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Abstract. Major-element analyses (by electron microprobe)
and copper contents (by ion-probe) are reported for prima-
ry biotite, amphibole, magnetite, pyroxene, ilmenite, sphene
and secondary biotite from intrusive rocks from mineraliz-
ing and barren stocks. The districts studied include Christ-
mas, Globe-Miami, Sierrita and Tombstone, in Arizona;
Bingham and Alta, Utah; Ely, Nevada; and Brenda, British
Columbia.

Amphiboles from barren rocks are relatively iron-rich
and display only minor compositional variation. In con-
trast, amphiboles from mineralizing rocks span the range
from magnesio-hornblende to actinolite, commonly even
within one grain.

Barren intrusions (type B) that are temporally distinct
from mineralizing intrusions, and barren intrusions outside
areas of known mineralization have higher Cu contents in
their constituent minerals than do mineralizing intrusions.

Barren intrusions (type A) that are deep-level temporal
equivalents of Cu-bearing porphyritic rocks are depleted
in copper. This suggests that copper is abstracted from not
only the apical portions of porphyries but from parts of
the deeper parent intrusions.

The Cu contents of biotites (av. 23 ppm) and magnetites
(97 ppm) from barren type B intrusions contrast with those
from mineralizing intrusions, with biotites containing
7 ppm Cu and magnetites 3 ppm Cu. Primary amphiboles
from all intrusive rock types have low copper contents,
typically 2 to 5 ppm.

In the continental North American deposits, the amount
of copper available by liberation from or non-incorporation
into amphibole, biotite and magnetite during magmatic
crystallization or the early hydrothermal stage is low, per-
haps too low to be the sole source of copper mineralization,
unless copper is abstracted from large volumes ( ~ 100 km?)
of rock. These results contrast with a study of the island-arc
porphyry copper at Koloula, Guadalcanal, where it was
argued that sufficient copper for mineralization could have
been abstracted from relatively small volumes of host rocks
that originally contained as much Cu as the contempora-
neous barren rock types.

Introduction

We present here the results of ion-probe analyses of copper
contents of biotites, amphiboles and magnetites from specif-
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ic, well documented North American porphyry copper de-
posits. Our purpose is to document chemical differences
between minerals from mineralizing and barren intrusions
and to examine processes by which copper is non-incorpo-
rated or lost from silicate phases during vapour exsolution.
Support for a magmatic source of copper in porphyry cop-
per deposits has, in recent years, gained strength, following
the classic studies of Holland (1972). He demonstrated that
base metals in granitic magmas can be extracted in sufficient
quantity by an exsolved, chloride-rich aqueous phase to
form an economic deposit. That high temperature, chloride-
rich magmatic fluids are indeed exsolved from mineralizing
intrusions is shown by numerous fluid inclusion and stable
isotope studies (e.g. Sheppard et al. 1971; Nash and Cun-
ningham 1974; Sheppard and Gustafson 1976).

In a felsic magma system with the presence of a separate
vapour phase, those components that are strongly parti-
tioned into the vapour phase are depleted in the silicate
melt and probably even more so in crystallizing amphiboles.
It appears that compositional differences in amphiboles and
biotites depend on the degree of oxidation imposed on the
magma by vapour exsolution (Czamanske and Wones 1973;
Chivas 1976, 1981 and Mason 1978). These observations
are generally in good agreement with the experimental re-
sults of Ryabchikov (1963), Kilinc and Burnham (1972),
and Hards (1976). Magmatic oxidising trends can, there-
fore, be equated with mineralizing trends if sufficient Cl
is present in the magma and if enough Cu also is present.
There may be cases where vapour exsolution occurs but
Cl and/or Cu content are insufficient to cause significant
mineralization (e.g. Finnmarka; Czamanske and Wones
1973). Further support for non-incorporation or loss of
copper from silicate phases during vapour exsolution is
found in an earlier study in an island-arc setting at Koloula,
Guadalcanal (Chivas 1981 ; Hendry et al. 1981). We showed
that the mafic minerals from barren intrusions at Koloula
have higher-than-normal Cu contents indicating that possi-
bly the intrusive complex as a whole was enriched in Cu,
but that only in those intrusive phases in which magmatic
boiling occurred did fluids abstract this Cu. Thermodynam-
ic calculations and experimental data on Cu partition coeffi-
cients between melt and vapour phase are in agreement
with such a conclusion (Candela and Holland 1984),

The use of the terms loss or non-incorporation to de-
scribe abstraction of Cu from a felsic magma by an exsolv-
ing vapour is deliberate as we are uncertain of the exact
mechanisms involved. Feiss (1978) proposed, on the basis
of ligand field theory, that the partitioning of Cu between
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Table 1. Copper deposits and intrusions examined in this study

Igneous rock Age K —Ar age® References for References for most recent
or complex range of complex K —Ar ages geological description
Alta, UT early Oligocene 34-33 Crittenden et al. 1973 Cranor 1974
Bingham, UT late Eocene 39.8—-36.6 Warnaars 1978 Lanier et al. 1978
Globe-Miami, AZ Paleocene 63—59 Creasey 1980 Creasey 1980
Sierrita, AZ Paleocene 6958 Cooper 1973 West and Aiken 1982
Tombstone, AZ late Cretaceous/ Gilluly 1956
Paleocene
Christmas, AZ late Cretaceous 82—-63 Koski and Cook 1982 Koski and Cook 1982
Ely, NV early Cretaceous 112 McDowell and Kulp 1967 Westra 1979, 1982
Brenda, BC Jurassic 171, 152 () White et al. 1968 Soregaroli 1974
Soregaroli and Whitford
1976

2 all ages calculated using decay constants recommended by Steiger and Jager 1977

silicate melt and early-formed crystalline phases may con-
trol the availability of Cu during generation of a postmag-
matic fluid phase. Implicit in his approach is the assumption
that sequestering of Cu in these minerals is permanent.
However other processes that may be significant include
diffusion and leaching of Cu from phenocrysts by magmatic
fluids as well as late alteration processes such as liberation
of Cu by sericitization.

Sampling strategy

In this study the mining districts examined include the
Christmas, Globe-Miami, Sierrita and Tombstone districts
of Arizona, Bingham in Utah, Ely in Nevada, and Brenda
in British Columbia. The deposits cover a variety of ages
and tectonic settings (Table 1). The intrusions include both
biotite + amphibole (e.g. Christmas) and biotite only (e.g.
Globe-Miami) rock types. In selecting suitable samples we
concentrated on three distinctive lithologies, common to
most porphyry systems, namely high-level Cu-bearing por-
phyries, equigranular stocks associated with such Cu-bear-
ing porphyries, and associated dykes and/or sills. Our sam-
pling strategy is based on the following premises. Creasey
(1980) attributes the aphanitic textures of the groundmass
in Cu-bearing porphyries to sudden venting of the H,O-rich
magma chamber. Firstly, we presume that as such fluids
migrated upwards, streaming through the upper levels of
the porphyritic mass (as evidenced by the presence of brec-
cia pipes) mafic minerals growing in this late magmatic/
hydrothermal environment might be expected to incorpor-
ate some of the Cu from these fluids. Secondly, in continen-
tal North America, Cu-bearing porphyries commonly grade
both laterally and vertically into much larger volume, equi-
granular intrusions. For example equigranular rocks at
Bingham outcrop over at least 12 km?, whereas those at
Brenda are of batholithic dimension. Westra (1979) de-
scribes in detail a possible relationship between equigranu-
lar rocks and Cu-bearing porphyries at Ely where a ther-
mally driven convection cell forced initially water-undersa-
turated silicate melt through a water saturation surface lo-
cated below an extensively fractured early quartz monzonite
porphyry. This caused the magma to release heat and vola-
tiles before it sank back into the magma chamber, finally
crystallizing as an equigranular quartz monzonite. In this
way a very large volume of magma contributed volatiles
and Cu to the hydrothermal system, located within the {rac-

tured porphyry. This abstraction of Cu is potentially suffi-
ciently large to produce an ore deposit. For the Koloula
island-arc setting, we calculated that for a cylindrical vol-
ume of rock of diameter 1.5 km and height 1 km the equiva-
lent of 300,000 tonnes of metallic Cu could be liberated
(Hendry et al. 1981). If such a system were to operate in
continental North America, in the manner suggested by
Westra (1979), we would expect that mafic minerals located
in equigranular stocks in the vicinity of Cu-bearing por-
phyries would have very low Cu contents. To measure the
extent of possible Cu-loss throughout the volume of a typi-
cal equigranular stock, we sampled that at Bingham over
much of its outcrop area. Finally, dykes and sills located
within mining districts are unlikely to have undergone such
large-scale thermal convection as equigranular stocks, given
their dimensions. We anticipated that Cu contents in mafic
minerals within dykes and sills would therefore approach
background values, i.e. Cu contents indicative of rocks
where volatile loss has not occurred. Data for dykes and
sills thus provide a possible reference for which data for
equigranular stocks and productive porphyries can be com-
pared.

Experimental technique

Ion probe measurements were carried out using the AEI IM-20
instrument in the Department of Earth Sciences, University of
Cambridge. The bombarding beam of '°0~ jons had a diameter
of about 15 um, with a current of 15nA. For Cu analysis the
$3Cu peak was compared with **Fe using a mass resolution of
2,000 in order to separate *>*Cu from interfering molecular peaks.
Bach peak was recorded by step-scanning with small increments
of magnetic field, the total counting time being 20 minutes per
analysed point. A fitting procedure was used to estimate the back-
ground under the ®3Cu peak contributed by the sloping tail of
the adjacent molecular peak. The Cu concentration was calculated
from the relative peak intensity, using data for the relative yield
of Cu™ and Fe™ ions obtained from standards of known composi-
tion. Further details of the analytical procedure can be found in
an earlier paper (Hendry et al. 1981).

Complete ion-probe analyses (1,120 analyses) are presented
in Table 2. Each result (in ppm Cu) is from a single microarea
in one or more grains within a single thin section. Sequential analy-
sis of the same microarea by electron- and ion-probe techniques
was achieved by recording the location of each area on photomicro-
graphs. Optically detectable inclusions or chloritized domains were
avoided. The latter are commonly Cu-rich (up to 1,000 ppm) and
thus throw doubt on the accuracy of earlier studies involving min-
eral separates (e.g. Parry and Nackowski 1963; Al-Hashimi and
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LOCATION OF INTRUSIVE ROCKS
CHRISTMAS MINE AREA

ha N

Christmas Intrusive Complex

rp, hornblende rhyodacite porphyry

. ha, hornblende andesite porphyry

Fig. 1. Geological map after Koski and Cook (1982) and location
of samples, Christmas, Arizona. The precise location of sample
C6 within the McDonald stock is unknown. Sample C8 derives
from the Granite Basin pluton (9 km x 2 km outcrop area) which
is 6 km northeast of the McDonald stock

\ tault, dashed where
N concealed
\

® Sample location

Brownlow 1970; Lovering 1969 ; Graybeal 1973; Kesler et al. 1975;
Olade 1979).

Amphiboles

Chemical differences between amphiboles are best illus-
trated in samples from the Christmas mine area, Arizona.
The locations of analysed samples are shown in Fig. 1 and
geological relationships are described in detail by Koski
and Cook (1982). A suite of hornblende andesite porphyry
dykes (76 to 81 Ma) and intrusive stocks and dykes of horn-
blende rhyodacite porphyry (68 to 70 Ma) preceded intru-
sion of the Christmas intrusive complex (61 to 63 Ma), that
hosts the ore deposit. Major-element analyses of amphi-
boles from these three intrusive suites are plotted in Fig. 2.
Amphiboles from the hornblende rhyodacite porphyry and
hornblende andesite porphyry dykes are relatively Fe-rich
and show only limited compositional variation even though
some samples are spaced kilometres apart. In contrast,
rocks of the Christmas intrusive complex cover the field
of magnesio-hornblende through to actinolite, even within
one grain in many cases. This zoning mostly takes the form
of patchy compositional domains similar to those reported
for amphiboles from the granodiorite at Finnmarka (Cza-
manske and Wones 1973) and at Koloula (Chivas 1981).
There are no recognizable regularities in domain distribu-
tion such as rims or cores, nor are compositional variations
related to cracks or cleavages, with the exception of sample
C4. Here individual grains are partially replaced along grain
boundaries and cleavage directions by a later generation
of actinolite.

of) andesite porphyry

0 rhyodacite porphyry

Q* Christmas intrusive
0.4t complex
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Fig. 2. Elemental variations of amphibole domains with Si content
(in atoms per 23 oxygens) from Christmas. Copper content is in
ppm. mg=100 Mg/(Mg+ ZFe). 107 analyses from hornblende an-
desite dykes, 123 analyses from rhyodacite porphyry stocks and
dykes, 106 analyses from the Christmas intrusive complex

Fig. 2 shows elemental variations plotted against silicon
content per half-unit cell in Christmas amphiboles. With
an increase in Si content there is an increase in Mg and
Mn contents, with regular decreases in Fe, Ti, Al", Na
and K content for Christmas intrusive complex amphiboles.
The distribution of Cl in amphiboles of the Christmas intru-
sive complex is very variable, although trends of Cl versus
Si in the unit half-cell are not as clearcut. However, Si-
enriched amphibole domains (Si>7.3) tend to have lower
Cl-contents (average 0.055 wt.% CI) than Si-depleted coun-
terparts (average 0.08 wt.% Cl). Relatively poor detection
limits for Cl on the electron probe (0.05wt.% Cl) may
partially obscure this relationship.

Similar trends have been observed in other mining dis-
tricts. At Ely late-stage hornblende porphyries and the Lane



Valley sill were intruded after ore deposition (McDowell
and Kulp 1967). Amphiboles in these barren intrusions
show only limited compositional variation, are relatively
Fe-rich and Si-depleted (~6.35 Si atoms per 23.0). In con-
trast, amphiboles in the Weary Flat quartz monzonite are
markedly more Si- and Mg-rich (Si>6.8). At Ely, the
Weary Flat quartz monzonite was probably the source of
volatiles and base metals to the hydrothermal system
(Westra 1979). The Brenda mine (Soregaroli and Whitford
1976), 225 km east-northeast of Vancouver, is located in
the Brenda stock, a composite, zoned quartz diorite to
granodiorite body. Amphiboles in both major units of this
stock vary in composition from magnesio-hornblende to
actinolitic-hornblende. Cl and Ti contents of these amphi-
boles decrease with increasing Mg and Si, as described for
the Christmas intrusive complex. At the Alta stock, located
about 40 km southeast of Salt Lake City, minor mineraliza-
tion is related to porphyritic phases and to adjacent skarns.
Amphiboles within the intrusion are zoned and Mg- and
Si-rich domains are common.

Two other occurrences of late magmatic/hydrothermal
amphibole are noted, that are similar to the late-stage actin-
olites in sample C4 of the Christmas intrusive complex.
At Bingham, hydrothermal amphibole formed both by al-
teration of pyroxene and as a vein-filling mineral. Composi-
tionally, they are all actinolites ranging from 7.36 to 7.76 Si
ions per 23.0. Th second occurrence is from the barren
Schieffelin granodiorite, 1.0 km west of Tombstone, Ari-
zona. Hornblendes plot in two separate compositional fields
of similar Fe-content, but differing Si content. Most contain
between 7.1 and 7.3 Si ions per 23.0, the remainder are
more siliceous (Si ~ 7.6) and associated with chlorite.

In summary, amphiboles from dykes, sills and non-min-
eralized stocks are more Fe-rich and Si-poor than mineral-
ized intrusions, and amphiboles in individual barren intru-
sions show only limited compositional variation. Amphi-
boles in Cu-bearing porphyries and equigranular stocks are
marked by patchy compositional domains, ranging from
magnesio-hornblende through to actinolite, even within sin-
gle grains. The trend is of increasing Si-content correlated
with decreasing Fe, Ti, Al*, Na, K and Cl contents.

The copper contents of magnetities, amphiboles and
biotites from the Christmas area are shown in Fig. 3. Am-
phiboles in the barren hornblende andesite porphyry dykes
and hornblende rhyodacite porphyry have uniformly low
Cu-contents, averaging 4.6 ppm and 2.6 ppm respectively.
However Figure 3 B shows that there are two different pop-
ulations of Cu-contents for amphiboles in the Christmas
intrusive complex. The higher contents are in the late mag-
matic/hydrothermal amphiboles (as indicated by other fea-
tures described above) and the low ones are in magmatic
amphiboles. The siliceous nature of Cu-rich amphibole do-
mains is confirmed in Fig. 2 in the plot of Si versus Cu.
If Cu-contents of late magmatic/hydrothermal amphiboles
are excluded, the remainder in the Christmas intrusive com-
plex average 3.7 ppm, indicating that in the Christmas mine
area magmatic amphiboles in both barren and Cu-bearing
intrusions have uniformly low Cu-contents.

Two different populations of Cu-contents are present
in other amphibole suites. Data for Ely and Brenda are
illustrated graphically in Figs. 4 and 5 respectively. Most
amphiboles in all rock types have very low Cu contents,
although sporadic high values also occur. Similarly, amphi-
boles in the Alta stock, listed in Table 2, are all, with one
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Fig. 3. Copper contents of magnetites, amphiboles and biotites
(1°=primary, 2° =secondary) from the Christmas area

exception, Cu-poor (average 2.7 ppm). We are not sure if
these Cu-rich domains are magmatic or reflect later mag-
matic/hydrothermal events, as supporting textural evidence
is lacking. However, Cu-rich amphibole domains at
Bingham and in the barren Schieffelin granodiorite are
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clearly late magmatic/hydrothermal features. At Bingham,
hydrothermal actinolite formed by alteration of pyroxene
has a low Cu-content (average 4.5 ppm) in sample BI-6,
a value consistent with low Cu-contents of igneous pyrox-
enes at Bingham (Table 2). However, more siliceous and
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Fig. 6. 100 Mg/(Mg+ ZFe) vs AlY" diagram for biotites from
Bingham, Utah. Dashed field encloses 55 biotite analyses from the
Christmas intrusive complex. Those analyses that have insufficient
Si+ Al to form 8 atoms (per 22 oxygens) are depicted as having
negative Al

Mg-rich actinolites, associated with hydrothermal veins in
sample BI-13 also contain markedly more Cu (average
33 ppm). In the Schieffelin granodiorite the low Si-domains
are relatively Cu poor (4.0 ppm average). The second more
siliceous group is Cu-rich (169 ppmy).

In summary, the majority of magmatic amphiboles in
the continental North American porphyry copper districts
studied contain very little Cu (<5 ppm) in both barren
and Cu-bearing intrusions. Actinolites of late magmatic/
hydrothermal origin contain appreciably more Cu and
values in excess of 500 ppm are recorded (Table 2).

Biotite

In Cu-bearing intrusions at Christmas, Bingham, and Ely,
two textural types of biotite occur. The first forms large
phenocrysts and is apparently magmatic. Secondary biotite
is readily distinguishable from magmatic biotite by its oc-
currence as small grains, commonly as clumps, and as pseu-
domorphs associated with sulfides that have replaced pri-
mary silicates. Previous studies (e.g. Moore and Czamanske
1973) have noted a greater magnesium content for second-
ary biotite compared to that of magmatic biotite, but this
is not always so. We note that in the Christmas area all
primary and secondary biotites plot in a restricted composi-
tional field (Fig. 6). At Bingham, primary and secondary
biotites are compositionally similar in some samples (BI-1,
BI-2, and BI-5), but distinctly different in others (BI-3 and
BI-4). Where compositional differences occur, secondary
biotites are invariably richer in magnesium; in sample BI-3
primary biotites have Xy =0.70 and secondary biotites
Xy =0.92. Secondary biotites at Ely are also more magne-
sium-rich than their primary counterparts.
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Individual primary biotite grains show some composi-
tional variation although it is far less marked than that
displayed by amphiboles. The compositions of biotites from
six different intrusions at Bingham are plotted in Figure 6,
together with Christmas biotites for comparison. The high
Mg-content of all magmatic biotites at Bingham is readily
apparent with the most Mg-rich biotites present in a sample
(BI-2) of quartz monzonite porphyry, the igneous unit spa-
tially associated with hydrothermal alteration and mineral-
ization. At Bingham our eight samples of monzonite and
quartz monzonite were collected from within the outline
of the copper orebody to 2 km away (Fig. 7). There is no
correlation between X),, of these pre-mineralization biotites
and distance from the ore body, suggesting minimal post
magmatic, hydrothermal Mg enrichment. Similar results are
recorded in the Globe-Miami district for biotites in the
composite Schultze Granite. Here, three distinct igneous
phases are recognized (Creasey 1980) and of these the larger
main phase (unmineralized porphyritic quartz monzonite)
and smaller mineralized porphyry phases have been investi-
gated. Biotites in the main phase have average X, values
of 0.55, similar to Cu-bearing porphyries at Pinto valley
(Xmg 0.56), Diamond H (X, 0.56) and one sample from
Copper Cities porphyry (X,,, 0.57). The other sample from
Copper Cities porphyry has a slightly higher X, value of
0.63, as does the sample from the Oxhide porphyry (X,
0.61).
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Fig. 8. Copper contents of biotites from rock types from Bingham

The Cu contents of magmatic biotites in Cu-bearing
porphyries are commonly bimodally distributed. In the
Christmas intrusive complex all analysed magmatic biotites,
with the exception of those in sample C4, have Cu-contents
<30 ppm. Values greater than this (Fig. 3C) come from
sample C4, which also contains anomalously Cu-rich am-
phiboles and magnetites (see below). The Cu-rich biotite
domains have similar X values to the remainder, in con-
trast to the distinctive major-element .compositions of
anomalous Cu-rich amphiboles and magnetites. In the
Globe-Miami district, bimodal Cu distributions for biotites
in some of the Cu-bearing porphyries can be seen in Ta-
ble 2; here too Cu-rich magnetites are commonly present.
The presence of Cu-rich biotite domains in samples contain-
ing secondary Cu-rich amphiboles and magnetites suggests
that crystallisation of texturally primary biotite continued
into the late magmatic/early hydrothermal stage in some
Cu-bearing porphyries. ‘

The Cu contents of magmatic biotites in equigranular
stocks, barren porphyries, dykes and silly are all, with one
exception, very low. The data for Bingham are illustrated
in Fig. 8. Samples BI-11, BI-12 and BI-13, all lying within
the Last Chance stock (Fig. 7), differ little from pre-miner-
alization monzonite and quartz monzonite samples located
closer to the ore body. Biotites in the Alta stock, east of
Bingham, are also Cu-poor (average 8.0 ppm). The Cu con-
tents of magmatic biotites at Brenda (Fig. 5), for the main
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phase of the Shultze Granite, for the Ruby Star quartz
monzonite porphyry at Sierrita, and Schieffelin granodio-
rite at Tombstone are all very low (Table 2). The exception
is one sample from the Cu-barren Granite Basin pluton
(Sample C8, Fig. 3c) that has an average Cu content of
40 ppm.

Secondary biotites have variable Cu-contents. Those in
the Christmas intrusive complex average only 11 ppm Cu.
At Bingham, secondary biotite is commonly more Cu-rich
than magmatic biotite, as shown in Fig. 8, but only in sam-
ples in which primary and secondary biotites are composi-
tionally distinct (Samples BI-3 and BI-4, Table 2).

In summary, magmatic biotites show only limited intra-
grain compositional variation. Our data confirm conclu-
sions of Moore and Czamanske (1973) that, at Bingham,
the most Mg-rich biotites are found in the mineralizing
porphyry, but this is not so at Christmas and Globe-Miami.
The majority of magmatic biotites are Cu-poor, with the
exception of some in productive porphyries. These samples
also contain Cu-rich secondary actinolite and/or magnetite
and a similar origin is likely for the biotites. Two types
of hydrothermal biotite are noted. The first, although tex-
turally different from primary magmatic biotite with which
it is associated, has similar X, _ values to that of magmatic
biotite and is Cu-poor. The second, is compositionally dis-
tinct with higher X, values than associated magmatic bio-
tite and is Cu-rich.

Magnetites

In the Christmas area two types of magnetite occur, based
on textural and chemical criteria. In hornblende andesite
and hornblende rhyodacite porphyries, primary titaniferous
igneous magnetite is a common accessory phase, typically
occurring as relatively large (1 mm) irregularly-shaped
grains. Similarly shaped grains occur in the Christmas intru-
sive complex, but they are generally Ti-poor. Some of these
rocks, e.g. sample C4, contain a second generation of mag-
netite that occurs as small euhedral grains and is essentially
devoid of Ti. This trend of decreasing Ti content of magne-
tite parallels that already described for amphiboles (Fig. 2).
We suggest that this second generation (=secondary) mag-
netite is late magmatic/hydrothermal in origin, post-dating
larger, irregularly shaped magmatic grains at Christmas.
The Cu contents of magnetites from the Christmas in-
trusive complex are shown in Fig. 3 A. Secondary magnetite
has a higher copper content than the irregularly-shaped,
magmatic magnetites. The Cu contents of magnetites in
Cu-bearing porphyries at Pinto Valley and Alta stock are
also bimodally distributed (Table 2). If data for texturally
secondary magnetites are excluded, primary magnetites in
Cu-bearing porphyries and associated equigranular stocks
are generally very low. The average Cu-content of mag-
matic magnetite in the Christmas intrusive complex is
4 ppm. At Bingham, primary magnetite is not observed in
samples of mineralized quartz monzonite and latite por-
phyry. The Cu contents of magnetite in pre-mineralization
monzonite and quartz monzonite (8.7 ppm) and Ohio Cop-
per dyke (11.2 ppm) are low as are those in post-mineraliza-
tion quartz latite porphyry (3.7 ppm). At Ely, magnetite
from the Weary Flat quartz monzonite averages 3.1 ppm
Cu. In the Globe-Miami district the average is 2.7 ppm
for the Copper Cities porphyry (sample CC2) and 10.1 ppm
for Ti-poor magnetite in the main phase of the Schultze

Granite (sample GM1). Magnetites in the Ruby Star quartz
monzonite porphyry at Sierrita (S1) average 1 ppm Cu. The
exceptions are titaniferous magnetites in the main phase
of the Schultze Granite (GM2) averaging 50 ppm Cu and
titaniferous magnetites in a sample of Schieffelin granodio-
rite (TS) containing sporadic high values (maximum
255 ppm, average 55 ppm). We suggest these latter two
samples containing titaniferous magnetities are anomalous
and have affinities with magnetites discussed below.

Titaniferous magnetites in hornblende andesite por-
phyry dykes and hornblende rhyodacite porphyry in the
Christmas mine area (Fig. 1) contain average Cu contents
of 64 ppm and 134 ppm respectively. These averages are
markedly higher than Ti-poor magmatic magnetites in the
Christmas productive porphyry (4 ppm). At Ely, average
Cu contents of magmatic magnetites (Figure 4) are also
higher in the two late-stage barren rock types, particularly
for the Lane Valley sill (average 134 ppm Cu), in compari-
son with the Weary Flat quartz monzonite (average
3.1 ppm Cu).

Other minerals

In many Cu-bearing porphyry samples chlorite has replaced
magmatic biotite along grain and cleavage boundaries. In
the Christmas intrusive complex, chlorite occurs with either
secondary biotite or with secondary magnetite and actino-
lite. Chlorites in apparent equilibrium with secondary bio-
tite (e.g. sample C2) are, like biotite, Cu-deficient (31 ppm).
Those with Cu-rich, secondary magnetite and actinolite
(sample C4) are also Cu-rich (average 728 ppm).

Table 2 shows data from sphene (which contains on av-
erage 12 ppm Cu), ilmenite (18 ppm Cu), and epidote
(5 ppm Cu), for which significant variations in Cu-content
were not noted.

Discussion and conclusions

From temporal and field relations alone, we distinguish
two categories of barren intrusions, which we refer to as
types A and B. Type A barren intrusions are deep-level
temporal equivalents of Cu-bearing porphyritic rocks.
These barren intrusions are commonly described as equi-
granular stocks and may have gradational contacts with
Cu-bearing porphyries. Examples from this study are the
main phase of the Schultze Granite from the Globe-Miami
district, Weary Flat quartz monzonite from Ely and the
Last Chance stock at Bingham.

Type B barren intrusions occur outside known mining
districts or are significantly older or younger than Cu-bear-
ing intrusions in areas of known mineralization. Examples
include the Schieffelin granodiorite at Tombstone, which
is remote from known Cu-mineralization. In the Christmas
area, the hornblende andesite porphyry dykes are 9 to
14 Ma older than the mineralizing event. Similarly, the
Granite Basin pluton, McDonald stock and other dykes
of hornblende rhyodacite porphyry are 7 Ma years older
than the Christmas intrusive complex. At Ely, the Lane
Valley sill is post mineralization.

Using this subdivision of intrusions that are either Cu-
bearing, barren type A or barren type B (Table 3), it is ap-
parent that barren type B (isolated or temporally unrelated
intrusions) have magmatic minerals with higher Cu contents
than those intrusions from the other categories. In contrast
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Table 3. Summary of copper contents of magmatic biotites, amphiboles and magnetites from mineralizing, barren type A and barren
type B intrusions from some North American porphyry copper districts. The data from Koloula, Guadalcanal are from Hendry et al.

1981

Mineralizing

Barren type A Barren type B

biotite  amph.

magnetite

biotite  amph. magnpetite biotite = amph. magnetite

Christmas

Hornblende andesite porphyry dykes
Hornblende rhyodacite porphyry
(includes McDonald and
Granite Basin stocks)
Christmas intrusive complex 9 3.7 4

Globe-Miami

Schultze Granite ‘main phase’
‘Porphyry phase’ 7 3
(Copper Cities, Diamond H)

Sierrita
Ruby Star quartz monzonite porphyry 4.7 1

Tombstone
Schieffelin granodiorite

Bingham

Last Chance stock

Monzonite and quartz monzonite

Quartz monzonite porphyry 16

Alta

Equigranular phase
Porphyritic phase 5 2.7 7.2

Brenda
Quartz diorite and granodiorite 2 2 4

Ely
Granodiorite porphyry
(Lane Valley sill)
Weary Flat quartz monzonite

Koloula, Guadalcanal

Mineralizing intrusions 23 7 22
Less-mineralizing intrusions
(southern part of
Inamumu Zoned Pluton)
Barren tonalite intrusions
(2 Ma older than mineralization)
Barren tonalite intrusions
(0.4 Ma younger than mineralization)

4.6 64
40 2.6 134

16.2 4 55

7.4 10.9

10 2.7 3.7

13 4 134

2.3 3

42 8 29

14 380

600 17 57

with Koloula, an island-arc deposit, magnetite and not bio-
tite is the major Cu-bearing phase in continental North
American deposits studjed. In both regions magmatic py-
roxenes and amphiboles (Table 2 and Hendry et al. 1981)
contain insignificant copper, suggesting that possible release
of copper during pyroxene hydration to amphibole is unim-
portant.

In the introduction we outlined processes by which cop-
per is non-incorporated or lost from silicate phases during
vapour exsolution. We argued that those components that
are strongly partitjoned into the vapour phase are depleted
in the silicate melt and probably even more so in the crystal-
lizing amphibole and to a lesser extent biotite. The presence
of Si- and Mg-rich amphibole domains, commonly ranging
in composition from magnesio-hornblende through to ac-
tinolite within single grains, in the Christmas intrusive com-

plex, the Alta stock, Weary Flat quartz monzonite at Ely,
and in the Brenda composite stock is indicative of element
partitioning during vapour exsolution. The high Mg-con-
tents of all magmatic biotites at Bingham, including those
from the equigranular Last Chance stock are consistent
with vapour exsolution for all pre-mineral:lzation intrusions.
Similar X, values for biotites in the main phase of the
Schultze Granite and in nearby Cu-bearing porphyries, that
have aphanitic textures related to H,O-venting (Creasey
1980), suggest that vapour exsolution also occurred in the
main phase of the Schultze Granite. We therefore contend
that Cu-bearing porphyries and some, if not all, barren
type A intrusions have undergone vapour exsolution, dur-
ing which Cu was lost or abstracted from mafic minerals
to produce Cu-depleted minerals reported in this study.
Vapour exsolution does not appear to have occurred
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in barren type B intrusions. These magmatic amphiboles
are more Fe-rich and Si-poor than in mineralized porphyr-
ies, and amphiboles in individual barren type B intrusions
show only limited compositional variation. Copper is retain-
ed in magnetite and to a lesser extent in biotite (Table 3).

The low copper content of mafic minerals from minera-
lizing and barren type A intrusions reinforces a suspected
genetic link suggested by Westra (1979), based on field rela-
tions. We strongly support his model that copper is ab-
stracted or partitioned from not only the narrow cylindrical
porphyries themselves but also from the deeper level coarse-
grained progenitors. The extent to which copper has been
removed from these coarse-grained progenitors is evident
from sampling of the Last Chance Stock and associated
monzonite and quartz monzonite at Bingham (Fig. 7). Bio-
tites and magnetites are Cu-depleted in all samples collected
over the outcrop area of these intrusions.

There is thus ample scope for the generation of copper
ore bodies by abstraction of perhaps a few tens of ppm
Cu from pluton volumes of typically greater than 100 km?,
which is equivalent to a cube with a side of 4.65 km. In
the following calculation we assume barren type B stocks
are a measure of the initial composition of all stocks in
a given region prior to the exsolution of magmatic fluids,
despite differences in age and geological setting. If a minera-
lizing quartz monzonite composed of 6 weight percent bio-
tite and 1 weight percent magnetite were able to extract
20 ppm Cu from that biotite and 100 ppm Cu from that
magnetite a total of only 2 ppm Cu would be liberated
from the whole rock. If such a process were to operate
in an igneous body with a volume of 100 km? sufficient
copper could be released to form an orebody of 100 million
tons of 0.5% Cu ore. These figures represent minimum
values because there are other sources of copper that we
have not investigated. Some copper could come from inter-
stitial liquid as suggested by Feiss (1978). Quartz and feld-
spars examined in the aphanitic groundmass of Cu-bearing
porphyries contain negligible Cu. Other sources involve Cu-
rich chlorite and vermiculite intergrowths (Rehrig and
McKinney 1976; Hendry et al. 1981; and this study) which
occur as late magmatic/deuteric alteration products, and
abundant disseminated microscopic grains of pyrite and less
commonly chalcopyrite.

In the introduction we proposed that mafic minerals
growing in a late magmatic/hydrothermal environment in
Cu-bearing porphyries might be expected to incorporate
some Cu from these fluids. The presence of secondary actin-
olite, magnetite, chlorite and biotite assemblages, com-
monly containing > 1,000 ppm Cu, supports this conten-
tion.
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