The westward displacement along this thrust fault is indicated
in section by an offset (known from drill-hole data) of parts
of the porphyry mass existing east of the pit. The amount of

displacement might amount to a few hundred feet.

3. Mineralization.

The three formations seen in the pit are the diabase, a
dark-gray color, the schist ranging from a light pink to a reddish
brown and the porphyry often lighter in color.

Hypogene mineralization occurs more conspicuously in the
diabase under the form of chalcopyrite and pyrite. The rock is
fractured and broken, although fine-grained and dense. It is
hard to break, hard to drill and hard to crush; however it‘crumbles
easily by disintegration after a few months of exposure in the
air. A hammer blow breaks it along pre-existing fractures and
each new blow breaks it along more tiny fractures all of which are
mineralized. This mineralization does not extend far away from
the fracture, perhaps a tenth or 2 tenths of an inch. It is not
truly disseminated therefore, and it could better be called reti-
culated for example, as E. N. Pennebaker labeled it (verbal
communication).

It is difficult to distinguish chalcociFe in this dark rock
and the amount of supergene enrichment is E:;'well knowm,

The schist in the pit usually shows chalcocite as copper

mineral either as tiny specks or as veinlets. This is understand-



ably secondary because we are still in the supergene zone.

In the schist also, we can detect the same '"reticulation'
in mineralization as noticed in the diabase.

The_porphyry in the pit shows chalcopyrite, pyrite and
secondary chalcocite; much of the chalcopyrite and the pyrite
have indeed been already replaced.

Gold and silver in ﬁinute quantity accompany the copper
minerals with some molybdenum.

Native copper has been one of the copper minerals frequently
found in the Ray ore zones. Cuprite sometimes under the form of
chalcotrichite with its delicate hairlike crystals, is also

abundant in places.

4, Alteration.

Little hydrothermal alteration as such seems to have affect-
ed the diabase. The schist, on the other hand, exhibits much more
alteration although less than at other mines, such as Chino, etc.
Sericitization is the main phenomenon and it occurs generally
along with mineralization; it is well displayed in the whole west-
ern portion of the Pearl Handle Pit. Some silicification mainly
along faults also shows at places. It has been repeatedly ob-
served in field specimens from the pit and outside, that a small
bleached zone of sericitization occurs on either side of pyrite

veins but the phenomenon does not occur along quartz veins.



Another type of alteration connected with thermal metamor-
phism is seen in the pit west of the diabase: this is the
occurrence of larger masses of a siliceous rock quite sericitic,
grayish and fine-grained, occasionally still showing remmants of
schistosity. It breaks, however, like diabase with a similar
occurrence of mineralization, often then having a darker grayish
color,

Two such occurrences have been found. One shows in the
diabase, near its underface, north of the pit, where it looks more
like a stoped mass of schist in the diabase. The other, quite
extensive, shows on the west side of the pit below but adjacent
to the diabase. The occurrence seems in this case to be more of
a transitional type. The color is generally light gray, sometimes
whitish gray showing a marked contrast with the dark diabase to
the east and the brown reddish schist further west. Thin sections
made from this rock showed it to be a sericitized Quartzite.

The porphyry, mainly found east of the pit, displays some
alteration mainly in the plagioclase felspars. It has a pinkish
appearance and shows well-formed biotite books, shiny and well
crystallized. Here too, we see that along pyrite veinlets there
is a bleached sericitized band on either side. These bands are
wider here than in the schist, often 1 or 2 inches wide in total.

The color becomes creamy-tan.




To the south of the pit we also find a transitional zone
between schist and porphyry this time where the two rock char-

acteristics have been biended together.

5. Origin of the Ore.

There is much speculation about this question. It appears,

however, that one of the small stocks of Granite Mountain porphyry
is much more broken and shattered than others; it is located east
of the present pit and on the Ray fault within the ore body.

A well shattered porphyry stock in the middle of a heavy
fault zone, accompanied by a gemeral rustiness of the rocks in
the area, seems a valid criteria for good porphyry copper. The
presence of diabase, as is seen in other mines of the vicinity,

is an additional favorable factor influencing the orebody.

N\

J. Wertz

(Paper presented at the Spring Meeting AIME, Geology Division,
Ray, Arizona on April 12, 1958).
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A BRIEF HISTORY OF THE RAY DISTRICT

The Mineral Creek Mining District, which includes the
Ray area, was organized by silver prospectors in 1873. 1In
1880 the Mineral Creek Mining Co. built a five-stamp mill,
then in 1883 the Ray Copper Co. took over and built a 30-ton
copper furnace. The ore of the area was described as princi-
pally native copper. There was little activity until 1898
when the claims were purchased by the Globe Mines Exploration
Company, (Ltd,), of London. The following year the ground
was acquired by the Ray Copper Mines, (Ltd ), another British

Company .

During the first year of its existence the new company
founded the town of Kelvin and erected a 250-ton mill there.
Ray and Kelvin were connected by a 7 mile narrow gauge rail-
road, various shops and offices were erected, and a 344 ft.
shaft was sunk at Ray. Supplies were transported by steam
traction engine 43 miles from Red Rock, the nearest shipping
point on the railroad. There was no mining activity between
1901 and 1905.

D. C. Jackling was attracted to the district in 1906.
The Ray Copper Co. and Gila Copper Co. were organized to ac-
quire the English Company's holdings; they were merged as
the Ray Consolidated Copper Co. in 1910. Other companies
to become active in the district in 1906 and 1907 were the
Arizona Hercules Copper Mining Co., Kelvin Calumet Mining Co.
and Ray Central Mining Co.

The properties of all these Companies were acquired by
the Ray Consolidated Copper Co. through the years. A mill was
placed in operatlon at Hayden during 1911 and production started
from the mines at Ray. 1In 1912 a smelter was built by A.S.& R.
at Hayden. 1In 1924 Ray Consolidated Copper acquired the Chino
Copper Co., in New Mexico. In 1926 the Nevada Consolidated
Copper Co. absorbed the Ray Consolidated holdings and these
holdings were later absorbed by Kennecott Copper Corp.

Mining methods underground and metallurgical processes at
the mill underwent a slow but constant improvement. The Ray
Mines were the first underground operation to produce 8000 tons
of ore per day by the block caving method.




There was a brief shut-down of mining operations in 1921.
Operations were again shut down during the depression between
1933 and 1937.

In 1938 the first unit of a modern precipitating plant
was placed in operation. The plant has now expanded to six
units which handle 2000 gallons of solution per minute, from
underground workings and waste dumps.

During 1948 it was decided to mine the remaining ore by
open pit methods. The Isbell Construction Company stripped
waste from the Pearl Handle Pit under contract from 1948 to
1952, First ore was mined by open pit methods in 1950. The
capacity of the Mill at Hayden was increased to 15,000 tons
a day. A new Crushing Plant was built at Ray to handle the
pit ore. Ore from the pit was gradually increased and from
the underground mine decreased, until February 1, 1955, when
underground mining was discontinued.

To increase recovery of non-sulphide copper in the ore,
a Leach-Precipitation-Flotation Plant (L-P-F Plant) has been
built at Hayden at a cost of over $5,000.000. This involves
a special flotation section for recovery of previously re-
jected pyrite. This is roasted to produce sponge iron and
sulphuric acid. The acid is used to leach the ore in the Mill
feed and remove the soluble copper which is then precipitated
on the sponge iron and recovered by flotation.

During 1956, work was started on an expansion program to
increase production capacity to 22,500 tons of ore a day. A
new Smelter is being constructed at Hayden to treat the con-
centrates which have previously been treated by the American
Smelting and Refining Company.

Reference: Ransome - U.S.G.S. Professional Paper #115
1919, 1923
Notes from Mr. Leroy Hoyt
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9:00
10:00

12:15 -

1:30

2:00

. 3230

4:30

5:15
6:15

Schedule of the Day.

10:00 AM Registration

12:00 AM Business Meeting

1. Welcome Addaress by Mr. A.P. Morris, General Manager,
and Chairman of the Arizona Section A.I.M.E.

2. New Developments on the Geology of the Ray Déposit
by Mr. Jacques B. Wertz, Chairman Geology Division.

3. A discussion on adjacent districts will be held next.
1:30 PM  Lunch period (at or around the Club House)
It is advised to bring lunches, cokes and coffee being

available at the Canteen. (The company will not inter-
vene in the cost of this meal.)

~ 2:00 PM Film (17 min.) at Club House:

"Four-Day Cycle from Ore to Copper™

3:30 PM  Visit of the pit, by van.
(the cars are left parked near the Club House)

4:15 PM Final stop at the bottom of the pit; collect-
ing of samples.

(The vans have left but will be back by 4:15 PM)
Lik5 PM Back to the Club House by vans. -

Drive to Club Royal by private cars.
(Wash-up period either at Club House or Club Royal)

6:15 PM Cocktails. -
on Mexican dinner.

(Choice Mexican dinner or steak)

o
[
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Dinner and cocktails on the Company.
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Geology and Mineralization of the Ray Silicate Orebody

Associated with the sulfide deposit is a complex body of silicate copper
mineralization. The use of the term silicate, when referring to the orebody, is due
to the abundance of chrysocolla; however, the deposit also contains major quantities
of copper bearing manganese wad, copper montmorillonite and halloysite, copper-iron
oxide complexes, cuprite, malachite, native copper, with lesser amounts of cupri-
ferous allophane, dioptase, azurite, libethenite, torbernite, and chalcocite.

By the early 1960's, drilling had delineated some 93 million tons of
potential ore and a program of research and pilot plant studies was initiated with the
objective of developing a viable extraction process. Success was realized in 1969
when a vat leaching system, utilizing sulfuric acid from the smelter acid plant, went
into production. The most recent estimate of the silicate ore reserve is 156 million
tons which averages 0.9 percent copper (total). The portion of this that is readily
soluble is not known with certainty but a reasonable estimate would be 55 percent
(. 90 percent copper). The uncertainty arises from what technique is used to determine
readily soluble copper. Ray Mines Division defines readily soluble copper as that
portion of the total copper that is dissolved from a minus 100 mesh sample by
boiling the sample for one minute in a 10 percent by weight sulfuric acid solution.

Currently we subdivide our mineralization into seven categories. These are
primary sulfide, secondary sulfide, native, silicate, mixed native-sulfide, mixed

native-silicate and oxide.



Slide 1 - Ore Type Distribution

The slide you see shows, in plan view, the distribution of the primary
sulfide ore zone in the diabase, the secondary sulfide ore zone and the silicate ore
zone.

The primary ore zone in the diabase is horseshoe shaped. The open end
of the horseshoe results from a combination of the following: orebody uplift and
tilting 15 to 20° to the southeast, the elimination of the diabase by deep pre-Whitetail
(Oligocene) erosion, and the intrusion of a postmineral Teapot Mountain Porphyry
stock.

The secondary ore zone (chalcocite) occurs largely in the Pinal Schist.

The zone is extended to the west along the Last Turn shear zone. For the most part,
it occupies the West Pit, Emperor Hill, and Pearl Handle Pit areas. In the later case,
it is largely restricted to the area west of the Diabase Fault which bisects and down-
drops the orebody. An interesting thing to note is that approximately half of the
chalcocite blanket is located in the pyrite halo west of the underlying primary sulfide
orebody. The enrichment blanket here represents at least a ten-fold increase in the
hypogene copper grade.

The silicate orebody is subdivided into that which occurs in premineral
rocks (horizontal pattern) and that which occurs in postmineral rocks (square pattern).
Note that the bulk of the silicate orebody is located in the low-sulfide core area of the
system. The Diabase Fault approximates the western boundary of the orebody. With
illustration in hand, one can immediately recognize some potention metallurgical
nightmares. Specifically, we can see areas where we could penetrate silicate

ore, secondary sulfide ore, and primary sulfide ore, encountering several
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transition zones characterized by complex mineral assemblages. This picture would
be considerably complicated and undoubtedly impossible to illustrate if the oxide,
native, mixed native-silicate, and mixed native-sulfide types were included.

Slide 2 - Aerial Oblique (Looking Southeast) of Silicate Orebody

Silicate copper mineralization is found in the Precambrian Pinal Schist,
Pioneer Formation, Dripping Spring Quartzite, diabase and to a lesser extent, in
the Granite Mountain Porphyry. In postmineral rocks, lsignjﬁcant amounts of silicate
copper is present in the Whitetail Conglomerate and the Apache Leap Tuff. This slide
was taken from above Emperor Hill (foreground) and is directed toward the southeast.

Pronounced silicate ore in the diabase is represented by the blue area (top
center) of the pit wall. The light colored areas are lenses of Apache Group quartzite
and siltstones. The red area above the diabase is a channel fill deposit of Whitetail
Conglomerate. The onlap of the younger Tertiary rocks is illustrated by the white
zone which is the basal ash unit of the Apache Leap Tuff. Moving back down below
the diabase, the red zone is the trace of the Diabase Fault. The pink zone on the
adjacent bench is leached Pinal Schist and the white zone below is the Emperor Fault,
which separates the schist from the Apache Group and diabase in the bottom of the
Pearl Handle Pit. The offset on the Diabase Fault here is 1600 feet, west side down.

Slide 3 - Aerial Oblique (Looking East) of Silicate Orebody

This slide was taken from above the old town of Sonora (foreground) and
shows a closer view of the features discussed in the last slide. Note how the diabase

fault essentially terminates the silicate copper mineralization.



Slide 4 - Thickness of Silicate Ore - Premineral Rocks

The contour maps that are presented in the following slides were generated
by manipulating the assay data from 137 diamond drill holes. I feel these tfpes of
illustrations are basic to understanding where the ore is, why it is there and where
some problem areas may be located from a metallurgical standpoint.

This slide shows the thickness of silicate ore in all premineral rocks.

The contour interval is 100 feet. A feature that really stands out is the linear zone
where the silicate ore is plus 300 feet thick. The protrusion of thin ore corresponds
exactly with a Granite Mountain Porphyry intrusive.

Slide 5 - Feet Percent Copper in Premineral Rocks

Here we have a feet percent copper map for premineral rocks. The linear
zone observed in the previous slide is enhanced, and we can see that not only is the
silicate orebody thick here, but it also contains a lot of copper.

Slide 6 - Feet Percent Copper in Diabase

This feet percent copper map shows the effect of isolating the diabase from
the other premineral rocks. Again we see the linear feature observed previously and
we naw know the orebody is thick in this area, it contains large amounts of copper and
a lot of the copper is in the diabase. The dead area between the two high zones is due
to intense leaching of the diabase on a pre-Whitetail erosion surface, leaving hematite
and minor native copper mineralization.

Slide 7 - Percent RSCu of TCu in Premineral Rocks

This is a plot of percentage of readily soluble copper of the total copper in

premineral rocks. The contour interval is 10 percent. This map is the most important



from an operation standpoint because it identifies the potential areas of good and bad
recoveries. If we use the 60 percent contour as the minimum for good recovery ore,
we see that most of the thick zone of high copper content is included, but we also see
some good recovery zones where the orebody is thin and low grade., The embayment
of less than 40 percent readily soluble copper are partly due to the location of two
Granite Mountain Porphyry masses and the influence of old drilling data. In the year
si.nce this paper was originally presented, we have generated a formula which allows
upgrading of the old assay data resulting in the expansion of the 60 percent contour.

Slide 8 - Percent RSCu of TCu in Diabase

Again, isolating the diabase, this time relative to the readily soluble copper
we see that most of the linear feature is enclosed by the 60 percent contour. Outlining
the extent of mineralized diabase, a lot of it can be predicted to yield recovery
problems. |

Slide 9 - Feet Percent Copper in the Apache Leap Tuff

Moving on to silicate copper in postmineral rocks, this slide illustrates the
feet percent copper in the 20 m.y. old Apache Leap Tuff. In the middle portion, we see
a sizable zone of the equivalent of a 110 feet of one percent copper. The bow shape is
important to note because the axis of a synclinal fold passes through this area (point
out). Perhaps this structure played a role in localizing copper concentrations.

Slide 10 - Percent RSCu of TCu in the Apache Leap Tuff

Once again, using 60 percent as the cutoff for acceptable copper recovery in
the leaching process, we can recognize a fair sized area of potential. An additional

point about this map is that it is the best one to suggest that oxide copper deposits are
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zoned because we have precluded the possibility of résidua.l sulfide interference pro-
ducing the difference between the readily soluble and total copper assays. Not only
are they zoned horizontally, as the map shows, they are also zoned vertically.

Slide 11 - Feet Percent Copper in the Whitetail Conglomerate

The final contour map shows the feet percent copper in the 32 m.y. old
Whitetail Conglomerate. The slide shows the scattered nature of the mineralization
with the smaller areas being isolated to the contact zones with the underlying pre-
mineral rocks. The largest area of copper is associated with a paleochannel cut
into the basement schist.

The Ray silicate orebody was developed largely in as sociation with a major
zone of normal faulting. The Diébase Fault forms the western béundary of the zone.
East of the Diabase Fault, there afe numerous small, parallel and sympathetic faults.
The total displacement across the entire zone is on the order of 1500 to 2000 feet.
The northwest trending linear characterized by a great thickness of ore and large _ |
amounts of copper in premineral rocks correlates well with this fault system.

The formation of the silicate orebody was an enrichment process. From
what we can infer from the hypogene sulfide zoning pattern, it is probable that if
the silicate orebody had not formed, we would be looking at 0.2 percent hypogene
copper grades or less; therefore, the average grade of the silicate orebody (0.9
percent copper) represents an enrichment factor of at least 4.5.

Copper silicate mineralization formed as replacements of the original
sulfide veins, as replacement (or copper soaking) of the wall rock clays, as (in the
case of the Whitetail Conglomerate) replacement of reactive rock fragments and matrix,

and most importantly as a filling in open fractures and joints.
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Slide 12 - Southwest-Northeast Cross Section (L.ooking Northwest Through the
Silicate Orebody

This geologic section, which looks to the northwest, is fairly typical of the
silicate orebody and illustrates most of the features I have discussed. All the major
pre- and postmineral rocks are represented (explain rock type symbols). The Diabase
Fault is located just off the left side of the illustration. The fault shown is seen to be
pre-Whitetail in age. The solid black lines on the drill holes represent intercepts of
silicate ore. The sawtooth pattern is primary sulfide ore and the open blocks are
secondary sulfide ore. Note the thickness of silicate ore in the schist below the pre-
Whitetail channel and in the footwall of the fault. On the other sections, the bulk of
the ore is in the hanging wall of the fault. The schist is the oldest rock in the area
and hence it has been subjected to every ground preparation event since the Precam-
brian.

Slide 13 - Ore Type Overlay of Geologic Cross Section

This slide is intended to be an overlay to the last slide. It shows just the
ore zones and their relationships. In this case, the solid black area is primary
sulfide ore with the sulfide content of the rock increasing both to the left and right
sides of the illustration. The vertical bar pattern shows the extent of secondary
sulfide ore and the unshaded areas are silicate ore. The bulk of the silicate ore
located below the channel was formed in a low total sulfide environment by the direct
conversion of chalcopyrite to pitch limonite, the conversion of weak chalcocite
mineralization to malachite and chrysocolla, and the introduction of copper bearing

solutions along zones of high permeability.



At Ray, we have initiated a detailed investigation of the silicate orebody
which will probably take years to complete. The goals of the project are: 1) to
document the mineralization as it is mined, and 2) to assist in the efficient mining
and benefaction of the ore by recognition and characterization of both distinct mineral
zones and transition mineral zones.

Drill core observations are being supplemented by detailed pit mapping at
a scale of 1'" = 200', with representative samples being taken at least every 50 feet
or less if a change in lithology occurs.

Some preliminary observations on supergene mineral zoning and paragenesis
are as follows:

1. In the area west of the Diabase Fault, formerly characterized by a
moderate to high, probably slightly pyritic, sulfide content, the following zones occur:
a) hematitic leached capping, b) cuprite, c) chalcotrichite-native copper, d) native
copper, e) native copper—chalcocite, f) chalcocite, and g) hypogene pyrite-chalco-
pyrite.

2. On the fringe of the silicate orebody, formerly moderate to low sulfide
content in diabase adjacent to hypogene sulfides, there is extensive development of
cupriferous wad on fractures with copper bearing clays in the rock matrix. Quartzitic
rocks in this zone show strong iron oxide mineralization on fractures, some of which
is copper bearing.

3. Below this zone, chrysocolla and some malachite begins to appear with

the cupriferous wad and copper clays.




4. Adjacent to this zﬁne, chrysocolla becomes more abundant, with cupri-
ferous wad and copper bearing clays still present.

5. In diabase, the above zone begins to pick up cuprite with depth and
finally cuprite and native copper prevail. In the siliceous rocks, the chr&socolla zone
yields to a malachite-chalcocite zone.

6. In the larger vein structures, the following assemblages can be seen
from the inside out: chacocite, cuprite, malachite, black and blue chrysocolla. If the
vein was largely chalcopyrite, you see pitch linonite which is being replaced by chryso-
colla.

7. In some cases, malachite and azurite seem to be the direct result of
sulfide destruction and the common occurrence of malachite being replaced by chryso-
colla in some of the larger veins suggests that the bulk of our copper silicate orebody
may have once been a copper carbonate orebody.

Slide 14 - Pit Wall in Silicate Orebody (Looking East)

The following slide series will illustrate some of the above points.

This is a view of the silicate orebody as it is currently exposed in the pit wall.
Immediately below the natural topography at the top, we can see three or four dark gray
bench faces. This area represents the upper and outer zone of cupriferous wad and
copper clay mineralization in the diabase. The blue-gray zone below is the strong
chrysocolla zone.

Slide 15 - Clope-Up of Cupriferous Wad Zone

This is a close-up of the cupriferous wad-copper clay zone. The upper benches

are recent gravelly deposits with a manganese rich layer at the bedrock contact.



Slide 16 - 2460 Level Close-Up

Going deeper or inward, we can see chrysocolla and malachite beginning
to show up.

Slide 17 - Chrysocolla Zone in Diabase

Here we see a contact between a diabase sill and the Pioneerr Formation.
Strong chrysocolla has been developed in the diabase. The reasons for this are the
fact that the hypogene copper mineralization preferred the mafic diabase, the reactive
nature of the rock undoubtedly affected the pH of the supergene copper solutions, and
the diabase contains abundant clay which soaked up the copper. Lastly, note the
closely spaced sheeting at the top of the diabase. Many of these low angle fractures
show evidence of movement. In ény period of post diabase structural readjustment,
movement occurred in the weaker diabase which is conducive to the all important
ground preparation phenomena.

Slide 18 - Close-Up of Diabase Silicate Ore

This close-up illustrates the nature of the good chrysocolla zone in the diabase.
Note the abundant veins and fractures. A close-up of the adjacent gray wall rock areas
would show copper soaked clays after the feldspars.

Slide 19 -~ 1980 Bench

This view of the pit wall shows the influence of the diabase on the mineralization.
In this particular area, we see a reddish tint along the top of the sill below the strong
chrysocolla at the contact. The red color is the result of cuprite, cha.lcotrich/ite, and
native copper. I will use the bench face in front of the haulage truck to illustrate the
complex mineraiiza.tion that can be encountered during mining operations.. Although the
contacts aren't clearly visible in the slide, the following rock types are present from

right to left; Dripping Springs Quartzite with its basal Barnes Conglomerate member,

-10-




the Pioneer Formation and the diabase; The Dripping Springs contains disseminated
chalcocite with malachite, minor cupriferous wad, and chrysocolla on the fractures.
The sulfide gradually disappears, resulting in a dioptase, chrysocolla, malachite
assemblage just above the.Barnes. The Barnes contains malachite with some cupri-
ferous wad ;'«md chrysocolla. The upper Pioneer contains malachite and cupriferous
wad which yields to a cuprite, chrysocolla, malachite, and native copper zone near
the diabase contact. The diabase contains cuprite, copper clay, native copper, and
chrysocolla. This boils down to a sulfide-silicate zone, a silicate zone, and a
native-silicate zoné occurring along this 1000 feet of bench face.

Slide 20 - Close-Up of Cuprite Zone

This slide is a close-up of the cuprite-native copper zone along the upper
portion of the diabase sill.

Slide 21 - Whitetail Conglomerate - Granite Mountain Porphyry Contact

The next series of slides will show the nature of copper silicate minerali-
zation in the postmineral rocks. The first slide shows the spotty nature of some of
the ore along the contact zone. Here, the Whitetail Conglomerate onlaps the Granite
‘Mountain Porphyry.

Slide 22 - Silicate Copper Mineralization in the Whitetail Conglomerate

Here we see more extensive silicate copper mineralization along selected
beds near the base of the Whitetail Conglomerate. -

Slide 23 - Close-Up of Silicate Ore in the Whitetail Conglomerate

This close-up view of a boulder of Whitetail ore shows the preferential

replacement of limestone cobbles.
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Slide 24 - Apache Leap Tuff with Copper Silicate Copper Mineralization

This slide shows the contact between the diabase and the Apache Leap Tuff
on the 2020 level. The dark zone in the tuff above the basal ash unit is the result of
cupriferous wad with some chrysécolla. coating the fractu;'e surfaces. The clay
minerals in the tuff matrix also contain copper. The intense fracturing in the tuff
here is the result of its proximity to a postmineral reverse fault which produced the
syn linal fold noted earlier. Minor amounts of silicate copper mineralization also
occur in the 17 million year old Big Dome Formation and as noted by Phillips, Cornwall,
and Rubin (1971); a small deposit of exotic copper mineralization was found in re§ent
stream gravels which contained a fossil log dated at 7.35 thousand years.

The non-copper bearing minerals in the deposit that may give some clues to
its origin are: 1) calcite in the Whitetail Conglomerate, especially near its base and in
the diabase where it is apparently of hypogene origin and was sfa.ble during the develop-
ment surrounding and intergrowing cuprite and native copper mineralization, and 2)
minor megascopic opal with chrysocolla in the Whitetail Conglomerate. On the micro-
scopic level, opal may be abmidant in the orebody. 3) Both early and late occurrences
of sele;ﬁte. Sqme specimens of malachite appear to be pseudomorphs after selenite as
do some specimens of chrysocolla. 4) Extensive development of clinoptilolite and
huelandite mineralization, most of which postdates the formation of chrysocolla but
predates most, if not all, libethenite. 5) Small rosettes of barite have been found
growing on some native copper and malachite specimens.

Metz and Rose, 1964, suggest that hot springs activity may have aided in

the formation of the silicate orebody.
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the rock types.

In the Inspiration Mine area, Throop and Buseck, 1971, suggest that
silica may have been released during the alteration of the volcanic glass to

heulandite. At Ray, zeolites coat fractures and much of the chrysocolla in all

At this state of the research, I offer no speculations on the silica source.
However, I will re-emphasize a point made earlier - I feel that in its initial stages,
the Ray silicate deposit was characterized by strong copper carbonate mineralization.

Slide 25 - View (Looking East) of the Silicate Ore Leaching Plant

as follows:

1.

2.

7.

Some vital statistics on the silicate ore processing plant you see here are

10, 000 tons of -} inch ore per day to leach vats.

Sulfuric acid concentration in vats is maintained at 35 grams per
liter.

Plant life acid consumption has averaged 100 pounds per ton of ore.

Currently, plant recoveries are 60 to 65 percent of the total copper.
Plant recoveries have varied from 45 to 75 percent of the total copper.

The solution to electrowinning contains 20 to 35 grams per liter copper.

4,000 tons of -10 mesh silicate bore per day to new agitation leaching
plant with production being achieved by the precipitation method.

At current operating rates, the combined output of both sections will
be 28, 000 tons of copper per year.

Rock related factors that affect copper recovery in the leaching process are:
1) the mineralogy of the ore minerals. Malachite, chrysocolla, cuprite, azurite, cupri-

ferous wad and copper bearing halloysite leach well. Copper bearing montmorillonite,
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as noted by Metz and Stephens, 1967, and some copper iron-oxide complexes leach
poorly. The_ copper bearing phosphates, libethenite, and torbernite don't leach at

all. 2} The mineralogy of the gangue minerals. Calcite and biotite are two abundant
types that can consume or neutralize sulfuric acid. 3) Rock type. The Apache Leap '
Tuff slimes rapidly in the acid environment as does the diabase only to a lesser extent.
The siliceous rocks retain their competency, allowing better solution circulation and
access. 4) How the mineralization occurs in the rock. In the quartzites, most of

the mineralization occurs on fractures and in veins which become well exposed in

the crushing process. In the diabase and the Apache Leap Tuff, a 1§t of the copper

is disseminated throughout the rock in the clay sites requiring diffusion of the leach

solution.
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A REVIEW OF THE RAY OREBODY

INTRODUCTION

The Ray Mine is owned and operated by Kennecott Copper Corporation
and is located in eastern Pinal County, Arizona, seventy miles southeast of
Phoenix. The deposit has been a major copper source since 1911, producing an
estimated 2.7 million tons of copper. The bulk of the production has been derived
from sulfide ores. Mining was abcomp]ished by underground techniques until 1955
when full conversion to open pit methods was achieved.

Currently we are mining 30, 000 tons of sulfide ore and 14, 000 tons of
silicate ore on a five-day per week basis., The sulfide ore is crushed to minus
10 inches at the mine and shipped by rail some 18 miles to the concentrator and
smelter works at Hayden. The silicate ore is processed entirely at the mine via
a percolation/agitation leaching system with the final product being electrowon
cathode copper.

LITHOLOGIES

The first slide shows the lithologic units which are important in the Ray
deposit. The oldest rock is the Pinal Schist which is composed of quartz-sericite
and quartz-chlorite-epidote metasediments, as well as some metavolcanic units.
A metarhyolite unit in the schist has been dated at 1660 m. y. (Livingston and Damon,
1968). The Ruin or Oracle Granite, which is compositionally a quartz monzonite,
intrudes the schist and has been dated in the Winkelman area at 1420 m.y. (Livingston

and Damon, 1968). Following a long period of erdsion, the younger Precambrian



quartzose sediments of the Apache Group were deposited.

The Pioneer Formation is approximately 230 feet thick and consists of
interbedded arkose and tuffaceous siltstones with a basal conglomerate (Scanlan
Conglomerate member). Above the Pioneer Formation, there is typically 40 feet of
basal Dripping Spring (Barnes Conglomerate). Above this we have approximately
250 feet of the lower arkose-quartzite member of the Dripping Spring. Although
the upper Dripping Spring, the Mescal Limestone and the Troy Quartzite are present
east of the mine, they are not important from the standpoint of copper mineralization.

Extensive diabase intrusions, mostly as sills, occurred 1150 m.y. ago
(Livingstone and Damon, 1968). The preore mineralogy of the diabase is variable;
however, the bulk of it appears to have been a hornblende-pyroxene labradorite diabase
with minor quartz, biotite orthoclase, magnetite, and apatite. At Ray, this diabase
is an important host rock. In the mine area there are two sills which average about
500 feet in thickness. The sills prefer certain stratigraphic horizons which are:

(1) the Pinal Schist-Ruin Granite about 300 feet below the Apache Group, (2) the middle
of the Pioneer Formation, and (3) between the lower arkose and upper siltstone members
of the Dripping Spring Quartzite. Going north through the mine, the sill in the Pioneer
migrates downward into the schist and granite. Likewise, the upper sill in the Dripping
Spring Quartzite migrates downward into the Pioneer Formation. Economic hypogene
copper mineralization is not found in Precambrian rocks above the upper diabase sill

in the Dripping Spring Quartzite,

Referring to the left side of the first slide, we have four Laramide intrusives
which warrant description. The Tortilla Quartz Diorite (Sonora Diorite) dated at

approximately 70 m.y. (Banks and others, 1973) is largely restricted to the south and
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and west sides of the deposit, while the main mass of diorite porphyry is found on
the east side of the deposit. Depending upon their location within the sulfide system,
both of the rocks can contain significant amounts of ore grade (at least 0.40% copper)
hypogene copper minera.lizétion. Within the Ray deposit, neither the Tortilla
Quartz Diorite nor the diorite porphyry has been found intruding any lithologies
above the diabase sill in the Pioneer Formation.

The Granite Mountain Porphyry has been dated at 60 m.y. (see Banks
and others, 1972-1973, Livingston and others, 1968, and McDowell, 1971) and has
been long thoﬁght to be the causative intrusive at Ray. The rock is in reality a
porphyritic granodiorite composed of oligoclase, quartz, biotite-magnetite, and
orthoclase phenocrysts with an orthoclase matrix (Cornwall and others, 1971).
At the present surface, the main mass of Granite Mountain Porphyry is west of
Ray in the Granite Mountain area where it is at least two miles in diameter and
appears to have intruded near a northeast trending Pinal Schist/Ruin Granite
contact. In the mine, there are several small masses of Granite Mountain
Porphyry which are aligned in a N70°E direction along a zone of weakness referred
to as the "porphyry break'" (Metz and Rose, 1966). Diamond drilling indicates that
some of these masses may coalesce at depth to form a stock central to the hypogene
ore mineralization.

The Teapot Mountain Porphyry is slightly younger than the Granite
Mountain Porphyry and intrudes as stocks and dikes along a northeast trend north
o.f Ray. The Teapot is characterized by large euhedral orthoclase and quartz

phenocrysts. The Calumet Breccia Pipe may be associated with one of the Teapot

-3-




The Big Dome Formation was named for exposures south of the mine
(Krieger and others, 1974). A biotite tuff within the Big Dome has been dated dis-
cordantly at 14 and 17 m.y. (Cornwall and others, 1971). In the deposit area,
the Big Dome can be subdivided into a schist-porphyry facies and a coarser
grained, gray mixed limestone-Apache Group facies.

The youngest rock unit at Ray is a water lain rhyolite tuff. This light
pink to brown tuff appears to interfinger with the Big Dome in places and may
closely resemble it in age.

Secondary copper mineralization can be found in any of the lithologies
shown on the first figure with the exception of the Ruin Granite.

The second s]idé gives a general feeling for the distribution of the major
rock units. The western part of the figure is predominately Pinal Schist, while
the eastern portion is mixed diabase and undifferentiated Apache Group. Note
the masses of Granite Mountain Porphyry and the onlap of the postmineral volcanics
and sediments.

Hypogene Sulfide Zoning

The next slide illustrates the hypogene sulfide zoning. A high sulfide-
low copper pyrite halo surrounds an ore zone of moderate sulfides with approximately
equal amounts of pyrite and chalcopyrite. Inside the ore zone, there is a low sulfide -
high chalcopyrite zone. The pyrite halo is elongate in an east-west direction and
measures approximately 14, 000 by 10, 000 feet. The hypogene ore shell trends
northwest and is about 6, 000 feet wide and 8,000 feet long. Chalcopyrite is the

dominant copper mineral.



Ore Type Distribution and Reserves

The fourth slide shows the distribution of the various ore types at Ray.
Of interest is the location of the secondary chalcocite zone to the west of and above
the western branch of the hypogene ore zone. Most of the chalcocite occurs in the
Pinal Schist which, if you recall the second slide, is the dominant rock type in this
area. The location of the chalcocite orebody if affected by structure. The hypo-
gene orebody is horseshoe shaped with the open end being the result of the combined
effects of postmineral faulting, intrusion, and erosion. The diabase fault bisects
the hypogene ore zone.

The silicate/oxide orebody was developed in the low total sulfide-high
chalcopyrite core zone.

The total reserve of all ore types is greater than 650-mi11ion\tons, with
an average grade of about 0. 80 percent copper.

Hypogene Mineralization and Alteration

To discuss the hypogene alteration and copper-molybdenum distribution,
it is convenient to divide the lithologies into quartzose Precambrian rocks/Granite
Mountain Porphyry and diabase. Because of today's time constraints, I will give
only the highlight features of the first group.

This slide shows a detailed copper distribution map for the quartzose
Precambrian rocks. Only small areas of plus 0,4 percent copper are present with
the best one being located on the east side and associated with Pinal Schist/Ruin
Granite contact which may have acted as a barrier to the mineralizing solutions
(Metz and Rose, 1966). Similarly, there is little ore grade copper mineralization in

the Granite Mountain Porphyry. Unfortunately, molybdenite favors these rocks.



In the siliceous Precambrian rocks and the porphyry, the hypogene
alteration pattern from the inside out is biotite-K-feldspar, quartz-sericite, and
epidote-chlorite.

The remainder of this talk will be devoted to the most important host
rock, the diabase (Metz and others, 1968, Metz and Rose, 1966, Phillips and
others, 1974).

Looking at the hypogene copper distribution in the diabase, we note large
areas of plus 0.4% copper as well as five distinct areas of plus 0.8% copper. Com-
paring this figure with the prévious é]ide demonstrates the affinity of copper for
the diabase. Approximately 85 percent of the Ray ore reserve is in the diabase.

In the next two slides we will look at the copper distribution in diamond
drill holes along a-a' and b-b'. The diabase in this area intrudes the Pinal Schist
and splits into two branches on the west side of the section. Along section a-a', the
higher copper grade follows the top of the sill and plunges abruptly between holes
4 and 5. Note the lower copper grades in the schist. Along b-b', the zone of
maximum copper concentration migrates uniformily down the sill from hole 8
through holes 9 and 10. The presence of the reactive dia.ba.se sill tends to broaden
and flatten the top of the ore shell.-

Using the six drill holes along section a-a', we can look at the variation in
four significant parameters across the ore zone. The first graph is a plot of the
percent copper encountered in the diabase in each drill hole (dotted line). You will
recall that in holes 1 and 2 there is a small lens of schist in the diabase. The solid
lines "a' and ""b'" represent the copper grades of the upper and lower sections of
diabase while the ""c'" line shows the copper grade of the schist. Note the total copper
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in the schist is lower than that in the diabase.

The second graph shows how the sulfide content varies. Here again the
slashed line is the average for the diabase. Points "a'* and "b" represent the upper
and lower diabase sections respectively and "c'" represents the schist lens and the
average of the two diabases. Unfortunately, hole 2 is an old hole and samples
couldn't be located for analysis, hence the question mark. Observe (1) the sulfide
content of the schist and diabase are the same, and (2) the appearance of the high
sulfide (7 wt. percent) pyrite zone in holes 5 and 6.

The third graph demonstrates the change in the chalcopyrite/pyrite ratio
across section a-a'. Points "a' and ""b" are the diabase and point '"¢'' is the schist.
From the previous slide, we lmdw that hole one is close to the low sulfide core zone,
yet this slide shows the schist lens to be pyritic, illustrating once again the affinity
of the diabase for copper. The pyrite halo is also illustrated by the chalcopyrite
content of holes 5 and 6.

The final graph shows the magnetite distribution in the drill holes. Points
13! and "b'' are diabase and "c¢'" is schist. The general shape of the graphs is similar
to the copper distribution graph. The most magnetite is accompanied by the best

. copper mineralization.

Biotite is one of the most common alteration products in the diabase. It
occurs as a fine-grained mesh in vein envelopes and as thin rims surrounding
disseminated magnetite and sulfide grains in the wall rock. Biotite envelopes are
easily distinguished from the less altered wall rock. The width of the vein envelopes

is directly related to the size and frequency of occurrence of the quartz-sulfide veins.




In a well-mineralized area with strong stockwork veining, the wall rock may be totally
altered for tens of feet. Coarse-grained (2.5 mm) secondary biotite is encountered

in some quartz-sulfide veins and is most common in the low sulfide-high chalcopyrite
core of the deposit.

Two distinct color varieties of secondary biotite are present - brown and
olive-green. A small number of observations have shown that the olive-green variety
becomes more abundant outward from the high copper zone. The difference in color
may be due to variation of the titanium content of the biotite.

Within the vein envelopes, most of the secondary biotite is an alteration pro-
duct of pyroxene and hornblende. The biotitization in vein envelopes is accompanied
by alteration of the plagioclase to an orapge-brown clay. Secondary biotite may be
present along the twin planes in the plagioclase.

Secondary biotite in vein envelopes has a widespread lateral distribution in
the lower diabase sill. It is present in the low sulfide-high chalcopyrite core outward
through the high copper zone, .where strong biotite alteration correlates with high
copper values.

Secondary magnetite is found in the wall rock and vein envelopes as dissemi-
nated anhedral blebs and subhedral, needle-like crystals. Both forms commonly are
enclosed by an inner envelope of sphene and an outer envelope of biotite or chlorite.
Secondary magnetite also occurs in veins with quartz and sulfides. Chalcopyrite and
pyrite veins appear to cut most magnetite veins.

Secondary sphene and rutile are present in the altered diabase, and they
exhibit a zonal relationship with rutile closer to the veins than sphene. Light gray

to white sphene envelops some anhedral magnetite grains in the wall rock. In most
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cases the sphene is itself enveloped in secondary biotite or chlorite and may show
some alteration to calcite. Bright orange, crystalline aggregates of alteration
rutile are usually restricted to the vein envelopes associated with strong biotite
alteration.

Both early and late barren quartz veins are present in the diabase.
Mineralized quartz veins are abundant in the low sulfide-high chalcopyrite core
outward through the high copper zone. In the pyrite halo, vein quartz decreases
markedly. Fine anhedral quartz is present in many vein envelopes with biotite
and clay.

The chief alteration product of the plogioclase in the diabase is a light
orange-brown clay mineral. This alteration is most intense in vein envelopes and
accompanies strong biotite alteration of fhe mafic minerals.

Secondary K-feldspar is a rare alteration product in the Ray diabase. Also,
hypogene sericite in the diabase is not abundant. In the high sulfide-high pyrite zone,
sericite and clay minerals are present as partial replacements of plagioclase in the
vein envelopes. Late stage sphalerite-galena veins frequently have sericitic envelopes.
Where these veins cut earlier quartz-sulfide veins with biotite envelopes, the biotite
is altered to sericite.

Like biotite, chlorite may envelop disseminated sulfide and magnetite grains
in the wall rock. Primary hornblende is partially to completely altered to chlorite-
biotite. Chlorite in vein envelopes seems to be related to the introduction of late

calcite in the vein. Such veins frequently exhibit an inner chlorite and an outer

-10-



biotite envelope. The freéuency of chlorite occurrence in the diabase increases out-
ward from the center of the sulfide éystem.

Though occasional epidote occurs in quartz-sulfide veins throughout the
high copper zone, epidote is most abundant in the pyrite halo where it occurs in pyrite
veins and more extensively in the vein envelope as an alteration product of plagioclase.
Epidote rimming and veining a clay product in a plagioclase site suggests that the
epidote is a late alteration.

Milky-white calcite occurs near the center of veins as a filling with micro-
veinlets cutting the sulfide grains. In some cases calcite floods the vein envelopes
and replaces earlier formed clay minerals. Although it appears to be largely a late
mineral, calcite is most abundant in veins in the high copper zone and shows a
tendency to decrease, both inward and outward, from this zone. Calcite crystal-
lization or deposition may have been favorably influenced by the calcic nature of the
plagioclase (labradorite) in the unaltered diabase.

Coarsely crystalline, light purple anyhydrite is present as a major con-
stituent of some quartz-sulfide veins. The abundance of anhydrite increases with
depth, and, for some unknown reason, the greatest concentration of purple anhydrite
occurs in the high copper zone on the southwestern side of the orebody west of the
Diabé,se Fault.

Minor quantities of orange to white crystalline chabazite occur in some
quartz-sulfide veins in_the ore zone and outward through the pyrite halo. Chabazite

appears to be a late vein filling.
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Much of the pyroxene in the diabase shows partial to complete alteration
to fine-grained amphibole. The author believes that at least part of the uralitization
in the diabase is the result of hydrothermal alteration. This is compatible with the
tendency to form hydrous silicate alteration products, and petrographic studies
indicate decreasing uralitization and increasing pyro xene with increasing distance

outward from the 6rebody.
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SUMMARY

The Ray orebody was developed in older and younger Precambrian
rocks. Stratigraphically, the highest unit of the Apache Group affected by the
hypogene ore solutions appears to be the arkose member of the Dripping Spring
Quartzite, The deposit is thought to be genetically related to the 60 to 61
million year old Granite Mountain Porphyry. Secondary copper mineralization
is found in the Precambrian rocks (excluding the Ruin Granite), the Laramide
intrusives, and the Tertiary conglomerate and volcanic units.

Supergene chalcocite mineralization formed above and lateral to the
hypogene copper orebody, largely in the pyrite halo. The bulk of the silicate/
oxide orebody formed in a low total sulfide-high chalcopyrite environment.

The deposit exhibits a typical hypogene sulfide zoning pattern with
an outer high sulfide-low copper pyrite halo, an ore zone of moderate sulfide
content characterized by approximately equal amounts of chalcopyrite and
pyrite, and an inner low sulfide-high copper zone which is chalcopyritic in thé
diabase and, in places, pyritic in the quartzose rocks.

The bulk of the ore grade (at least 0.40% copper) mineralization occurs
in the semi-reactive, mafic, Precambrian diabase host rock. Molybdenite minerali-
zation favored the quartzose lithologies.

In the siliceous Precambrian rocks and the Granite Mountain Porphyry,
the hypogene alteration zones from the inside out are (1) biotote~-K-feldspar, (2)

quartz-sericite, and (3) epidote-clorite.
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In the diabase, biotite-clay alternation predominates in both the core
and ore zones. Chlorite and epidote increase outward into the pyrite halo. There
is no extensive development of hypogene sericite or K-feldspar in the diabase.

In all rock types, the frequency of quartz veins decreases outward from

the center of the deposit.
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INTRODUCTION

The Ray Mine stands apart from most porphyry copper
deposits for the complexity of its structural geology. The
complexity is exemplified in the professional literature by
the history of the Diabase Fault over the life of the mine,
as shown on the attached table. The dip of the fault was
thought to be easterly from the 1916 publication by Spurr
until the 1966 publication by Metz and Rose, when the dip be-
came westerly. Movement on the fault was considered in the
literature to be east side down until the 1971 publication
of the Sonora Quadrangle by Cornwall, Banks and Phillips,
when this sense of movement was reversed. The interpretation
of displacement along the Diabase Fault ranges from a few hun-
dred feet in the 1919 publication by Ransome to a "proven mini-
mum" of 2,000 feet in Metz and Rose's 1966 publication.

In 1974 John Witner and the writer redefined the location
of the Emperor Fault in the West Pit area and proposed a model
to explain the nature and age of the fault's main movement.

As part of an in-company slope stability investigation of the
"~ West Pit south wall, we concluded, in agreement with work by
Wray in 1971, that the trace of the Emperor Fault does not
form a complete circle in the Pearl Handle Pit; rather, it




crosses the south side_of Emperor Hill. The 1974 report finds
| that the Emperbr Fault separates the oxidized West Pit north
wall from the unoxidized West Pit south wall. A large fault
interpreted as the Emperor was mapped up the West Pit west
wall and projects over Granite Mountain to the southwest.

On Emperor Hill the geology has been redefined by care-
ful pit mapping in conjunction with prospect hole logging.
Ah east-west trending horst block exposes the diabase/Apache
Group sequence on the surface of the Emperor Hill area.
North and south of the horst, the diabase/Apache Group se-
quence is structurally covered by schist in the upper plate
of the Emperor Fault. _The western portion of the horst block
is lower plate schist down-section from the diabase/Apache
Group sequence.

An apparent breccia pipe occurs at, and Just south of,
the extreme western end of the horst block. This structure
involves clasts of Pioneer Formation, Scanlan Conglomefate,

Pinal Schist and diabase.




DIABASE FAULT

The moét obvious fault systems at the Ray Mine are
the Diabase and Emperor Faults. Several other significant
faults are documented in the mine area, including the
Bishop, Empress, North End, Sun, West End, Consueio and
School Faults. In the silicate orebody there is at least
one additional unnamed fault with several hundred feet of
displacement.

The Diabase Fault is a moderately to steeply westerly
dipping normal fault, characterized by several tens of
feet of gougy, broken and brecciated rock and up to a few
feet of strong gouge. In the Pearl Handle Pit, the hanging
wall of the Diabase Fault contains the downthrown diabase/
Apache Group sequence, which is overlain by schist in the
upper plate of the Emperor Fault. The diabase/Apache Group
sequence is underlain by basement Pinal Schist. The pre-
Tertiary footwall rocks in the same area consist of the
diabase/Apache Group sequence.

In the northern corner of the Pearl Handle Pit the nor-
mal displacement is about 800 feet, west side down. South-
eastward in the mine area the displacement increases to
more than 2,000 feet. The Diabase Fault in the Pearl Handle
Pit terminates the Emperor Fault to the east; east of the



Diabase Fault, the Emperor Fault is upthrown and eroded away.
The hypogene orebody occurs mbstly in diabase within the

lower Apache Group rocks, which are offset along the Diabase
Fault.



EMPEROR FAULT

The Emperor Fault is commonly characterized by several
feet of dense, dark gouge and up to tens of feet of gougy ,
broken and brecciated rock. On the whole, the fault dips
about 10 to 30 degrees easterly in the Pearl Handle Pit and
northerly in the West Pit. The upper plate, consisting of
schist, some porphyry and minor diabase, overlies schist,
some porphyry and the diabase/Apache Group sequence in the
mine area.

In the Pearl Handle Pit, the Emperor Fault is down-
thrown in the hanging wall of the Diabase Fault and eroded
away in the footwall. A minimum displacement of about 3,000
feet along the Emperor Fault is indicated where schist over-
lies the diabase/Apache Group sequence. The large amount
of schist in the upper plate of the Emperbr Fault dictates
a westerly source area for that plate.

Geologic pit maps prior to 1975 show the trace of the
Emperor Fault as a circle in the Pearl Handle Pit with a
ridge of upper plate rocks between Sonora-Barcelona and the
two pi@g. The first step toward the present interpretation
of the Emperor Fault was taken by Wray in a 1971 in-company
report. Wray mapped the fault correctly in the south Emperor
Hill and Sonora-Barcelona areas. In the Barcelona area, the
Emporor Fault plane is exposed on original ground forming
the dip slope. This is the western termination of the ridge




of upper plate rocks in.the Sonora area. In the area be-
tween south Emperor Hill and the West Pit floor, Wray shows
a sharp southwestward bend in the Emperor Fault trace. The
southwestward trace is currently believed to be an unrelated
fault.

The Emperor Fault in the northern Pearl Handle Pit is
very near the contact between hematitic leached cap and un-
oxidized,.énriched sulfide-bearing rocks. In this area the
Emperor Fault is near the "red-to-gray" contact. The 1967
Ray series 1,000-scale color aerial photography shows the
red-to-gray contact crossing south Emperor Hill and tracing
across the floor of the West Pit to the west wall. There a
large fault fitting the description and general attitude of
the Emperor was mapped continuously down the recently mined
upper half of the west wall, and was visible down the lower
half of the west wall to the lake at the floor of the West
Pit. This is belleved to be the westernmost expression of
the Emperor Fault in the mine area.

The red-to-gray rule-of-thumb for locating the Emperor
Fault is not applicable west of the Wést Pit floor nor south
of the Pearl Handle Pit extension. In these areas the hema-
titic oxidation decreases in the upper plate of the Emperor
Fault to an irregular oxidation contact. In the Pearl
Handle Pit extension there is ore grade (+0.4% Cu) primary
as well as secondary sulfide mineralization in both plates
of the Emperor Fault.




On Emperor Hill the proximity of the Emperor Fault to
the oxidation, or red-tb-gray, contact is somewhat variable.
In drill core from one recent Emperor Hill hole, the main
gouge zone precisely separates leached cap from high-grade
(+1.0% Cu) secondéry sulfide enrichment. In a second re-
cent hole 250 feet from the first hole, there is 400 feet
of high-grade secondary sulfide enrichment with mostly weak
oxidation above the fault and more than 100 feet of high-
grade secondary sulfide enrichment below the fault, as one
continuous ore intercept. On south Emperor Hill, where the
2020 level intersects the Emperor Fault, the main gouge zone
is 25 feet below the oxidation contact.

Two older diamond drill holes on south Emperor Hill
intersect the Emperor Fault at the depths predicted using
the new trace of the fault across Emperor Hill and the mapped
30-degree dip. Hole 881 intersects seven feet of greenish-
gray gouge 44 feet below the first sulfides and eight feet
above the oxidation contact. Hole 882 encounters a 33-foot
gouge zone starting 103 feet below the first sulfides and
very near the oxidation contact. A 1977 hole was drilled
450 feet south of hole 881 and south of the new trace of the
northward dipping Emperor Fault. The new hole drilled
through focks believed to be upper plate according to the
old Emperor Fault interpretation and lower plate according
to the new interpretation. This hole proved the new inter-

pretation to be correct. No substantial fault was inter-




sected, and the schist facies encountered from the surface
is a more mafic, sometimes mottled facies characteristic of
the lower plate in the Emperor Hill area. The same mottled
lower plate facies was intersected below the Emperor Fault
in hole 881, and a more mafic schist was logged in the lower
plate portion of hole 882. It is recognized that the ob-
served schist facies changes may, at least partly, be pro-
duced by supergene leaching effects.

~ This writer agrees with Wray's 1971 in-company report
description of the Emperor Fault as a gravity slide rather
than a thrust fault. A causative mechanism was proposed in
Witner and the writer's 1974 in-company report that would
date the main movement of the Emperor Fault. The Granite
Mountain Porphyry, with age dates of 60 and 63 million years
(Banks and others, 1972), is commonly described in the
literature as mushrooming out above the Emperor Fault. In
some areas of the mine, the mushrooming concept yields to
the likelihood of Granite Mountain Porphyry offset along
the Emperor Fault.

The largest stock of Granite Mountain Porphyry in the

Ray area centers at Granite Mountain, three miles southwest
of the Pearl Handle Pit. The intrusion of this stock would
have uplifted the area, causing a gravity slide that moved
to the northeast over the Ray Mine area with a shallow north-
easterly dip. Further uplift on Granite Mountain to the west




and downfaulting along the Diabase Fault to the east‘steep-
ened the dip on the Emperor Fault. This mechanism would

set the age of the main movement along the Emperor Fault at
60 to 63 million years ago. Since the slide movement would
have occurred during the time of Granite Mountain Porphyry
intrusion, porphyry masses may have intruded the upper plate
both slightly before ahd after the main movement. Conse-
quently, some porphyry masses would be offset while others
would not.

The drilling data, consisting of more than 1,000 dia-
mond drill holes and several hundred churn drill holes,
gives no indication of major post mineral displacement along
the Emperor Fault. There is hypogene mineralization, some
of which is ore-grade (+0.4% Cu), in both plates of the
Emperor Fault in the same area. The flat secondary sulfide
enrichment blanket clearly crosses the gently dipping Emperor
Fault in the Pearl Handle Pit-Emperor Hill area. At the in-
tersection of the enrichment blanket with the Emperor Fault,
secondary sulfide ore is commonly found in both plates of
the fault within a single drill hole.

It is likely that the Emperor Fault has experienced re-
current minor movements since the episode of major movement.
Sulfides in the fault are sheared and thin sheets of native
copper are found that exhibit obvious shearing effects. On
the other hand, an undisrupted one-half inch thick chalcocite
vein occurs in hole 1075 six inches below the Emperor Fault
main gouge zone. Between the 1740 and 1780 levels of the



northern Pearl Handle Pit, substantial amounts of Emperor
Fault gouge-mylonite with obvious fluxion structure were
collected for the native copper content. Unsheared seams
of native copper invade the gouge-mylonite along seams of
fluxion structure, demonstrating an absence of post native
copper movement. |

In plan view, central to the horseshoe-shaped hypogene
ore zone (Phillips and others, 1974), there are three
apophyses of Granite Mountain Porphyry outcropping at about
2500 feet elewvation. A review of the diamond drilling data
and correlation of the geologic sections and cross-sections
adds significance to the central Granite Mountain Porphyry
apophyses. The data are permissive if not indicative of a
coalescence at depth of the apophyses into the largest stock
of Granite Mountain Porphyry in the mine. The main body of
this stock appears to be about 2,000 feet wide at sea level.
The central relationship of this stock to the geometric hypo-
gene copper zoning suggests strongly that this central Granite
Mountain Porphyry stock is the parent intrusive for the Ray
orebody. Since only apophyses of porphyry occur at the
present surface, it seems likely that the level of erosion
at Ray is high in the sulfide system and relatively little

hypogene ore has been lost.
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EMPEROR HILL

Pre-1976 geologic pit maps show an island of Dripping
Spring Quartzite in a sea of schist on north Emperor Hill.
The Dripping Spring Quartzite block is about 1,000 feet long
and 500 feet wide. It is commonly depicted with faulted
boundaries and speculation existed that this wés an alloch-
thanous megabreccia slide block from the Dripping Spring
Mountains. The area was known to be complexly faulted, but
was poorly understood due to the presence of schist on both
sides of most faults.

An intensive pit mapping program was undertaken by the
writer in late 1975 in order to unravel the structural com-
pPlexity of the Emperor Hill area. Detailed pit mapping was
conducted on a daily to semi-weekly basis in conjunction
with prospect hole logging. The following geologic picture
emerged.

Six major faults were traced across Emperor Hill in
order to clarify the geologic setting. According to the
previous interpretation, the surface on Emperor Hill was
in the upper plate of the Emperor Fault. The present study
reveals a horst block of lower plate rocks in the area of
the previously mapped Dripping Spring Quartzite block. The
quartzite 1s part of the diabase/lower Apache Group se-
quence exposed beneath the Emperor Fault in the Pearl Handle

-]l]l-




Pit. The Emperor Fault was uplifted and eroded away in the
horst block area.

From east to west, in plan view, the Emperor Hill por-
tion of the horst block consists of Quaternary alluvium,
LOoO feet of Dripping Spring Quartzite, 450 feet of diabase,
100 feet of Pioneer Formation, 10 feet of steeply to mode-
rately eastward dipping Scanlan Conglomerate, 900 feet of
Pinal Schist, 200 feet of an apparent breccia pipe, and
mine dump. The east-west trending horst block is adjoined
to the south by schist in the upper plate of the Emperor
Fault, where drilling information shows the Emperor Fault
to be a few hundred feet deep. The area north of the horst
block is geologically complex and poorly understood. Imme-
diately north of the horst block diabase/Apache Group se-
quence, the same diabase/Apache Group sequence is overlain
by several hundred feet of schist. This schist blanket was
eroded away in the Tertiary basin northeast of the exposed
horst block.

The northern horst block bounding fault dips 90 to 70
degrees southward. Although it is locally referred to as
the north branch of the North End Fault, it is interpreted
to be the same fault as the North End Fault in the West Pit.
In the horst block area, the expression of the fault ranges
from one foot of breccia with a hematitic silty matrix to
several feet of gouge and gougy rock.

The southern horst block bounding fault dips steeply
to moderately southward, with steeper dips to the east and

more moderate dips to the west. Although this fault is
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called the south branch of the North End Fault in the horst
block area, it is interpreted to be the westérn portion of
the Diabase Fault. The horst block, therefore, resulted
from the union of two steep faults with opposite senses of
movement.

The expression of the south branch of the North End
Fault normally consists of one or more feet of gouge and up
to tens of feet of gougy rock; however, in the southwestern
horst block area, the fault becomes quite tight. There is
little doubt that the tight fault mapped in this area is the
same fault, since it separates a sericitic schist facies to
the south from an arkosic/mafic schist facies to the north,
as does the larger fault.

Stratigraphic relationships put some time constraints
on the ages of movement of the horst bounding faults. The
south branch of the North End Fault, or western Diabase Fault,
was covered on the original surface by a small patch.of
Whitetall Conglomerate and Apache Leap Tuff. The concealed
fault trace bisected the Tertiary cover. Movement along
this fault was therefore pre-mid Tertiary. It is intéresting
for comparison to note that in the Pearl Handle Pit extension,
a small block of Apache Leap Tuff on Pinal Schist was mined
in the hanging wall of the Diabase Fault.

The minimum displacement along the western Diabase Fault,
based on the depth of the Emperor Faﬁlt and the current topo-
graphy, is around 300 feet. However, the original topography

-13-



on Emperor Hill contributes an additional 600 feet to the
likely minimum displacement along the western Diabase Fault.

The eastern North End Fault shows a minimum displace-
ment on the order of a few hundred feet where Apache Leap
Tuff 1s faulted against Big Dome Formation northeast of
Hagen's Dam. However, there may have been additional move-
ment prior.to the development of the Tertiary basin.

The upper plate of the Emperor Fault south of the
horst block contains an important fault associated with a
thin diabase sill. This is the Empress Fault, which was
first mapped in earlier mine exposures. The Empress Fault
and its associated diabase sill were folded into a syncline
on the northeastern side of the Bishop Fault. The Empress
Syncline 1s probably the result of drag folding along the
western Diabase Fault. Southwest of the Bishop Fault, at
a farther distance from the western Diabase Fault, only the
"south 1imb" of the Empress Fault has been found. The off-
set of the Empress Fault along the moderately westerly dip-
ping Bishop Fault is the same as that of the underlying

Emperor Fault--30 feet, west side down. In addition, the
attitude of the Empress Fault is exactly conformable to

that of the Emperor Fault on the southwest side of the
Bishop Fault. Genetically, the Empress Fault is probably
an imbricate structure relating to movement along the
Emperor Fault. The lack of any indication from earlier
mapping that the Empress Fault folds also tends to coﬁfirm
the drag folding hypothesis.

-14-




The Empress Fault 1s generally characterized by up to
a few feet of dense limonitic gouge and many feet of strong-
iy sheared diabase. The thickness of the diabase sill asso-
ciated with the Empress Faulﬁ averages around 10 to 20 feet.
Like the Emperor Fault, the Empress Fault dips about 30
degrees to the northwest in the hanging wall of the Bishop
Fault. A peculiar feature of the Empresstault is that the -
gouge zone sometimes occurs at the upper diabase contact,
sometimes at the lower diabase contact, and sometimes bisects
the diabase or occurs anywhere within the diabase sill. The
1977 geologic pit map shows that a small patch of apparent
Whitetail Conglomerate covers the Empress Fault, indicating
a pre-mid Tertliary age of movement.

On Emperor Hill, the Bishop Fault is a comparatively
small fault, expressed by only a few inches or less of hema-
titic gouge. This ﬁesterly dipping normal fault shows 30
feet of post Emperor/Empress Faults movement. A generally
moderate west-northwesterly schistosity dip is.retained
across the Bishop Fault.

The last significant feature to be recognized as a
result of the Emperor Hill pit mapping program is an apparent
new breccla pipe near the western end of the horst block.
Like the Calumet Breccla Pipe, this pipe is probably related
to the post ore (60 million year 0ld) Teapot Mountain Porphyry.
An old diamond drill hole in the pipe intersects several
Teapot Mountain Porphyry dikes.

-15-



The breccia pipe is located within and just south of
the westernmost end of the horst block. Surface mapping

indicates fragments of Pinal Schist, Scanlan Conglomerate,
Pioneer Formation, and diabase are involved in the brec- |

- clation. The surface of the pipe is commonly intensely
limonitic. The lateral distance to the nearest Apache

Group rocks within the horst block is 750 feet. It 1s

not clear at this time what the nature of movement was with-
in the pipe in order to accomplish the substantial apparent
lateral offset of Apache Group rocks. Little drilling in-
formation is available since this is a poorly mineralized

area.
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Abstract.—The contents of Cl, F, and H:04 (calculated)
in some hydrous ignecus minerals in intrusive rocks of Lara-
mide age (70-60 m.y.) near Ray, Ariz., appear to be related
to the age and the chemistry of the whole-rock samples. Apa-
tite and biotite in younger, more silicic rocks contain more F
but less Cl and H.O+4 than apatite and biotite in older, more
mafic rock; the same relations hold for F and H.04 in
sphene. Correlations of the abundance of Cl, F, and H:0+4 in
hornblende with rock chemistry and age are not as strong as
for apatite, biotite, and sphene; igneous(?) epidote does not
contain C1 and F in amounts detectable by electron micro-
prcbe analysis. The contents of Cl, F, and H:04 in whole-
rock samples decrease with increasing differentiation index
and decreasing age. Data for a single pluton of variable com-
-position mirror the results for a ’suite of different plutons
and dikes. The data are satisfactorily although not exclusive-
ly explained by postulating that the melts each contained
progressively less Cl, F, and H.O and-that the hydrohs min-
erals consumed most of the Cl, F, and H:O in the magmas.
The data may also be explained by postulating that (1) the
stocks evolved Cl-bearing water during their ascent and
crystallization, or that (2) Cl and H.O were concentrated dur-
ing differentiation of the stocks but the minerals failed to
record their buildup. Both alternative explanations find prob-
lems with and require special conditions to satisfy field,
chemical, and experimental data. If many of the special con-
ditions are not met, a nearby batholithic parent to the stocks
is not a favorable source of the mineralized fluids at Ray.
Propylitic alteration of biotite results in Cl-poor chlorites and
may have provided some Cl to hydrothermal fluids; biotite
may have also supplied some F to propylitizing fluids through
alteration.

This study provides data on the concentrations of Cl,
F, and H,O in the intrusive bodies and their hydrous
minerals related in time and space with the porphyry
copper deposit at Ray, Ariz. These and accompanying
whole-rock petrochemical data allow interpretation of
the magmatic behavior of Cl, F, and H,O prior to
deposition of ore. Microprobe and wet-chemistry analy-
ses for Cl, F, and H;O+ of mineral grains and whole-
rock samples of least altered Laramide intrusive rocks,
of mineral grains in least altered Precambrian igneous

— = 7
I~
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Jour, Research U.S. Geoi. Survey
Vol. 4, No. 1, Jan.—Feb. 1976, p. 91-117

HALGGEN CONTENTS OF IGNEOUS MINERALS AS INDICATORS
OF MAGMATIC EVOLUTION OF ROCKS ASSCCIATED WITH THE
RAY POCRPHYRY COPPER DEPOSIT, ARIZONA

By. NORMAN G. BANKS, Menlo Park, Calif.

rocks (Ruin Granite, 1.4 b.y.; diabase, 1.2 b.y.), and of
hydrothermal biotite from the deposit are reported.
The igneous minerals studied are apatite, biotite, horn-
blende, sphene, and epidote; secondary minerals
include chlorite, epidote, sphene, phengite, and
hydrogarnet(?).

The samples used in the microprobe studies were col-
lected at sites indicated in figure 1 and include 7 of at
least 12 rock types intruded in the vicinity of the Ray
deposit during a 10-m.y. period (70-60 m.y. ago;
Banks and others, 1972; Banks and Stuckless, 1973).
Ages, differentiation indices, textures, the Fe-Mg sili-
cates present, and percentage of alteration of selected
minerals in the Laramide igncous rocks are listed in
table 1. Whole-rock chemical and petrologic data have
been obtained on one or more samples of each of the
12 rock types. At least 11 of these rock types are cut by
sulfide veinlets; part of this veining occurs outside of
presently commercial ground.

The deposit, located about 120 km north of Tucson
and 120 km east of Phoenix, Ariz. formed about 60
m.y. ago (Banks and Stuckless, 1973). The main hosts
of the hypogene sulfides (pyrite, chalcopyrite, and
molybdenite) are schist, Ruin Granite (a quartz mon-
zonite), quartzite, and diabase, all of Precambrian age.
The center of mineralization occurs near the west-
central edge of the Sonora quadrangle (fig. 1).
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the modal data used for material balance estimates in
this report was contributed by H. R. Cornwall. R.
Dockter aided in data compilation and drafting. Oliver
Ingamels (now with Climax Molybdenum Co., Golden,
Colo.) provided the scapolite standard (No. 63-1803)
for the Cl analyses.
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F1eurE 1.—General geology and sample locations.

BACKGROUND GEOLOGY AND PETROLOGY OF
LARAMIDE IGNEOUS ROCKS

Laramide igneous bodies near Ray were intruded in
roughly five periods (fig. 1) that may or may not rep-
resent a nearly continuous sequence. One or more major
plutons, representing five rock types, were emplaced
during each of the first four intrusive periods. The
samp]es for microprobe study came from four of these
five major rock types. The excepted rock type repre-
sents a granodiorite stock of intrusive period IT (63

m.y. old) in the Grayback quadrangle (not shown in
fig. 1). Rhyodacitic to quartz latitic dikes were em-
placed in intrusive periods II, IV, and V. Samples of
the dikes for microprobe study came from two rock
types of period IT (samples 17-16 and GM100, table 1)
and one type of period V (sample 61-2F, table 1).
Bulk compositions of the major Laramide plutons
are progressively more felsic (increasing differentia-
tion index) with decreasing age of the intrusive type:
these ages were determined on the basis of geologic
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TABLE 1.—Sample data, Laramide rocks

Rock Mafic silicates present Percentage Percentage
Rock differen- Text of mafic of plagio-
sample 1 tiation exture Pyrox- Horn- Bio- minerals clase
index 2 ene blende tite altered 3 altered 4
Tortilla Quartz Diorite (71-70 m.y.) ®
17-28 514 Intersertal ________ . ___________ X X Trace 16.0
17-1 51.9 eee@0 X ) X 19.5 5.0
48-29 53.2 @O X X -— 10.0 45.0
Rattler Granodiorite (70 m.y.)
46-99B 484 Hypidiomorphic-seriate ___________ X X X 1.3 6.6
60-113D% 64.7 Porphyritic - __________________ _____ X X 11.3 3.8
60-108 72.3 Hypidiomorphic-seriate _______.____ Trace X _— Trace 1.0
60-1141* 72.2 Porphyritiec, . _________________ _____ X X 24 3.0
61-25% 724 ———-do e oo X X 8.2 35
60-91 72.5 Seriate porphyritic ____.___________ = _____ X X 110 - 11.2
60-111 2.7 Chilled __________________________ _____ - X .0 0.6
60-124* 72.8 Hypidiomorphic-seriate ___________.  _____ X X 13.3 10.0
60-98 75.2 eeedo X X 1.7 3.6
46-11G 5.4 B « o X X 9.6 10.5
60-131 76.4 Seriate porphyritic _______________ = _____ — X 83 71
60-130 76.9 Hypidiomorphic-seriate ___________ = _____ - X 9.0 6.3
60-132* 7 eee0 oo - X 177 71
60-96A 87.3 Aplitic . _____________________ _____ _— b4 725 26.7
46-11A 93.3 eeedO0 o ______  _____ - X 72.2 35.9
T16-630% 71.5 Seriate porphyritic ______________  _____ X X —_—— —
Granite Mountain Porphyry (61-60 m.y.).
RB5 79.7 Granitoild ___________-___________  _____ — X 46.0 39.5
GM14 80.5 Seriate porphyritiec ______________ = _____ _— X 125 121
GM12 818 Porphyritiec ______________________ _____ - X . 13.6 11.3
GM18 819 Granitoid _______________________ _____ Trace X 5.7 9.0
GM6G 83.5 Seriate porphyritic ______________ = _____ __do_ X 9.2 2.3
GM1A 194.7 Aplitie o _______ _____ _— X 100.0 41.0
GM2A 94.7 JE « 1 S - X 86.7 21.0
GM4vV — Porphyritic ______________________ _____ - X 16.7 2.5
Teapot Mountain Porphyry (61-60 m.y.)
Ttm$ 83.6 Porphyritie . _________________ _____ X X 100.0 68.0
Rhyodacite dikes ®
17-16% °74.0 Porphyritic - ___  _____ X X 432 58.8
GM100+} °80.0 O T S, X X 42.0 52.3
61-2F% 81.0 eeedo e e X X 86.3 78

1 Samples with phenocrystic magnetite and hydrous phases.
* No mineral analyses.
1 No modal analysis.

1A numeral 2 or 3 preceding the sample numbers in the following tables indicates that the probe mount is a duplicate or triplicate sample.
2 Modified from Thornton and Tuttle (1960) : uses quartz plus albite plus K-feldspar from molecular catanorm rather than the CIPW norm.
3 Percentage of the Mg-Fe minerals in the rock converted to secondary minerals.

4 Percentage of the plagioclase in the rock converted to secondary minerals.

8 Ages from Banks and Stuckless (1973) ; Banks and others (1972).
¢ Fibrous amphihole reaction rims on pyroxene.

7 Aplite assumed to have approximately same differentiation index as sample GM2A.

8 Ages as follows: Sample 17-16 (<69, >63 m.y.) ; sample GM 100

(63 m.y.) ; sample 61-2F (questionable, eithe!- 70 m.y. or <60 m.y.).

® Rock analysis from the same dike type but not the same dike used for the mineral analyses.

relations and potassium-argon and fission-track ages
(table 1). Compositions of the dike rocks are not all
intermediate between those of rock types that they
crosscut and that crosscut them. However, standard
petrochemical plots of whole-rock normative minerals,
major elements, and trace elements indicate that the
magmas of both the dikes and the stocks of Laramide
age near Ray developed along smooth chemical trends
(Banks and others, 1972). The results are compatible
with, although not proof of, either consanguinity or a
common-source partial melting origin of the igneous
suite. Various facies of the Rattler Granodiorite al-

most duplicate in one intrusive mass the chemical, tex-
tural and mineralogical variations that occur in the
entire suite studied (table 1). This allows comparison
of the behaviors of Cl, F. and H,O in one magma with
their behaviors in a series of magmas intruded in the
10-m.y. period. Stratigraphic reconstructions indicate
that during Laramide time the presently exposed rocks
were at depths ranging from not more than 1.5 km to
at least 3 km. Concordance of apatite fission-track ages
with other mineral ages places a maximum depth for
the exposed rocks and deposit at 5 km during and since
Laramide time (Banks and Stuckless, 1973). Depths of
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emplacement. of the individual plutons studied may
have differed by 1.5 km or more.

Several petrochemical observations suggest, although
admittedly do not prove, that the stocks and dikes did
not saturate early in their crystallization history or
evolve much water. The Mg content of the biotite de-
creases slightly with increasing differentiation index of
the sample and, more strikingly, with decreasing sam-
ple age (fig. 2). This reducing trend may represent
undersaturation of the melt in regard to water (Wones
and Eugster, 1965). Additionally, (1) the percentage
of aplites in the stocks is low; (2) there is a paucity of
pegmatitic aplites; (3) metamorphic aureoles around
the intrusive bodies, both stocks and dikes, are very
restricted and in some places are virtually absent even
in carbonate terrane; (4) miarolitic features or cavi-
ties have not been identified in field exposures or thin
sections of the Laramide stock's; and (5) J. T. Nash
(written commun., 1971, 1972) and M. J. Logsdon
(oral commun., 1973) find that the fluid inclusions in
quartz in the rocks are sparse, two phase, relatively
dilute, and homogenize at temperatures below 450°C.

Another petrologic observation that might indicate
the degree of saturation of the magmas at their em-
placement is the amount of melt crystallized prior to
the first formation of the hydrous minerals. For ex-
ample, at their depths of emplacement, the melts should
have contained about 2.5-3.0 wt percent H,O before
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biotite formed (D. R. Wones, oral commun., 1973;
Wones and Dodge, 1966). Thus, if biotite first formed
in a stock when it was 50 percent crystallized, the
magma presumably had less than 1.5 wt percent initial
H.,O. However, as described below, not only is it diffi-
cult to determine with surety when the hydrous miner-
als first began forming in the magmas, but also the
petrologic relaticns can be interpreted to indicate that
a given mineral began forming at different times in the
same magma. A

In the porphyritic variants of the Rattler Granodi-
orite and in the rhyodacite dikes and Teapot Mountain
Porphyry (flagged by daggers in table 1), anhedral
(fig. 34) to euhedral (fig. 3B) phenocrysts of horn-
blende, biotite, and anhydrous minerals are set in
either an aplitic or felty groundmass composed mainly
of quartz, K-feldspar, and, in some samples, also plagi-
oclase, opaque minerals, hornblende, or biotite. Acces-
sory apatite occurs as subhedral to euhedral grains and
as inclusions, mostly in biotite. Sphene rims magnetite
phenocrysts, is intergrown with biotite and hornblende,
or locally is found as separate, subhedral to anhedral
medium-sized grains. Provided that growth rate of
the hydrous minerals did not greatly exceed the growth
rate of the anhydrous minerals, these relations suggest
that the hydrous minerals began forming in the magma
before the groundmass, which makes up 30-50 percent
of the rocks in this group of samples. However, in the
other samples of the Rattler Granodiorite (not flagged
by daggers in table 1) and in all samples of the Tor-
tilla Quartz Diorite and Granite Mountain Porphyry
(including porphyritic varieties), the hydrous miner-
als are interstitial to plagioclase (forming roughly 50
percent of the rocks) and are spatially associated with
interstitial aplitic to oikocrystic K-feldspar and quartz
(fig. 3D-H ; fig. 44). In the more felsic samples of this
group, some of the larger K-feldspar and quartz grains
(perhaps another 20-30 percent of the rocks) formed
with the plagioclase and therefore also predate the hy-
drous minerals. Hornblende, biotite, and sphene display
euhedral faces against each other and interstitial
quartz or K-feldspar (fig. 44, F), but they only rarely
are euhedral against plagioclase. These relations indi-
cate that at least the outer parts of the hydrous mineral
grains are coeval with the interstitial quartz and K-
feldspar and postdate main-stage growth of plagio-
clase and some quartz and K-feldspar but do not rule
out the possibility that the cores of the grains began
forming during plagioclase growth. Rare small inclu-
sions of apatite, biotite, and hornblende in the early
plagioclase might suggest the second possibility but
might also be interpreted to be replacement features
associated with fractures and crystal dislocations lo-
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cated outside of the thin sections. Alternatively, rather
than indicating favorable conditions for hydrous min-
erals throughout the magma, the small inclusions might
have resulted from local concentrations of the required
components that were rejected by the growing anhy-
drous plagioclase.

Although these petrographic relations suggest that
the hydrous minerals may have formed earlier in some
magmas or parts of magmas than in others, textural
relations indicate that these minerals cohtinued to
form late during crystallization in both sample. groups.
Some hornblende and biotite in the first sample group
include aplitic groundmass material in their edges (fig.
34, B) and some in their centers, indicating, as does
the presence of hydrous minerals in the groundmass
(fig. 3C), that at least part of the growth of the hy-
drous minerals accompanied crystallization of the
groundmass. In the samples of the second group, the
hydrous minerals show crosscutting, interstitial, and
coeval relations with the interstitial anhydrous miner-
als (fig. 4B, C) and replace the early-formed plagio-
clase (fig. 4D) and, in the more mafic samples, also py-
roxene (fig. 4£). These relations and the presence of
biotite, apatite, and sphene in the late-stage aplitic
differentiates of all the stocks indicate that hydrous
phases continued to form until only a small amount of
liquid remained. All the hydrous minerals become less
abundant with increasing differentiation index of the
sample (fig. 5), and the modal amount of a given hy-
drous mineral is not detectably different when samples
of like whole-rock composition from the two sample
groups are compared.

Paragenetic relations between the different hydrous
phases appear to vary somewhat with rock chemistry.
In the more mafic samples, at least part of the horn-
blende appears intergrown with biotite, whereas in the
more felsic Granite Mountain Porphyry, the horn-
blende occurs only as very rare needles (for example,
sample GM18, tables 1, 5) in quartz that may predate
biotite. Sphene in the mafic samples is interstitial to
hornblende and biotite but in more felsic rocks appears
coeval with these minerals (fig. 4F'). For the most part,
however, the frequency of mutual inclusion, inter-
growth, replacement, and proximity coupled with simi-
lar physical relations with precursor and coeval an-
hydrous phases indicate that the formation of biotite,
hornblende, apatite, and sphene was lar «rely coeval
(figs. 8D, I1 ; 4D-F'). Rare grains of interstitial epidote
thought to be igneous or to be replaced interstitial
glass are the exception and appear always to postdate
the other hydrous phases, except perhaps sphene in the
mafic samples. The epidote is sometimes chemically dis-
tinguishable from epidote formed at the expense of
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biotite and plagioclase in the same thin section, and
igneous minerals in contact with it appear unaltered
(fig. 4G, H). Compared to the other hydrous minerals,
apatite is commonly euhedral (fig. 4D, £'; 3H) and

drous silicate (it does include zircon and opaque min-
erals) or even plagioclase in occurrences where it ap-
pears to replace that mineral.

Crystal growth relations of the interstitial hydrous
minerals, quartz, and K-feldspar appear to be complex.
A given hydrous mineral grain may have a euhedral
face in contact with an interstitial grain of a given an-
hydrous mineral, whereas the other face or other grain
of the hydrous mineral in the same or different thin
section of the same pluton may replace the K-feldspar
and quartz or be intergrown with them (fig. 44). The
same relations occur between different hydrous miner-
als and also between interstitial quartz and K-feldspar.
Also, replacement and overgrowth features occur be-
tween like-mineral grains. These relations indicate that
the conditions governing mineral stabilities fluctuated
repeatedly over short distances during formation of the
interstitial material. They may also suggest equilibri-
um crystallization where continual reconstitution of
the crucial components for growth of a given phase
(among them Cl, F and H,0) was caused by rejection
of the components by other nearby phases.

ANALYTICAL RESULTS
Methods

The mineral analyses were done with an ARL (Ap-
plied Research Lab.) model EMX-SM electron micro-
probe using an ADP crystal for Cl and an RAP crystal
for F, an excitation voltage of 15 kV, sample currents
of 2.5X10-% or 3X10—% A on brass, integration times
(terminated on a fixed beam current) of about 40 s,
and scapolite (2.57 wt percent Cl) and fluorapatite
(3.83 wt percent F') as standards. The electron 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 about 4-10 xm?2. At the termination of each count-
ing interval, the sample was moved under the beam
about 1 ym. If the grain shape and size did not allow
this type of analysis, the sample was moved manually
under a fully focused or defocused (2-3 wm) beam
about every 10 s. The X-ray intensity data (counts),
obtained by averaging 4-10 (usually 8) observations
per analysis, were corrected by computer. Except for
apatite, observation points were distributed over an
area of about 10X10 pm. Data collection for apatite
was similar to the above except that the data points

seems not to include apparently coeval hydrous, Wﬂl@
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data used in the computer corrections were gathered
during 6-15 counting intervals (of about 20 s each)
using (where appropriate) biotite, apatite, rhodonite,
hornblende, rutile, hematite, orthoclase and plagioclase
as standards.

Precision of the microprobe analyses is considered
to be about +10 percent of the amount present for F
and slightly better for Cl. Detection levels were estab-
lished at three times the square root of the background
counts (Birks, 1963). The average Cl and F contents of
biotite in one sample determined by microprobe analy-
sis agree within 17 percent of the amount determined
by wet-chemical analysis (sample 261-25, table 4).
This is good agreement considering the inhomogeneity
of this sample with respect to Cl and F and consider-
ing the correction factors involved in using scapolite
and apatite for Cl and F analysis of biotite. The values
of H,O+ reported in tables 2-6 are calculated by dif-
ference by assuming ideality for each mineral phase
and using the com putel program of Jackson and others
(1967) to obtain #id'required normalizing factors. The
H.O+ data are less precise than the Cl and F data be-
cause the precision of the normalizing factor is in-
pl e 1’“&%«9 eneity of six to nine elements
Ahis a4t the variation in the major-
fits between mineral grains resulted in
% fed H,O+ contents for some of the
: ‘%:Fm tables 3-6, although the grains have
similar ¢ 5 I contents. The IO+ content, by
analysis, of one biotite (grain CHEM, sample 261-25,

Ficure 3.—Textural relations of minerals in Laramide rocks
at Ray, Ariz. (A, apatite; Bl, biotite; KS, K-feldspar; HB,
hornblends i umagnetite; PL, plagioclase; Q, quartz.
Numbers ing - different outcrops of individual, optically
continuous grains.) A, Sample 60-114, porphyritic facies of
Rattler Granodiorite. Phenocrysts of euhedral to subhedral
plagioclase, subhedral to anhedral quartz and magnetite,
and anhedral biotite and hornblende in groundmass of
plagioclase, K-feldspar, quartz, and biotite. B, Sample 61-
25, porphyritic facies of Rattler Granodiorite. Phenocrysts
of subhedral to euhedral plagioclase, biotite, hornblende
(not shown), and magnetite and rounded quartz in ground-
mass of plagioclase, K-feldspar, biotite, and magnetite. C,
Inset of figure 3B showing biotite in groundmass. D, Sam-
ple 17-28, Tortilla Quartz Diorite. Subhedral plagioclase
with interstitial hornblende, biotite, and quartz. E, Sample
17-28, Tortilla Quartz Diorite. Detail of interstitial biotite
and quartz. F, Sample 60-131, seriate porphyritic facies of
Rattler Granodiorite. Quartz, K-feldspar (stained) and blo-
tite interstitial to euhedral to subhedral plagioclase. G,
Sample RB-5, Granite Mountain Porphyry. Euhedral plagio-
clase with biotite and interstitial oikocrystic K-feldspar
(stained). H, Sample 60-131, seriate porphyritic facies of
Rattler Granodiorite. Euhedral apatite and anhedral bio-
tite, quartz, and K-feldspar (stained) interstitial to euhedral
to subhedral plagioclase.

table 4) is lower than that obtained by calculation and
thus also is less than that required for ideality. It is not
known whether this is real or resulted from excessively
high temperatures used in drying the separate.

Supplementary analyses of whole-rock Cl, F, and
H,O+ were done by wet-chemical methods. The Cl and
I analyses were done on dry-rock powders and their
water-leached splits. The water leaching removes Cl
contributed by salts precipitated on fractures by
ground water. The modal data were determined by
combined observations of thin sections and stained rock
slabs so that the effects of porphyritic texture and large
grain size were minimized.

Comparative Cl, F, and H,0+ contents of the minerals

The Cl, F, and H,O+ contents of the minerals are
summarized in table 2 and presented separately in
tables 3-9. Cl and F generally show a preference for
apatite over coexisting biotite, hornblende, sphene, and
epidote (see also Stormer and Carmichael, 1971),
whereas H,0+ shows a preference for the silicates
over apatite. I’ is dominant over Cl in all the igneous
minerals (see also Stormer and Carmlchael 1971, and
Taborszky, 1962).

Biotite contains more I,O+ and F, and usually
more Cl by weight than coexisting hornblende, sphene,
and interstitial epidote. Correns (1956) and Gillberg
(1964) found similar relations between the halogen
contents of coexisting biotite and hornblende, and the
data of Dodge and others (1968, 1969) for rocks of the
Sierra Nevada batholith and Dodge and Ross (1971)
for granitic rocks in the Coast and Transverse Ranges,
Calif., show that coexisting biotite contains more
H.O+ and F by weight and slightly less or the same
amount of C1 than coexisting hornblende. Hornblende,
like biotite, generally contains more Cl, F, and H.O+
by weight than coexisting sphene, whereas sphene con-
tains less H,O+ and more F than interstitial epidote.
In terms of atomic percent, biotite in a given sample
contains C1-, F—, and OH~ in about the same rela-
tive proportions as hornblende and sphene (ranging
from 0 to 2 percent for Cl—, from 2 to 14 percent for
F-, and from 86 to 96 percent for OH~) but contains
less Cl- and F— than apatite (ranging from 0 to 20
percent C1-, 32 to 98 percent F—, and 2 to 48 percent
OH~ apatite).

Hydrothermal biotite contains significantly different
amounts of Cl and F compared with igneous biotite in
equivalent rocks from outside the Ray deposit (table 2:
in table 4 compare T123 with samples of Granite
Mountain Porphyry). In addition to differences in C'!
and F contents, hydrothermal biotite from Granite

v e iace e Y
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Mountain Porphyry differs from igneous biotite by phlogopite). Roegge and others (1974) found approxi-
containing more Mg (66 versus 55 mole fraction mately the same amount of Cl (0.07-0.09 wt percent)
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as that of sample T123 in another sample of hydro-
thermal biotite from the Granite Mountain Porphyry
at Ray. -

The F content of the chlorite in the Laramide rocks
correlates with greater than 99-percent confidence with
the F content of its biotite precursor. Similarly, both
biotite and its derivative chlorite in the Ruin Granite
contain more F than the biotite and chlorite in the
Laramide rocks (table 2). Positive correlations also
were found between the contents of the major and
other minor elements in the chlorites and their pre-
cursor biotites from the Laramide rocks (Banks, 1974).
There is no correlation between the contents of F in
the epidote, sphene, and hydrogarnet(?) analyzed and
the content of F in the host biotite.

Analyses of four phengites are given in table 8, al-
though the results are not summarized in table 2. Two
are alteration produects of plagioclase, and two are al-
teration products of chlorite. Additionally, an intense-

<4 Fi1GURE 4.—Textural relations of minerals in Laramide rocks
at Ray, Ariz. (A, apatite; BI, biotite; EP, epidote; HB, horn-
blende; KS, K-feldspar; MT, magnetite; PL, plagioclase;
PX, pyroxene; SP, sphene; Q, quartz. Numbers indicate out-
crops of individual, optically continuous grains.) 4, Sample
60-130, hypidiomorphic-seriate facies of Rattler Grano-
diorite. Euhedral plagioclase, interstitial anhedral K-felds-
spar, and anhedral to eubedral quartz, and biotite. Note
euhedral face of biotite against quartz at left side of photo-
graph. B, Sample 60-130, same sample as 34. Biotite cut-
ting and interstitial to interstitial K-feldspar. €, Sample
60-132, hypidiomorphic-seriate facies of Rattler Grano-
diorite. Biotite cutting oikoerystic quartz. D, Sample .RB5,
Granite Mountain Porphyry. Biotite and K-feldspar (stained)
interstitial to and replacing plagioclase. Apatite in biotite.
E, Sample 17-28, Tortilla Quartz Diorite. Biotite and horn-
blende rimming pyroxene. Apatite in interstitial quartz. F,
Sample, RB5, Granite Mountain Porphyry. Sphene, apatite,
and biotite with interstitial quartz and K-feldspar. G, H,
Sample 48-29, Tortilla Quartz Diorite. Epidote interstitial
to unaltered hornblende and plagioclase.

ly altered area of plagioclase (2GM14, grain 4SPA)
containing unidentified fine-grained clay minerals, too
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TABLE 2.—Ranges of Cl, F, and H04 contents in the hydrous minerals

Igneous minerals

Alteration minerals

Hydro- tlgy oIt

Apatite Biotite Hornblende Sphene Epidote Chlorite Sphene Epidote garnet ? b ;:)rtrﬁ%l
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*H.O4+ __. .06-1.09 3.52-3.94 1.76-2.00 $.99-1.12 1.86-1.88 =80 e SEEEE U S e M 1 L SR o BT 3.22
Ruin Granite:

(0) K B 1 5 2 QOIS = Naser v e e e (A <.02 o

o e s 33 1.7 -1.8 e 37- 44 = SRR

45 10 10 AR BRI ol St s S B s SO I SR T = e 8 PR g S RN
Precambrian diabase:

(0] W, v 3] .83 .24 2 = R I I e et D S = -- 0.05-0.09

P SEN O S 21 <.04 & ey L N i R o TN - 14

- e e R e 3.42-3.43

* Calculated by difference assuming ideal [Cl. F. OH].

1 Calculated assuming all O oxygen sites occupied by Cl, F, and OH.
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TaBLE 3.—Cl, F, and H,0+ contents in igneous apatite from
Laramide intrusive rocks near the Ray porphyry copper de-
posit, Arizona

HALOGEN CONTENTS OF IGNEOUS MINERALS, INDICATORS OF MAGMATIC EVOLUTION

TaeLe 3.—Cl, F, and H.O-4 contents in igneous apatite from
Laramide intrusive rocks near the Ray porphyry copper de-
posit, Arizona—Continued

Contents (weight

Contents (weight

Rock Probe Grain percent) Roie Fraiie Grain percent)
type sample No. ?ecnccuer; 201 2@ sH:04 type sample No 9:;&!‘; 201 2 SH20 -+
Tortilla 217-28 1A H 0.67+0.04 24+0.1 047 Teapot 2TTM 1A B A8z 021 2682 .2 " i)
Quartz 5A P 61+ 04 16*+..1 .88 Moun- 2A GM 09+ .02 33x .1 .20
Diorite. 5AA P 64 07T 20+ 1 .68 tain bA B J28,.01 26+ 79 53
217-1 1A P 97+ 07 17+ .1 13 Por- 5AA GM .11+ .01 28+ .1 .42
54 P 1.0 = 09 19+ .1 .63 phyry.
TA M 67+ 05 21+ .1 .67 Rhyoda- 61-2F T18A GM 031 S Td-e ) 91
24829 1A P 53+ 03 16+ .1 87 cite TI0A P 16+ 02 17+ .1 .92
2A P 42+ 01 15+ .1 94 dike.
3A P 46+ 04 1.2+ 2 1.09 g v
Rattler  46-99B T17A H AU 09 19+ 01 60 © hopsblendes B, lochusion Tn et B Tanuiok s maeain o
Grano- T16A PL 64+ 02 24+ 1 b3 inclusion in plagioclase; and GM, groundmass.
diorie. TIOA M 13 y0219= 04 51 . Microprobe analvale Ereclsloh caloulated ‘from standard counting
T20A P = 14+ 02 15+ 06 72 oeror from mean G '
60-113D T22A P A3+ 02 28+ 1. B2 3 Calculated assuming ideal [Cl, F, OH].
T21A P A3+ 02 22+ 1 B4
60-108 1A P Jd4+ 01 27+ 1 48
%ﬁ II: ggf_ gg ggi i gg TABLE 4—Cl, F, a_nd_ Hz_0+ contents in Laramide igneous and
61-25 TI4A P 42+ 02 28+ 1 37 hydrothermal biotite in and mear the Ray porphyry copper
TI5A GM 35+ 02 28+ .1 .89 $gpostt, Arisons.
60-91 1A ) 54 B4+ 02 22+ 2 65
24 B 36+ 01 23+ 2 .60 Rock Probe Grain s
6A P 47+ 05 22+ .1 59 type sample No. 201 ) SH.0+
60-111 2A P A5+ 056 21+ 1 .60
60-98 1A M A7+ 05 23+ 2 57 Tortilla 217-28 2BIC 0.13%0.01 0.27+0.01 3.87
3A B 45% 02 25+ 1 47 Quartz 2BIE Jd4+ 01 .26+ .01 3.85
6A P 47+ 01 26+ 1 43 Diorite. 5BIC 15+ .01 .26+ .03 3.80
246-11G gﬁA P 26+ .08 25+ .2 .50 5BIE A3+ .02 .25+ 05 8.81
P 232 02 28+ 2 - 48
7A B 45+ 01 25+ 2 46 7 i }Eﬁi 122 '33 'iéf '83 §§Z
60-131 M1A P 62+ 02 24+ 1 46 EBY 17+ 01 10+ 04 459
M2A GM bS8+ 03 25+ 2 42 § 2: '02 '23: '02 3‘88
60-130 3A B 34 04 27+ 1 40 SRIC 2% 08 2808 8
260-96A 24 B 52+ 07 29+ o 59 4BIE Jd4+ .01 .20+ .03 3.94
3A B :542 :01 2:12 :1 :61 Rattler 246-99B *3BIC A8+ 003 .27+ .04 3.80
3AA B 60+ 03 21+ .1 .62 Granodiorite. *3BIE 19+ 003 .30+ .06 3.78
46-11A 1A P 256+ .01 23+ .2 .63 260-113D 3BIC 23+ .01 B4+ 05 3.77
3A B 20 .02 26k 2 - .50 3BIE 26+ 03 41+ .4 3.74
4A P 30+ .02 28+ .1 .37 *4BI 23+ .01 ST+ 02 3.75
T16-630 3A P B4+ 04 22+ 2 65 . 1BI 15+ . 46+ 03 3.71
A 3 S e e F N 1BIg 14+ 38: AT+ 09 3.73
Rh¥0d8.- 17-16 1A P 28+ 183 24+ 2 .98 3BIC 14_: 003 .54+ .05 3.62
cite Mi1A P Bl 17 244+ 4 54 CHEM .'12_ y ;'42" 3.3
dike. M2A P Jd4+ 06 28+ 1 41 1 ; d
Rhyoda- GM100 7A B 11+ 02 23+ 3 67 60-91 2BIC .13+ .01 .34+ .03 383
cite XA P 09+ 02 24+ 2 .63 2BIE  .12% .01 .29+ .02 383
dike. YA P 08+ .04 12+ 2 1.21 4BIC Jd2+ .01 .32+ 03 3.85
Granite RB5 2A B ND 30x .1 .36 4BIE 10+ .01 31+ .05 3.88
1léd(.)un- ggA B ND 3.0+ .1 .36 5BIC 13 .01 31+ .04 3.81
ain B ND 32+ 1 .26 S5BIE .12+ .01 .36+ .05 3.80
. bl 3 e o 60-111  2BIIC .18+ .01 .39+ 03 3.82
GM12 24 B ND 28+ 2 45 : 2BI1E 19+ .01 41+ 04 3.80
3A B ND 3_32 2 9 2BI12C 20+ .02 40+ .03 3.78
4A B ND 33+ 2 21 2BI2E .19%* .01 .36+ .03 3.82
GM18 2A P ND 32+ 2 98 1BIC A7+ .01 37+ .05 3.85
7A P ND 30+ 3 .36 246-11G  3BIC .12+ .01 .49+ .03 3.74
fA P ND 29+ .1 42 3BIE 14+ 01 .46*+ .04 3.75
2GM6G 1MA P 03+ 01 32+ .1 .24 4BIC  .13% .01 48* 05 3.74
2MA B ND 36+ .2 .06 4BIE Jd1+ .01 50+ 06 3.78
5A P ND 23+ 2 22 60-131 1BIC A3+ .01 .38+ .03 3.79
2GM1A 1A P ND 39+ 3 .18 1BIE 13x .01 .35+ .03 3.82
1AA P ND 3.0+ 5 .29 2BIC A2+ .01 40+ .03 3.81
2A P ND 3.0+ .1 .36 2BIE 11+ .01 .38+ .04 3.82
2GM2A 5A PL ND 29+ 1 41 3BI 14+ .01 43+ 02 3.76
S5AA PL 02+ 01 oF LD 4BIC 13+ .01 45+ 03 3.82

34+
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TABLE 4.—Cl, F, and H.0+4 contents in Laramide igneous and
hydrothermal biotite in and near the Ray porphyry copper
deposii, Arizona—Continued

Contents 1 (weight

Rock Probe Grain percent)

type sample No. 201 2R SH20 +

Rattler Grano- 4BIE 14+ .01 42+ 05 3.80

diorite—Con. 5BI 18+ .01 43+ .03 3.73

60-130 2BI 16+ .01 40 .03 3.79

260-96A 3BIC A5+ .01 45+ .04 3.80

3BIE 16+ .01 46+ 03 3.78

246-11A 1BIC 14+ 01 .60+ .03 3.68

1BIE A4+ .01 61+ .05 3.66

5BIC 16+ .01 62+ 04 3.63

5BIE A5+ .01 .62: .05 3.63

T16-630 1BI 10+ .01 31+ .03 (°)

3BI A1+ 001 284+ .03 (°)

4BI Jd1+ .01 B4+ .04 (°)

5BI Jd0+ 01 .29+°.08 (°)

9BI J2+ .01 36+ .05 (%)

Rhyodacite 2GM100 1BIC A5+ 004 .16 .03 3.81

dike. 1BIE 09+ .01 25+ .01 3.79

3BIC 07+ .003 .20% .04 3.85

3BIM 09+ 02 23+ .04 3.83

3BIE .06+ .01 .25+ 07 3.83

Granite RB5 6BIC .04+ .02 56+ .03 3.67

Mountain 6BI1IE .05+ .01 .50+ .02 3.69

Porphyry. 6BI2E .04%x .002 .52+ .03 3.68

7BIC .04+ 01 .58%* .06 3.65

7BIE 03+ .01 .59+ .03 3.67

2GM14 2BI 02+ .01 67+ .07 3.61

2BIA 02+ 01 .61+ .04 3.67

6BI 02+ .01 .63+ .04 3.59

GM1i2 4BI 05+ .01 61+ 07 3.64

2BI 03+ .01 .69* .05 3.61

3BI .05+ .01 .61+ .05 3.63

3BIA 02+ .01 .63+ .03 3.65

GM18 MBIC .04* 01 .75% .05 3.59

MBIE .04* .003 .72+ .05 3.61

M1BIC .03% .01 .82+ .05 3.57

MI1BIE .02+ .004 .81+ .04 3.62

M2BIC .03+ .01 .62* .08 3.66

M2BIE .04+ .01 .54+ 12 3.70

GM6G 3BIA .02+ 006 .66x .06 3.58

4BIA 03+ .006 .69+ .04 3.60

2GM6G 4BI .03+ .01 76x 13 352

2GM4V 1BIA 02+ 004 .77x .06 3.59

3BIA .03+ .006 .86+ .04 3.58

3BIB 04+ .01 82+ 05 3.55

GM2A 1BI 02+ 01 .72+ .18 3.60

Mineralized P70-22 1BI 05+ 02 14 = 1 3.43

diabase. 1BIA 09+ 03 14 = 2 342

Mineralized T123 BI1 06+ 005 1.7 = .1 322

Granite BI2 06+ .003 1.7 = .1 3.22
Mountain
Porphyry.

* Inclusion in hornblende.
1 Precision calculated from standard counting error from the mean

of 5 to 10 data points collected within a 10X 10 zm area.
2 Microprobe analysis.

3 Calculated assuming ideal [CI, F, OH].
4 Cl by chemical analysis ; J. Budinsky, analyst.

S F and H20+ by chemical analysis;: M. Cremer, analyst.
¢ Incomplete analysis ; H:0+ was not calculated.

101

TaBLE 5.—Cl, F, and H20+ contents in hornblende from Lara-
mide intrusive rocks near the Ray porphyry copper deposit,

Arizona
Rock Probe  Grain Contents! (weight percent)
type sample No. 2C1 2R 3H20+
Tortilla 217-28 2H 0.08+0.007 0.16%=0.03 1.92
Quartz 3H 07+ 007 .16% .02 1.94
Diorite. 4H 09+ 012 .13* .04 1.94
4HA 07+ 007 11+ .06 1.95
24829 ‘1H 02+ 004 .12+ .03 1.96
2HC .03+ .009 .14+ .03 1.99
2HE 02+ 005 .14+ .02 2.00
3H .03+ 004 .15+ .03 1.97
Rattler 246-99B 1HC .10+ .007 .19=* .05 1.93
Granodiorite. 1HE 07+ 005 .17+ .02 1.93
2H .08+ .006 .16+ .03 1.94
3HC 08+ .006 .22+ .02 191
3HM 08+ .006 .22+ .02 191
3HE 09+ 012 .14+ 02 198
60-113D MHC .09+ 010 .24+ .02 1.89
. MHE A3+ 008 .24+ 02 1.90
M1HC .17+ .013 .21%* .01 1.87
M1HE .14+ .007 .22+ .03 1.88
M2HC .17+ .006 .23*+ .02 1.85
M2HE .12+ 010 .23+ .03 1.88
60-108 1H .09+ 009 48* .06 1.76
4HC 05+ .007 .58+ .03 1.77
4HE .09+ 005 .48+ .02 1.79
6HC 06+ 004 .45* .05 1.83
6HE .09+ .005 .54+ .04 1.79
T16-630 4H 05+ .008 .14+ .05 (%)
6H .03+ .007 14+ .03 (%)
8H 04% 007 .21+ .03 (%)
261-25 MH .08+ .010 .30% .03 1.84
4H 04+ 013 .27+ .02 1.93
5HC 07+ .002 .26x .01 1.80
5HE 06+ .002 .31* .01 1.83
60-91 MH 10+ 013 .21+ 02 1.85
4MHC .05% .004 .22+ .04 193
4MHE .05 .002 .18+ .01 1.91
1IMH .03+ .06 22+ .02 195
60-98 MHC .04+ .008 .24+ .03 1.86
MHE 04+ 021 .24+ 02 1.90
1IMH .05+ 010 .27+ .04 1.86
246-11G 3H .04+ 016 .30+ .04 1.89
5HC .06+ 017 .28+ .03 1.91
S5HE .06+ 038 .26% .04 1.93
THC 04% 010 .29% 02 191
THE .04+ 001  .26* .02 1.93
Rhyodacite 17-16 MHC 14+ 012 17* .03 1.87
dike. MHE A5+ 009 .17* .02 1.87
M1H A5+ 015 .15+ .04 1.89
2HC A3+ 010 .17x .05 1.88
2HE A5+ 011 .17+ .03 1.89
Rhyodacite GM100 MH .03+ .005 .12+ .03 1.98
dike. M1H .08+ .024 .14+ .02 1.90
M2H .04+ .010 .12 .03 1.97
Granite GM18 T1HC .06%x .007 .35x .03 1.79
Mountain TIHE .08% .005 .39% .04 1.77
Porphyry.

1 Precision for Cl and F calculated from standard counting error
from the mean of 5 to 10 data points collected within a 10X 10 am

area.
2 Microprobe analysis.

3 Calculated assuming ideal [C1, F, OH].
4 Incomplete analysis ; H:20+ was not calculated.
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TaBLE 6.—Cl, ¥, and H.O+ contents in igneous (?) epidote and
igneous sphene from Laramide intrusive rocks near the Ray
porphyry copper deposit, Arizona

Rock Probe Grain Contents (weight percent)
type sample No. 1C1 ip 2H20+4
Epidote analyses

Tortilla 2171 6PE * ND ND 1.88
Quartz
Diorite.

Rattler 246-99B MPE® ND ND 1.86

Granodiorite. .
Sphene analyses

Tortilla 217-1 6PS ® 0.022:0.007 0.09+0.02 1.10

Quartz 217-28 2PS* ND 09+ 04 112
Diorite.

Rattler 246-99B 4PS* ND .08+ .02 1.12

Granodiorite.246-11G MPSC* ND Jd2+ .02 1.07

MPSE* ND 12+ .03 1.07

7PS*® ND 16+ .03 1.06

261-25 MPS* ND A2+ .02 1.08

T16-630 2PS ¢ ND 08+ .02 (%)

10PS* ND 09+ .01 (°)

Granite RB5 5PSC* ND 25+ .03 1.03

Mountain 5PSE* ND 24+ 02 1.02

Porphyry. 2GM14 4PS°* ND .30+ .03 .99

1 Microprobe analysis. Precision calculated from standard counting
error from the mean of 5 to 10 data points within a 10X 10 um area.
ND, not detected at 0.02 wt percent Cl, 0.04 wt percent F.

2 Calculated assuming ideal [Cl, F', OH].

3 Interstitial to feldspar and Fe-Mg silicates.

4 Phenocryst or large grain.

5 Included in biotite.

¢ Incomplete analysis ; H20 + not calculated.

TABLE 7.—Cl and F contents in chlorite derived from biotite in
Laramide igneous rocks in and near the Ray porphyry copper
deposit, Arizona

Rock Probe Grain Contents ! (weight percent)
type sample No. 1 2|

Tortilla 217-28 5CL ND ND
Quartz
Diorite.

Rattler 246-99B 1CLA ND ND

Granodiorite. 1CLB 0.03+0.012 0.10+0.02

2CLA ND ND

2CLB ND ND

260-113D 3CLA .04+ 001 05+ .001

3CLB .03+ .004 .08+ .02

4CLA .03+ .003 13+ .03

4CLB ND .08+ .03

261-25 2CLA ND 07+ .02

2CLB ND 16+ .07

246-11G 2CLA ND .09+ .03

2CLB ND J1+ .01

; 4CL ND 11+ .001

260-96A 3CL ND 2+ 001

246-11A 1CLA .03+ .007 30+ .04

1CLB .03+ .008 24+ .03

5CLA .02+ .008 15+ .03

5CLB .02+ .006 27+ .02

T16-630 1CL ND A2+ .03

5CL ND .09+ .01

8CL ND A3+ .05

10CL ND 10+ .04

Granite 2GM14 2CL ND A2+ 03

Mountain 6CL ND 13+ .03

Porphyry. 6CLA ND 10+ .03

GM12 3CL ND A4+ .02

3CLA ND A3+ .02

4CL ND A4+ 04

HALOGEN CONTENTS OF IGNEOUS MINERALS, INDICATORS OF MAGMATIC EVOLUTION

TABLE 7.—Cl and F contents in chlorite derived from biotite in
Luramide igneous rocks in and near the Roy porphyry copper
deposit, Arizona—Continued

Contents ! (weight percent)

Rock Probe Grain
type sample No. 2C1 i
Granite GM6G 3CLA ND .09+ .03
Mountain 4CLA ND 16+ .03
Porphyry— 2GM6G 4CL ND 06+ .04
Continued 6CL ND .07+ .06
: 6CLA ND .10+ .06
2GM4V 1CL ND .16+ .03
1CLA ND 19+ .04
3CL ND 23+ .04
2GM2A 3CL ND .18+ .09
4CL ND 16+ .05
5CL ND A6+ 11
2GM1A 2CL .03+ .009 .23+ .08
2CLA .03+ .013 27+..13
2CLB .03+ .008 26+ 13
Mineralized P70-22 1CL 05+ .016 27+ 13
diabase. -

1 Precision calculated from standard counting error from the mean
of 4 to 10 data points within a 10 X 10 um area.

2 Microprobe analysis. ND, not detected at 0.02 wt percent Cl, 0.04
wt percent F.

TABLE 8.—Cl and F contents in minerals formed from biotite,
plagioclase, pyroxene, and chlorite in Laramide intrusive
rocks near the Ray porphyry copper deposit, Arizona

Rock Probe Grain Contents! (weight percent)
type sample No. 2C1 2F
Epidote after biotite

Tortilla 217-1 6SE ND ND
Quartz
Diorite.

Rattler 260-113D 28SE ND 0.11+0.05
Grano- 5SE ND 07+ .02
diorite. 261-25 1SE ND .09x .08

246-11G 2SE ND 05+ .02

Granite RB5 48SE ND .06+ .01
Mountain 2GM6G 1SE ND .04+ .03
Porphyry.

Sphene after biotite

Tortilla 217-1 388 ND 0.51+0.05
Quartz
Diorite. -

Rattler 246-99B 188 ND 14 = 2
Grano- 261-25 188 ND 18+ .01
diorite. 246-11G 288 ND 2.2 1 f

3SS ND 13 =+ 2
6SS ND 1.0 = .03
246-11A 4SS ND 1:1. = X
T16-630 188 ND 4+ 15
8SS ND 12 + .07
1088 ND 66+ .05

Granite RB5 488 ND 10 =2
Mountain 588 ND 15 = 2
Porphyry. GMI12R 488 ND 20+ .02

388 ND 50x .03
2GM14 6SSA ND .68+ .09 -

6SSB ND 49+ 10
GM6G 2D 0.09+0.02 25 =+ 3
2GM6G 6SSA ND 44+ 04

6SSB ND 65+ .03
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TABLE 8.—Cl and F conients in minerals formed from biotite,
plagioclase, pyroxene, and chlorite in Leremide intrusive
rocks near the Ray porphyry copper dgposit, Arizona—
Continued

Rock Probe Grain Contents 1 (weight percent)
type sample No. IC1 F
Phengite and clay analyses

Tortilla 217-1 MSP?* 0.032:0.03 ND
Quartz ;
Diorite.

Granite 2GM14 4SPA°* ND ND
Mountain GM12R 4SPA°? ND 0.04+0.05
Porphyry GM2A 4P* ND b5hx .02

5p* ND 45+ .08
Hydrogarnet(?) after biotite

Tortilla 217-28 4M ND 0.69+0.10
Quartz
Diorite.

Rattler . 260-113D 3M ND 18 £ 1
Grano- T16-630 5M ND b T Se e |
diorite. M ND 1.6 += .1

Fibrous amphibole analysis

Tortilla 217-1 MFHB® 0.0220.008 0.11+0.03
Quartz
Diorite.

1 Precision calculated from standard counting error from the mean
of 5 to 10 data points within a 10X 10 xm area.

2 Microprobe analysis. ND, not detected at 0.02 wt percent Cl, 0.04
wt percent F.

3 Alteration product of plagioclase.

4'Alteration product of chlorite.

5 Reaction rim on pyroxene.

TABLE 9.—Cl and F contents in igneous and alteration minerals
from Precambrian intrusive rocks near the Ray porphyry
copper depogit, Arizona

Ro Contents ! (weight percent)
(Sample Mo,y ~ Mueral  GRER 2C1 °F
Ruin Biotite 2BI 0.13=-0.01 1.7 +0.07

Granite 3BI 12+ .01 1.7 = .09

(PCR). 3B12 A1+ 004 1.7 = .04

Mi1BI .10+ .01 1.8 = .15

Chlorite 2CL - ND 0.44+ .01

3CL ND 43+ .03

4CL ND BT 04

Apatite 3A A1+ .02 33 x .14

! 3A2 Jd1+ .01 33 = .09
Diabase Biotite MBI 24+ .04 ND
(DBA-32). Apatite 7A .83+ .06 21 *+ 28

1 Precision calculated from standard counting error from the mean
of 5 to 8 data points in a 10X 10 um area.

2 Microprobe analysis. ND, not detected at 0.02 wt percent Cl, 0.04
wt percent F.

fine to resolve, and also one grain of fibrous amphibole
formed from pyroxene are included in table 8. Cl oc-
curs near or below detection level in the clay, phen-
gites, and amphibole ; only the intensely altered area in
the plagioclase, the phengite derived from chlorite, and
the amphibole contain detectable amounts of F.
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Intrasample variations and zoning

The igneous minerals in the Laramide rocks studied
have not been homogenized with respect to the halogens
(or other constituents; author, unpub. data) by ex-
change with magma, magmatic fluid, or postmagmatic
fluid. Measurably different abundances of one or both
halogens occur between like-mineral grains in the same
sample (40 percent of the samples for apatite, 25 per-
cent for biotite, and 35 percent for hornblende) and
zoning of major and (or) minor elements is found in
apatite, biotite, and hornblende as well as in plagio-
clase. Analytically distinguishable zoning of Cl or F,
or both, occurred in 11 of 34 apatite grains and in 9 of
16 hornblende grains studied for zoning, whereas zon-
ing of the halorrens in biotite was seldom detected
(compare grain numbers ending in C, centers, and E,
edges; table 4). Neither the zoning or abundance of Cl
or I in the igneous minerals seems related to the
amount of plagioclase or mafic minerals altered in a
sample (table 1), proximity of altered grains to the
one analyzed, or the potential susceptibility of a grain
to exchange by virtue of its size or inclusion in other
minerals. (See mineral occurrence data in table 3, and
in footnotes of tables 4 and 6.) However, although the
minerals have not been homogenized with respect -to
the halogens, there are no firm trends in the variations
(figs. 6 and 7). This suggests that if the observed
abundances and variations retain an imprint of those
obtained from the magma, then the conditions con-
trolling uptake of Cl, F, and H.O by the minerals from
the magma were complex. Not enough data were col-
lected for epidote or sphene to make conclusions re-
garding zoning of Cl and F.

Intersample variations with rock chemistry, Laramide
rocks

The abundanees of Cl, F, and H.O+ in the igneous
minerals vary measurably between samples, and these
variations appear to be related to greater or lesser de-
gree to variations in whole-rock chemistry (as indi-
cated by differentiation indices, D.I., of the samples).
The abundance of Cl in apatite and biotite correlates
negatively with rock D.I. (fig. 8), the abundance of ¥
in apatite, biotite, sphene, and perhaps hornblende cor-
relates positively with rock D.I. (fig. 9; tables 6 and 1
for sphene), and the abundance of calculated H.O+
in apatite, biotite, sphene, and perhaps hornblende cor-
relates negatively with rock D.I. (fig. 10; tables 6 and
1 for sphene). Correlations of the mineral contents of
Cl, F, and H.O+ with rock D.I. for the samples from
the Rattler Granodiorite generally mirror but are not
as strong as those for the entire sample suite. Table 10
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F1eure 7.—Distribution of .Cl and F in individual apatite grains in Tortilla Quartz Diorite, Rattler Granodiorite, Granite
Mountain Porphyry, and Teapot Mountain Porphyry.

presents statistical data for figures 8-10. The Pearson correlation simply ranks the sample data without any
correlation assumes that the samples are representative weighting of the samples. Thirty percent of the
of a larger population, whereas the Spearman rank trends considered have correlation coefficients exceed-
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ing |0.65| and are thought to have geological signifi-
cance. Fifty-five percent of the trends have correlation
coefficients that exceed |0.50|, and all but one of those
with coefficients less than l0.65[ have the same slope as
the trends with high correlation coefficients.

The positive association of the abundance of F and 2
negative or lack of association of the abundance of Cl
and H,O+ in the minerals with increasing differentia-
tion index of the host rock is not unique to the Ray
igneous suite. Goldschmidt (1954) found that the F
content of igneous minerals increases as the host rock
becomes more felsic. The Cl and H,O+ contents are
higher and the F contents lower in apatites from mafic
rocks than in apatite from more felsic rocks (A. Kind,
cited by Correns, 1956 ; Taborszky, 1962). Nash (1972a,
b) reported that the F content of apatite increased
with differentiation of the Iron Hill complex and
Shonkin Sag laccolith, and his data indicate that the
Cl content of apatite either remained the same or de-
creased as the host rocks became more differentiated in
both intrusive suites. Lee and Van ILoenen (1970)
found that the F content of biotite increases with de-
creasing CaO content of hybrid rocks of the southern :
Snake Range, Nev., and the data of Ivanov (1971),
Dodge and Moore (1968), Dodge and others (1968,
1969), Dodge and Ross (1971) suggest the same for I
content of biotite from igneous rocks of central Chu-
katka, Russia, the Sierra Nevada batholith, and the
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TABLE 10.—S8tatistical data for Cl, F, and H.0+ contents of minerals and rocks plotted against differentiation inde®
(figures 8-12)

Pearson correlation Spearman rank correlation

Degrees
C], F, and Confi- of Confi-
Rock type Mineral H:0+4 in dence Coefli- free- dence
mineral r N level clent t test dom level
Data from figure 8
All Apatite _—_____ Cl —0.73 72 >99 —0.69 —8.0 70 >99
Biotite _______ Cl —47 79 >99 —.51 —5.2 ks >99
Hornblende ___. Cl —.04 54 o —.18 —1.35 52 >85
Rattler Granodiorite —__.___ Apatite —________ Cl —.67 32 >99 —.40 —2.45 30 >95
; Blotitey So o 10 Cl —.28 43 <95 .01 .05 41 a8
Hornblende ... (o) —.40 46 >95 —.60 —4.43 34 >99
Data from figure 9*
All . Apatite _________ F 0.62 72 >99 0.59 6.2 70 >99
Biotite _________ F .69 79 >99 4 9.7 77 >99
Hornblende __.__ F 54 54 >99 .34 2.57 52 >05
Sphene _________ F .66 12 >95 94 8.2 10 >99
Rattler Granodiorite _______ Apatiter. ..ot F 47 32 >99 .29 1.64 30 >90
Biotite _________ F 14 43 >99 .65 6.5 41 >99
Hornblende _.___ F .38 36 >95 .48 3.23 34 >99
Sphene _________ b .58 7 <95 .89 @) *® *)
Data from figure 10 *
All Apatite Lo ool H.0+4- —0.50 72 >99 —0.52 —-5.1 70 >99
Biotite _________ H.0+ —.64 74 >99 —.66 —7.6 72 >99
Hornblende ____._ H.04- —.49 51 >99 -.31 —2.25 49 >99
Sphene _________ H.04 —.87 10 >95 —.98 —1.59 8 >85
Rattler Granodiorite _______ Apatite —_______ H.0+ —.25 32 <95 —.24 —1.32 30 >85
Biotite _________ H.0+4 —.42 38 >99 —.17 —1.01 36 >80
Hornblende ___.. H.0+ —.39 33 >95 —.04 —2.13 31 >95
Sphene _________ H.0-+ —97 5 >95 —.92 [ S () ")
Pearson correlation Spearman rank correlation
Bk Coft Deg;ees Confi-
Figure rndd gl M- . dence
sl part lexfl?xjralln r N ‘;g‘l}ecf Cc(l):nt t test drcf:x level
Data from figure 11
All BT e BT C1 —0.75 20 >99 —0.81 —5.9 18 >99
Rattler Granodiorite _______ W e BB Y Cl1 —.70 11 >95 —.55 —1.98 9 >90
VN R S R A 7 IR I S r —.39 20 <95 —.29 —1.30 18 >80
Rattler Granodiorite B F —.57 11 >95 —.66 —2.54 9 >95
Data from figure 12
All SARGI W, ST A H:04 —0.36 27 <95 —0.39 —2.10 25 >95
/3 P R S H-0+4 —.44 22 >95 —.34 —1.62 20 >90
@ == San i H.04 —.80 20 >99 —.70 - —4.18 18 >99
Rattler Granodiorite _______ A e A8 H:04 —.16 18 o —.27 —1.13 16 >80
¥ o SN < S AL B E H.0+4 —.40 13 <95 —.27 —9.2 11 >99
(R R o e H.0+ —.83 11 >99 —.61 —2.30 9 >95

* Sphene not included in figures 9 and 10. ° Small sample set.

California. Transverse and Coast Ranges. In addition,
the Cl and H,O+ contents of biotite and hornblende in
the Sierra Nevada batholith (data of Dodge and oth-
ers, 1968, 1969), intrusive rocks of the Coast and Trans-
verse Ranges (data of Dodge and Ross, 1971), and of
Scandinavian granites (Gillberg, 1964) either cor-
relate negatively or do not correlate with increasing
host rock acidity.

Intersample variations with sample age, Laramide rocks

Minerals from the oldest Laramide stocks at Ray
(Tortilla Quartz Diorite, Rattler Granodiorite) gen-
erally contain more Cl and H.O+ and less F than

minerals from the younger stocks (Granite Mountain
Porphyry, Teapot Mountain Porphyry). This correla-
tion between the age of a pluton and the Cl, F, and
H.O+ content of its minerals is expected because the
contents of these components in the minerals appear
related to rock chemistry and, in general, there is a
negative correlation between rock differentiation i.ndo.\'
and the age of the rock type. There are five exceptions:
(1) Apatite from the Teapot Mountain Porphyry con-
tains about the same or a little more Cl and H.O+
and perhaps less F than apatite in the older Granite
Mountain Porphyry; (2) hornblende in sample 17-16
(I in figs. 8-10) contains more Cl than hornblende in



108

the Tortilla Quartz Diorite which it cuts; (3) biotite
. In sample GM100 (7 in figs. 8-10) contains less F and
more H,O+ than the older Rattler Granodiorite; (4)
apatite in sample 61-2F (asterisk symbols in figs. 8-10
plotted at greater than 80 differentiation index), which
may be the youngest intrusive type studied, contains
less F and more Cl and H,O+ than apatite from the
Granite Mountain Porphyry; and (5) hornblende and
biotite in sample 60-113D (D in figs. 8-10), which was
intruded as a late dike in the Rattler Granodiorite but
prior to aplite development (Cornwall and others,
1971), contain more Cl than do the hornblende and
biotite from the samples cut by the dike.

Four of the five exceptions involve minerals from
dikes that probably were more susceptible than the
stocks to gain and loss of Cl, F, and H,O+ by diffusion
and contamination. Moreover, for most of the excep-
tions, only one or two rather than all three components
are present in a given mineral in amounts anomalous
for the age of the sample, and in several of the excep-
tions, one of the other coexisting minerals does not
show the anomaly.

Intersample variations with rock texture and modal
abundance, Laramide rocks

Porphyritic texture is sometimes attributed to the
buildup and release of volatiles from a cooling magma
(pressure quenching, Jahns and Tuttle, 1963). Thus
one should perhaps expect the hydrous minerals in por-
phyritically textured rocks to have different halogen
and water conténts compared to like minerals in non-
porphyritic rocks. However, the halogen and water
contents of the igneous minerals are not consistently
related to the texture (even porphyritic texture) of
the rock. (Compare rock textures in table 1 with data
in tables 3-5 or figures 8-10).

Competition for the available water and halogens in
the magmas also might be expected to affect the amount
of water and halogens incorporated by the minerals,
and this might be detected by comparing the composi-
tions of like minerals from samples from the same rock
type having like differentiation index but different
modal composition. However, a consistent pattern does
not emerge from such comparisons. For example, horn-
blende in sample 48-29 (Tortilla Quartz Diorite) con-
tains three times less Cl and is three times as abundant
as the hornblende in sample 1728, but the F contents
of the hornblende in the two samples are not appreci-
ably different. Similarly, samples 61-25 and 60-91 of
the Rattler Granodiorite have almost identical differ-
entiation indices as those of samples 60-108 and 60-111
and contain half the amount of biotite (about 6 per-
cent) as that in sample 60-111, which contains no

HALOGEN CONTENTS OF IGNEOUS MINERALS, INDICATORS OF MAGMATIC EVOLUTION

hornblende, and half the amount of hornblende (about
4 percent) as that of sample 60-108, which contains no
biotite. Thus because there are about two times fewer
sites for halogens in sample 60-108, one would expect
to find more halogens in hornblende of sample 60-108
than in hornblende of samples 61-25 and 60-91; horn-
blende of sample 60-108 contains comparably more ¥
but not more Cl. Likewise one would perhaps expect a
little less of the halogens in the biotite of sample 60—
111 compared to that in biotite of samples 61-25 and
60-91. However, biotite in sample 60-111 contains a
little more Cl, and about the same amount of F as bio-
tite in samples 61-25 and 60-91.

Cl, F, and H.0 variations with changes in mineral
chemistry

The uptake of the halogens and water by the hy-
drous minerals may be affected by the substitution of
other elements in the minerals. This possibility, al-
though considered secondary compared to the varia-
tions linked to changes in magma chemistry and age
(figs, 8-10), was investigated by comparing varia-
tions of halogen abundances with variations in the
abundances of other elements in (1) individual grains
(zoning) and in (2) all like-mineral grains from the
same stock or rock type and from all rock types. For
the first comparison, the number and type of correla-
tion (positive, negative, or none) were tabulated for
all grains that were studied for zoning in each rock
type. No trends emerged from these data for apatite.
biotite, and hornblende (summarized in table 11). The
data for sphene and epidote were not sufficient for this
type of comparison. For the second comparison, cor-
relation matrices were constructed to check for coupled
substitution between Cl and F and other elements in
the minerals. In these data, trends did emerge for cer-
tain elements in apatite, biotite, and hornblende (tables
12-14). However, the correlations do not determine
whether Cl, F, and H,O+ vary in abundance in re-
sponse to substitution of the other elements in the min-
erals (with the possible exception of Cl with Mg and
Fe in hornblende) or whether the abundance of the
halogens and water as well as the other elements in
the minerals all changed in response to changes in the
magma(s). For example, the MgO content of biotite
correlates positively with the Cl content cf biotite, but
because Cl and MgO of biotite both vary negatively in
abundance with the differentiation index of the sam-
ples, it is unclear whether C1 varies in abundance main- .
ly because of coupled substitution with Mg or mainly
because of changes in the magma. In view of the zoning
studies and the similar correlations between Cl abun-
dance in other minerals and rock chemistry, the changes
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in magma are considered most likely. The same is prob-
able for the other correlations between the abundance
of an element in biotite, apatite, or hornblende and the
abundance of Cl, F, or H,O+ in the mineral because
they either are not consistent from rock type to rock
type, are not significant, or are matched by appropri-
ate negative or positive correlations with rock differen-
tiation index.

TABLE 11.—Comparative zoning of halogens and oxides in
apatite, biotite, and hornblende
[Data are number of correlations tabulated for all grains studied)

Halogen and oxide

Detectably Detectably Halogen Halogen
and and only or or oxide

sympatheti- antipatheti- oxide only not
cally cally detectably detectably
zoned zoned zoned zoned

c1 F Cl F C1 F Cl F

Apatite
Si0; _______ 1 1 1 0 11 15 35 35
Ca0 _______ 0 0 0 0 4 7 47 44
Na,0 ______ 0 2 0 1 16 14 35 34
PO - ____ 0 0 0 0 4 7 47 44

Biotite:
Si0: _______ 0 0 2 1 5 7 22 21
AlOs ______ 1 ] 0 0 11 12 17 17
FeO* ______ 1 1 2 1 7 10 19 17
MgO ______ 0 1 3 2 14 12 13 14
MnO ______ 2 0 1 2 5 4 21 23
TiO2 —_____ 2 1 0 2 10 10 17 16
KO _______ 3 2 1 1 4 7 21 19

Hornblende :
Sio, _______ 0 1 3 3 9 4 4 8
AlOs ______ 4 3 0 2 9 7 3 4
FeO* ______ 1 2 2 2 9 7 4 5
MgO __.___ 0 1 2 0 3 9 6 6
Ca0 _______ 0 0 1 0 6 7 9 9
TiO; ______ 5 3 0 3 7 5 4 5
Na.Ot _____ 2 0 1 0 3 5 1 5
K.OFf ______ 2 2 0 3 6 3 1 1

* All Fe calculated as FeO.
+ Fewer correlations for Na2O and K:0.

TABLE 12.—Partial correlation matrices of apatite chemistry
and rock differentiation index

[Italic figures represent correlation at less than 95-percent confidence
level. N, number of observations in a population]
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TABLE 13.—Partial corrclation matrices of biotite chemistry
and rock differcntiation index

[Italic figures represent correlation at less than 93-percent confidence
level, N, number of observations in a population]

Si02  AlOs FeO* MgO MnO TiOs K20 D.L

Tortilla Quartz Diorite (N, 9)
Cl . —0.08 —0.40 0.05 0.03 —035 0.23 0.16 041
P ______ —.32 55 37T —43 T4 —65 — 47 —.85
D.I._ b5 —46 —76 61 —91 .88 .65 1.00

Rattler Granodiorite (N, 35)
Cl _____ —0.18 —0.08 0.01 0.11 —0.10 —0.26 0.21 —0.28
F______ —.26 —.22 —.19 12 .06 22 .50 74
D.I._ 04 20 —.18 —.13 -2} 43 —43 1.00

Granite Mountain Porphyry (N, 27)
Cl _____ —0.17 —0.10 0.38 —0.2} 0.17 0.23 0.1}, —0.32
F o ______ 43 05 =75 65 —65 —.17 22 .56
D.I._ .38 25 —.66 47 —76 —.26 29  1.00
All rock types (N, 78)

Cl _____ 042 —0.59 —0.52 0.77 —0.65 042 0.04 —0.47
F ______ —.30 .49 .06 —.46 54 -39 —.10 .69
DI.. —28 .60 24 —47 b53 —53 —.06 1.00

* All Fe calculated as FeO.

TABLE 14.—Partial correlation matrices of hornblende chem-
istry and rock differentiation index

[Italic figures represent correlation at less than 95-percent confidence
level. N, number of observations in a population]

Si0: Ca0 Na:0 P20s D.I.

Tortilla Quartz Diorite (N, 9)
Cl .. 0.38 0.23 0.28 0.22 0.33
) 21 32 A5 13 .26
DI ____ —u3 44 97 a2 1.00

Rattler Granodiorite (N, 30)
Cl . ____. —0.09 —0.37 —0.08 0.37 —0.67
F o .09 16 .00 31 47
DI _.__ .25 .06 52 —.59 1.00

Granite Mountain Porphyry (N, 17)
Cl . ___. —0.12 —0.20 0.01 —0.35 0.29
P .03 .50 —.03 —.2} 04
DI __._. .26 —.01 36 —.34 1.00
All rock types (N, 70)

Cl . __. 0.08 —0.12 0.12 0.20 —0.73
) —.03 —.12 —.06 —.20 .62
DI ___. .09 —.13 .29 —.10 1.00

Si02 Al:0: FeO* MgO CaO TiO: Na:0 K:0 D.L
Tortilla Quartz Diorite (N, 8)
Cl ______ 0.94 —0.97 0.96 —0.91 0.85 —0.96 —0.95 ___ —0.96
F ______ 16 —.12 —.07 .08 —.01 —.12 —.01 ___ —.07
DI_. —.17 .99 —.99 .96 —.92 .99 .98 -—- 100
Rattler Granodiorite (V, 28) !
Cl _____ —0.66 0.76 0.49 —0.59 —0.35 0.46 0.40 0.59 —.40
F _____" .28 —.32 —.10 .19 .49 —.46 —.72 .28 .38
D.I_ 48 —.55 —.18 —.27 .32 —.81 —.24 —.11 1.00
All rock types (N, 46) ®
Cl .. -0.35 0.32 0.50—0.52 —0.17 0.03 —0.15 0.59 —0.04
______ .28 —.31 —.18 .20 .14 —.36 .04 .28 .54
D.I._ 24 —.32 .29 —.14 .19 —70 —.31 —.11 1.00

* All Fe calculated as FeO.
1 N for Na:0 is 6, N for K20 is 22. -
3N for Na:20 is 24, N for K20 is 22.

Cl, F, and H,0 + contents of the rocks

The amounts of Cl and H,O+ (figs. 114, 12C) con-
tributed to the rocks by the hydrous igneous minerals
decrease with decreasing age and increasing differen-
tiation index of the rock, whereas the amount of F
contributed decreases only in the aplitic differentiates
of the stocks (fig. 12B; table 10). These figures were
constructed using the mineral analyses, measured rock
specific gravities, assumed mineral specific gravities,
and modal abundances of the minerals (including their
pseudomorphic alteration products) and ignoring the
secondary hydrous phases formed in the anhydrous
silicates. The trends therefore do not necessarily re-
flect the actual amount of original Cl, F, or H,O+ in
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rock powders.
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Fieugre 12.—Variation of H.O-+ contents of rock sample with
rock differentiation index. A, Measured. B, Corrects A by re-
moving effects of alteration produets. C, Calculated from
rock and mineral densities, mineral analyses, and modal
abundance of originally unaltered igneous minerals.

the magmas because of the possibilities (1) that some
of the alteration products of the igneous minerals are
deuteric and thus drew halogens and water from the
melt or (2) that halogens or water were either gained
by or lost from the magma or rock, although for F ex-
perimental work suggests that little F would leave the
magmas via an aqueous phase (Burnham, 1967).

Also plotted, as horizontal arrows, in figures 114 and
1173 (data in table 15) are whole-rock analyses of Cl
and F in finely ground, water-leached splits (to re-
move salts deposited from ground water) of a few
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TABLE 15.—Cl and F contents of some Laramide igneous rocks
near Ray porphyry copper deposit

Contents (welght percent)
F

Rock type Saﬁl:)ple Cl1
*) ®) <) () ®) )
Tortilla 17-28 0.058 0.028 0.037 0.039 0.042 0.077
Quartz 17-1 .048 .015 .020 .037 .040 .029
Diorite.

Rattler 46-99B ;e ————  0.027 0,026 0.030 0.050
Grandiorite. 60-113D 0.035 0.015 .03 .03 042 .060
T16-630 023 012 ____  .049 052 ____
61-25 .36 .006 .013 .037 .036 064
46-11G 019 .005 .016 .032 .036 .068
46-11A 050 .003 .004 .006 .007 .018
Granite RB5 0.033 <0.001 0.004 0.049 0.052 0.070
Mountain GM6G 14 <001 .003 .039 .040 .066

Porphyry.

* Chemical analysis by R. Moore and J. Budinsky.

b Whole-rock split ground to --325 mesh, leached with distilled
water, dried at 90°C, and reanalyzed. A slight increase in the amount
of F may reflect contamination by laboratory dust not completely com-
%en(isiate}:i by blanks run simultaneously. Analysts, R. Moore and J

udinsky.

¢ Amount of Cl and F in the rock contributed by original igneous
minerals (calculated using modal data and electron-microprobe mineral
analyses).
selected samples. These measured values confirm the
trends (or lack of them) in figure 11 determined by
calculation. However, the measured values are less
than the calculated values for the halogen contents of
the rock (except for F of sample 17-1, table 15). This
discrepancy is expected for Cl because the OH-bearing
alteration minerals of biotite contain less Cl than the
biotite (fig. 13), and the loss of Cl cannot be wholly
compensated by the Cl that might occur in alteration
products of the feldspars (table 8). On the other hand,
because the I content of some of the biotite alteration
products is considerably greater than the host biotite
(fig. 13), the higher values of F¢ versus F? (see foot-
note explanations in table 15) were not expected. It is

not known if the higher values (F°¢ in table 15) are
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artifacts of diffexent analytical procedures, or whether
part of the biotite’s F (like the Cl) was removed from
the rock during conversion of the biotite to alteration
minerals.

Rock powders of all the samples were analyzed for
H.O+ (fig. 124), and although these values also cor-
relate negatively with rock differentiation index, the
correlation is poorer than for the calculated values of
H,O+ (fig. 12€, table 10). The poor correlation be-
tween figures 124 and 12C is somewhat improved by
removing (by calculation) the effects of the hydrous
alteration products in the samples (fig. 12B), and part
of the remaining wide scatter in the points (fig. 12B)
may be attributed to the more inhomogeneous distribu-
tion of the hydrous alteration products (containing as
much as 12 percer:t H;O+ by weight) compared to the
hydrous igneous minerals (containing no more than 4
percent H;O+ by weight). The arrow between the two
filled squares (Tortilla Quartz Diorite, fig. 12B, ()
represents the original H2O+ content of sample 17-1,
assuming that the fibrous amphibole (table 8) is (1)
not igneous and replaces pyroxene (lower position) or
(2) igneous or replacing hornblende (upper position).
The statistics (table 10) were calculated assuming the
former.

Simonen (1948), working with another consan-
guineous rock sequence, notes that more mafic rocks
are richer in Cl than more silicic ones, and the data in
Dodge and others (1968) show that rock Cl and F
contents generally decrease with increasing differen-
tiation index of the samples from the Sierra Nevada
batholith. Thus, the findings at Ray are not unique.
On the other hand, many conflicts are found in the
literature. Correns (1956) found no correlation be-
tween the halogen contents and SiO, contents of rocks
when comparing samples from widely separated locali-
ties, where Goldschmidt (1954) and Simonen (1948)
suggest that rock F contents increase with magmatic
evolution of igneous series. Kuroda and Sandell
(1953) and Correns (1956) found no correlation be-
tween rock composition and C1 content, whereas Behne
(1953) suggests that felsic rocks contain more C1 than
basic ones. It is suspected that some of these conflicts
and exceptions to the findings at Ray may result in
part from comparison of data compiled for rocks of
differing origins, conditions of emplacement. and de-
grees of alteration. For example, the data in Simonen
(1948) for petrochemically related rocks show, like
the Ray rocks, little or no relation between rock chem-
istry and F content. Similarly, if plots like figure 114
and B had been made comparing the calculated Cl and
F contents of the Ruin Granite at Ray (a Precam-
brian quartz monzonite) with those of the Granite
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Mountain Porphyry (an Early Tertiary granodiorite),
there would have resulted a strong positive correla-
tion of the contents of Cl and F in the rock with in-
creasing SiQ, content of the rocks. Clearly, because the
Ruin Granite was emplaced as a batholith 1.4 b.y.
prior to the Granite Mountain Porphyry (a stock),
such plots would exceed their intended use. Thus the
likelihood of constructing misleading geochemical
trends for minor elements seems large if, in addition
to a lack of time-space proximity of the rocks com-
pared, the data are not corrected for the halogens and
water introduced or lost during incipient alteration
of the rock (fig. 13) or the halogens present in fluid
inclusions and in salts deposited from ground water
along microfractures (see table 15).

APPLICATION TO PETROLOGIC MODELS

The preceding data indicate that the abundances of
the halogens and water in the igneous minerals stud-
ied have not been uniformly homogenized nor are they
detectably controlled by changes in chemistry of the
minerals, proximity or degree of local alteration, or
potential susceptibility of a grain to exchange with
the magma(s) or aqueous fluids. On the other hand,
changes in abundance of Cl, F, and calculated H, O+
in the igneous hydrous minerals appear to be related
to changes in the age and chemistry of the parent
magma(s). Similar trends are observed for minerals
in other consanguineous igneous suites. These facts
suggest that the hydrous igneous minerals studied at
Ray probably retain an imprint of magmatic events
and that the changes in the halogen and water con-
tents of the minerals are more likely the result of
changes in or initial differences between the magma(s)
than the result of postmagmatic events. This interpre-
tation is consistent with the resistance of fluorapatite
to exchange with chloride-rich aqueous fluids (Ek-
strom, 1973).

Given the interpretation that the changes in mole
fractions of Cl, F, and H,O (Xa, r, ry0) in the mine-
rals probably reflect magmatic processes during de-
velopment of the igneous suite at Ray, it is of interest
to petrology and current ideas about ore genesis if the
data lead to the determination of how X, ¢, my0 varied
in the melt(s) as the magmas became younger and
more differentiated. Unfortunately, such a detcrmina-
tion requires experimental data not yet availabie con-
cerning the activity coefficients of C1—, F—, and OH—,
how the activity coefficient nf each ion changes rela-
tive to the others with respect to temperature and
pressure, and if and how the partition coefficients (be-
tween melt and mineral) of each ion change with tem-
perature and pressure. Additionally, subjective deci-
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-sions must be made as to whether the exposed plutons
represent (1) sequential differentiates of one batho-
lith while it was emplaced in the upper erust, (2) dif-
ferentiates of several common source batholiths while
they were emplaced in the upper crust, (3) as in 1
but occurring in the lower crust or upper mantle, (4)
as in 2 but occurring in the lower crust or upper man-
tle, or (5) sequential or separate partial melts from a
common source area.

It seems obvious that with so many possible vari-
ables, strong defense of any unique explanation for
the data would be unwise. If explanations 2, 4, or 5
apply to Eay, then data need not be necessarily con-
sidered petrologic indicators of processes in differen-
tiation of magma. However, the data for one magma
(Rattler Granodiorite) are consistent with those for
the entire igneous suite and, as cited earlier, with simi-
lar data for other igneous suites. Thus it seems at least
reasonable to postulate that the trends observed in
figures 8-10 could result from differentiation of a
single magma and that evaluation of the magmatic
behavior of Cl, F, and H,O is warranted. The follow-
ing discussion concerns only explanation 1 above be-
cause of its significance to one current theory of ore
genesis—that both ore and ore fluid components for
porphyry copper deposits have their source in cale-
alkaline magma emplaced in the upper crust.

A long list of literature, reviewed in part by Lowell
and Guilbert (1970), notes a time-space relation be-
‘tween intermediate calc-alkaline intrusive rocks and
“disseminated” or porphyry copper ore deposits; this
relation has generally been interpreted as causal. In
the classical magmatic hypothesis of ore deposits, the
calc-alkaline magmas are considered the vessels that
transported the copper and sulfur to or near to the
deposits, and there the magmas produced the miner-
alization through differentiation. However, in the
Laramide plutons associated with Ray and also in
those elsewhere in Arizona (Rehrig and Heidrick,
1972), mineralization is associated with a regional
tectonic fracture system rather than with observed
radial, concentric, and sheeting joints associated with
cooling of the plutons. Thus, if the mineralizing fluids
evolved according to the classical magmatic model,
they must have come from deeper sources than the
exposed plutons; that is, explanation 1 above. in which
water is first concentrated through ecrystal differentia-
tion in and later released from a nearby batholith. To
facilitate transport of the ore and to explain the
NaCl in fluid inclusions in porphyry deposits, the
fluids released should preferably be rich in chloride
(see for example, Helgeson. 1964; Garrels, 1941;
Roedder, 1971).
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This presumed late buildup of Cl and H.O was not -
recorded by the minerals in the exposed plutons as-
sociated with Ray (figs. 8-10, table 10). Thus, either
the classical magmatic hypothesis does not apply to
the Ray deposit, or it must be postulated that the min-
erals did not record the required processes in the
batholith. Three models that might explain the data
are presented below. The first two outline the processes
and list the special conditions that apply if the rocks
studied here are related to a nearby batholith that
produced mineralizing fluids. The third model does
not assume a classical magmatic origin for the Ray
deposit.

Changes imposed on the stocks

If the classical magmatic hypothesis applies to Ray
and if figures 8-10 depict directly how X, r, my0
varied in the melts of the exposed stocks, then the
processes in the stocks did not follow those in the
parent batholith. Because the stocks were emplaced at
shallower depths than the batholith, it seems a reason-
able postulate that they evolved water before the
batholith did. Experimental studies (Koster van Groos
and Wyllie, 1969; Wyllie and Tuttle. 1964) indicate
that in a degassing melt, Cl would leave with H,O
while most of the F would tend to remain in the melt
(Burnham, 1967; Munoz and Eugster, 1969). Thus
evolution of water from the ascending and crystalliz-
ing magmas of the exposed stocks would increase the
activity of F in the melts of the stocks relative to the
fugacity of water and the activity of chlorine while
the batholith could continue to maintain and concen-
trate chlorine and water. However, several lines of
evidence have already been discussed that are not
consistent with the assumption that the exposad stocks
saturated early in their crystallization history or
evolved much water. To review, these are that: (1)
biotite does not show a magnesium enrichment with
decreasing age or with progressive differentiation of
the stocks, (2) the percentage of aplites in the stocks
is low. (3) pegmatitic aplites are sparse, (4) meta-
morphic aureoles around the intrusive rocks, both
stocks and dikes, are restricted and in some places are
virtually absent even in carbonate terrane, (5) miaro-
litic features or cavities have not been identified in
field exposures or thin section samples of the Laramide
stocks, and (6) the fluid inclusions in quartz in the
rocks are sparse, two phase, and homogenize at tem-
peratures considerably pelow the granite minimum.
Also problematical to the postulate that evolution of
Cl-bearing water explains the correlations of X, p, 0
in the minerals with rock chemistry and age are ex-
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perimental data (Munoz and Ludington, 1974; Munoz
and Eugster, 1969). These data suggest that evolu-
tion of water at magmatic temperature from the stocks
in amounts proportional to those required of the
parent batholith to form the Ray deposit should have
resulted, but did not (table 4), in (1) homogeniza-
tion of F contents of biotite in individual samples and
stocks and (2) higher F contents in the high-tempera-
ture igneous rather than in the lower temperature
hydrothermal biotite. The fact that neither expecta-
tion is met requires that the igneous biotite had little
contact with the water evolved at magmatic tempera-
ture and that the ore fluids had chemical parameters
different from the water evolved from the stocks. In
addition, the increase in F content of the biotites with
increasing differentiation (fig. 9) is opposite to the
trend expected because with vapor phase present, each
of the following factors should have resulted in a de-
crease in the F content of biotite: (1) the Mg con-
tent of the biotite decreases with differentiation (see
Ludington, 1973 ; Ekstrom, 1972; Munoz and Eugster,
1969; Munoz and Ludington, 1974; Wones and Eug-
ster, 1965),(2) the F content of the rock decreased or
remained the same during differentiation (fig. 11B; see
also Munoz and Eugster. 1969), and (3) presumably
the temperature of the differentiating magma(s) and
its evolving vapor phase(s) would be progressively
lower (see Munoz and Eugster, 1969). Thus, an addi-
tional requirement on the evolving water(s) is that
they became progressively enriched in F as the host
rock became more felsic despite the observed decrease of
F content of the rock (fig. 11B) and probable decrease
in temperature of the magma. As an alternative to
this, it could be postulated that the Tortilla Quartz
Diorite and Rattler Granodiorite did not evolve much
water whereas the Granite Mountain Porphyry
evolved much more water that, for some reason, re-
sulted in higher contents of and homogenization of T
in individual biotite grains of the Granite Mountain
Porphyry without homogenizing the grains with re-
spect to the other elements or with respect to F con-
tents of biotite in adjacent grains and in other sam-
ples from the stock. Finally, at their depths of em-
placement, the stock should have saturated at between
2.5 to more than 3.5 wt percent H,O (Burnham, 1967) ;
this is about the approximate amount required in the
melts for biotite to form in the stocks (D. R. Wones,
oral commun., 1974; Wones and Dodge, 1966). Thus,
if it is postulated that the magmas evolved water while
ascending or during the main stage of crystallization,
disequilibrium crystallization also must be postulated.
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Taken alone, any one of the foregoing requirements
and observations does not preclude the possibility that
the character of the magmas of the stocks changed
throngh evolution of water and chlorine. However,
with so many requirements on the presumed aqueous
phase(s) and with the popular desire for simplicity
and consistency in interpretation of data, alternative
explanations of the trends with age and chemistry
indicated in figures 8-10 seem warranted. Another
model that maiutains the assumptions of the classical
magmatic model is given below.

End-stage degassing of the stocks and batholith

This model drops the requirement that the stocks
evolved water during their ascent and main-stage
crystallization but maintains the requirement of the
classical magmatic model that chloride-rich water was
produced at or near the end of differentation of the
parent batholith (and also of its effluent stocks). How-
ever, like the preceding one, this model finds the same
problems with the paucity or even negative physical
evidence that water in the volumes proportional to
those required for the deposit evolved from the stocks
at magmatic temperatures. It also requires the same
special conditions to explain the lack of magnesium
enrichment in biotite from aplites of the stocks and
why the biotite did not respond chemically to presence
of the evolving magmatic water. In addition, the
failure of X ¢, m,0 in the minerals to record the buildup
of Xo, mo0 in the parent batholith means that to
explain figures 8-10, changes in the activities of Cl-,
F-, and OH- (or fugacity of H;O) in the melt do
not directly record changes in X, r. m,0 in the melt.
This model cannot be evaluated further without ex-
perimental data that indicates that activity of F can in
fact increase relative to the activities of both water
and chlorine in a differentiating melt while X in the
melt (probably very close to figure 11B) remains
roughly constant or decreases and while X¢ and Xg,0
in the melt increase. -

Magmatic evolution through crystal differentiation

This model postulates that the magmas were under-
saturated in water when emplaced at the present levels
of exposure, that the precipitation of hydrous min-
erals controlled the activities of Cl, F, and H,O in the
melt, and, as a consequence of these postulates and the
petrologic evidence indicating that the hydrous min-
erals continued to form late in the crystallization his-
tory of the stocks, that the magmas evolved very little
water. The paucity of evolved water is consistent with
fluid-inclusion data, lack of miarolitic features in
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‘stocks, paucity of pegmatitic dikes, low percentage of
aplites, lack of Mg enrichment in the igneous biotite,
and restricted skarn development associated with the
plutons. It is also consistent with the F chemistry of
the biotite. This interpretation of the data does not
preclude the possibility that water evolved from the
magmas after the hydrous minerals ceased forming,
perhaps after other components required for formation
of the hydrous minerals were consumed or perhaps
in response to local disequilibrium. In fact, the pres-
ence of interstitial epidote in the stock suggests that
fugacity of H,O in the stocks did increase locally
during the very final stages of crystallization. How-
ever, in this model the water evolved was probably
small in amount and low in Cl content. ‘

If the magmas were originally undersaturated and
evolved only insignificant amounts of water relative
to the total volumes of the stocks, then the trends
observed between the age and chemistry of the rock
and the abundances of Cl, F, and H,O+ in the min-
erals (figs. 8-10) must be explained by crystal differ-
entiation, whereby most of the Cl, F, and H,O origi-
nally present in each magma was extracted from the
melts by the hydrous minerals. In this model then,
changes in activities of C1-, F—, and OH- (as indi-
cated in figs. 8-10) were proportional to changes of
Xa - r-, or— in the melt (as indicated in figs. 114,
B; 12C). Thus, for the Rattler Granodiorite, the first
hydroxyl-bearing minerals that separated from the
magma tended to incorporate more chlorine relative to
water and fluorine, and more water relative to fluorine
than hydroxyl-bearing minerals that separated at a
later time or from the more differentiated magma. If
all the stocks came from the same nearby batholith
(questionable that it would remain molten for 10 m.y.
in the shallow crust) or deep batholith (where heat
input might lengthen the life of the batholith), then
the explanation applied to the Rattler Granodiorite
applies to the entire igneous suite. .

As with the preceding model, there is no direct ex-
perimental justification or refutation for this explana-
tion of the data. However, F is much more soluble in
silica-rich melts than both H,O and Cl, and H,O is
more soluble than Cl (Koster van Groos and Wyllie,
1968, 1969; Burnham, 1967). Thus given the assump-
tion that less soluble components would tend to leave
the melt prior to more soluble components, this model,
although not irrefutably supported, is at least con-
sistent with the experimentally determined relative
solubilities of Cl, F, and H,O in silicate melts.

Failure of the outer edges of the mineral grains con-
sistently to record the postulated progressive depletion
of Cl and H;O in the melts relative to F may be at-
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tributed to (1) inhomogeneities in the melt, (2) con- -
vective mixing of the grains, or {3) in-place variations
of conditions controlling halogen uptake. The first of
these alternatives is favored because it seems likely that
with several coexisting hydrous phases simultaneously
consuming volatiles from the melt in different amounts
and at different rates, and with the nearby anhydrous
minerals simultaneously rejecting and thus reconcen-
trating them' at different rates, it seems reasonable to
postulate that the diffusion rates of all components
were not adequate to maintain, on a local scale, a
homogeneous melt with respect to Cl, F, and H,O. The
larger intragrain and intrasample variation of Cl and
F in apatite relative to the biotite, hornblende, and
sphene might also be explained by inhomogeneities in
the melts because the demands by apatite for Cl and F
in the melt were greater and thus less likely to be ful-
filled at a consistent ratio of Cl:F:H,O compared to
those of the hydrous silicates. The two alternative ex-
planations offered above do not seem as likely because
one should expect the biotite, hornblende, and sphene
to have recorded variations in halogen abundances
similar to those observed in the apatite, if either con-
vective mixing or in-place variation of Pg,0, 7', or Potm
were the major cause of the observed intrasample and
intragrain variations. Further, it is difficult to visualize
mechanisms that would change Py,0, 7', and Prota 0N a
millimetre scale or ways in which adjacent grains
might have moved over the distances required to cause
the observed differences in halogen contents, both with-
in and between grains, in the samples that were possi-
bly 50-80 percent crystallized prior to formation of
hydrous minerals.

This model requires that the melts arrived at their
level of emplacement not only undersaturated but car-
rying not much more than 1-0.5 percent H.O by weight
(mafic and felsic stocks, respectively), or in other
words, the hydrous minerals could not begin to form in
the magmas until about 50 percent of the mafic mag-
mas and about 80 percent of the felsic magmas had
crystallized. This is consistent with petrologic observa-
tions and interpretations for most of the samples but
not with those for the rhyodacite dikes and the porphy-
ritic facies of the Rattler Granodiorite where the pres-
ence of phenocrysts suggests the possible onset of hy-
drous mineral formation when less than 30-50 percent
of the magma(s) had crystallized. Thus, if the above
model is to explain the data, either some of the magmas
(and part of the Rattler Granodiorite magma) had
two to three times more water initially. or water was
locally concentrated in or introduced into some of
the magmas. For example, the porphyritic facies of the
Rattler Granodiorite may have gained water from the
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rest of the melt because of diffusion of water to cooler
parts of the melt (Kennedy, 1955), thereby enriching
one part of the melt in water at the expense of the
other prior to formation of the groundmass minerals.
However, under conditions of small concentration gra-
dients, diffusion of water in melts may be slow (Burn-
ham, 1967), and instead, a convecting or turbulent part
of the magma exposed to wet wallrocks may have strip-
ped water from the wallrocks in a manner similar to
metallurgic zone refining (Shaw, 1972; Harris, 1957).
A final special condition required for this model con-
cerns sample 60-113D (D of figs. 8-10), a dike that
intrudes both the porphyritic and nonporphyritic
facies of the Rattler Granodiorite prior to develop-
ment of aplites in the stock. Biotite and hornblende in
this dike contain more Cl than biotite and hornblende
in rocks cut by the dike. Possible explanations for this
relation are (a) turbulent flow in the dike caused

“stripping” of Cl and H,O of meteoric or magmatic,

origin from the nearly crystallized parts of the stock,
(b) the dike represents a late resurgence from an un-
consolidated deeper and less differentiated part of the
stock or (c) the dike represents an intrusion that was
not part of the Rattler Granodiorite magma.

Concluding remarks

The last of the three models discussed in this section
is thought to be consistent with more data and to re-
quire fewer unprovable special conditions than the first
two models, but no one model can be considered the
unique explanation of the data, particularly if all
stocks and dikes did not originate from a nearby batho-
lith. Although the first two models do not incorporate
all the field, chemical, and existing experimental ob-
servations as favorably as the last, neither they nor a
classical magmatic genesis for Ray can be ruled out
with certainty. On the other hand, the data for the
Ray rocks neither require nor support the classical
magmatic origin of the Ray deposit, and they are simi-
lar to those for plutons that are not associated with
porphyry copper deposits. Thus a source alternative to
an upper crustal batholith might profitably be sought
to explain the mineralization at Ray and perhaps other
deposits. ’

BIOTITE AS A PARTIAL OR SUPPLEMENTARY
SOURCE OF CHLORINE AND FLUORINE
IN THERMAL WATERS

Chlorine

The distribution of CI between igneous biotite and
its propylitic type alteration products at Ray (fig. 13)
suggests that natural thermal waters and ore fluids

might find a partial or supplementary source of Cl in
that released during alteration of biotite to chlorite,
epidote, and sphene. For example, upon alteration of
20 percent of the biotite (comprising an average of
more than 7 volume percent of the rock), each cubic
kilometre of average Laramide igneous rock (p~2.8
g/cm?) at Ray, using the average Cl abundance of bio-
tite (1,100 ppm) analyzed here, would release as much
as 4x 10" g Cl to the altering fluid if the average bio-
tite alteration product contained Cl in amounts just
below detection (200 ppm). If the average alteration
product contained Cl in amounts considerably below
detection levels (contents of 20-30 ppm), 4.8X10%
g Cl would be released to the fluids.

This does not imply that the major source of Cl in
natural hot waters is altered biotite because much
might Le trapped in fluid inclusions or in alteration
products of the feldspars. For example, if the ob-
served modal phengite and clay (both containing no
more than 200 ppm C1) had developed in the coexisting
plagioclase and K-feldspar during the period of biotite
destruction, only 1.3X10% to 1.8x10%* g/km* Cl would
still be available for incorporation in fluid inclusions or
for further transport in the fluid phase. This does not
rule out the possibility that alteration of biotite might
be a supplementary or partial source of Cl in hydro-
thermal fluids, particularly if the hydrous alteration
products of plagioclase contain significantly less Cl
than that detectable by methods used here (200 ppm)
or if the plagioclase alteration occurred at a different
time than the biotite alteration.

Fluorine

Chloritization of the igneous biotite in the Laramide
rocks at Ray was accompanied by development of an-
hedral sphene, epidote, and perhaps even the F-bearing
hydrogarnet(?) (in decreasing order of abundance).
The sphene and hydrogarnet(?) contain F in abund-
ances usually greater than the host biotite (fig. 13, com-
pare tables 4 and 8) suggesting that much of the F in
the biotite was immediately reprecipitated. However,
if data in table 15 apply, only part of the F originally
in the biotite remained in the rock (compare F® with
Fe in table 15). Thus, it seems possible that biotite
could also provide some F to waters that cause propy-
litic alteration, particularly in instances where the cal-
cium content of the waters is low, and epidote and
sphene do not form in biotite during the alteration.
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