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J.E.K

Memo To: Porphyry Copper Discussion Group QCT‘@?@\971

Subject: 1971-T72 Meetings

As most of you know, a group with the name above
consisting of Tucson geologists with a "guts" interest in
the geology and genesis of porphyry ore deposits met a half a
dozen or so times last year. The meetings were interesting and
fruitful for those attending. We would like to see the Group
continue this year. It is planned to meet on the second
Monday of each month, thus on next Monday, October 11, on
November 8, and on December 13. The best meetings last year
were those with the best attendance. If you are really inter-
ested in participating, please bend every effort to be at my
home (74O W. Las Lomitas) next Monday at 8:00 til 10:00 p.m.
for an organization meeting and (probably) to continue
discussion of alteration mineralogy and its significance in
sulfide-silicate environments. If you can then figure on
that 'second Monday' as a regular event in your schedule,
everyone involved will benefit.

See you soon!

JMG: srg
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SOME OBSERVATIONS THAT BEAR ON THE ORIGIN OF
PORPHYRY COPPER DEPOSITS

By Norman G. Banks and Norman J Page,
U.S. Geological Survey

ABSTRACT

Observations at Ray, Ariz., suggest that upper crustal calc-alkaline
plutons associated in time and space with the deposit might not have been
capable of producing much water by differentiation and that any water
released likely had restricted access to the best copper-sulfur sources
in the magmas. Observation of concentrations of sulfides around isolated
pockets of partially melted rocks below the Stillwater Complex, Mont.,
suggest to us a variant model of porphyry copper generation that does
not require calc-alkaline plutons to be the vessels that transport copper
and sulfur to upper crustal sites.
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model of porphyry copper generation. It is not intended to include, nor
do we claim, rigorous citing of all work that led to development of the
several concepts shared by our model and others. However, we have
attempted in the text to point out where one or more of the several
concepts in the model are shared by other recent workers. This citing,
however, does not necessarily point to the originator of a given concept.
The manuscript was greatly improved by the helpful comments of
T. G. Theodore, G. K. Czamanske, H. T. Morris, R. O. Fournier, and
G. W. Walker.

INTRODUCTION

The genesis of porphyry copper deposits remains a debated topic
despite the large volume of literature devoted to it. Observations on
the contents of Cu, S, H,0, Cl, and F in rocks and minerals in the
intrusive suite associatéd in space and time with the early Tertiary
(Laramide) Ray porphyry copper deposit, Arizona, and characteristics
of partly melted rocks, particularly in the country rocks below the
Precambrian Stillwater Complex, Mont., suggest a variant model of
porphyry copper generation that, to our knowledge, has yet to be pub-
lished and that, in our belief, best fits existing knowledge and data
on porphyry copper deposits. In our model, copper, sulfur, and base
metals are carried by water attracted to sites of partial melting in
the lower crust or upper mantle and, as the carrier water enters the
melt, are concentrated around the melts. Later cooling of the melts
in the zone ‘of melting results (along with water furnished by meta-
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morphic dehydration at deeper levels) in the fluids that leach and
transport the concentrated copper and sulfur to porphyry-type
environments. As acknowledged above, parts of this two-stage model
are similar to previously published models, and it therefore incor-
porates the ideas and observations of others. Our model differs

from the others in that we propose a mechanism for the concentration
of copper and sulfur near but not in magma at sites of partial melting
prior to their transport by water to upper crustal sites. The exposed
and hidden upper crustal plutonic rocks near porphyry copper deposits
are therefore considered to be associates of ore fluids rather than
their parents.

OBSERVATIONS

Other models.--The field evidence indicating temporal and spatial
relations between intermediate calc-alkaline igneous rocks and
"disseminated" porphyry copoer deposits is well documented and has
led to assumptions of genetic ties between the igneous rocks and the
deposits. These ties have been interpreted mainly as causal, and
although many variants and combinations exist, the most popular
models used to explain these assumed causal ties can be separated
roughly into two end members. One is the "classical magmatic model"
which maintains that the calc-alkaline magmas were the vessels that
transported the metals, fluids, and sulfur from a deeper source to
or near to the deposits. The second end member model, the "meteoric
water model," postulates that the copper and sulfur were leached,
transported and deposited during circulation of fluids of nonmagmatic
origin, with the magma providing heat and perhaps some other components.
A third model, not as popular as the others, assumes no causal ties
between the calc-alkaline magmas and the deposits. It is a one-stage
model in which water that is generated in the lower crust or in the
mantle leaches and transports copper and sulfur to the porphyry
environment. This third model is very similar to ours, particularly
as described by Noble (1970, 1974). However, the previously published
models do not include descriptions of the processes whereby the sources
of carrier fluid and concentrated ore components are juxtaposed at depth.

We do not set out here to disprove or revoke any of these or
other models. We do, however, conclude that although published
suggestive data exist for each of them, unambiguous data are not yet
published that prove them. For example, the postulated causal
relationship between a nearby pluton and a deposit is based only on
circumstantial time and space juxtaposition. Furthermore, experimental
studies only indicate that under special conditions a melt might bear
the amounts of Cl and H,0 (but not S and no data for Cu) required for
a deposit, but nowhere ﬁas it been demonstrated that they do or that
Cu, S, C1, and H,0 behaved during differentiation of an implied source
stock or batholi%h in the manner required by the 'classical magmatic
model." 1In fact, data for these components in the Ray intrusive rocks
do not easily fit into this model without unsupportable speculation.
With respect to the “meteoric water model," recent studies of stable
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isotopes of alteration minerals do not prove that the deposits evolved

. by simple redistribution of wallrock and magmatic Cu and S through the

medium of a meteoric water in a circulation system induced by magmatic
heat. They require only involvement of meteoric water in the fluids
that formed porphyry copper deposits. The "meteoric water model" also
does not explain why silicic calc-alkaline plutons are favored above
others to make ore-bearing circulatory systems (for example, gabbroic
bodies are better sources of both heat and metals compared to quartz
monzonite bodies). In addition, both the classical magmatic model and
the meteoric water model have problems in explaining deposits where
plutons of the appropriate age are missing, and when they are present,
why one certain pluton of many emplaced in the same structural environ-
ment at about the same time was favored over the others to make ore.
Finally, we consider to be formidable the logistics required for a
one-stage model in which Cu and S are leached by water from a large
low-grademantle-depth source rock and transported to and up a structural
conduit to upper crustal sites without concentration of the fluid-born
components. Therefore, lacking, in our opinion, proof or even strongly
supportive observational data, we feel that the literature can support
still another model of porphyry copper generation, one based on
observational data, with some interpretations and speculations, on

the intrusive rocks near the Ray porphyry copper deposit, Arizona,

and partly melted rocks near the Stillwater Complex, Mont.

Ray, Arizona.--The Ray deposit, located approximately 120 km north
of Tucson, Ariz., has many of the characteristics of a "typical" porphyry
copper deposit (Lowell and Guilbert, 1970, p. 404). It differs somewhat
from the "typical" porphyry copper deposit in that its center, although
containing a small volume of ore-vintage igneous rocks, is located several
kilometers east of the largest exposed mass of approximately ore-age
calc-alkaline rock. This relation, however, is useful because the igneous
rocks related in time and space with the deposit remain fresh enough
for their original character to be investigated. At least 12 intrusive
rock types of Laramide age occur in and near the Ray deposit (Cornwall
and others, 1971; Banks and others, 1972). The igneous activity began
in the area about 70 m.y. ago and continued for about 10 m.y. Ore
deposition occurred about 60 m.y. ago (Banks and Stuckless, 1973). At
least 11 of the igneous rock types are cut by sulfide veinlets, although
not all crosscutting relations occur within commerical ore bodies.

The intrusive rocks are similar in composition, sequence of intrusion,
and appearance to other calc-alkaline rocks throughout the world and around
other Arizona deposits. Additionally at Ray: (1) the volume of aplite
dikes cutting stocks is generally low, (2) pegmatitic dikes are rare,

(3) thermal aureoles around both stocks and dikes are restricted and in
some carbonate terranes are absent, (4) miarolitic features have not been
identified in field exposures 6r thin sections of the Laramide stocks,

and (5) fluid inclusions in quartz in the rocks outside of the deposit
are sparse, and those found have proved to be two-phase relatively dilute
solutions that homogenize at temperatures below 450°C (J. T. Nash, written
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commun., 1971, 1972; M. J. Logsdon, oral commun., 1973). These observa-
tions are similar to other calc-alkaline igneous suites and they suggest
to us that the Laramide magmas near Ray did not release much water at
magmatic temperatures during their solidification. Thus, additional
petrologic and chemical studies outlined below were conducted to determine
how Cu, S, C1, F, and H,0 behaved during development of these intrusive
rocks (Banks, 1976, N. G. Banks, unpub. data).

In contrast to the fracture-localized sulfide minerals in the deposit,
the Laramide igneous rocks outside of the deposit contain sulfides that pre-
dominantly occur as inclusions in the earlier formed silicates and magnetite.
Modally, these sulfide minerals become progressively less abundant, their
pyrite to copper sulfide ratio increases as the host rocks become more
felsic and younger, and their distribution in the host minerals suggests
that saturation of sulfur in the melts was local rather than general.
Additionally, the sulfur contents of apatite, biotite, and hornblende in
the samples do not indicate a trend with increasing differentiation index
or decreasing age of the sample. Likewise, copper which was only rarely
detected in the nonsulfide igneous minerals by both electron and ion
microprobe analyses, does not indicate a trend of copper enrichment or
depletion in the minerals with indicators of rock differentiation. The
same observation was made for mineral separates and rock samples analyzed
by emission spectroscopy.

The above observations hold true both for samples representing an
individual stock and for samples representing the entire igneous suite.
Calculations using the modal abundance and sulfur and copper contents
of the sulfide inclusions and other igneous minerals indicate that the.
less differentiated (older) Laramide rocks contain more sulfur than the
more felsic (younger) rocks; no trend is indicated for the copper because
of its erratic occurrence in silicates and oxides. The distribution of
sulfur is explained by us as the result of its progressive consumption by
the igneous minerals from a melt that was only locally saturated with
respect to sulfur. The copper and sulfide data indicate that very little
copper of igneous origin occurs in the rocks and that the activity of
copper in the melts decreased during development of the Laramide rocks.
These interpretations of the data are simple and adequate petrologically
but conflict with the "classical magmatic model," which would be better
supported by an enrichment of copper and sulfur in the younger magmas.
Therefore, if the exposed stocks reflect processes that occurred in a
presumed buried batholithic parent to the deposit, the activity of sulfur
in the assumed parent body did not increase regularly with differentiation,
and most of the copper in the batholith separated as sulfides that were
armored by silicates and magnetite. Any aqueous phase released from or
introduced into the batholith thus must have had restricted access to
the richest copper source in the magma. Therefore, if the "classical
magmatic" or "meteoric water" models are used to explain Ray, then the
exposed stocks are not representative of the parent batholith either
because of reasons unknown, or because of processes that changed their
character between their separation from the parent and their solidifica-
tion.



Changes in the character of the daughter magmas have been
postulated to result from progressive removal of the copper and sulfur
by way of an aqueous phase. However, the data on the behaviour of the
Cl, Hy0, and F in the magmas at Ray impose strong restrictidéns on this
postulate (Banks, 1976). For example, the abundance of Cl, F, and H.0
in apatite, biotite, hornblende, and sphene correlate consistently
(although in varying degree) with changes of chemistry and age of the
rock sample. The concentrations of chlorine, fluorine, and water in
Laramide plutonic rocks associated with the deposit decrease or remain
the same as rocks become more felsic and younger. Within igneous
hydroxyl-bearing minerals in the rocks, chlorine and water contents
decrease or remain the same as the host rocks become more felsic, and
they decrease as the rock becomes younger. Fluorine, on the other
hand, becomes more abundant in the igneous hydroxyl-bearing minerals
as the rocks become more felsic and younger. These relations were
observed for the igneous series as a whole and for onme pluton with
a range of texture, mineralogy, and composition similar to the entire
igneous series. In contrast, the Cl, F, and H,0 contents of the minerals
do not show trends with respect to grain size, grain shielding (by
virtue of inclusion in different hosts), degree of alteration of the
rocks collected outside of the commercial deposit, or to proximity of
the analyzed spot to grain edges. Such relations suggest that the
hydroxyl-bearing minerals retain an imprint of magmatic events. Thus,
it seems reasonable to postulate that the trends in the mineral contents
of C1, _F, and H,0 were caused by changes in the activities c1” R F .
and OH in the magmas and that (analogous to variations in Na, Si, Al,
and Ca in plagioclase) the changing relative activities of these ions
in the melts was caused by their removal by the hydroxyl-bearing
minerals. This explanation of the trends is simple and adequate,
petrologically, and is compatible with the fact that water and chlorine
are much less soluble than fluorine in silicate melts (Koster van Groos
and Wyllie, 1968, 1969; Wyllie and Tuttle, 1964; Burnham, 1967),
suggesting that the first formed minerals should tend to incorporate
more chlorine and water than later formed minerals which would form in
melt enriched in fluorine relative to the chlorine and water. Given
this interpretation of the observed trends and the presence of
hydroxyl-bearing minerals in aplites of the stocks, it is a reasonable
postulate that most of the Cl and water in the stocks (and by analogy,
any assumed parent batholith) were utilized by igneous minerals and that
the stocks (and batholith) did not release much chlorine-rich water.

The above does not imply a unique explanation to the observations.
Without data to the contrary, the presence of a special magma just
below the Ray cannot be ruled out. Likewise, although we favor the
above explanations for the trends observed for Cu, S, Cl, F, and HZO’
the data do not prohibit a late buildup of chlorine-rich water in
a buried crustal batholith. That is, one might still postulate that
Cu, S, and Cl were removed from the exposed stocks by escaping water.
However, special conditions must then be applied (Banks, 1976).
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One special condition is that if water escaped the magma, it did
so without generating copious aplitic and pegmatitic dikes, large
thermal aureoles, miarolitic features, and fluid inclusions in expected
numbers and of the expected filling temperatures. In other words,
water was released without leaving physical evidence of its former
presence. Another is required by the observed progressive fluorine
enrichment in the biotite of progressively younger and more felsic
rocks (Banks, 1976). Because the Mg content of the biotite in the
younger rocks is less than the Mg content of biotite in the older
rocks and because a progressive decrease in magma temperature can be
reasonably assumed for the progressively more felsic magmas, experimental
and theoretical data predict that biotite in water-evolving magmas
should have incorporated more F in the older more mafic magmas than
the younger and more felsic ones (Munoz and Eugster, 1969; Ludington,
1973; Munoz and Ludington, 1974). The observed trend, which is opposite
that expected for magmas that evolved water, is not explained by an
increase in of the magma because the modal abundance of magnetite
in the Ray rocks decreases with decreasing age and increasing differenti-
ation index of the rocks and because Fe/Fe+Mg content of biotite and
hornblende in the Ray rocks increases with differentiation (see Wones
and Eugster, 1965). Likewise, an increase in F content of the (assumed)
evolving water is not easily applied to explain the trend because F is
more soluble in hotter water (Munoz and Eugster, 1969). Additionally,
because biotite is known to readily exchange fluorine and water with an
aqueous phase at magmatic temperatures (Munoz and Eugster, 1969; Munoz
and Ludington, 1974), the F trend for biotite and the observed measurably
different F contents of biotite grains in the same rock and even thin
section are not easily discounted by postulating slow kinetics but
instead would seem to imply (in agreement with the geologic observations)
that very little water had contact with the biotite at magmatic temperatures.
Therefore, if one postulates that the magmas at Ray evolved much water
during their ascent from the parent batholith, one must also postulate that
the wallrocks, the igneous rocks, and the igneous biotite did not record
the event.

Finally, the interstitial and crosscutting textural relations of the
hydroxyl-bearing minerals in the main rock types and also their presence
in aplites indicate that hydrous minerals continued to form late in the
crystallization history of the stocks (Banks, 1976). These stocks were
emplaced at depths ranging from 1.5 km or less to 3 km or more (Banks
and others, 1972; Banks and Stuckless, 1973). At these depths melts
should saturate at between 2.5 and a little more than 3.5 weight percent
water (Burnham, 1967), or at, or slightly above, the approximate amount
required in the melt for biotite formation (Wones and Eugster, 1965;

D. R. Womes, oral commun., 1973). Therefore, if one postulates that

Cu, S, and Cl were removed by evolvement of water, disequilibrium crystal-
lization of the exposed stocks may have to be postulated because the
formation of biotite and the other hydrous minerals would have

tended to control the contents of Cl, F, and HZO in the ascending magma
and inhibit buildup of water in the magma.
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Thus, in addition to the general problems that both the "classical
magmatic" and circulating groundwater models have for the origin of
the Ray deposit, the classic magmatic model appears because of
observational data on the plutons to require enough new special
conditions to warrant entertainment of an alternative hypothesis that
might explain the generation of the Ray and perhaps other porphyry
copper deposits while still maintaining the apparent time-space
relation between the deposits and calc-alkaline magmatism.

A tectonic or deep-seated source dependence of porphyry copper
generation is suggested to us because calc-alkaline magmatism and
porphyry copper deposits seem to be concentrated in certain crustal areas
(Noble, 1970, 1974; and others). Particularly for Ray, there seems good
evidence that during Laramide time, the southwestern part of Arizoma
was subjected to roughly east-west regional compression with attendant
north-south tension, inasmuch as both dike swarms and sulfide veinlets
occupy the east-west features (Rehrig and Heidrick, 1972). 1In the
Ray area this east-west orientation of veinlets and dikes is well
developed, and many of the dikes are less than 3 m wide and have
penetrated at least 600 m of carbonate rocks. Hence, they could not
have stoped their way to their present level. We speculate that
this regional east-west compression could have resulted from movement
of lithospheric plates and therefore suggest that plate tectonics
is somehow involved in porphyry copper generation, and we also suggest
that the plutons are products of partial melting. Neither suggestion
is new (Guilbert and Sumner, 1968; Sawkins, 1972; Sillitoe, 1972; Noble,
1970, 1974; Livingston, 1973; and others). However, the type of tectomics
responsible is not critical to us for it appears to be regional, and
the resulting zones of weakness were conduits for deep-seated magma.
Whether the assumed melting was induced by moving oceanic crust along
a subduction zone (Sillitoe, 1972) to a hotter environment (perhaps
aided by friction), or whether heat for melting was supplied by a
mantle hot spot (Livingston, 1973), or another as yet unformulated
mechanism does not concern us. We have abundant evidence that the
heat was available and that magmas were generated at the proper time.

Strontium isotopic data on the plutons (Moorbath and others, 1967;
Livingston, 1974) seem adequately explained by partial melting of
oceanic crust (Sillitoe, 1972) or by mixing of partly melted continental
crust with basalt (Livingstone, 1974). The problem is that experimental
work (for example, Winkler, 1957, 1958, 1960, 1965; Winkler and
von Platen, 1958) and field observations have concentrated on the
behavior of the major silicates during partial melting, and relatively
little data are available that describe the behavior of sulfur and
base metals under anatectic conditions. Some evidence concerning
their behavior may be inferred. from experimental studies by MacLean
(1969) and Shamazaki and Clark (1973), and from descriptions of sulfide
minerals in xenoliths from basalts given by Frick (1973) and de Waal
and Calk (1975). More importantly, the partly melted country rocks
near the Precambrian Stillwater Complex, Mont., appear to offer
observational data that are applicable to the Ray problem.
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Stillwater Complex.--Discontinuous, isolated lenses and veins of
quartz norite, as much as 5 cm wide, occur below the Stillwater
Complex in hornfelsed metasedimentary rocks of Precambrian age. The
hornfels have the mineral assemblages orthopyroxene-cordierite-biotite
and green spinel-cordierite {Page and Nokleberg, 1970, 1972a, b). The
quartz norite lenses are widespread along the projected trend of the
complex, and they extend outward from the base of the complex to a
maximum distance of 300 m into the metasedimentary rocks. Within the
areas where these lenses are developed, they compose between 1 percent
and 10 percent of the exposed rocks. Similar rocks ascribed to partial
melting or fusion of country rocks associated with mafic intrusive
rocks in northeast Scotland have been described by Gribble (1966, 1967,
1968, 1970) and Gribble and O'Hara (1967); other localities are described
by Wyllie (1959) and Agrell (in Chinner and Schairer, 1962, p. 633).

The quartz norite lenses resemble the products expected from partial
fusion of the metasedimentary rocks at temperatures near the melting
point of basaltic rocks. The logical heat source for such fusion is
the Stillwater magma; mineral assemblages are comparable with the phase
relations found experimentally by Schairer and Yoder (1970, p. 212),
Chinner and Schairer (1962), and Hytoiien and Schairer (1960) in the
system Ca0-Mg0-Al,0,-SiO,. The experimental studies show that liquids
with compositions®of quartz norite and norite could be derived from
rocks with the compositions of the metasedimentary rocks near the
Stillwater by heating to temperatures of about 1150-1200°C; at higher
temperatures, other liquids with bulk compositions of cordierite-norite
could form. Such a process, and perhaps only this process, would
explain the discordant and concordant isolated lenses of quartz norite
in the country rock of the Stillwater that contain euhedral orthopyroxene
phenocrysts. The orthopyroxene most likely crystallized from a melt-—-
on the basis of its textural and optical similarities with orthopyroxene
in the complex—and is enclosed in a quartz and plagioclase matrix that
locally exhibits a micrographic texture or is composed of vermicular
intergrowths.

Two characteristics of the quartz norite lenses are attractive
features for hypotheses concerning porphyry copper generation:
(1) the rocks derivéd by partial fusion near the Stillwater Complex
contain up to 3 percent biotite and, in other examples, primary
amphibole (Gribble, 1967), indicating that water enters partial
melts; and (2) macroscopic amounts of chalcopyrite, pyrrhotite,
and pentlandite are concentrated in, near, and around the lenses.
We speculate here that an aqueous phase (intergranular or otherwise)
was present and that the water with dissolved sulfide components was
attracted to the undersaturated melt; some part of the constituents
entered the melt, but more significantly, because of the low solubility
of sulfur in mafic silicate melts (Haughton and others, 1974)
most of this material precipitated near the hornfels-quartz norite
contacts. ’
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THE MODEL

In view of the observations and the interpreted behavior of fluids
and metals in partially melted country rock below the Stillwater
Complex, we propose a model of porphyry copper generation that is
compatible with the behavior of H,0, Cu, S, Cl, and F in the Ray rocks
and that also fits previously published experimental and observational
data. We postulate that partial melting occurred near or below the
base of the crust in Arizona during Laramide time and that insuffi-
cient H,0 was available to achieve or maintain melt saturation. The
water, carrying dissolved Cl and F, migrated along chemical potential
gradients toward the undersaturated melt. This migrating fluid carried
sulfide components as either chloride complexes (Garrels, 1941;
Helgeson, 1964) or perhaps as sulfide complexes (e.g., Barnes and
Czamanske, 1967). As proposed for the Stillwater example, most of
the sulfur, copper, and some iron and other base metals are postulated
to have remained at or near the melt contact as the F, Cl, H.O entered
the magma, resulting in a concentration of metal sulfides in“the melt
zone around pockets of magma but because of low sulfur solubility in
silicate melts not in the magma. With a continued supply of heat,
sulfide concentrations would increase around the continually growing
pockets of melt, and eventually some of the pockets of melt would
coalesce and come in contact with zones of structural weakness.

At Ray, a magma of tonalitic composition was first to arrive at
the proper volume and consistency for mobilization, transportation,
and emplacement at shallow depths. Probably insufficient HZO was
incorporated in the Ray magmas to achieve or maintain saturition
because of original paucity in H,0 content of the country rock or
because of the relative rates of ‘melting and H,0 migration and diffusion.
Thus, the magma leaving the zone of melting haa none of the problems
that a water-saturated or water-saturating magma (Luth, 1969; Burnham,
1967) might have in arriving at the required levels in the crust.
Water saturation resulting from decreasing total pressure in the
ascending magma was averted or alleviated by the crystallization of
hydroxyl-bearing phases from the magma. Therefore, relatively little
or no heat was lost through an aqueous phase escaping from the
ascending batches of magma.

Water for leaching and transport of the ore components concentrated
in the zone of melting may have been derived both by metamorphic
dehydration and by cooling and crystal differentation (except for depth,
identical to the "classical magmatic model") of some of the remaining
pockets of magma (particularly those surrounded by or below sulfide
accumulations) at conditions not favorable to total consumption of C1,
F, and H,0 in the melt by precipitating minerals. These conditions
might have been brought about by (1) disequilibrium crystallization of
the melt, (2) deficiencies in some of the melts of major elements
required to form hydroxyl-bearing minerals stable at the temperature
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of crystallization, (3) insufficient amounts of Cl, F, and H,0 in the
melts to allow attainment of appropriate activities to form “hydroxyl-
bearing minerals at the pressure and temperature of crystallization of
the melts, or (4) upward migration of nearly saturated magma within the
zone of melting. Thus, in our model it was an aqueous phase, rather
than a magma, that was enriched in sulfide components in the zone of
melting. We again acknowledge that we are not alone in postulating
that an aqueous phase from depth forms ore deposits (e.g., Barsukov

and Dimitriev, 1972; Dodge, 1972; Corliss, 1973; Noble, 1970, 1974; many others)
Our model differs in providing a concentrated Cu-S source at or above
sites of water production at depth. Whether or not the waters
remained ore bearing to exposed levels would depend at least partly
on the pressure on the fluid and the temperature of the conduits.
Thus, it is probable that transportation of ore into the porphyry
environment might be episodic, require several steps of mobilizationm,
and require the closeness in time and space of a previously emplaced
pluton or dike swarm.

The ultimate source of the metal and sulfur is unknown. However,
because basaltic rocks contain about five times more copper than
granitic rocks (Turekian and Wedepohl, 1961), the process would have
been aided by the presence of mafic rocks or rocks derived from mafic
rocks. The ultimate source of the water could be pore and structural
water released by prograde metamorphism.

The model that the sulfide components for porphyry deposits (and
perhaps other base metal deposits) accumulate in melt zones during
anatexis and move to an upper crustal site via an aqueous rather than
a magmatic phase is presented as another end-member model that must
inevitably change or be combined with other models to accommodate future
observations and experimental data. Furthermore, the model need not
apply to every deposit or every region. However, it has exploration
applications because it implies a structural control for at least some
porphyry-type deposits and suggests that the presence of an upper
crustal calc-alkaline pluton may not be a required criterion for
prospecting.
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DISTRIBUTION OF COPPER IN BIOTITE AND BIOTITE
ALTERATION PRODUCTS IN INTRUSIVE ROCKS NEAR

TWO ARIZONA PORPHYRY_ COPPER DEPOSITS

By NORMAN G. BANKS, Menlo Park, Calif.

Abstract.—Biotite and its alteration products (primarily chlorite) |
from igneous rocks around the Ray and Esperanza (Esperanza-Sierrita)
porphyry copper deposits, Arizona, were analyzed for copper by
electron microprobe. The copper occurs in amounts >90 p/m (limit of
detection) in most of the chlorites analyzed,_is concentrated at the
optical and chemjcal boundary of chlorite and biotite, and is not
associated with sulfur. Most unaltered igneous and hydrothermal
biotites analyzed contain <90 p/m Cu, and except for one sample, all
copper that was detected can be explained as contamination by copper
from chlorite grains. The paucity of detectable copper in igncous and
hydrothermal biotite and its presence in daughter chlorite suggest that
the positive association noted by some workers between the proximily
of an ore deposit and the copper content of biotite might be partly the
result of increased amounts of chloritization of biotite near a deposit
coupled with difficulty in physically cleaning the biotite scparates.
Additionally, previous speculations that (1) part of the copper in a
deposit may come from altered biolite, and (2) copper in biotite
indicates how copper behaves in a differentiating magma, arc of
doubtful value if based on data derived from analyses of bulk mineral

separates, .

The copper, sulfur, and major-clement contents of biotite
and its alteration products from igncous rocks associated with
the Ray and Esperanza (Espcrunza-Sicrrilu) porphyry copper
deposits were determined by microprobe analyses. The results
do not agree with some of the published data about the
distribution. of copper in biotite nor with some of the specula-
tions drawn from that data.

The Ray samples, collected 2-11 km from the deposit,
consist of 2 ore specimens and 21 igneous rocks representing 5
intrusive ‘types. All five intrusive types are cut by sulfide-
bearing veinlets in and around the Ray deposit. The deposit is
located about 120 km north of Tucson, Ariz. The intrusive
rocks temporally associated with the deposit range in composi-
tion and texture from hornblende diorite (andesite) to quartz
monzonite (quartz latite) (Cornwall and others, 1971; Banks
and others, 1972). Intrusion began about 70 m.y, ago and
continued to about 60—61 m.y. ago—the Laramide age of the
youngest intrusive body (Granite Mountain Porphyry) within
the commercial limits of the deposit (Creasey and Kistler,
1962; Banks and others, 1972; Banks and Stuckless, 1973).
Sulfide mineralization followed, and the deposit cooled below

100°C about 60 m.y. ago (Banks and Stuckless, 1973).

The Esperanza deposit, about 40 km south of Tucson, is
associated with the Ruby Star Granodiorite, also Laramide in
age (Creasey and Kistler, 1962; Damon and Mauger, 1966). T.
G. Lovering Kindly supplicd igneous biotite, separated from
seven samples collected from this intrusive body, 0.8-4 km
from the center of mining activity at Esperanza.

ANALYTICAL METHODS

Extreme care was taken to eliminate contamination of
copper by external sources. Rock chips (Ray samples) and
mineral grains (Esperanza samples), plastic mounted onto glass
dides and cut to 40- to 50-um thickness by diamond saw, were
ground and polished on glass plates in several steps, using
diamond powder as an abrasive to remove any copper smeared
onto the specimens from brass in the saw blade. Between each
step, the slides were agitated in an ultrasonic cleaner, then
positioned so that the direction of polishing was 90° from the
previous direction. Finally, the slides were polished four more
limes on nylon over glass with alumina powder, agitated in an
ultrasonic  cleaner, and again rotated 90° between each
polishing step.

Several mounts were polished on a lead-bronze lap with
diamond powder, analyzed, repolished by use of the four-step
alumina method, and finally reanalyzed to check if any copper
physically smeared onto the sample was actually removed by
the polishing with alumina. Copper in erratic but measurable
concentrations (pagts per million) was detected on some
biotite grains in the slides polished on the lead-bronze lap (not
on well-polished nonlayer silicates) but was not detected on
the same grains after the alumina polishing. Thus, sample
contamination by copper sources external to the sample is
believed to have been eliminated by this polishing.

Contamination of minerals by copper from other minerals in
the slide could not be eliminated. However, the sources of
conlamination are identified, and as explained later, the
contamination does not alter the conclusions drawn here.

The copper and sulfur analyses were made with an ARL
(Applied” Research Lab.) model EMX-SM electron microprobe
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using a LiF crystal for copper and an ADP crystal for sulfur,
an excitation voltage of 20 kV, a sample current of 3x10-8 A
on brass, and chalcocite (Cu,S) as a standard. Integration
times of 200%2 s were obtained by termination of counting on
fixed-beam current. For most analyses the clectron beam was
fully focused. Buildup of carbon contamination and noticeable
loss of volatile components were avoided by moving the beam
with magnetic deflectors to sweep areas as much as 10 by 8
pm. If the shape of the grain did not permit sweeping of areas
of at least 5 by 4 pm, a defocused beam (2—3 pm diam) was
used, and the sample was moved under the beamn about once
every 20 s.

Xeray intensity data (counts) were obtained by averaging
2-40 (usually 6-8) observations on cach grain. Initially,
correction of the raw intensity data was done by computer
and included drift, background, and matrix corrections (mass
absorption, secondary fluorescence, and atomic number ef-
fects; Beeson, 1967; Beaman and lsasi, 1970). Individual
backgrounds for each grain were' determined by observing
counts above and below the peak wavelengths of copper and
sulfur. Major-clement data required for the corrections and
data in table 3 and figures 6 and 7 were obtained at an
excitation voltage of 15 kV and count times of 20+0.5 and
40x1 s. It developed, however, that the computer correction
factor for trace amounts of copper and sulfur (50—5,000 p/m)
is nearly constant for each mineral type studied regardless of
its exact major-element composition. Thus, in the later part of
the study and for most of the data on tables 1 and 2, a matrix
correction for copper and sulfur in cach mineral type (derived
in the initial study) was applied by hand. During this stage of
the study, usually magnesium or potassium was monitored as a
check on the purity of the mineral grains.

A homogeneous synthetic glass containing about 400 p/m Cu
and 520 p/m S was repeatedly analyzed under the above
operating conditions. The one standard deviation of error from
the average amount of copper present in the glass was 10
percent (8 percent for S), and the maximum deviation was 20
percent (15 percent for S). Detection levels were established at
three times the square root of the average background counts
(Birks, 1963); thus, copper is cousidered detectable at about
90 p/m (50 p/m for S) at the above operating conditions in the
minerals analyzed.

COPPER AND SULFUR CONTENTS OF THE MINERALS

The copper and sulfur contents of hydrothermal biotite
from the Ray deposit and of igneous biotite and its alteration
products (chlorite, epidote, sphene, and hydrogarnet?) from
five intrusive rock types located near the deposit are listed in
table 1. Similar data for igneous biotite and its alteration
products from the Ruby Star Granodiorite near the Esperanza
~ deposit are presented in table 2.

Chlorite formed by alteration of biotite near both the Ray

COPPER IN BIOTITE AND BIOTITE ALTERATION PRODUCTS, ARIZONA

and Esperanza deposits contains significantly more copper
than the unaltered igneous biotite analyzed (fig. 1). Most of
the biotite grains (80 percent of the Ray and 75 percent of the
Esperanza biotite), including those of hydrothermal origin, do
not contain detectable amounts of copper, whereas 635 percent
of the Ray chlorite grains analyzed and 90 percent of the
Esperanza chlorite grains analyzed contain detectable amounts
of copper.

LOCATION OF COPPER IN CHLORITE

Sulfur and copper in the biotite and chlorite were monitored
during the analyses on a memory oscilloscope or on Polaroid
film over a nonrecording oscilloscope to determine whether
sulfide or sulfate inclusions might account for the copper in
the chlorite or biotite. With one possible exception (a chlorite
grain in sample 2GM14, not listed in table 1), no such
inclusions were found. Furthermore, it is unlikely that the
copper is present in sulfide or sulfate grains that are smaller
than can be detected on the oscilloscope because increases in
the amount of copper in either biotite or chlorite are not
accompanied by corresponding increases in the amount of
sulfur (fig. 2). For example, the ratio of copper to sulfur
should be 1 to 1 if the copper were present in chalcopyrite
inclusions and 4 to 1 if the supposed inclusions were
chalcocite; these ratios are not found (fig. 2). In addition,
several quantitative analyses for Mo, Zn, Pb, Mn, Cl, and F (by
microprobe) indicate that the copper in the grains also is not
associated with these elements. The presence of copper
carbonates or nitrates was not checked directly because the
sections were carbon coated, and an analyzing crystal suitable
for nitrogen analyses was not immediately available. A direct
check for the presence of copper silicates and an indirect
check for the presence of copper carbonates, oxides, and
nitrates by analyzing the grains for silicon and oxygen was not
possible because the copper occurs in a silicon-oxygen matrix
(biotite and chlorite) having approximately the same silicon or
oxygen contents as the krniown copper carbonates, oxides,
nitrates, and silicates. Thus, any variations in silicon or oxygen
intensity data capsed by the presence of minute quantities
(parts per million range) of these minerals would be masked by
analytical uncertainty in such data. Quantitative analyses for
Se, W, As, Sb, Te, I, V, and P (the other clements occurring in
known copper-bearing minerals) were not made, but qualita-
tive scans were. As noted in the tables, the copper in chlorite is
often distributed inhomogeneously and, as discussed below, is
locally concentrated in sufficient quantities so that X-ray
images of its distribution can be observed on and photo-
graphed from an oscilloscope. Similarly, if Se, W, As, Sb, Te. I,
V, or P were present in amounts comparable to the copper,
they could be observed on the X-ray images; they were not.
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Table l.—C&pper and sulfur in biotite and its alteration products from the intrusives near the Ray porphyry copper deposit, Arizona

icate real or fictitious element contents resulting from higher-than-background counts at the peak wavelength of the element. Copper

Iialues in regular type denote element is present at or above detcction level (about 90 p/m for Cu and 50 p/m for S). Values in italie type
nd sulfur values are not significant to three figures. Precision is lower in grains in which copper and sulfur are not homogeneously distributed ]

Rock type  Sample Grain Mineral Copper Sulfur | Rock type Sample Grain Mineral Copper  Sulfur
. , (p/m 10 (p/m £10 (p/m £10 (p/m 210
percent) percent) percent) percent)
Tortilla C217-1. ..., 1BI Biotite 0 SCL ..do.. 0 0
Quartz ' 2BI ..do.. 0 Sy, 1EP Epidote 0 0
Diorite. , 3BI1 ..do.. 0 138 X 4EP ..do.. 0 0
‘ SBI ..do.. 0 161 Rattler 260-113D .. 2BI Biotite 0 189
. 2L Chlorite 0 | Grano- B ..do.. 0 256
' 4CL ..do.. 42 20 diorite—Con. 4BI ..do.. 0 190
g S5CL ..do.. 16 . 0 SBI ..do.. 0 254
‘ 6CL ..do.. 0. .0 3CL Chlorite 0 0
7CL ..do.. 24 23 4CL ..do.. : 0 /]
6EP Epidote .. 42 52 M Hydrogarnet? 0 0
7EP ..do.. 0 0 1EP Epidote 0 0
217-28 .... 1BI Biotite 386* 167 SEP ..do.. 0 15
: 3Bl ..do.. - v 39 199 246-11A... 1BI Biotite 256*
‘ ¥ . 4Bl ..do.. 52 1BIA ..do.. 245
, 5BI ..do.. 109 2BI ..do.. 0 313
BTM1 ..do.. 21 199 4BI ..do.. 405*
1CL Chlorite 206* 59 i 5BI ..do.. 57 294
‘ 2CL ..do.. 244* T SBIA ..do.. 119*
i 4CL ..do.. 149 86* BIM1 ..do.. 496* 280
, S5CL ..do.. 120 45 BIM2 ..do.. 0 282
' 4M Hydrogarnet? 151* 79 ICL Chlorite 2218* 21
3EP Epidote 40 28 ICLA ..do.. 1368
248-29., ... 2CL Chlorite 60 L 3CL ..do.. 460 14
' 3CL ..do.. 190 3ICLA ..do.. 2000* 10
Rattler 246-99B .. 3BI Biotife 697 172 4CL ..do.. 405
Grano- . 1CL « Chlorite 569 73 4CLA  ..do.. 3138*
diorite. 2CL ..do.. 432 ., 50 4CLB ..do.. 617
46-11G .. BI Biotite 0 SCLA ..do.. 2397+
' CL Chlorite 2237 SCLB ..do.. 4118*
: EP Epidote 2000* SCLC ..do.. 8340*
246-11G ... 1BI Biotite 26 CLM1 ..de.. 1432* 20
3BI ..do.. 28 199 CLM2 . .do.. 9842* 0
4BI ..do.. 0 181 260-96A. .. 1BI Biotite 52 214
7B1 ..do.. 110 146 . 3BI ..do.. 0 191
BTM1 ..do.. 0 197 4BI ..do.. 0 220
1CL Chlorite 626 SBI ..do.. 0 185
SCL ..do.. 51 1 2CL Chlorite 754* 254
6CL ..do.. 105 0 2CLA ..do.. 416 262*
CIM1 .. do.. 0 10 3CL ..do.. 1160* 54
CLM2 .. do.. 0 6 o 6CL ..do.. 674* 112+
2EP Epidote 10 41 : 1EP Epidote 603* 22
: 6SP Sphene 53 82+ 6SP Sphene 94 o
61-25 .... BIGM Biotite 0 Rhyodacite 2GM100... 1BI Biotite 51 290
BIl ..do.. 0 dike 2Bl ..do.. 36 243
BI2 ..do.. 0 381 ..do.. 15 274
CL2 Chlorite 291 2CL Chlorite 0 44
' Ep2 Epidote 157 4CL ..do.. 102 105
261-25... .. 1BIA Biotite 0 209 5CL ..do.. 66 117
1BIB ..do.. 0 283 4EP Epidote 0 ]
3Bl ..do.. 0 184 SEP ..do.. 130* ¢
SBI ..do.. 0 156 4SP Sphene 0 0
2CLA  Chlorite 0 0 5SP ..do.. 0 0
2CLB  ..do.. 0 0 | Granite GMl4..... BI Biotite 0
4CL ..do.. 0 5 Mountain CL1 Chlorite 0
Porphyry.
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Table 1.—Copper and sulfur in biotite anil its alteration products Srom the intrusives near the Ray porphyry copper deposit, Arizona—Continued

O - Copper  Sulfur Copper Sulfur
Rock type  Sample Grain Mineral (p/m10 (p/m£10 | Rock type  Sample Grain Mineral (p/m:10 (p/m10
' percent) percent) percent) percent)
Granite GM14 .... Cl.2 odoo. 582 Granite 26MOGR .. 4BIM odo.. 0
Mountain CL3 ..do.. 31 Mountain 3CLM1  Chlorite 261
Porphyry—. EP Epidote 0 Porphyry— CLM2 . . do.. 142
Con. } SP6 Sphene 0 Con. 4CLM | .do.. 125
‘20.\“ ... 1Bl Biotile 20 311 3GM6G. . .. BIl Biotite 0
281 ..do.. 0 Bi2 ..do.. 0
RAH I ..do.. 0 202 BI3 ..do.. 0
3l .do.. 198 273 CLI1 Chlorite 385
4Bl .do.. 0 237 CL2 ..do.. 382
6BI .do.. 0 CL3 ..do.. 414
BTM1 ..do.. 0 158 2GM4V. ... BIB Biotite 110
2CL Chlorite 110 0 1BIA ..do.. 0
5CL .do.. 12 11 3BIA ..do.. 0
6CL ..do.. 5 68 3BIB ..do.. 0
CIM1I . .do.. 79 75 ICL Chlorite 915*
GMI2R.... 2BIX liotile . 0 208 1CLA ..do.. 818*
2l o, 111 237 3CL ..do.. 105
3BIA ..do. . 144 180 2GMI1A. ... 2CL ..do.. 324
LB ..do.. 110 156 2CLA  ..do.. 275
Bl ..do.. 125 152 2CLB ..do.. 311
3CL Chlorite 699 26 CLM ..do.. 1537*
3CLA . .do.. 294 26 Teapot TTM...... ICL Chlorite 1235%
1CLL odo. . 297 41 Mountain 3CHL codo. 1172%
5CL ..do.. 527 98 Porphyry. CLMI  ..do.. 1006*
GM6GR ... BIl1 Biotite 0 1sp Sphene 145
BIA ..do.. 0 3Sp ..do.. 121
3BIA .do.. 0 120 Hydro- 2P70-22 ... 1B Biotite 80 90
4BIA ..do.. 0 190 thermal 281 ..do.. 46 486
JCLA Chlorite 3440% 0 biotite. TI23R ... BI} Biotite 26 189
4CLA .. do.. 80 0 _BI2 ..do.. 37 113
+ CLA ..do.. 200 BI3 ..do.. 6.1 156
2GM6GR .. 2BIM Biotite .0 190 BI4 ..do.. 30 197
3BIM ..do.. 0 BIS ..do.. 33 191

*Element not distributed homogencously in the grain. Crilerion
used was whether standard deviation from mean of counts divided by
the square root of the average counts is >3 (Boyd, 1969).

The copper reported for chlorite in tables 1 and 2 was
probably not smeared over the chlorite from other copper-
bearing phases in the mounts because (1) the distribution of
copper in the chlorite (discussed next) precludes such a source,
(2) the copper content of the chlorite grains does not reflect
the proximity, size, or even presence of copper sulfides in a
given slide (always <200 p/m including chalcopyrite), and (3)
except for sample 246-99B (table 1), copper was not found in
other igneous silicate, oxide, or phosphate phases in the
samples in amounts equal to or greater than that found in
chlorite. Contamination of the chlorite with copper from
chalcopyrite in veinlets was avoided by using probe mounts
that contain no veinlets.

The amount of copper in chlorite is highest near the
chlorite-biotite contact. Chlorite more than 50 gm from the

mincral contact contains about 600-1,000 p/m Cu, biotite
more than 50 gm from the contact contains copper in
amounts just at or below the detection level, and about 1.5
percent Cu is found in the chlorite at the mineral contact (fig.
3A, sample 2GM4V, gain 1 CL). The amount of copper
(about 1.5 percent) at the mineral contact is probably low
because the material excited by the beam and secondary
radiation extends beyond the visible mineral contact. Like-
wise, the broadness of the copper peak (fig. 34) may be partly
the result of excitation of copper in the contact zone by
secondary radiation from points located in chlorite and biotite
near the mineral contact.

The concentration of copper in chlorite along another bio-
tite-chlorite boundary is shown as X-ray images photographed
from an oscilloscope (fig. 4). The chlorite contains about
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Table 2.—Copper and sulfur in biotite and its alteration products from Ruby Star Granodiorite

near the FEsperanza porphyry copper depuosit, Arizona

i

(alues in regular type denote element is present at or above detection level (about 90 p/m for Cu and 50 p/m for S). Values in italic type indicate
real or fictitious element contents resulting from higher-than-background counts at the peak wavelength of the element. Copper and sulfur values
are not significant to three figures. Precision is lower in grains in which copper and sulfur are not homogencously distributed )

'

Copper Sulfur Chlorite in Copper Sulfur Chlorite in
Sample Grain Mineral  (p/m, £10 ( p/m, 8 separale | Sample Grain Mineral  (p/m,+10  (p/m, +8 separate
' pereent)  percent) (pereent) (percent)  percent) (percent)
T434R.... BT5 Biotite 63 106 0.1 T467R ... .. BTM4 Biotite 152 243
BTM1 .. do.. 0 180 BITMS ..do.. 0 197
BTS5A ..do.. 0 139 CL1 Chlorite 766* 0
BT5C ..do.. 0 138 ClL2 ..do.. 3418* 0
BT5C1 ..do.. 0 125 CL3 ..do.. 3024* 7
CL5, Chlorite 0 17 CLM1  ..do.. 1335 0
T435R .... BTl Biotite 21 141 3.5 CIM2 .. do.. 1060 14
BT2 ..do.. 45 126 T468R.... BT1 Biotite 49 201 12.4
BT3" ..do.. 73 126 BT2 ..do.. 3 345
BT4 ..do.. 6 160 BT3 ..do.. 0 239
BT3 ..do.. 200* 8?7 BT4 ..do.. 0 221
) CLM1  Chlorite 4758* . S8 CL1 Chlorite 924* 0
‘ CLM2 .. do.. 161 0 CL2 ..do.. 9700* 96
CL1 ..do.. 2040* 6 CL3 ..do.. 10,000* 36
T465R .... BT1' Biotite 0 69 0.7 CL4 ..do.. 4500* 32
; BT2 ..do.. 145 119 T8R...... BT1 Biotite 0 141 17.6
BT3. ..do.. 0 156 BT2 ..do.. 616* 97
BTM1 ..do.. 0 110 B3 ..do.. 0 167
BIM2 | do.. 0 102 BT4 ..do.. 32 125
BTM3 ..do.. 0 125 BTS ..do.. 129 109
CL1 Chlorite 175 20 CL1 Chlorite 403 0
SP1 - Sphene 255 56 CL2 ..do.. 323* 16
T467R.... BT1 . Biotite 65.4% 172 1.2 CL3 ..do.. 669* 0
BT2 ..do.. S11* 140 CL4 ..do.. 1656* 30
BTM] ..do.. 28 275 CLS ..do.. 429 10
BTM2 .. do.? 173 263 Sl Sphene 57 23
BTM3 ..do.. 43 232 Sp2 ..do.. 333 65
, “ SPa ..do.. 0 49

*Element not distributed homogencously in the
rool of the average counts is >3 (Boyd, 1969),

5,000 p/m Cu at the mineral contact and about 500 p/m (aver-
age) away from it. Although sulfur counts were collected for
longer times than the copper counts, corresponding sulfur
counts (fig. 4C, F) are lacking where the copper is concentra-
ted. Background sulfur in biotite (300 p/m) was not detected
in figure 4C and F.

Figure 38 shows a paucity of copper in compositionally pure
biotite, a high concentration of copper in chlorite at the
compositional chlorite-biotite contact, and a decrease in
amount of copper in chlorite as it becomes chemically purer
(as demonstrated by loss of K). Thus, copper is both spatially
and compositionally associated with the biotite-chlorite transi-
tion, which implies that the copper was introduced in the
fluids that destroyed the biotite and formed the chlorite. The
fact that other elements known to coexist in previously

grain. Criterion used was whether standard deviation from mean of counts divided by the square

described copper minerals were not concentrated with the
copper suggests that the copper probably is present in either
lattice or more loosely attached sites in the chlorite or other
silicate minerals formed during transition of the biotite to
chlorite. In the compositionally purer chlorite, the copper may
be partly in exchangeable sites and partly in lattice sites.
Daodge, Smith, and Mays (1969) and Parry and Nackowski
(1963) point out that the radius of Cu*? is appropriate for its
camouflage in Fe'? and Mg*? (octahedral) positions. In the
transitional material, the amount of copper present and the
fact that cold concentrated nitric acid leaches copper from the
Esperanza biotite-chlorite grains exposed in a rock-slab surface
(T. G. Lovering, oral commun., 1972) might suggest a cation
exchange position for part of the copper. The nature of the
attachment of copper in this transitional material is discussed
more fully in a later section.



00

COPPER IN BIOTITE AND BIOTITE ALTERATION PRODUCTS, ARIZONA

“B7 1 MM ]
aoff] ! RAY J 0kl ESPERANZA .
¥ : BIOTITE i 5 : BIOTITE ]
="y AN - 8k | 4
r- ' - b I -
! - 1ok : ]

R 4 5
B} 13 ] b1 2 ]
" His ] L1 s ]
2k|13 : 17| A :
|12 n ]
20p :O - (o] o4 'O -
C R . I 1
, 16 : - 8k | .
=8 - K -
b { - okl E
| 4 L : -
I 4t -

!

Z
Z D
1
Q
U
o
520 l—- 10 T
o] |°>’ ] - L !
g 3 AY - ESPERANZA
2 16 :g CHLORITE : T 1z CHLORITE 1
: -4 -'— p— -
ke - of 18 .
Iz | 13
iQ b 18 T
e 1 @ -
ﬁ 4 el
E - -~
4 v, e
- ! -
]
) o |
2000 °g g 8 2000
= 82283823 8R >
E
20 T 10 ]
- :__ RAY EPIDOTE, SPHENE, . B ESPERANZA 7]
of 13 AND HYDROGARNET ? . T SPHENE .
I i (13, ’
|2‘ lg e 6-': -
g > - 1.2 -
- . 1O
8 :3 - 4 .% -
=11 n =) 1
4 | -4 2’-: -
- =
o] lllALLAnAIA n.nt.lnl;...nnlnnm_‘ 0
[@) Q [ 3K *)
8% 3833888882865 58 voum CEREVIEREEESEITRER Jano
C COPPER CONTENT, IN PARTS PER MILLION F

Figure 1.—Frequency histograms showing copper contents of biotite (4 and D), chlorite (B and F), epidote, sphene, and hydrogamet?
(C), and Sphene (F) from Laramide intrusive rocks ncar the .Ray and Esperanza copper deposits, Arizona. Detection levels
established at three times the square root of the average background counts (Birks, 1963).
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Figure 2.—Plots of copper versus sulfur contents of igneous biotite (4 and C) and chlorite (B and D) derived from the biotite from rocks
near the Ray and Esperanza copper deposits, Arizona. Note that different scales arc used to plot copper in chlorite and copper in
biotite. Three points from the Rattler Granodiorite and one from the Tortilla Quartz Diorite plot at the origin of B. Some points are
slightly offset for plotting purpeses. Detection levels were established at three times the square root of the average background

counts (Birks, 3963).
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- CONTAMINATION ORIGIN FOR COPPER IN BIOTITE

The increase in copper content from parent Dbiotite to
daughter chlorite is probably even more striking than figure 1
shows because most biotite grains having detectable amounts
of copper come from samples that contain chlorite having
considerably more copper than the biotite. Thus part or all of
the detectable copper reported for biotite may be copper from
chlorite that has been smeared over the biotite during polish-
ing. There is no simple relation between the degree of altera-
tion of biotite in a sample and the presence or number of
copper-bearing biotite grains analyzed in a sample. This is not
surprising because the amount of copper smeared over the
biotite would depend upon the proximity of copper-bearing
chlorite, the amount of copper in the chlorite, and the posi-
tion of a biotite grain relative to a copper-bearing chlorite and
the final direction of polishing. However, the samples that
have very little biotite alteration or that have no chlorite grains
with detectable copper also have no biotite grains with detect-
able copper. In addition, biotite precipitated from copper-
bearing fluids (hydrothermal biotite, table 1) does not contain

detectable copper except immediately adjacent to chalcopyrite
(these analyses were not reported in table 1 because of likeli-
hood of copper contamination from the sulfide). Therefore, it
is likely that the igneous biotite (with the possible exception
of sample 246-99B, grain 3BI) does not contain copper in
amounts detectable by the probe and that the copper in all but
one biotite reported in tables 1 and 2 may be best explained
by autocontamination. The exception, sample 246-99B, grain
3BI, is not casily explained by contamination with copper
from chlorite because only the two grains of chlorite, both
completely chloritized with no biotite-chlorite contact, occur
in the sample, and the biotite contains more copper than the
chlorite (table 1). Copper in this biotite also is not easily
explained by contamination with copper from sulfides because
no chalcopyrite occurs in the probe sample, and the pyrite
contains less copper (300 p/m) than the biotite. Homblende iz
the sample may contain copper (<95-percent confidence), but
also in lesser amounts than the biotite.

The significance of the presence of copper in biotite and its
possible presence in hornblende in sample 246-99B is not
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Figure 3.—Distribution of copper in biotite, chlorite, and transitional
material, Bars indicate range of potassium (K) counts that designates
refatively pure chlorite (<0.1 percent K, 0) and biotite (K counts equal
to the average of K gounts for biotite grains with no chloritization in the
same mount). Counting time is 200 s, terminated on fixed beam cur-
rent. Detection level was cstablished at three times the square root of
the average background counts (Birks, 1963). A, Distribution of
copper in biotite and chlorite relative to the optical mineral
boundary. B, Distribution of copper in chlorite, biotite, and tran-
sitional material relative to concentration of potassium.

clear. The sample is from the niost mafic facies (diorite) of the
Rattler Granodiorite, a fact that might suggest that copper
actually is incorporated in biotite in mafic bodies during
crystallization. However, biotite in equally mafic rock (Tortilla
Quartz Diorite, table 1) and more mafic rock (diabase, unpub.
data) does not contain detectable copper. Thus no trend of
increasing copper content of biotite with decreasing silica
content of the host rock is established for the rocks of the Ray
arca.

COPPER-RICH BLEACHED ZONES IN BIOTITE

Some biotite grains in the Granite Mountain Porphyry and
older Laramide intrusive rocks have bleached (golden colored)
zones oriented parallel to the (001) plane. The zones are
sometimes offset along fractures that developed in the biotite
prior to consolidation of the magma. Many of these zones are

COPPER IN BIOTITE AND BIOTITE ALTERATION PRODUCTS, ARIZONA

obvious extensions of chloritized layers, but others do not
grade into optically perceivable chlorite at either the middle of
the bleached zone or the edge of the grain. Some of the
bleached zones contain unexpectedly large amounts of copper
(table 3). A copper X-ray image of two such zones is shown in
figure 5:1. The wider zone is the one analyzed in mount
3GMOG of table 3.

As the small amounts of sulfur in the copper-rich zones
indicate (table 3 and fig. 5C), the copper is not present in the
form of submicroscopic copper sulfide or sulfate inclusions. In
addition, X-ray images of the following elements indicate that
they are not present in more than parts per million amounts in
the bleached zones: F, Na, P, Cl, Ca, Sc, V, Cr, Co, Ni, Zn, Ga,
Ge, As, Se, Br, Rb, Sr, Y, Nb, Mo, T¢, Ru, Rh, Pd, Ag, Cd, In,
Sb, Te, I, Cs, Ba, La, HE, Ta, W, Re, Os, Ir, Pt, Au, Hg, T1, Pb,
Bi, Th, Pa, and U. '

Because of the carbon coating and lack of a suitable
analyzing crystal, it could not be determined directly whether
carbonates or nitrates account for the copper in the zones.
However, the amount of silica in the zones suggests that the
copper is not explained by the presence of known carbonates
and nitrates, or even known oxides and silicates. Significantly
less silica is present in such minerals than in chlorite (0—20
versus 20-27 percent). Therefore, if the zones were simply a
mixture of known copper carbonates, nitrates, oxides, sili-
cales, chlorite, and biotite, the amount of silica in the zones
having appreciable amounts of copper (analyses G, O, P, Q, R,
S, table 3) should be, but is not, measurably less than the
amount of silica in chlorite.

It is not within the scope of this report to determine the
exact mineralogic composition of the zones, but some specula-
tion is warranted. The zones are assumed to represent incipient
chloritization of biotite by fluids that may or may not carry
copper, because chlorite occurs at grain edges along many of
the zones and copper is concentrated at many optical
biotite-chlorite boundaries (figs. 3, 4). However, except for
Si0; and K;0, the amounts of individual constituents and
structural formulas of the copper-rich zones (analyses B, E, G,
H K, L,O,P,Q, R, S U, and V, table 3) are not uniformly
intermediate between the amounts of individual constituents
and structural formulas of the parent biotites (analyses A, D,
F, J, N, and |, table 3) and those of chlorite along the same
zone or in the same rock sample (analyses C, [, M, and W, table
3). Although an increase in density of the zones relative to
chlorite and biotite resulting from replacement of K, Ti, Mg,
Fe, and Mn by Cu could account for some of the discrepancies
in the nonuniform transition in chemistry between the zones
and chlorite and biotite, the density shift is somewhat
compensated by the amount of water required in the zones in
order to arrive at reasonable totals of the constituents (the
qualitative scans climinate significant contribution to the
totals of clements other than I and O). Thus it is apparent
that the material in the zones is more than a simple mixture of
well-formed chlorite and biotite. In addition, the large amount







204 . COPPER IN BIOTITE AND BIOTITE ALTERATION PRODUCTS, ARIZONA
Table 3. —~Microprobe analyses and structural formulas Jor biotite, chiorite,

Mount No.. .. ... 26M4V GM6G
GrainNo. ...... 1 3
Area analyzed . . . BIA Bl CL BIA BI BIA
Mineral ...... Biotite Copper-rich zone Chlorite Biotite Copper-rich zone Biotite
Letter refcre_.nce

intext ....... A B c D E F

' Microprobe analysis (percent)

Si0,...... vv.. ] 37.620.2 32.7:1.2 27.4+0.3 38.1:0.3 37.2:0.4 36.5:.03
ALO; ........] 15.5:0.1 15.620.5 16.8:0.2 14.5£0.1 15.0:0.2 15.6+0.1
FeO' . ........] 17.4202 19.4:0.7 24.3:0.2 17.620.1 17.6:0.1 18.4:0.2
MgO ... ....... 11.4:0.1 14.4:0.4 16.2:0.1 12.4x0.1 11.520.05 11.440.1
CaO .. ......... Gy s s e
MaO ... 1620.01 " 32£0.03 6420.02 42:0.02 42:0.02 .5920.05
Cul ......... ND3 Y 11202 112002 | ND 1.4:0.4 ND
TiO, .......... 3.220.1 .74£0.41 .09:0.010 | 3.4:0.03 3.520.1 2.520.1
KO .......... 9.710.1 2.3:0.07 .09:0.018 | 9.9:0.1 9.0:0.5 9.5:0.2
o .02£0.004 ND ND .03:0.006 .03:0.008 .020.006
Foo .77£0.06 .18+0.17 .1620.03 86:0.04 81£0.05 660.06
R I U ISR EERRT E .01+0.001

T ee.]961 86.7 85.8 97.2 96.5 95.2
Less O=CI4+F _ | 3 1 1 ) 3 3

X, 95.8:0.4 86.6:1.7 85.7:0.4 96.8:0.4 96.2:0.8 94.9:0.5

Structural formulas*

Anions per

formula |, 22 22 28 2 7 22 22 28 22
Si** L. 5.68 5.35 6.82 5.91] 5.71 5.64 7.17] 5.60

v 8.00 .+ 8.00 8.00 8.00 8.00 8.00 8.00 8.00
ACY 2 32} 2.(»5} l.lﬂ} 2.09]L 2.29} 2.36} .83} 2.40}
AV, 45) 37) 2.65) 2,18 27) 32) 2.58) A43)
Tt .36 .09 12 01 38 40 51 .29
Mg* .l 2.57 3.51 4.47 5.21 2,77 2.60 3.31 2.61
L U (0 L % tlise]  o2bies] L [38] 16 [ 576 sotinzz| ... {577
Fe** ..., 2.20 2.66 3.38 1.38 221 ° | 223 284 2.36
Ma*2 L .06 | 04 .06 12 05 ] 05 | .07 08 |
R+ L P I W 4 A8 61) 02 ] 1.89 1.74 221 186

' Total Fe calculated as FeO.

* Blanks indicate no analysis was made for the component.
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and copper-rich zones in biotite Jrom Granite Mountain Porphyry
GM6G—Continued
W 4
Cul Cu3 CLA BIA Cul Cu3
Copper-rich zone Chlorite Biotite Copper-rich zone
G I N ] K L
Microprobe analysis (percent)—Continued
32.9:2.4~ 34.9+2.3 26.6:0.4 37.0£0.4 33.4:29 36.3£0.7
13.5+£0.7 14.3£0.7 17.3:0.2 14.7+0.2 13.5+1.3 14.0:0.3
15.3+0.9 17.0£0.7 24.210.2 17.610.1 16.2:0.3 17.420.4
9.51“1.3 11.3+0.7 16.4+0.1 11.9:0.1 10.6+0.2 11.420.5
46+0.05 .51+0.05,, 86+0.03 56+0.01 .46+0.03 05+0.028
13.520.9 4.620.9 43:0.04 | ND 1.0£0.6 5.3:0.8
3.5tb.7 4.8+3.8 .08+0.02 3.8+0.1 3.0:0.6 3.5:0.1
4.6x1.9 7.7¢1.9 .09+0.03 9.4+0.1 5.5:0.7 8.1:1.2
ND ND ND .03+0.006 .06:0.03 .04:0.007
.70:0.13 .79:0.17 .09£0.08 .09+0.04 86:0.14 .73+0.09
.01 ’20.001 .0120.001 ND .02:0.002 02+0.002 .02:0.002
91.0 95.9 86.1 95.7 84.6 96.8
4 R 3 4 3
93.6+3.7 * 95.6+5.1 86.1:0.5 95.4+0.5 84.2t3.4 96.5:1.8
Structural formulas® —Continued
22 28 22 28 28 22 22 28 22 28
5.69 6.80 5.40 6.87 5.74 5.63 5.69 7.24 5.57 7.09
> laoo " bs.00 8.00 800 | " Lgoo 8.00 8.00 8.00 8.00 8.00
2.31 1.20 2.60 1.13 2.26 2.37 2.31 .76 243 91
A40)  2.09) 01 ) 2.19) 214 ) 26 ) 40 | 2.69) 10 2.31)
.38 .04 .56 71 01 43 .J8 49 40 51
2.69 2.92 2.61 3.32 5.28 2.70 2.69 3.42 2.61 3.32
13 +5.982.10 +1.59] .54 ~5.99 .68 ~11.72 07 212.05 ~3.70 A3 £598 .16 r11.30] 61 6.02 .78 ~11.79
) [
2.31 2,65 2.20 2.80 4.37 2.24 231 294 2.23 2.84
07 08 07 | 09 16 07 07 | 08 07 J 01
1.19 1.21 ) 1.52 1.93 .02J 1.82 1.19 1.52 1.59 2-02J

3ND means component not detected at the following amounts: 0.01

percent CuO, 0.03 percent TiO,, 0.005 pereent

0.04 percent F.

S, 0.01 percent Cl,

4 Structural formula calculated on an anh
program of Jackson and others

and F.

ydrous basis using computer
(1967). Formulas exclude Ca, S, Cl,
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Table 3.—Microprobe analyses and structural formulas for biotite, chlorite,
MountNo........... GM6G-Con. 3GM6G
GrainNo............ 4Con. 1 .
Area analyz;ad ....... CLA G A I C D j
Mineral ............ Chlorite Biotite Copper-rich zone
Letter reference
intext........... M N (),/7 P 0
Microprobe analysis (pm:(:cr'nl)—C(mlinued
Si0,..... e 26.620.2 37.4:0.2 31.1£0.9 30.420.2 30.8:0.8
ALOy ... ........ 19.2:0.2 14.9+0.2 1-1.5£0.1 14.420.1 11.1£0.6
FeO' . ... ...... 22.5+0.3 18.5:0.2 14.520.3 13.9:0.2 13.5:0.6
MgO ..ol 16.40.2 12.30.1 10.30.2 9.8+0.1 9.7:0.4
CaO ..ol ND .3420.07 .2420.03 .15£0.03
MnO ... .. ...... 960.07 T 50£0.02 .32:0.02 .31£0.02 .2820.02
CuO ... .. ... 01:0.001 [* ND 12.6:0.6 12.1:0.4 14.4£0.8
TiO, ............. .16:0.03 3.9:0.1 3.020.1 3.0£0.1 3.0:0.1
K,0 oo ..., .1120.03 9.6+0.3 2.2+0.3 1.820.2 1.9+0.4
C ... ND s L
Foo L e R
S ND e
D 85.9 97.1 88.9 86.0 87.8
Less O=Cl+F . .. .. S e e T R
¥ 85.8:0.5 97.1:0.5 88.9+1.3 86.0£0.6 87.8+1.2
“Structural formulas® —Continued
Anions per

formula ......... 28 22 22 ’ 28 22 28 22 28
Si* 5.66} 5 -,a} 5.22 55 } 3.25 6.68} 25} o.(m}

v 8.00 8.00 8.00 8.00 8.00 8.00 8.00 8.00|
va ............. 2.34 2.42 2.78 35 2.75 1.32 2.75 1.32
SRR 2.18) 21) .09) 2.30) A7) 2.40) .08) 2.28)

Ti** .03 A4 .38 A48 39 .50 .38 .19

Mg*? ...l 5.20 2.74 2.58 3.28 2,52 3.21 2.16 3.14

L r11.92 (376 Lo [ &7 203 triae 1.58"6'71 201 (1121 1.85 (673 2.36 »11.30
Fe*? .. ... 4.01 2.31 2.04 2.59 2.01 2.55 1.92 2.43

Mat? oLl 17 06| 06 | .06 04| 04 04 | .05

K* .03 1.83 A7 60 J 10 50 A1 53)

'Total Fe calculated as FeO.

? Blanks indicate no analysis was made for the component.
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and copper-rich zones in biotite Srom Granite Mountain Porphyry —Continued
3GM6G—Continued GM12
1-Continued 2 3
E ¥ BIX BIA BIB CL
' Copper-rich-zone—Continued Biotite Copper-rich zone Chlorite
R S T U \) w
' Microprobe analysis (percent)~Continued
30.7£0.6 31.420.7 37.1:0.1 37.0£0.5 37.3:0.8 27.420.2
111.6;20.2 15.120.2 14.420.4 13.5£0.4 13.4:0.3 17.9+0.3
IS.I:!O.S 11.8+0.3 18.0+0, /,";/ 14.9£0.5 14.9+0.3 22.9+0.2
9.8+0.3 10.2:0.3 11.8:0.1 13.1:0.4 13.3:0.4 17.2:0.1
.25+0.2.4 d7002 0 oo sy s
3020.02 3520.04 69:0.05 1620.2 45:0.03 93:0.03
15.320.7 10.151.57 ND 19£0.04 19:0.04 0920.01
3.120.1 3.3:0.1 1.120.1 3.2:0.1 3.3:0.1 05£0.009
2.620.1 $.2+0.5 9.410.1 7.3+0.2 7.60.1 .18:0.03
B .03+0.01 .03+0.02 .01+0.007 ND
.............. .69+0.05 900,13 9110.12 14£0.02
.............. .02+0.002 01£0.001 .01:0.001 eeeee
91.8 89.6 96.2 90.6 94 86.8
S S 3 4 4 A
91.8:1.1 . 89.6x1.8 95.9+0.5 90.2:0.9 91.0+1.0 86.7:0.4
' Structural formulas® —Continued
22 . 28 22 28 22 22 28 22 28 23
509) e 6 48} w00 P21 } w00 063 } o.00| 763 } 600 | 82 } oo ™ } 500 5.82} soo M } 8.00 s.so} 500
2.86 1.52 2.79 1.37 2.37 2.18 .39 218 .39 2.20
o200 16) L7 2399 .20 32 2.59 ) .29 ) 2,55 ) 2.27)
.39 .49 41 .32 47 .38 A48 .39 49 01
2.42 3.08 2.52 3.21 2.67 3.07 £ 581 391 3.10 » 581 3.94 S5.43
191 +6.85 2.44311.53]1.27 [6.45 161 +11.54 0 ... (571 02 03 >11.44) .02 03 (11.50 .01 }12.00
2.09 2.66 2.05 2.62 2.28 1.96 249 ’ 195 248 4.06
.04 .05 .04 | .06 .09 .06 J .08 .06 J .08 17
35 .70) 89 1.13 ] 182 1.46 1.86 | 1.51 1.93 ) .05

3 ND means component not detected at the following amounts: 0.01 4 Structural formula calculated on an anhydrous basis using computer
percent Cu0, 0.03 percent TiO,, 0.005 percent S, 0.01 percent C1, program of Jackson and others (1967). Formulas exclude Ca, S, C1, and
0.04 percent F. F.







' BANKS

COMPARISON OF MAJOR-ELEMENT CHEMISTRY OF THE
COPPER-RICH AND COPPER-POOR CHLORITES

The prcscnc:c or absence of copper in chlorite could possibly
be attributed to its formation at different times or from
different fluids; hence, the resulting  chlorites might be
differentiated on the basis of chemistry. However, preliminary
data indicate that except for the presence of copper, chlorite
that contains’ copper is similar in chemistry to chlorite that
does not contain copper (fig. 6). In fact, the composition of
-chlorite appears dependent in larger part on the composition
of the parent biotite than on the copper-depositing character-
istics of the altering fluid (fig. 7). Preliminary observations also
revealed no optical dissimilarity between copper-bearing and
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Figure 6.--Graphs showing amounts of representative chemical com-
pouents in chlorite in relation to amount of copper in chlorite, Some
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plot near the origin of the F versus Cu diagram,
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copper-poor chlorite. Thus it could not be established whether
chlorite formed in the rocks at two different times from two
Juids.

VALUE OF THE COPPER CONTENT OF CHLORITE
AS AN INDICATOR OF ORE

The occurrence of copper-bearing chlorite derived from
igneous biotite near two ore deposits suggests that the amount
of copper in chlorite might serve as a geochemical indicator for
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a nearby copper ore deposit. llowever, copper in chlorite does
not seem to show a simple positive relation with the proximity
of the sample to a presently recognized deposit (fig, 8). This
lack of correlation may result from inadequate data or from
the possibility that the copper content of chlorite depends on
factors other than, or in addition to, the distance of the
chlorite grain from a minable deposit.

Inadequacy in the data is suggested by the extreme variation
in the amount of copper in chlorite both between grains in the
same probe mount (thin section, l-in. diam) and within
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Figure 8.—Plot of average amount of copper in chlorite in a given
sample in relation to distance of the sample from the nearest
recognized commercial deposit.

individual grains (ﬁg‘s. 3, 4; tables 1, 2). Thus determination of
the true average abundance of copper in chlorite in cach rock
sample is too expensive to refine with microprobe analyses
because a prohibitive number of grains must be analyzed in a
prohibitive number of mounts. The alternative method of
determining the true abundance of copper in chlorite by
conventional analyses of separates may also be limited by the
various types of bias that are built into mincral separations
(magnetic, electrostatic, specific gravity, and optical)—the
resulting separation may be 100 percent chlorite, but in view
of the irregular distribution of copper in chlorite and of the
fact that much copper resides in the more poorly crystallized
chlorite, the mineral separate is likely to contain copper in an
amount not representative ol the average.

These observations do not rule out the potential use of
copper abundance in chlorite as a geochemical indicator. If
standardized separation techniques are used, it is still possible
that the content of cither leachable or total copper in mica or
chlorite separates may correlate roughly with proximity of the
sample to a deposit, Additionally, the copper content of
chlorite may be of limited usefulness as a broader indicator of
ore; that is, it might point out potential copper-producing
provinces. For example, the copper content of chlorite from
Sierra Nevada rocks (Dodge, 1973) with no known associated

COPPER IN BIOTITE AND BIOTITE ALTERATION PRODUCTS, ARIZONA

porphyry-type deposits is much less than that of chlorites
reported here. However, this again may reflect mineral
separation problems because Dodge analyzed clean mineral
separates that probably were relatively free of poorly crystal-
lized chlorite,

Finally, assuming that the true average abundance of copper
in chlorite (or an abundance determined by analysis of
concentrates  separated in a standardized way) could be
determined, caution should be used in its application as a
geochemical indicator of ore because there is reason to suspect
that this abundance could be influenced by factors other than
the distance of the sample from a minable copper deposit.
These factors include the rate of chloritization, percentage of
partial chloritization, number and size of grains chloritized,
the number of potential fluid conduits (fractures) per unit
volume of rock, the proximity of the chlorite to a fracture,
and the concentration of copper in the fluid immediately
adjacent to the biotite; the first three factors would control
the number of sites suitable for copper capture, and the latter
three are measures of the availubility of the chlorite to the
copper in the supplying fluid.

CONCLUSIONS

Copper occurs in chlorite derived from igneous biotite in
Laramide intrusions around two Arizona porphyry copper
deposits and, further, is coneentrated at the boundary between
parent biotite and chlorite. However, the copper content of
igncous and  hydrothermal biotite ncar these deposits was
found to be much-less than that of chlorite and was not
detected in most of the grains analyzed. In view of the
difficulty in cleaning chlorite from biotite separates, these
observations suggest that caution should be used in specula-
tipns about what the abundance of copper in biotite derived-
from bulk-analyzed mineral separates might mean with respect
to the genesis or proximity of ore deposits and with respect to
the behavior of copper in a dilferentiating magma, Addi-
tionally, because a potentially large part of the copper in a
whole-rock sample of “granitic” rock may be in alteration
products of biotite and thercby conceivably have had its
source outside the analyzed sample, caution should be applicd
to petrologic and genetic interpretations of whole-rock copper
abundance data,
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gradc that things are put on the shelf. In these cases it may take years or decades to dis-
cover that all samples were systematically low, or high, due to low core recovery or some
-other careless procedure.

[

The net result is that there are many projects which never reach the stage of ore re-
serve calculation or financing at which time a glaring spotlight can be focused on sample
ccuracy. Thus, a great amount of drilling is done in which not much thought is given to
sample accuracy. Geologists, contractors, foremen, drillers——--- everyone——-=-- has grown
careless in recent years.

Sampling of any kind of course means that one or many small samples are taken in a
manner that they are supposed to represent the whole mass. For our purposes perfection
depends (1) on grain size and/or the textures of the valuable minerals, the hardness or
softness of the rock, and the frequency of changes in these physical characteristics, and
(2) on the number of samples. This degree of perfection could be derived by the mathe-

matical theory of sampling----you can, and should, look that up in the older handbooks of
metallurgists. You'll be surprised as to how high a proportion of the sample is required
for an accurate sample of the mass as the grain and fragment sizes become larger----but in

exploration work we cannot expect to come up with an ore body which is "mathematically
perfectly measured", to the same high degree that a metallurgist may require in his mill-
ing control sampling.

For our exploration sampling purposes we should attempt to approach mathematical pre-
.‘.ision. But the matter of how close we get to precision is, unfortunately, conditioned by
costs and the availability of money.

The people who put up or control the money supply for exploration usually are tight-
fisted because exploration is a.lottery, whether we, as explorationists, admit it publicly
or not, and they are more-or-less aware of the gambling risks of finding an ore body.

They usually are not aware, however, of the really serious risks of ending up with an ore
body for which the core samples are under suspicion, by the financiers and their advisors,
Oof being inaccurate.

The geologist in charge of any part, or the whole, of an explcration program must
continually push for money. If he really believes in his program he often must badger the
money people, to the point of almost risking his own job. This is all a matter of personal
judgment tempered by experience and just plain hunch of i - geologist.

I think the first porphyry copper ore bodies were "b -ked out", or whatever you want
to call it, by driving adits, crosscuts and raises on 200 to 400' centers then milling
the bulk material and/or channel sampling the walls of the workings. This was done at Ely
and Bingham Canyon about the turn of the century. Around 1906 churn drilling at Ray was
tried, successfully, because some really smart engineers happened to be doing the work,
and because the drillholes were not very deep. On that first job, underground workings
and raises were driven on some of the drillholes. The comparison was an almost perfect
check. Shortly thereafter diamond drilling was attempted in many districts with gquestion-
able degrees of success. Both were used during the 20s, 30s and 40s. Most individuvals
favored the churn drill because the 'bulk' of each sample had a sort of magic connotation
of automatic accuracy. The diamond drill however was cheaper and more mobile. Arguments
over which equipment was best were heated during those years. Actually, the arguments
should have revolved around which method was least worse, particularly as drillholes be-
came deeper and got into the ground water. Both were subject to serious systematic errors.
Principally, the churn drill sample was subject to salting by caving from the wall of the
drillhole above the sample interval. This became worse below the water table. With only
the rigid core barrel and screw-feed machines available, diamond core recovery usually
averaged only 10 to 30%, and the accuracy of recovered diamond drill sludge samples was
always dubious. The application of formulae for combining diamond core and sludge samples,
such as the famous but erroneous "Longyear Formula", was another cause of many arguments.
During the 40s improvements in diamond drilling equipment such as hydraulic feed, wireline,
mud circulation, truck mounting and swivel barrels improved the core recovery and lowered
costs to the extent that churn drills were phased out in the 40s and 50s. Incidentally,
the swivel, or non-rotating or double tube barrel, not wireline, was the single most
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impoitant piece of new equipment ever developed for sampling porphyry copper deposits be-
cause it alone improved core recovery from, say 20 to 90%.

The foregoing brief comments have been made because in former decades the reliability
of drillhole samples, individually and collectively, and of various types, often was sub-

‘fiect to serious doubts and had major influence on the dealing and financing of ore bodies.

ccasionally now-a-days, one is confronted with old drillhole samples acquired with
questionable equipment and techniques, and, as mentioned before, even today questionable
samples of ore bodies are being taken with poor equipment and poor sample handling methods.

If a person is confronted with a number of drillholes and their assays representing
thousands or even only hundreds of samples, the matter of sample accuracy should be ex-
amined critically whether the samples are new ones or very old. The problems usually get
worse with age. In any case the matter can never be ignored----and you cannot just throw
everything away and say "Redrill every hole!" If you have a bunch of assays you should
be stuck with demonstrating they are accurate, or, if inaccurate, how inaccurate.

Engineers have 4 irritating methods of getting around this problem.

(1) They begin a report with the statement "If it is assumed that the samples are
correct . . . JMmme—- then they go through a 100-page report about everything else includ-
ing discounted cash flow to the year 2000. This gets the engineer off the hook because
by the time the reader has tried to digest the details of the report he has forgotten

‘that opening sentence.

(2) Another engineering stunt is when an ore reserve estimate is made in which a
number cf safety factors, sometimes hidden, are introduced. This results in the so-called
"conservative" report in which the word "conservative" is supposed to be synonymous with
"virtue." Actually, when I hear or read the word "conservative" I automatically assume
that something is wrong. Most likely the ore body is bigger and better than the bottom
line numbers would indicate. But sometimes, of course, the word "conservative" means
that something is faked.

On the other hand, I know of several cases where actual ore bodies were "safety
factored" out of existence. These situations mostly were due to "misguided conservatism"
not dishonesty, althougih some of them may have been motivated by fear of loss of job or
promotion.

(3) Another approach is to decide to "check" the qur © wnable samples either with
new drillholes or with underground workings which provids -agical “"bulk" samples. Some-
times either or both of these methods really is advisable, as will be described later on.
However, sometimes it is dcone because the fallaceous idea seems to have been accepted by
many that all drillhole samples always are a bit low, and that a bunch of bulk samples
automatically will raise a potential ore body from the "marginal" into the "profitable"
category. This alone is not really a valid concept, but I know of several instances where
large sums of money were wasted with this idea in the back of peoples' minds.

(4) Another ploy is that underground sampling sometimes is undertaken only as a de-
laying tactic in which a relatively small amount of money is spent while say, one financial
group is trying to raise money for a bigger part of the total deal. In other words, this
work and expense may be justifiable in a financial sense, but not really necessary in a
technical sense.

Before any program of "checking" old drillhole samples by new drilling or underground
work is undertaken, a detective-like search should be made (1) for all old correspondence
and periodic daily or monthly reports such as those by drillers, by supervisors, by geolo-
gists, by metallurgists, etc., and (2) for all possible stored <ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>