reaction pro-
gress variable, £, are summarized in Figure 9 for
D.D.H. F-3490 composites 1-10 representing an
average suite of sample material. Linear piecewise
continuous functions are shown which seem most
reasonable for the data points considered. Nonlinear
variation is a possibility but first-order approxima-
tions are offered in this study. The apparent linearity
may be an indication that the overall reaction is
fairly far from attainment of overall equilibrium.

D.OH F-3450
composites (1-10)

- 1O quortz ot
2

el
a1+ 3 o -
)
= 90 -
e
£
= B8O =
S
.§ 70 Reaction Domains ($=14) 7
- ! : {
e eok @ 2 o @ o
-g 2ok "’_,.- saricite -
[~] | 5 b - - .
= io pyrita -
5 35 - aotinite (after plogiociaea}
8 ok orthociose -
&' - — ghoicocite
- 1.0 wd
© os sl = spholerite
g c.6 wd
® 04 _covellite
Z o 2Ly . = digenite d

0 —bornite

2 4 & 8 10 .
Reaction Progress Varioble (&)

Fic. 9. Generalized molar variation for D.D.H. F.34%0
components 1-10. Four reaction domains ¢ =1, 2,3 and 4

are shown defined by the abrupt changes in stope of the
piecewise continuous molar curves. Slopes of molar varia-

tion curves with reaction progress equal stoichiometric re-
action coefficients,

Reaction domains, ¢, are indicated for various in-
tervals of the reaction progress variable, f. sub-
divided by abrupt changes in slope of one or more
molar curves, Four reaction domains are apparent
in most of the material analyzed.

The first reaction domain monitored by chalco-
pyrite instability, ¢ = 1, involves a relatively simple
growth of sericite and quartz at the expense of all
pre-Main Stage minerals except pyrite. The second .
reaction domain at higher values of (] a=2 is
characterized by the formation of bornite and 2 Main
Stage growth of pyrite. The third domain results
from the simultaneous growth of chalcecite, enargite,
covellite. and digenite. The fourth and final reaction
domain is characterized by the reduction in enargite
content of the Main Stage assemblage.

Fic. 8. Molar variation data for D.D.H. F-3489 depicted for the initial high-grade zone
{composites 1-12) and the initial low-grade zone {composites 13-19). Both zones show pro-
gressive biotite, magnetite, hematite, and sphalerite destruction. The low-grade portion, how-
ever, lacks the systematic development of late-stage chalcocite, covellite, or digenite.
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TasLE 3. Main Stage Stoichiometric Equations for Diamond Drill Hole F-3490 Composites 1 to 10

(it

1769 grams of rock with 0.54G pre-Main Stage copper grade)

L.

Reactants

Products

0 <03

1.00 chalcopyrite +

sphalerite + 10.0 orthoclase + 12.26 kaolinite 4 9.05 K* + 2

0.95 biotite + 0.21 hematite 4 0.17 magnetite + 0.02
4+ 2,33 H*

200 sericite + 50.0 quartz + 1.0 Cu*? + 4.20
FeH 4 2.02 80, 4 0.57 Mg+ + 0.02

-+ 28,11 H,Si0¢ + 2.85 Oy Zn*t + 87.48 H,O
- 0355 £<050
1.00 chalcopyrite + 0.95 biotite 4 0.21 hematite + 0.17 magnetite + 0.02 33.33 6'rite <+ 0.73 bornite 4+ 20.0 sericite
<sphalerite -+ 10.0 orthoclase ++ 12.26 kaolinite + 9.05 K* 4 67.56 5Oy 4+ $0.0 quartz 4 0.57 Mg** + 0,02 Zn*t +

+f 29.85 Fe*? 4 28.11 H,8i04 + 2.65 Cu™

49.78 H,0 + 72.87 H* + 85.59 O,

0.50 < E € 0.55

1.00 chaicopyrite 4 D.95 biotite + 0.21 hematite
sphalerite + 10.0 orthoclase + 12.26 kaolinite
+ 49.56 S0; + 28.11 H,5i0¢ + 11.0 HiAs(OHh

+ 0,17 magnetite + 0.02
<+ 46.20 Cu*t 4+ 905 K¥

20.00 sericite.+ 50.0 guartz + 5.0 chalcocite
+ 0.40 digenite 4+ 0.60 covellite + 11.00
enargite + 4.21 Fe** 4 0.57 Mg+ + 0.02
Zn+ 4+ 91.85 H* + B0.58 O, 4 78.79 H:0

055 <E<100

1.00 chalcopyrite <+ 0.95 biotite + 0.21 hematite + 0,17 ma
sphalerite +

4 9.05 K+ + 28.11 HSi0. + 2170y

gnetite -+ 0.02
10 orthoclase < 12.26 kaolinite 4 1.22 enargite + 3.32 Cu™

20.0 mericite + 50.0 guartz - 2.78 chalcocite
4 .22 digenite + 0,44 covellite + 421
Fett 4 2.58 SOy + 0,57 Mg + 0.02 Zn**
+ 78.00 HO + 6.09 H* + 1.22 H:As(OH),

Over each reaction interval, equation (9) may be
used to calculate the stoichiometric reaction coefh-
cients of the minerals taking part in the overall chemi-
cal reaction. Tables 1 and 2 present the mineralogical
data necessary to calculate the reaction progress vari-
able, E, including the number of moles of each mineral
at the start and end of each reaction interval. The
complete heterogeneous chemical reactions represent-
ing mass transfer by internal and external processes
are given utilizing charge balance of aqueous species

and conservation of mass in the overall reaction, but
not necessarily in the solid species. Each reaction is
written with the stoichiometric coefficient of the index
species, chalcopyrite, equal to one, with an initial
molar value of 1.0 for chalcopyrite. Visually esti-
mated regression lines of the silicate species produce
2 near-aluminum balance among the solid reactants
and product species. The regression lines have con-
sequently been slightly adjusted to give an exact
conservation of aluminum in the solids.

TASLE 4 Main Stage Stoichiometric Equations for Diamond Drill Hole F-3489 Composites 1-12

(11,991 grams of rock with 0.53%;

pre-Main Stage copper grade).

Reactants

Products

1.00 chalcopyrite + 1.10 biotite + 0.13 hematite

sphalerite + 9.00 orthoclase - 9.48 kaolinite + 390K+ 4+ 788 H

+ 14.78 HSiO( + 2.82 Oy

16.00 sericite + 35.00 quartz + 1.00 Cu™
< 5,16 Fe*t o 2,07 SOy + 0.66 Mg*
4 0.07 Zn** + 56.52 H,O

‘ 040 < £0.50
1.00 chalcopyrite + 1.10 biotite 4 (.13 hematite -+ 0.42 magnetite < 0.07 2700 pyrite 4 1.50 bornite 4 16.00 sericite
gphalerite + 9.00 orthoclase 4 9.48 kaoclinite + 6.50 Cu** + 590 K + 3500 quartz + 0.66 Mg* + 0.07 Zn*t
L 23,34 Fe*t + 14.78 HSi0, + 57.93 80, -+ 64.12 ﬁ“’ 4+ 75.19 Oy + 20.52 H,O
050 < F <053
1.00 chalcopyrite -+ 1.10 biotite + 0.13 hematite + 0.42 magnetite + 0.07 16.00 sericite + quartz + 2.67 enargite
sphalerite + 9.00 orthoclase -+ 9.48 kaolinite + 7.01 Cu*t 4 590 K* 4 5.16 Fet? + 0.66 Mg** 4 007 Zn™
+ 8.61 SOy + 14.78 HSi0¢ + 2.67 HyAs(OH), 4 8.14 H* + 13.87 O, + 57.86 H,0
053 <E 1.00
1.00 chalcopyrite + 1.10 biotite + 0.13 hematite 4 0.42 magnetite - 0.07 16.00 sericite 4 35.00 quartz + 2,77 chaleo-
sphalerite + 9.00 orthoclase + 9.48 kaolinite + 0.17 enargite + 5.33 Cu®? cite - 0.13 digenite 4 0.13 covellite

+ 5.90 K* + 0.80 SOy + 14.78 H.Si0,

4 5.16 Fett 4 0.66
4 49.60 H,O 4+ 4.78
+ 3.09 Os

Mg"' <+ 0.07 Zn*:
H* + 0.17 H,As(OH),

b

(2
U
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Fic. 10. Comparison of composite Cu,
curves for the net chemical reactions derived
mains ¢ = 1, 2, 3, aid 4 are shown,

The net Main Stage stoichiometric equations are
iven in Tables 3 and 4 for each reaction interval of
. Comparison of the equations for the two drill holes

reveals a general similarity in the position of the
aqueous species appearing as reactants or products.
Considering the reactions as interchanges between
rock and aqueous fluid. the agueous species represent
the vehicle for the physical transfer of mass in or out
of the system via the hydrothermal fluid. It is pos-
“sible. then. to consider the position of the aqueous
species as a source or sink of mobile constituents
moving freely between the mineralized rock and re-
active fluid.

In reaction interval 1, 0 € £ < 0.35 for D.D.H.

F-3490 and 0 < £ < 0.40 for D.D.H. F-3489; copper,
iron. magnesium, zinc, and sulfur are removed from
the rock by the aqueous fluids which contribute po-
tassium and aqueous silica to the rock.
_ In the relatively short reaction interval 2, 035 <
F £ 0.50 for D.D.H. F-3490 and 0.40 < £ < 0.50 for
D.D.H. F-3489: copper, iron, and sulfur are removed
from the fluid during the precipitation interval of
pyrite and bornite.

Reaction interval 3 involves a slight variation be-
tween the two diamond drill holes shown. Although
copper, sulfur, and arsenic are extracted from the fluid
in both instances over an interval of 0.50 £ £ £ 0.55
for D.D.H. F-3490 and 0.50 < { < 0.53 for D.D.H.
F-3489, chalcocite, digenite, and covellite form in the

DOH F-3489
composites 1-1E
2i.
It o
&
- :..:;g:/f"'\\
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- e &
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Fe, S assay data with calculated total element content
from molar variation with £ plots.

Reaction do-

former drill hole in addition to the enargite pre-
cipitated in both instances.

Reaction interval 4 is very similar for both diamond
drill holes. 0.55 < < 1.0 for D.D.H. F-3490 and
0.53 < E < 1.0 for D.D.H. F-3489. Enargite is con-
sumed with continued copper fixation in the rock
accompanied by iron jiberation into the fluid.

In Figure 10, elemental variation with reaction pro-
gress variable, £, as determined by atomic absorption
analysis of whole-rock composites, is compared with
calculated reaction curves for each of the four reac-
tion intervals. ¢ = 1 to 4, determined by estimated
regression of molar mineral data. charge balance, and
conservation of mass within the overall reaction.
Mass tranfser between the fluid and rock is obvious
as there is substantia] variation in element content
with f implying addition for increasing element
functions and extraction for decreasing functions with
reaction progress. Although the calculated curves
are not determined independently of the measured
data poimts, the general agreement implies an internal
consistency to the stoichiometric equations. Further-
more, the calculated reaction curves serve a useful
interpretive purpose when molar variation with ¥ is
somewhat ambiguous. The calculated iron curve for
D.D.H. F-3190 is depicted in two fnanners. Over
reaction interval one, a dashed line is shown which
represents pyrite formation from the onset of Main
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Fic. 11. Comparison of graphical
11a depicts the percent i

are piecewise continuous functions. D.D.H

4 are depicted in Figure 11b.

Stage at £=0. A solid line is also shown for the
same reaction interval for no pyrite formation until
interval 2. which is a much better fit to 1he data
points determined by atomic absorption methods.
Similarly for D.D.H. F-3489 a dashed line is shown
representing biotite content which is erroneously high
due to gangue mineral contamination.

Verification of the analytic method

“The basic assumption in the lithologic method is
that the initial pre-Main Stage copper grade can be
accurately determined. The method used involves
a graphical projection of data points representing
various intermediate states of Main Stage modifica-
tion of the early ore mass. Using the stoichiometric

equations it is possible to calculate the interpreted
behavior of the assemblages in the same coordinate
system used initially to find the pre-Main Stage
grade. Figure 11 shows the raw gravimetric data
wsed to determine the initial copper grade of D.D.H.
¥-3490 including whole-rock values and relict chalco-
pyrite data. In addition. calculated curves are shown
derived from the stoichiometric equations which have
been determined from molar variation with £ plots.
Several features are important, especially the piece-
wise continuous nature of the caiculated graphs. Use
of the graphical projection using visual inspection in
a limiting case of [d| = O corresponding to F=0is
reasonable as long as a good number of samples are
used spanning a significant interval of Main Stage
effects including at least a few samples which are
relatively unaltered. Otherwise estimates of the
initial copper grade may be too low as evidenced by
the vertical slope of reaction interval one in Figure
11b.

After analvzing the potential problems associated
with the graphical projection method yielding an
idealized initial state of the pre-Main Stage effects,
the method remains as a useful and accurate tech-
nique. In zones where late-stage hydrothermal effects

projection method with calculated
Cu and weight percent heavy minerals and Figure 11b shows the pro-

jection to jd{ =0 at the onset of the Main Stage event.

(b)
reaction curves. Figure

In both cases, the caleulated curves

. F-34%0 is shown. Reaction domains ¢ = 1, 2, 3, and

are very intense and collection of a suite of large
samples representing a range of alteration levels is
unfeasible, the determination of the initial state of the
system requires special care. In this instance, it may
become necessary to use sampling intervals which
are relatively small. e.g., less than 10 feet long and
10 define composite samples in such a way as to use
the freshest units available.

Discussion

By using the rock-analysis methods outlined in this
paper, one can deduce the original early hydrothermal
sonation in the western edge of the zone of multiple
stage mineralization without the Main Stage modifica-
tion effects of the pre-Main Stage ore mass. Pre-
Main Stage zoning patterns seem most closely linked
to east-west-trending Steward-type quartz porphyTy
dikes which parallel in detail major eariy hydrother-
mal features and introduce the first important dis-
seminated copper in the form of marginal biotitic
breccias.

Main Stage vein systems, superimposed upon the
early alteration and mineralization pattern, may be
related to hydrothermal circulation driven by a heat
source younger than the Steward-type parent magma,
offset somewhat northward in the area of the Modoc
intrusive system in the Leonard mine,

Several conclusions may be drawn concerning the
origin of Main Stage vein material which are based
upon the nature of the fuid-rock interaction mecha-
nisms.

The hypogene process of element recycling: leaching
and enrichment

The overall hydrothermal processes operative dur-
ing the Main Stage modification of the early min-
eralized mass may be unambiguously -derived from
consideration of mass-transfer relations in open
chemical systems determined by quantitative lithologi-
cal analysis. Figure 12 presents a summary of the
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) incipient incipient Pyrite- Bornite Cu and Cu-As
Pre-Main Stoge Argiliic Sericitic Vein Sulfide Vein
Main Stoge Main Stage Formation Formation

\\ i Py

Cu- S Mefosomatism  Plagioclose
Argillization

gegreen argillic, s = sericitic

Fic. 13. Summary of idealized Main Stage

Hypogene Cu-Fe Fe Enrichment

Leaching
{ s frosh, wewhite argillc rpoction |

_ Cu Metasomatism
Suifidation

regction 2 regctions 3 ond 4

vein-forming events. Initial pre-Main Stage

mineralization is within the alteration halos of K-silicate assemblages. Main Stage hydro-

thermal effects proceed outward from fractures

with progressive superposition of more intense

alteration effects upon the early, fracture-controlled disseminated mi'ncra!_izat_ion. Simultancous
hypogene leaching of disseminated chalcopyrite and copper fixation in veins is shown,

element and mineralogical variation with Main Stage
reaction progress for drill hole penetrations into the
high-grade portion as well as the low-grade core zone
of the early ore mass on the western side of the
Butte district, Following an incipient argillic altera-
tion phase, hypogene chalcopyrite leaching results in
a relatively prolonged initial interval of copper. iron,
and sulfur extraction from the mineralized wall rock
by the hydrothermal fluids.

At intermediate values of reaction progress. i>
0.5, the formation of Main Stage pyrite and other
sulfides produce an overall copper addition or hypo-
gene enrichment in the form of high-grade vein struc-
tures surrounded in detail by a leached halo of seri-
citized wall rock depleted in its early chalcopyrite
content {Fig. 13). Molybdenite. in contrast, appears
to be relatively inert during intense sericitization.

The initial pre-Main Stage copper grade appears
to influence the mineralogical nature of subsequent
reactions. In Figure 12 two diamond drill holes are
shown with two composite groups for each drill hole.
In both cases composites with Jow numbers represent
the high-grade zone of the pre-Main Stage pattern
and high-number composites represent the low-grade
core zone. Reactions in the high-grade mass produce
an initial leaching interval followed by pyrite-bornite
formation without chalcocite, digenite, enargite, or
covellite until the very late stages of reaction progress.

In contrast, reactions in the low-grade core zone
produce bornite and some chalcocite eventually, but
digenite, enargite. and covellite are completely lacking
even at high values of reaction progress. Tt is pos-
sible that the Main Stage reactions proceeding in the
Jlow-grade core zone represent somewhat juvenile
stages in the development of intense Main Stage
mineralization.

The progressive leaching of pre-Main Stage chalco-
pyrite, from both low- and high-grade zones, results
initially in a whole-rock copper and iron depletion,
This reaction interval obviously represents a po-
tential source of Main Stage vein-forming constitu-
ents. In the area studied in this paper, initial copper
depletion by Main Stage fiuids has generally been
followed by copper addition producing 2 multiple
stage ore mass with a copper grade actually enhanced
by the net effects of late-stage modification. How-
ever. on a districtwide scale, a possibility exists that
there are net depletion zones in the pre-Main Stage
pattern as proposed in the genetic model of the
Creede Mining district (Barton et al., 1977) and ob-
served on a small scale in central Peru (Lacy and
Hosmer, 1956).

Interpretation of the Solution Chemistry

Construction of isothermal activity diagrams show-
ing log ape?/d}y. as a function of log 6cy/am* at
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Fic. 14. Theoretical activity diagrams at 250°C and 1 bar, representing the phase stability
of magnetite, hematite, pyrite, coveilite, bornite, chalcopyrite, and enargite. Figure lda depicts
i an ar.semc-free system at gm0 = 1.0 for a log aum = —2.0 (solid) and log ouww = =3 {dashed)
showing the shrinkage of the chalcopyrite field at lower H,8 activities. Notice that there is
¢ no hematite field between pyrite and magnetite. Figure 14b shows an arsenic-bearing system
with log (e tuom i) = —107, log gno = 1.0, and Jog oma= —4. ‘The chalcopyrite field
is very small at the fow activity of .S, and a hematite field has appeared between the fields
* of magnetite and pyrite. An idealized silicate buffer assemblage of annite-microcline is shown.
The solution composition in equilibrium with the pre-Main Stage assemblage is depicied with 2
dotted pattern, spanning a very limited compositional range. The chaleocite saturation line is
shown, &s are the felds of bornite, covellite, enargite, and tepmantite. Figure l4c is an iso-
thermal section 2t a log (am*dasomy’ ) = ~10.7, ano =1, and iog apms = —4.3 shown to depict
possible solution compositions during late Main Stage reactions. The chalcopyrite field has
disappeared. Irreversible reactions, ¢ =1 and 2, may reduce the log as**/a™" in the absence
of @ chalcopyrite, until saturation is attained with respect to covellite, enargite, or chalcocite.
The log dce-/an- remains essentially constant.
250°C provides a convenient framework in which to the chalcopyrite field rapidly shrinks with de-
. interpret the Main Stage reaction chemistry in terms creasing 10g oOmss OF increasing state of oxidation
of phase equilibria. The equilibrium constants were in the fAuid phase. As pointed out by Knight
taken directly from the literature (Helgeson, 1969; (1977), pyrite gives way to magnetite at high iron-
Knight, 1977) and are internally consistent, but activity ratios if the HaS activity is small (i.., under
nevertheless errors may be present which could po- reducing conditions). Whenever a hematite stability
.- tentially affect the topology of the caleulated activity field appears, its boundary with respect to magnetite
diagrams (Table 5). is independent of the activity of H,S or arsenic
‘ o The pre-Main Stage potassium assemblage con- activity. Under these conditions the chalcopyrite
" - sists of chalcopyrite, pyrite, biotite, orthoclase, mus- field is very small or absent (if log am.s < —42)
R covite, anhydrite, quartz, and magnetite, During  (Fig. 14ab). Consequently, the possible values of
P the early stages of Main Stage alteration magnetite log dm.a are very restricted (approximately ~4.0 to

- is partially oxidized to hematite and the Butte
: Quartz Monzonite plagioclase is converted to clays.
. This behavior may

be represented in multidimen-

sional activity space showing log apett/oh. VS
log ace*/0n* contoured on constant log 0n.s, 108 ar.00

and log (am* caomy

}. As shown in Figure 14a,

—~4.2) for the pre-Main Stage chalcopyrite to coexist
with one of two assemblages: magnetite-hematite or
hematite-pyrite. In addition, the log ape’t/0d. is
very restricted. As the activity of H;S diminishes
and the chalcopyrite field shrinks (Fig. 14b), the
log ¢re?/ak- is 2.95 for the magnetite-hematite-chal-

pd
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copyrite assemblage and 2.52 for the hematite-pyrite-
chalcopyrite assemblage at a log dm:s = —~4, The
potassium-silicate assemblage represented by the pre-

Main Stage alteration minerals may be approximated

by coexisting annite-microcline on the activity dia-
gram at a log epe?/a}. = 2.59.

Assuming a state of partial equilibrium existed
among the pre-Main Stage minerals, the pre-Main
Stage assemblage may have exerted an important
buffering effect upon the circulating Main Stage
fluids. As long as chalcopyrite was present in ap-
preciable quantities, and coexisting with magnetite-
hematite-pyrite-biotite and potassium feldspar, the
lIog aue*/ags in the solution was probably buffered
between a value of —4.5 to —4.9 and the Jog ay.**/a .
was in the range of 2.52 to 2.95. The buffer capacity
may have been outrun near vein structures as chalco-
pyrite was progressively destroyed during Main
Stage activity. At a log Guss = =43 (Fig. 14¢) the
chalcopyrite field disappears altogether in relatively
oxidizing solutions. At these conditions, the domin-
ant species of sulfur is SO;2 (Meyer and Hemiley,
1967). Reaction interval 2, as determined from
lithological analysis, consumes ferrous ions to 2 point
where it is possible that the log ap.*?/a}- in solution
diminished as pyrite and bornite coprecipitated. The
chalcocite saturation surface is at a log ac.'/ag* of
~4.20, very near the triple point pyrite-bornite-covel-
lite-enargite-bornite at a log (aa* easoms ) = —10.7,

The presence of early pre-Main Stage chalcopyrite
in the K-silicate assemblage is interpreted to be of
primary importance in buffering the initial Main
Stage fluid composition at a relatively high value of
log ace*/aw* mear bornite saturation which, fortu-
jtously under the conditions of the Main Stage event,
is fairly close to chalcocite saturation and to the
stability fields of covellite and enargite. The sequence
of coupled irreversible chemical reactions involving
alteration, metal leaching, and ultimate ore deposition
may be described as induced hypogene sulfide satura-
tion and vein formation related to the initial buffering
capacity of the pre-Main Stage assemblage.

Although microscopic methods are nsed to deter-
mine the mineralogy of composite samples, the ana-
lytic scale offered in this study is admittedly macro-
scopic. The physical details of fluid infiltration and
diffusion have not been determined and remain inter-
esting problems for future research. Nevertheless, it
is possible at this time to make a preliminary inter-
pretation of the overall reaction chemistry deduced
in this study in terms of two component fluid trans-
port mechanisms, i.e., infiltration along fractures and
diffusion in and out of alteration envelopes surround-
ing the fractures. The stoichiometric equations listed
in Tables 1 through 4 do not specify the sources or
sinks of the aqueous species in the reactions as writ-

ten but only indicate aqueous mobility. Two reactant
aqueous species which occur throughout the span
of Main Stage reaction monitored by chalcopyrite
mass are K* and H,SiO,. Inspection of oxide com-
ponent variation with distance from Main Stage veins
(Meyer et al., 1968) reveals a variation in K20 and
Si0; which may indicate the origin of these aqueous
species. Both K,O and S$iO; are slightly leached
from fresh Buite Quartz Monzonite in the green
argillic facies of aiteration and are strongly leached
in the white argillic facies. There is a superabun-
dance of both these oxides in the sericitic facies. It
is therefore possible that K* and H,SiO4 occur as
aqueous reactants in the overall stoichiometric equa-
tions due to inward diffusion into the sericitic zone
under chemical potential gradients and are not ex-
tracted from fluids migrating through Main Stage
fractures.

Two agueous species which maintain a constant
reaction position as products in the area studied are
Zn*t and Mg®®. resulting, respectively, from spha-
Jerite and biotite destruction. The most likely chemi-
cal sink for these elements is the Main Stage fluid
itself. The abundance of sphalerite and dolomite in
the peripheral parts of the Butte district (Guilbert
and Zeihen. 1964) may indicate the final site of
deposition of these elements, as well as that of calcium
leached initially from plagioclase first by montmoril-
lonite, which underwent replacement by kaolinite and
then by sericite. Aqueous species that change reac-
tion position during the various reaction domains,
such as H‘, FE*’, SOQ, Og, and HgAS(OH)s, do so
in step with mineral saturation. Apparently this be-
havier iz 2 reflection of thermodynamic controls on
the fixation of these species in vein-forming minerals
such as pyrite and enargite.

A hydrogen ion is a reactant in reaction domain one
during simple chalcopyrite leaching and sericitization.
However, as large amounts of pyrite precipitate with
mirror bornite, the hydrogen ion changes reaction site
and becomes a product species, which it remains
throughout the duration of the Main Stage event, at
least on the western edge of the Butte district. The
direct cause of the transition from reactant to product
species may be related to oxygenation of hydrothermal
fluids by meteoric water and generation of strongly
dissociating sulfuric acid which at progressively lower
temperatures dissociates readily (Meyer, pers.
commun. ).

In summary. the overall effects of superposition of
Main Stage fluid circulation upon the previously
mineralized wall rock in Butte are interpreted as an
intimate interchange and redistribution of matenial,
both on a small scale by diffusional processes operat-
ing under chemical potential gradients and on a
district scale by infiltration through large fracture

TRy
A BARNA N



TRANSFER MECHANISMS, COPPER MINERALIZATION. BUTTE, MONTANA 583

TapLe 5. Equilibrium Constants Used to Construct Phase Diagrams

Reaction log Ky bar, 1wy Source

Bornite 1
CuFeS, 4 0.5 1,0 + 675 H* m Fett 4+ § Cu* + 3.875 H,S -+ 0.125 SO;"? —~37.85

Chalcopytite 1
CUFeSy + 0.5 HyO + 275 H* = Fevt + Cu* + 1875 HiS + 0125 s0;? ~11.30

Covellite 1
CuS + 0.5 H:0 + 0.75 H* = Cu* + 0.875 HsS + 0.125 802 8.3

Enargite 1
CusAsS: + § HiO + 1.5 H* = 3 Cu* + As(OH) + 3.75 HyS + 0.25 5077° ~40.27

Hematite i
FesOs + 3.5 H* + 025 HyS = 2 Fe* +0.25 072 4+ 2 HO 3.13

Chalcocite 2
CuS + 2H* = 20U + H.S —12.69

Magnetite 1
Fe,Ou + 5.5 H* 4+ 0.25 HyS = 3Fe*? + 025 072 4 3 H,0 6.08

Pyrite 1
FeS; + HyO + 1.5 H* = Fe*? 175 HiS -+ 0.255 $0;72 ~7.39

Tennantite ‘ 1
CuihsS + 17 HO + 15 H* = 12Cu* + 4 As(OH)s + 12,75 H.5 4 0.25 SO;" —152.81

Annite-microcline 2

KFe Al §,0:6(0H)s + 6 H* = KAISHO: + 1 H)0 4+ 3 Fe*® 1.76

References: 1, Knight (1977}; 2, Helgeson {1969).
systems. Involvement of oxygenated meteoric water the first time, ore-forming componenis. The pre-

may not only influence the nature of silicate alteration
but also govern directly the final sulfide and oxide
assemblages by changing the activities of metal ca-
tions relative to hydrogen ions.

Genetic Model of Ore Deposition and Cdmparison
with Other Deposits

As pointed out by Gustafson and Hunt (1975)
porphyry copper deposits from various parts of the
world differ principally in the degree of development
of early versus late mineralization and alteration. The
level of intensity of late-stage phenomena may be ve-
jated to the depth of emplacement of the parent in-
trusive(s) and the degree of involvement of meteoric
ground water (Gustafson and Hunt, 1975; Einaudi,
1977). In comparison, the geology of the mulitiple-
stage deposit at Butte may be described as the super-
position and interaction of successive magmatic-hy-
drothermal episodes. Following intrusion, crystal-
Hzation, and cooling of the Butte Quartz Monzonite
wall rock, Steward-type east-west-striking quartz
porphyry dikes intruded the district, introducing, for

Main Stage hydrothermal event, perhaps driven by
the cooling parent magma of the quartz porphyries,
evolved with an initial copper-rich episode and ended
with 2 major event of molybdenum deposition. The
resultant fracture-controlled disseminated copper-
molybdenum orebody was modified several million
years later by the circulation of low-temperature
meteoric Main Stage fluids, perhaps driven by a
younger intrusive system in the Leonard mine area.
Although ore-forming material may have been in-
troduced by the Leonard porphyries (arsenic, per-
haps). it is possible that their major role was only as
heat engines. It is proposed that the Main Stage
vein-forming events represent deep hydrothermal
hypogene leaching and enrichment phenomena, anal-
ogous in certain respects 10 the formation of super-
gene enrichment blankets. The original protore cop-
per grade is envisioned as ultimately determining the
metal content and minerology of the late-stage veins,
which represent the final redistribution and concen-
tration of elements originally deposited in & lower
grade potassium-silicate assemblage. The pre-Main
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Stage assemblage might well have functioned as an
effective chemical buffer strongly influencing the path
of solution compositions during progressive stages of
ore deposition and alteration. The pre-Main Stage
protore environment may therefore be a necessary
condition to the ultimate development of the large
high-grade Butte veins.
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APPENDIX
Mineralogical Methods

Wet-screen analyses have been performed on
crushed composite samples and show important min-
eralogic size effects. The volumetric amount of pyrite
decreases in smaller size fractions in which chalcocite,
bornite, chalcopyrite. and digenite show a higher
abundance. Directly related to this mineralogic varia-

Canadian Inst. Mining Metallurgy Bull, v. 68, no. 754, p. . Y . a . . R .
114-116. tion in different size fraciions is a progressive in-
TaBLE Al. Gravimetric Element Content and Sgcc:ﬁc Gravity of Heavy Minerals
Encountered in This Stud

)

M Specific
8o, Symbol Formula Cu Ee Zn Pb Mo 5 As Ti P43 S Ca 8] ETRVitY
: b 4 FeSy 46,55 5345 5.018
2 [ CasS 79.8% 015 368
3 ba CaaFesy 633 11,13 25.56 3.07
4 o CuS 66.46 3343 4682
-1 p CuFeS; 3463 3043 M4 42
] o ZnsS 67.09 s 4.0
7 en CusAsS, 841 31257 1902 4.48
8 ta CunAsSi 5156 2818 2026 4642
1] 4z Cusss 78.11 1189 5546
i mb  MoS: $0.94 40.06 4.67
it mt Felu 7336 12.64 5178
12 h FesOh .94 006 5.26
13 rt Tih 59.95 40.05 £.37
14 = Gangue 46,74 8336 2.4%
15 £ PbS 86,60 13.40 7.58

16 Im  Limonite $2.27 “we 3=
17 Fe Fe(steel) $9.99 6.26%)
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Fic. Al. Split-cylinder geometry showing the direction of
integrated line counts using Rosiwal-Shand method of
micrometer intercept summation, Direction of line counts is
perpendicular to mineral stratification. Interstitial epoxy
is not counted.

crease in copper grade in smaller size fractions. It is
therefore obvious that methods of heavy mineral
separation should not involve a screening step in
which finer material is discarded in order to eliminate
small grains which are difficult to identify optically.
It is necessary to include all of the heavy material
in order to retain a representative total sample.

Preparation of resin blocks containing heavy min-
eral separates has also been investigated. Sulfide
mineralogy has been studied as a function of strati-
graphic position in liquid resin settling columns with
imporiant results. Pyrite and chakocite are most
abundant in the basal settling zones of the resin
columns upon solidification. Sphalerite and chalco-
pyrite are present in much lower quantities in the
lower settling zones than on upper horizons.

Two parameters seem to explain the differential
mineralogy of heavy mineral layers developed during
settling. The specific gravity of the sulfides is ob-
viously an important factor in the settling process
within the liquid resin column for grains of com-
parable size, eg., chalcocite (sp gr 5.65) is most
abundant in upper zones. The average grain size of
pyrite (sp gr 5.018) is usually coarser than bornite
(sp gr 5.07) and accounts for the high abundance
of pyrite in the lower settling zones and increased
bornite in upper zones if a settling model obeying
Stokes law is invoked. According to such a formu-
lation, the settling velocity is directly proportional
to partical density and size. Settling velocity deter-
mines the stratigraphic position of sulfides in the
resin columns at the time of solidification. Conclu-
sions derived from these simple experiments make it
possible to derive a quantitative heavy mineral separa-
tion and counting procedure.

Sample Preparation
Material most commoniy used for heavy mineral
separation consists of composite assay pulps which
have been crushed and pulverized to about 50 percent
—100 mesh with a sieve opening of 0.0059 inches or
148 microns, As these pulps are necessary for
routine assay procedures in exploration, no special
effort is required for sample preparation of material

to be separated using heavy liquids.

Heavy Mineral Separation

Practice has shown centrifuge techniques to be far
superior to separatory funnel methods both in respect
to separation time and heavy mineral recovery by
reducing extrainment effects of heavy minerals with
lighter gangue material. The method derived in this
study uses two organic heavy liquids: tetrabromo-
ethane (sp gr 2.94) and methylene iodide (sp gr
3.31). Separation is accomplished by progressive
extraction of light. intermediate, and, finally. heavy
minerals into three specific gravity intervals (2.94,
2.94.3.31. 3.31).

Forty-gram samples are placed in plastic 250-ml
centrifuge bottles which are filled with tetrabromo-
ethane with a specific gravity of 2.94. Following
agitation, the bottles are centrifuged at 2,000 rpm
for about 1 hour. or until separation produces a clear
central layer of fluid containing no suspended ma-
terial. After centrifuging, floating material with a
specific gravity less than 2.94 is removed from sample
bottles with an aspirator. Filtration of the light min-
eral fraction (with Whatman #4 paper) is followed
by successive washing with acetone, and heavy liquid
is recovered by evaporation of acetone. Light ma-
terial is dried at about 90°C. The fraction with a
specific gravity greater than 2.94 is placed in 2 necked
centrifuge. or Hutton tube. with methylene iodide
(sp gr 3.31). Centrifuging at 2.000 rpm usually
produces clean separation in about 1 hour. Material
fioating in the heavy liquid may be removed by plac-
ing a closure rod in the Hutton tube down to the
point of restriction and decanting into filter paper,
followed by washing with acetone. The material with
specific gravity greater than 3.31 is removed from the
Hutton tube by washing with acetone. Both separa-
tions are washed repeatedly with acetone in funnels
lined with Whatman #50 filter paper, Oven drying
and weighing complete the separation procedure.
This separation method is somewhat analogous to
that of Henley (1977) in which a Hutton tube is
shown but differs in that the present method utilizes
no specific gravity gradients in the tubes.

Resin block preparation

A split of each of the specific gravity fractions for
an individual sample is placed in small plastic vials

i
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with a metal ball and sufficient resin to fill the vial.
After sealing with plastic caps, the vials are placed in
a ball mill to assure thorough mixing of sample and
resin. The balls are removed, and the vials are al-
lowed to solidify standing in an. upright position.
Each of the three vials is sawed longitudinally, nor-
mal to the mineralogic stratification produced by
differential settling velocity, and all three vials are
cast side by side in a resin block. The block is
ground and palished, resulting in a finished briquette
containing representative material of all three specific
gravity fractions (Fig. A1), In order to assure good
sampling statistics, the maximum amount of sample
should be used so that it will bond properly with the
resin.

Mineral Identification

The heavy mineral fraction is studied directly by
reflected light microscopy. The intermediate and
light fractions may also be examined in this way, but
it is also possible to prepare thin sections from the
resin blocks which are suitable for transmitted light
examination of gangue minerals. Electron micro-
probe examination and point counting of polished
surfaces is the ultimate method of study offering both
phase identification and mineral composition, but
optical methods have so far proven to be satisfactory.
In this study, the mineralogy of the silicate material
has been determined by alteration facies mapping.

Heavy mineral fractions are counted using a Leitz
integrating stage and line-counting procedures (Gale-
house, 1971) with the Rosiwal-Shand method.
Micrometers record the total length of intercept of
individual phases and skip interstitial resin. Al
counting is done perpendicular to mineral strati-
fication in order to eliminate biased distribution of

minerals with different settling velocities (Fig. A1).
The maximum number of micrometers on available
integrating stages is six, requiring that additional

..phases be counted using a reticulated ocular. Minerals

counted in this fashion require standardization to
the same length unit as provided by integrating stage,
e.g., objective lens and ocular combination. This
method has been found to be much more accurate
than normal point counting and requires significantly
less time per sample.

Gravimetric Analysis

Conversion of volumetric mineralogic data to a
gravimetric basis is performed using average specific
gravities of the mineral species (Table Al), showing
also the element contents for each mineral used in
this study. Small amounts of scrap iron appear in
the heavy mineral separate resulting from abrasion
of metal parts in the jaw crusher used. Instead of
physically removing the scrap iron magnetically,
which would also remove pre-Main Stage magnetite,
the scrap iron content is determined optically and
the resuitant gravimetric data is corrected by a calcu-
lated removal of the contaminant phase.

Computer Data Reduction

A Fortran computer program was written by the
author to reduce the geological and mineralogical
data to a useful form allowing graphical determina-
tion of the initial pre-Main Stage copper grade. In
addition, the total copper grade of each sample is
expressed in terms of the contributions of each com-
ponent sulfide species. Another computer program
converts gravimetric data to molar data for a given
chemical system size initially containing 1.0 moles of
chalcopyrite,
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