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ABSTRACT

The Glen Oaks porphyry copper-molybdenum deposit 
is a subeconomic occurrence of disseminated, veinlet, and 
vein controlled pyrite, chalcopyrite, and molybdenite 
associated with a multiple-phase Laramide quartz latite 
porphyry stock. The porphyritic intrusives were emplaced 
along a contact between Precambrian amphibolite and 
Precambrian quartz diorite between 77 and 79 m.y. ago.

The hydrothermal alteration associated with this 
deposit consists of early potassic and propylitic altera
tion zones with a later structurally controlled phyllic 
alteration superimposed on the potassic zone. A post
mineral sericitic alteration is associated with a late 
hornblende quartz latite porphyry stock emplaced near the 
center of the deposit. The potassic and phyllic altera
tion show a loss of Ca, Mg, and Na and a gain of K and 
Si. The late sericitic alteration induces a loss of all 
major elements except Fe. The potassic alteration and 
main copper-molybdenum mineralization were formed from a 
high salinity fluid. The phyllic and late sericitic 
alteration assemblages were formed by a low salinity 
fluid.

x



The early Laramide age of the deposit, the great 
depth of erosion in the area, the low total sulfide 
content, and the profound potassic alteration all lead to 
the conclusion that this deposit represents a deeply 
eroded porphyry copper deposit.

xi



1

CHAPTER 1 

INTRODUCTION 

Purpose of Study
The Glen Oaks porphyry copper-molybdenum occur

rence is a deposit characterized by low total sulfide, 
low copper, and abundant potash metasomatism. The nature 
of the alteration and mineralization, the early Laramide 
age, and the geologic setting of the deposit suggest that 
it may represent a deeply eroded porphyry copper system.

Geology, mineralization, and, in particular, the 
nature and paragenesis of the hydrothermal alteration are 
reported here. Comparisons with other porphyry systems 
are made. Descriptive mineralogic and chemical aspects 
of porphyry copper alteration and mineralization have 
been well established in studies such as those of Hemley 
and Jones (1964), Meyer and Hemley (1967), Lowell and 
Guilbert (1970), and Gustafson and Hunt (1975). The 
vertical zoning in porphyry copper deposits has been 
discussed by Lowell and Guilbert (1970), James (1971), 
Sillitoe (1973) and Bodnar (1978). The porphyry copper 
system at Glen Oaks is compared to the model of vertical

1
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zoning in porphyry copper systems and to other deposits 
thought to represent the lower portions of porphyry 
systems. The economic potential of the Glen Oaks 
porphyry copper system is to some extent dependent on its 
vertical position with respect to Sillitoe’s model of 
vertical zoning. The purpose of this study is to evalu
ate the relative vertical position of this deposit from 
the deposit geology, alteration, and mineralization and 
to gain a better understanding of the nature of porphyry 
copper alteration and mineralization.

Discussion of the location and exploration 
history of this property is followed by a description of 
the regional geologic setting of the deposit, a general 
overview of the deposit geology, and a detailed descrip
tion of lithologies. The results of potassium-argon 
dating of the deposit are reported followed by a discus
sion of the structural geology of the study area. 
Hydrothermal alteration and sulfide mineralization are 
described and the results of a fluid inclusion study are 
reported.

The characteristics of the deposit are discussed 
with emphasis on the chemical and structural controls on 
the formation of the deposit. The characteristics of 
this porphyry copper system are compared to those of 
other similar porphyry systems and to models of vertical
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zoning in porphyry copper deposits. From these compari
sons, the hypothesis regarding deep erosion at Glen Oaks 
is developed.

Methods of Study
The study ^area was mapped at a scale of 1:6,000 

using a topographic and photographic base during several 
months in 1976 and 1977. There is about 10 percent 
outcrop in the area, all of which has been affected by 
profound supergene leaching, both of which preclude the 
accurate location of many contacts and make the surface 
investigation of alteration difficult. Therefore, most 
information on alteration and much of the lithologic 
information was gained from the detailed logging of about 
5,000 meters of drill core.

The study of rock and alteration petrography was 
accomplished by the examination of drill core, 118 thin 
sections from surface and drill core, and 6 polished 
sections from drill core samples. Identification of 
potassium feldspar was aided by the staining of samples 
with sodium cobaltinitrite. Petrographic and megascopic 
sericite identification was confirmed by x-ray diffrac
tion work on three samples. The type and distribution of
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fluid inclusions were studied by the microscopic examina
tion of several hundred inclusions in primary and vein 
quartz from 21 thin sections.

Rock chip and soil geochemical analysis was 
carried out over the surface of the property for copper 
and molybdenum. The drill core was analyzed for copper, 
molybdenum, and locally for sulfur. The major rock 
element and alteration geochemistry was determined by 
atomic absorption analysis for the major oxides on eight 
carefully selected samples. K/Ar dates were obtained on 
biotites from three samples by the Isotope Geochemistry 
Laboratory, University of Arizona.

Location and Access
The Glen Oaks prospect is located in Yavapai 

County, Arizona, approximately 16 kilometers (10 miles) 
southwest of Prescott. It lies 6.5 kilometers (4 miles) 
southeast of Phelps Dodge's Copper Basin porphyry copper 
deposit. U.S. Highway 89 runs through the northern edge 
of the Glen Oaks property and several dirt roads provide 
easy access to the deposit (Figure 1). The climate of 
the area is semidesert receiving about 20 inches of 
rainfall per year. About one half of the precipitation 
falls as snow during the winter months. The average 
temperature in the winter is 36°F and the average summer
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temperature is 70°F at Prescott. The topography varies 
from hilly to mountainous with elevations between 1500 
and 1950 meters (5000 and 6400 feet). The local relief 
is about 150 meters (500 feet). The vegetation is manza- 
nita and bushy oak on the south-facing slopes and pine 
forest in the canyons and on the north-facing slopes 
(Figure 2).

Exploration History
The Glen Oaks property, which has also been 

called the Hassayampa, Copper Creek, and Little Copper 
Creek property, has been examined and drilled by a number 
of exploration companies since 1960. There are several 
prospect pits and one small abandoned underground mine 
which are located on quartz sulfide veins in the area.

Phelps Dodge Corporation was the first company to 
drill the property, in 1960. Most of the exploration was 
apparently in search of a supergene enrichment blanket. 
This enrichment blanket was suspected because of the 
presence of favorable leached capping in some areas of 
the property. After several drillholes were completed, 
Phelps Dodge abandoned the property. In 1970, Noranda 
optioned the property and drilled several holes. They 
dropped the property after about a year and several 
smaller companies including Perry, Knox, Kaufman, Inc.
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Figure 2. View of the Glen Oaks deposit looking northeast. 

U.S. Route 89 lies off the photo to the left. The outcrops in the foreground are Precambrian aplite. The hill in the center of the picture is capped with resistant Precambrian aplite with quartz latite porphyry-1 occupying the flanks of the hill and the right central part of the scene. 
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and Sierra Minerals Management acquired various parts of 
the property and drilled several additional holes. This 
drilling was again primarily in search of a shallow zone 
of supergene enrichment. In 1973, Essex International 
optioned the northern part of the property and drilled 
several more shallow holes. In 1974, Earth Resources 
drilled two more slightly deeper holes on the property.

In 1976 and 1977, Cities Service Minerals Corpor
ation conducted an exploration program to test the deeper 
hypogene potential of the property. Under the author’s 
direction, two deep drillholes (850 and 900 meters) were 
drilled. The results of that drilling, and the studies 
reported on in this thesis, are such that the exploration 
was discontinued and the property returned to its owners.
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CHAPTER 2 

REGIONAL GEOLOGY

The Glen Oaks deposit is located in the Trans
ition Zone which separates the Colorado Plateau to the 
north from the Basin and Range Province to the south. 
This zone is characterized by extensive exposures of 
Precambrian granitic and metamorphic rocks (Figure 3).

The area in and around the Glen Oaks deposit has 
not been the subject of focused geologic study. The only 
published geologic maps covering the area are the Arizona 
State Geologic Map (Wilson and others, 1969), the Arizona 
Highway Geologic Map (Cooley, 1967), and the Geologic Map 
of Yavapai County (Arizona Bureau of Mines, 1958). 
However, the Jerome-Prescott-Iron King area to the east 
has been the subject of numerous geologic investigations 
including Jagger and Palache (1905), Lindgren (1926), 
Krieger (1965), Anderson and Blacet (1972 a, b, and c), 
Spatz (1974), DeWitt (1976), and Webb (1979). The Bagdad 
area located about 65 kilometers to the west of the Glen 
Oaks deposit has also been the subject of several geo
logic investigations, including those of Butler and

9
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Wilson (1938) and Anderson and others (1955). The Copper 
Basin deposit located about 7 kilometers to the northwest 
has been discussed by Johnston and Lowell (1961) and by 
Christman (1978). The area between Bagdad and Prescott 
does not contain any major mining district, a fact which 
probably accounts for the lack of geologic study in this 
area.

Precambrian
The Glen Oaks deposit is located at the contact 

of Precambrian amphibolite to the east and Precambrian 
quartz diorite to the west. The oldest unit in the area 
is the Precambrian amphibolite which is probably a meta
basalt. This unit is tentatively correlated with the 
Green Gulch Volcanics of the Big Bug Group of the Yavapai 
Series, which has been identified about 8 miles to the 
east in the Mount Union quadrangle by Anderson and Blacet 
(1972). Jagger and Palache (1905) first named the Pre
cambrian metamorphic rocks of central Arizona the Yavapai 
Schist. The unit was later subdivided and renamed the 
Yavapai Series by Anderson and Creasey (1958). Anderson 
and others (1971) later dated the volcanics of the 
Yavapai Series at 1820 and 1775 m.y. and changed the name 
of the younger unit from the Alder Group to the Big Bug
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Group. DeWitt (1976) has questioned the stratigraphy of 
the Big Bug Group as proposed by Anderson and Blacet 
(1972) in the Mayer-Crown King area.

In the Bagdad area to the west, Anderson and 
others (1955) have divided the Yavapai Series from oldest 
to youngest into the Bridle Formation, the Butte Falls 
Tuff, and the Hillside Schist. The Bridle Formation 
consists of "massive flows of andesite and basalt and 
intercalated sedimentary rocks and rhyolitic tuff" 
(Anderson and others, 1955). Silver (1968) has dated the 
overlying Butte Falls Tuff at 1760 m.y. It appears that 
these mafic volcanics of the Yavapai Series near Bagdad 
can be correlated with volcanics of the Big Bug Group in 
the Prescott area. In spite of the problems of strati
graphy and nomenclature, most authors agree that there 
was a period of bimodal submarine volcanism about 1760 to 
1775 m.y. The amphibolite in the area of the Glen Oaks 
deposit is probably the metamorphic equivalent of a 
basalt from this period of volcanism.

The Precambrian amphibolite in the Glen Oaks area 
is intruded by a quartz diorite presumed to be of Precam
brian age. Similar quartz diorites to granodiorites have 
been mapped and dated to the east in the Prescott quad
rangle by Krieger (1965), in the Mount Union quadrangle 
by Anderson and Blacet (1972c), and in the Mingus
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Mountain quadrangle by Anderson and Creasey (1967). The 
Government Canyon Granodiorite near Prescott has been 
dated at 1770 m.y. by Anderson and others (1971). The 
Brady Butte Granodiorite has been dated at 1770 m.y. and 
the quartz diorite of the Mingus Mountain quadrangle has 
been dated at 1760 m.y. by Anderson and others (1971). 
In the Bagdad area, a granodiorite gneiss which intrudes 
the Yavapai series has been dated at 1740 m.y. by Silver 
(1968). This 1740 to 1775 m.y. intrusive event was thus 
widespread in central Arizona and probably includes the 
quartz diorite of the Glen Oaks area. This quartz 
diorite may be a part of the same batholith as the 
Prescott Granodiorite mapped by Krieger (1965) about 13 
kilometers to the northwest. A quartz diorite aplite 
occurs as dikes and irregular masses in the study area. 
It is composed of quartz and plagioclase feldspar and is 
similar in composition to the quartz diorite except for 
the lack of mafic minerals. It is assumed to be a late- 
stage aplitic phase of the Precambrian quartz diorite.

Following the intrusion of these batholiths there 
was a period of regional metamorphism in turn followed by 
intense folding of the metavolcanic and metasedimentary 
rocks (DeWitt, 1976). This metamorphism is evidenced by 
the foliation found locally in the Government Canyon 
Granodiorite to the east (Krieger, 1965) and in the
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granodiorite gneiss to the west in the Bagdad area 
(Anderson and others, 1955). A foliation was also noted 
by Christman (1978) in the granodiorite of the Copper 
Basin area located about 7 kilometers to the northwest 
and a weak foliation is observed in the quartz diorite in 
the study area.

Late Cretaceous
No rocks of Paleozoic or Early to Middle Mesozoic 

age are present in the Glen Oaks area. All of the sedi
mentary rocks of this age have been eroded by repeated 
uplifts of the southern portion of the Colorado Plateau 
in Mesozoic and Cenozoic time. The intrusive rocks 
associated with the Laramide orogeny of Late Cretaceous 
age are the only Mesozoic rocks which remain in the area.

The Lar amide intrusive rocks of the area are 
calc-alkaline in composition including granodiorites, 
quartz monzonites, and quartz latites. A number of 
Laramide intrusives have been dated including the grano
diorite at Copper Basin dated at 73 m.y. (Christman, 
1978), the granodiorite near Walker dated at 70 m.y. 
(Anderson and Blacet, 1972a), the granodiorite near 
Poland Junction dated at 64 m.y. (Anderson and Blacet, 
1972a), the quartz monzonite at Bagdad dated at 72 m.y.
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(Livingston and others, 1968), and the quartz latite 
porphyry dated in the present study at 77-79 m.y.

Associated with these and other intrusives of 
similar composition and age in the area are a number of 
porphyry copper deposits and prospects. These include 
the Phelps Dodge Copper Basin deposit (Johnston and 
Lowell, 1961, and Christman, 1978) which is located about 
4 miles northwest of the present study area, the Cyprus 
Bagdad deposit (Anderson and others, 1955) located about 
65 kilometers west of the study area, the Pine Flat 
occurrence (Spatz, 1974) located about 19 kilometers 
southeast of the study area, the Squaw Peak occurrence 
(Roe, 1976) located about 65 kilometers east of the study 
area, and the Glen Oaks occurrence which is the subject 
of the present study.

Tertiary
Rocks of Tertiary age in the area include clastic 

sedimentary rocks and widespread flows of alkali-olivine 
basalt. The basalts have been dated from 14.8 to 10.1 
m.y. (McKee and Anderson, 1971). These basalts occur to 
the northeast of the study area near Prescott, east of 
the study area at Big Bug Mesa, and to the south and
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west. The small outcrop of olivine basalt in the study 
area is correlated with this period of Miocene-Pliocene 
volcanism.

Structure and Tectonics
The Precambrian structure of the region is 

characterized by the north-south trending folds and 
faults in the Yavapai Series. These north-south trending 
structures are well documented to the east by Krieger 
(1965), Anderson and others (1971), Anderson and Placet 
(1972a, b, and c) and DeWitt (1976). To the west in the 
Bagdad quadrangle, Anderson also noted north to northeast 
trending folds in the Yavapai Series rocks. In the 
Copper Basin area, Johnston and Lowell (1961) reported a 
N30°E foliation in the Precambrian metamorphic and intru
sive rocks which is consistent with northerly trending 
structures of the Precambrian. These northerly trending 
structures indicate that an east west compression may 
have been active during the orogenies of the Precambrian.

The structural and tectonic history of the Paleo
zoic and Mesozoic is difficult to interpret in the area 
because too few rocks of this age remain in the region. 
However, the absence of these rocks supports the theory 
of sustained uplift and erosion in Mesozoic and Cenozoic
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time. The Laramide orogeny of late Mesozoic early Ceno- 
zoic time did leave its signature on the area in the form 
of calc-alkaline intrusives and systematic faults and 
fractures. The dikes, faults, and fractures of the 
Bagdad area have the ENE and NNW trends found to be 
characteristic of the Laramide of Arizona by Rehrig and 
Heidrick (1972). At Copper Basin to the north, Johnston 
and Lowell (1961) reported N10 - 30°W and N70 - 80°E 
faults consistent with these Laramide trends. In addi
tion, they noted a N10 - 30°E trend for faults and dikes 
and N60 - 80°W trending faults. Additional systematic 
work is required to determine which directions are of 
Lar amide age in the Copper Basin district.

The tectonic history of the Laramide interval in 
Arizona has been discussed by many authors, most notably, 
Atwater (1970), Burchfiel and Davis (1975), Coney and 
Reynolds (1977), and Keith (1979). The interpretation of 
these authors is that at about 80 m.y. there was an 
increased rate of convergence between the North American 
and Farallon plates accompanied by a progressive, slow 
flattening of the Benioff zone. Increased rates of 
subduction and lowering of the angle of dip of the Benioff 
zone caused the calc-alkaline magroatism of the Laramide 
to sweep inland from the continental margin, causing the
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wide zone of Laramide-age intrusives and associated 
porphyry copper deposits now present in the southwest 
Cordillera of North America. The Laramide intrusives and 
porphyry copper deposits of the study area form the 
northwesternmost and oldest part of this zone of Laramide 
magmatism.

The Laramide magmatism ended about 50 m.y. ago 
when the east Pacific rise was subducted beneath the 
North American plate and the subduction processes were 
converted to those of transform faulting (Atwater, 1970). 
With the end of subduction, the dominant tectonic style 
switched from compression to extension. In the late 
Tertiary, the extensional style is evidenced in this 
region by the outpouring of large sheets of alkali-olivine 
basalt dated from 14.8 to 10.1 m.y. (McKee and Anderson, 
1971) and by Basin and Range faulting as evidenced to the 
east in the Verde Valley.

The Glen Oaks area has been uplifted and eroded 
since the Miocene - Pliocene volcanism, leading to the 
removal of the basalt sheets that once covered the area, 
leaving only small remnants. This uplift was probably 
coincident with the uplift of the southern part of the 
Colorado plateau that has been dated between 10.1 m.y. 
and 6.0 m.y. by McKee and Anderson (1971).
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CHAPTER 3 

DEPOSIT GEOLOGY 

General Description
The Glen Oaks porphyry copper occurrence is 

located near the contact of Precambrian amphibolite (PGa) 
and Precambrian quartz diorite (PGqd). The zone of 
mineralization and alteration is centered on a composite 
stock of Laramide quartz latite porphyry (Figures 4, 5, 
and 6). The zone of significant hydrothermal alteration 
and copper-molybdenum mineralization measures about 1500 
by 2000 meters in plan (Figure 4). Both the Precambrian 
and the Laramide rocks are affected by the alteration and 
sulfide mineralization. The Laramide quartz latite 
porphyry has been divided into four mappable phases 
(Figure 6, in pocket). Cretaceous quartz latite
porphyry-1 (Kqlp-1) is the oldest of the Laramide intru- 
sives and is associated with the strongest alteration and 
mineralization. Cretaceous quartz latite porphyry-2 
(Kqlp-2) is a strongly K-feldspathized and silicified 
porphyry which occurs primarily as dikes. It may be an 
altered phase of Kqlp-1 and is probably very close to it

19
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in age. Cretaceous quartz latite porphyry-3 (Kqlp-3) is 
very similar in composition and texture to Kqlp-1, but is 
clearly later and has much weaker alteration and mineral
ization. Cretaceous hornblende quartz latite porphyry 
(Khqlp) is the youngest of the Laramide porphyries and is 
post-mainstage alteration and mineralization. It 
contains neither potassic alteration nor copper- 
molybdenum mineralization. The petrography of these 
units will be discussed in more detail in the following 
section.

Lithology
Precambrian Amphibolite

The oldest rock unit in the area is the Precam
brian amphibolite (PGa) which is located on the eastern 
edge of the mapped area (Figures 4, 5, and 6). This unit 
forms rolling hills over a large area east of the deposit 
and weathers easily to a dark grey soil. It is clearly 
older than all other rocks in the study area; xenoliths 
of this rock occur in the Precambrian quartz diorite.

The amphibolite is altered either to a propylitic 
assemblage of chlorite and epidote or to a potassic 
assemblage of biotite, chlorite, and quartz within the 
study area. From thin section examinations, the composi
tion before the hydrothermal alteration appears to have
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been about 10% hornblende and 10% plagioclase phenocrysts 
in a matrix of plagioclase, hornblende, and quartz. No 
primary features or foliation were observed in this unit 
(Figure 7). This unit is probably the metamorphosed 
equivalent of a massive submarine basalt flow and, as 
previously discussed, it is tentatively correlated with 
the 1760-1775 m.y. old Green Gulch Volcanics.

Precambrian Quartz Diorite
The Precambrian quartz diorite (PSqd) occurs in 

about 70% of the study area and over very extensive areas 
outside of the study area to the north, west, and south. 
This unit forms light grey to tan outcrops and weathers 
to a tan sandy soil. It clearly intrudes the Precambrian 
amphibolite, since xenoliths of amphibolite are common in 
the quartz diorite. A weak foliation has been observed 
in this unit supporting its designation as Precambrian 
because no metamorphic event younger than Precambrian has 
been reported in the region. An almost identical unit 
has been described by Christman (1978) about 7 kilometers 
to the northwest at Copper Basin.

The quartz diorite has a hypidiomorphic granular 
texture and is composed of 50 to 60% anhedral plagioclase 
from 1 to 7mm, 10% subhedral to euhedral hornblende from 
1 to 4mm, 5% subhedral to anhedral biotite from 1 to 4mm,



24

Figure 7. Precambrian amphibolite.
The drill core sample is from the eastern edge of the 
deposit. The rock has been altered to chlorite and 
quartz and is cut by two generations of veinlets-whitish 
older quartz-pyrite-epidote veinlets with small bleached 
envelopes of sericite and younger quartz-pyrite veinlets 
with distinct black envelopes of biotite.
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and 30 to 40% interstitial quartz (Figure 8). The modal 
composition of this unit places it in the quartz diorite 
range according to the classification proposed by Travis 
(1955). The CIPW normative composition calculated from a 
chemical analysis of a relatively fresh sample places the 
unit in the granodiorite range. The normative composi
tion was based on normative orthoclase, albite, anor- 
thite, quartz, corundum, hypersthene, and hematite. Over 
much of the study area, this unit has been affected by 
hydrothermal alteration, with the hornblende and biotite 
altered to clusters of biotite, leucoxene, and sulfides. 
The plagioclase is altered to sericite or K-feldspar. 
The alteration will be discussed in more detail in the 
later section on hydrothermal alteration.

The quartz diorite is correlated with the 1770 
m.y. Precambrian granodiorite to quartz diorite intru- 
sives that are common in the region. This correlation is 
based on their similar composition, texture, foliation, 
and relationship to other rocks in the study area.

Precambrian Aplite
The Precambrian aplite forms rugged outcrops that 

commonly occur on hilltops and as' ridge crests because of 
the rock’s resistance to erosion. It crops out on the
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Figure 8. Precambrian quartz diorite.
The sample is from the surface in the propylitic altera
tion zone. It is composed of black biotite and horn
blende , white to tan plagioclase, and white to clear 
quartz.
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top of the hill in the center of the study area (Figure 
6, in pocket) and forms the prominent ridge in the south
western part of the area (Figure 2). It occurs as 
irregular masses and as dikes in the study area and has 
been observed as dikes in road cuts northeast of the 
study area (Figure 4)^

The Precambrian aplite is composed of a sucrosic 
intergrowth of approximately 50% quartz and 50% plagio- 
clase feldspar. It contains no mafic minerals. The 
grain size is approximately 1 to 2 mm (Figure 9). Within 
the altered area, the plagioclase is altered to K- 
feldspar or sericite. This aplite is thought to be a 
late phase differentiate of the 1770 m.y. quartz diorite.

Cretaceous Quartz Latite Porphyry-1
The Cretaceous quartz latite porphyry-1 (Kqlp-1) 

occurs in the central portion of the deposit as a moder
ately to strongly altered and mineralized unit. It 
appears to be the oldest of the Laramide porphyries and 
is clearly cut by younger dikes of quartz latite 
porphyry-3 and by the hornblende quartz latite porphyry. 
Its relationship to quartz latite porphyry-2 could not be 
clearly established since crosscutting relationships were 
not observed. Texturally Kqlp-1 is very similar to
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Figure 9. Precambrian aplite.
The sample is from a drill hole on the western side of 
the property. It is composed of clear quartz and white 
to tan plagioclase. The tan color in the plagioclase is 
due to sericite-clay alteration that is weakly stained 
with iron oxide. A Type B1 quartz-molybdenite vein 
(discussed under vein paragenesis) cuts the specimen. An 
earlier barren Type A quartz veinlet (marked with arrows) 
is barely visible on the left side of the sample.
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quartz latite porphyry-3 (Kqlp-3) and can only be dis
tinguished by differences in alteration and mineraliza
tion intensity or by contact relationships. Kqlp-1 is 
always more strongly altered and mineralized than Kqlp-3. 
In the same area where Kqlp-1 might contain 0.30% copper, 
Kqlp-3 will contain 0.10% copper. Dikes of relatively 
fresh Kqlp-3 have been observed cutting pervasively 
altered and well mineralized Kqlp-1. A petrographic 
study of 7 samples of Kqlp-1 and 6 samples of Kqlp-3 was 
conducted in which the composition and size ranges of 
both phenocrysts and groundmass were compared. The 
results of this study failed to distinguish the two 
porphyries. However, the differences in alteration and 
mineralization together with the. observed crosscutting 
relationships clearly identifies Kqlp-1 as older than 
Kqlp-3. Kqlp-1 occurs as a stock near the center of the 
study area and as dikes (Figures 4, 5, and 6).

Quartz latite porphyry-1 has a porphyritic tex
ture and is composed of 1 to 5 mm euhedral to subhedral 
plagioclase phenocrysts (20 to 30%), 1 to 3 mm rounded 
and embayed quartz phenocrysts (2 to 5%), and 1 to 2 mm 
euhedral to subhedral biotite phenocrysts (1 to 5%) set 
in a microcrystalline matrix of quartz (15%) and ortho- 
clase (48%) (Figure 10). This rock is a quartz latite 
porphyry according to the modal classification proposed
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3  mm

Figure 10. Quartz latite porphyry-1.
Clear embayed quartz phenocrysts, white plagioclase 
phenocryst, and brown biotite phenocrysts attered to 
sericite and leucoxene in a matrix of quartz and ortho- 
clase. Note the pink colored secondary K-feldspar replac
ing plagioclase phenocrysts.
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by Travis (1955). The CIPW normative composition based 
on a chemical analysis classifies it as a quartz monzo- 
nite. A K/Ar age determinations on the biotite from this 
unit yielded an age of 78.8 m.y.

Cretaceous Quartz Latite Porphyry-2
The Cretaceous quartz latite porphyry-2 (Kqlp-2) 

occurs only as light-colored siliceous dikes. This unit 
is usually affected by pervasive quartz K-feldspar 
replacement giving it a light colored siliceous 
porcelain-like appearance. It has well developed quartz 
stockwork and sulfide mineralization. Its original 
porphyritic texture is still detectable in the form of 
rare plagioclase or quartz phenocrysts.

The original composition of this unit is 
difficult to determine, but it is now composed of 2 to 
4 mm embayed and partially replaced quartz and feldspar 
phenocrysts (5 to 10%) set in a microcrystalline and 
locally granophyric matrix of quartz and K-feldspar from 
0.02 to 0.1mm. The size range and the morphology of the 
phenocrysts are very similar to that of the phenocrysts 
in Kqlp-1, leading to the conclusion that it may be an 
altered dike phase of this unit. On thin section exami
nation the groundmass is locally composed of a grano
phyric intergrowth of quartz and K-feldspar suggesting a
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complete replacement or recrystallization of the original 
groundmass and some of the original phenocrysts (Figure 
11). Similar granophyric textures have been produced 
experimentally by metasomatism from a hydrothermal fluid 
by Schloemer (1964) and from an aqueous vapor by Jahn and 
others (1969)

Cretaceous Quartz Latite Porphyry-3
The Cretaceous quartz latite porphyry-3 (Kqlp-3) 

occurs as dikes and as two small stocks (Figure 4). This 
unit is later than Kqlp-1 and Kqlp-2 as evidenced by 
relatively fresh dikes of Kqlp-3 cutting Kqlp-1 and 
Kqlp-2 that were observed in drill core. The Kqlp-3 
contains less quartz veining and lower grade copper and 
molybdenum mineralization. It does contain secondary 
K-feldspar and disseminated pyrite and is locally 
affected by the phyllic alteration. It contains less 
than 0.10% copper. It may well be post-mainstage altera
tion and mineralization in age.

It is almost identical in texture and composition 
to the fresh Kqlp-1. It has a porphyritic texture and is 
composed of 1 to 5 mm subhedral to euhedral plagioclase 
phenocrysts (30%), 0.5 to 3 mm subhedral to euhedral 
biotite phenocrysts (4%), and 1 to 3 mm quartz pheno
crysts (2%) set in a microcrystalline (0.02 to 0.10 mm)



Figure 11. Photograph and photomicrograph of quartz 
latite porphyry-2.

A. Polished drill core sample from a dike in the central 
portion of the deposit. Small white andredral 
plagioclase phenocrysts and rare gray quartz pheno- 
crysts in a matrix of quartz and K-feldspar. Granu
lated to discontinuous barren quartz veinlets (Type 
A) are visible in the sample.

B. Thin section of sample taken from a drill hole in 
southern portion of the deposit. Polarized light 
with crossed nicols showing white or black quartz 
and tan to gray altered feldspar. Note granophyric 
texture of quartz and altered K-feldspar surrounding 
embayed quartz phenocrysts.
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B.

Figure 11. Photograph and photomicrograph of quartz
latite porphyry-2.
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groundmass of quartz and orthoclase (Figure 12). Accord
ing to the modal classification of Travis (1955), it is a 
quartz latite porphyry. Based on the CIPW norms calcu
lated from chemical analysis, the rock would be classi
fied as a quartz monzonite. This unit is younger than 
Kqlp-1 and older than Khqlp.

Cretaceous Hornblende Quartz Latite Porphyry
The Cretaceous hornblende quartz latite porphyry 

(Khqlp) occurs as a small stock in the center of the 
deposit and as dikes in the study area. It is the latest 
of the Laramide porphyries and contains no potassic or 
phyllic alteration and essentially no copper or molyb
denum mineralization. This unit weathers easily to a 
grey-brown outcrop and contains virtually no quartz 
veining. The dikes usually exhibit a fracture pattern 
parallel to the strike of the dike, making the outcrops 
easy to follow. It is younger than the main alteration 
and mineralization, but locally exhibits a pervasive 
sericitic alteration which affects all the minerals in 
the rock except quartz.

The hornblende quartz latite porphyry has a 
porphyritic texture and is composed of 1 to 2 mm sub- 
hedral to euhedral phenocrysts of plagioclase (20%), 0.5 
to 2 nun subhedral to euhedral phenocrysts of biotite



Figure 12. Photograph and photomicrograph of quartz 
latite porphyry-3.

A. Small polished slab showing white to gray relatively 
fresh plagioclase phenocrysts, black biotite pheno- 
crysts and rare clear quartz phenocrysts in matrix 
of quartz, K-feldspar, and fine-grained biotite. A 
quartz-pyrite-chalcopyrite-hematite veinlet with a 
pink K-feldspar envelope cuts diagonally across the 
sample. A more diffuse quartz-pyrite-chalcopyrite 
veinlet with associated pink K-feldspar alteration 
of plagioclase cuts horizontally across the top of 
the sample.

B. Thin section in plain polarized light showing brown 
euhedral biotite phenocrysts and white plagioclase 
phenocrysts in a matrix of quartz and orthoclase.
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B.

Figure 12. Photograph and photomicrograph of quartz
latite porphyry-3.
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(7%), and 0.5 to 2 mm subhedral to euhedral phenocrysts 
of hornblende (7%) set in a microcrystalline matrix of 
quartz (25%) and orthoclase (40%) (Figure 13). According 
to Travis (1955), it is a quartz latite porphyry. It is 
easily distinguished from the other Laramide porphyries 
because of the hornblende phenocrysts, its lack of quartz 
veining, and lack of mineralization. The calculation of 
CIPW norms from a chemical analysis on a fresh sample 
places this rock in the granodiorite class.

Tertiary Basalt
The Tertiary basalt (Tb) occurs as a small rem

nant of a flow in the northern part of the property 
(Figure 4). It is only 3 to 6 meters thick and is limit
ed in areal extent. It is a dark grey to black vesicular 
olivine basalt that weathers to a dark grey soil. It is 
composed of olivine phenocrysts (7%) and amphibole or 
pyroxene phenocrysts (10%) now altered to chlorite and 
epidbte, both in a microcrystalline matrix of plagio- 
clase. This unit has not been dated, but probably 
correlates with the late Tertiary basalts in the region 
dated from 10.1 to 14.8 iruy. (McKee and Anderson, 1971). 
No other basalt was observed in the study area.



Figure 13. Photograph and photomicrograph of hornblende 
quartz latite porphyry.

A. Weathered outcrop showing white plagioclase pheno- 
crysts and black hornblende and biotite in altered 
gray matrix of quartz and K-feldspar.

B. Thin section in plain polarized light showing white 
plagioclase phenocrysts and black hornblende and 
biotite phenocrysts in a microcrystalline matrix of 
quartz and K-feldspar.
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Figure 13. Photograph and photomicrograph of hornblende 
quartz latite porphyry. 
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Geochronology
Three samples were selected for potassium-argon 

(K/Ar) age determinations of contained biotite by the 
Isotope Geochemistry Laboratory, University of Arizona. 
The samples included fresh quartz latite porphyry-1 from 
the north part of the deposit, fresh hornblende quartz 
latite porphyry from a dike north of the deposit, and a 
sample of Precambrian quartz diorite with abundant 
secondary biotite (see Figure 4 for sample site loca
tions). The age determinations from these samples indi
cate that the deposit is from 77 to 79 m.y. (Table 1), 
which makes it the oldest Laramide porphyry copper system 
known in southwestern North America.

Ages of 72 m.y. have been reported for the 
Mineral Park deposit and for the Bagdad deposit 
(Livingston and others, 1968) to the northwest and west 
of Glen Oaks respectively. Christman (1978) reported an 
age of 73 m.y. for the mineralization at Copper Basin 
located four miles to the north. Other porphyry copper 
deposits of the southwest range in age from 72 to 53 m.y. 
(Livingston and others, 1968). Based on the data from 
this study the upper limit in age for Laramide porphyry 
copper systems should be extended to 78 m.y. The geo
chronology of the deposit as determined from isotopic 
dating agrees with the geologic interpretations. The



Sample
No. Sample

Description
Percent

K
Radiogenic 
Argon 40‘L

Atmospheric
Argon-40

Percent- Age Datez in 
M.Y. & Error

1 Primary biotite from 
Quartz Latite 
Porphyry-1 7.27 1016.0 27.9 78.8 ± 1.7

2 Secondary biotite from 
Precambrian Quartz 
Diorite 6.95 956.4 5.4 77.7 ± 1.6

3 Primary biotite from 
Hornblende Quartz Latite Porphyry 7.04 960.2 7.9 77.0 ± 1.6

1. Results x 10“12 mole/g
2. Constants used: XB = 4.963 x 10**10 yr. Xe = 0.581 x 10“^° yr.

X = 5.544 x 10*"̂ "® yr. , 40 K/K = 1.167 x lO”^ atom/atom

All dates are from the Isotope Geochemistry Laboratory, University of Arizona

Table 1. Potasium-argon dates.
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Precambrian rocks were intruded by Cretaceous quartz 
latite porphyries-1 and -2 (78.8 m.y.), followed by 
potassic alteration and mineralization (77.7 m.y.), the 
phyllic alteration (age not determined), and finally the 
intrusion and late sericitic alteration of the hornblende 
quartz latite porphyry (77.0 m.y.)

Structural Geology
Mappable dikes, faults, and contacts were 

recorded for this study, but no systematic study of the 
orientation of veins or joints was undertaken. The major 
structural features recorded in the Glen Oaks deposit are 
the NNE contact between the Precambrian amphibolite and 
the Precambrian quartz diorite, the NNE trending dikes, 
and the NNW trending faults and dikes.

The NNE structural trend, as evidenced by the 
major Precambrian contact, and the trend of Precambrian 
aplite dikes and Laramide porphyry dikes, is parallel to 
the major Precambrian structural grain of the region, as 
noted by Krieger (1965), Anderson and Blacet (1972a), 
Johnston and Lowell (1961), and DeWitt (1976). The 
contact between the amphibolite and the quartz diorite 
may have been a zone of weakness that controlled the 
emplacement of the Laramide intrusives. This N10°E to 
N30°E trend is a major control for the Precambrian aplite
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dikes and the Laramide porphyry dikes. It was possibly a 
Precambrian trend that was reactivated in Laramide time. 
No significant faults or veins were observed trending in 
the NNE direction.

The major faults, veins, and dikes of Laramide 
age or younger strike in a N10°E to N30°W direction. 
These structures dip steeply to the NE or SW. This same 
NNW structural trend was noted to the north at Copper 
Basin by Johnston and Lowell (1961). It is also consis
tent with the NNW structural trend for Laramide dikes and 
fractures reported by Anderson and others (1955) and 
Rehrig and Heidrick (1972). The N70°E to N80°E trend 
noted by Johnston and Lowell (1955) at Copper Basin and 
by Anderson and others (1955) at Bagdad was not of major 
significance in the study area. The preexisting NNE 
Precambrian structures may have accommodated strain in 
Laramide time thereby predominating over the N70o-80°E 
trend found in other Laramide porphyry copper districts.

A major local structural feature is the family of 
NNW trending faults which cut the deposit. One such 
fault on the northeast side of the porphyry stock has a 
zone of several tens of feet of brecciation and gouge and 
has apparently downdropped the phyllically altered and 
well mineralized Laramide porphyry into contact with 
potassically altered and weakly mineralized Precambrian
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quartz diorite (Figures 4 and 5). Another parallel fault 
has offset Kqlp-1 in the southern part of the deposit and 
controlled the emplacement of Kqlp-2 and Khqlp dikes 
(Figures 4 and 6). This same NNW trending fault zone was 
apparently active prior to mineralization and structural
ly prepared the NNW trending zone of phyllic alteration 
(Figure 14). This NNW structural trend controls fissure 
veins in the study area which have been prospected on a 
small scale over the years. Joints and veins are 
abundant throughout the study area and especially so in 
the zone of phyllic alteration where vein and joint 
spacing becomes 2 to 5 cm. However, no systematic 
investigation of the orientations of these structural 
features was undertaken.

Hydrothermal Alteration
The Glen Oaks porphyry copper system is charac

terized by three of the silicate alteration zones common 
to many porphyry copper systems. They are a potassic 
zone of K-feldspar, biotite, sericite, and chlorite; a 
phyllic zone of quartz and sericite alteration; and a 
propylitic zone characterized by chlorite, epidote, and 
rarely biotite. A late sericitic alteration is associ
ated with the post-mineral hornblende quartz latite 
porphyry. The potassic alteration zone is located in the



46

T. 13 H.

n. S W. R. 2 w.

T. I2 ' / |K
Chlorite-Epldete ^

/Z

~r
/

\\\XX.
Chlorite-Epidote

Z z z

zz
(
I

\
X

K-teldspor
Biotite

\ X

\
\

iS erkiH -B id i

Sericlte-Blotlle / \
/ \ /

\
[ S erlc lte  ^

/
[
\

/
Ooort* -Sericlle

K-feldepor

y
/

7—
l
\

z
/

*y/
7-

\

Sericlte-Blotlle

I 
1

/ 
1
\

/ Biotite

/
/
/

/
/  CMorM«-Ep«doll

\N
X X.
X \\

>v / z

/
/

/
/

\
X - .

CLCVATION APPhOliyAIlLT 5000 PICT

0 250 500 1000 r m

too 200 300m

Hennessy, M.S., 1981 
Figure 14. Generalized alteration map.



47

central part of the deposit and includes subzones of 
K-feldspar, K-feldspar-biotite, sericite-biotite, and 
chlorite-biotite. These subzones are largely controlled 
by the composition of the host rocks. This potassic zone 
is overprinted and cut by a NNW trending zone of phyllic 
alteration, which appears to be structurally controlled. 
Surrounding these two zones is the zone of propylitic 
alteration. The sericitic alteration is restricted to 
the stock and dikes of Khqlp in the central part of the 
deposit (Figure 14).

Potassic Alteration
Potassic alteration is widespread throughout the 

deposit and is locally extensive and pervasive. It 
affects Precambrian amphibolite quartz diorite and the 
three early Laramide porphyries Kqlp-1, -2, and -3. In 
Precambrian amphibolite the potassic alteration is 
characterized by the presence of chlorite and biotite. 
Secondary chlorite, biotite, and quartz completely 
replace the original rock and locally secondary biotite 
forms halos around quartz-sulfide veins (Figure 7). 
Amphibolite only occurs • on the eastern edge of the 
deposit or as xenoliths in Precambrian quartz diorite. 
The potassic alteration extends only a few hundred feet 
to the east into the amphibolite.
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Potassic alteration of Precambrian quartz diorite 
is widespread throughout the study area. It is charac
terized by clots of secondary biotite replacing primary 
biotite and hornblende, and by veinlets and stringers of 
biotite. The secondary biotite after hornblende and 
primary biotite usually occurs intergrown with pyrite and 
leucoxene (Figures 15 and 16). In a few instances very 
fine-grained biotite has been observed replacing plagio- 
clase. Potassic metasomatism is also evidenced by the 
replacement of plagioclase by pink •K-feldspar. This
replacement occurs as vein envelopes (Figure 15) and as 
rimming to complete replacement of plagioclase in areas 
where no veining is apparent. In a few areas, most 
notably below the fault zone in the NE part of the 
deposit and at a depth of 900 meters on the west side of 
the deposit, the Precambrian quartz diorite has been 
almost completely replaced by an intergrowth of quartz 
and K-feldspar. This intense potassic metasomatism is
associated with abundant secondary biotite, vein control
led K-feldspar and about 1% disseminated pyrite, 
chalcopyrite, and magnetite. Locally the quartz and 
K-feldspar occur in granophyric intergrowths.

Potassic alteration in Precambrian aplite occurs 
as pink K-feldspar replacing plagioclase and rarely as 
small flakes of secondary biotite. The zones in the
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Figure 15. Potassic alteration in the quartz diorite.
A quartz-K-feldspar-pyrite-chalcopyrite-molybdenite vein- 
let with an envelope of pink K-feldspar replacing plagio- 
clase cuts across the sample. Note black secondary 
biotite replacing mafic minerals and as veinlets and 
stringers. Plagioclase partially replaced by sericite 
and by biotite on the left side of the plate. Biotite is 
altered to sericite in the bottom left portion of the 
sample.
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Figure 16. Photomicrograph of potassic alteration in 
quartz diorite.

Brown secondary biotite has replaced hornblende or biotite 
in center of the plate. Cloudy plagioclase is partially 
replaced by K-feldspar and sericite. Quartz is clear and white.
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quartz diorite that are completely replaced by quartz and 
K-feldspar were probably dikes of aplite which were 
replaced by the quartz and K-feldspar rather than the 
biotite and K-feldspar assemblage generally present in 
quartz diorite. The chemical aspects of rock control on 
alteration will be discussed in Chapter 4.

Potassic alteration in Cretaceous quartz latite 
porphyry-1 is evidenced by the replacement of plagioclase 
phenocrysts and matrix orthoclase by pink K-feldspar 
(Figure 17). This replacement occurs as vein envelopes 
around quartz-pyrite-chalcopyrite-molybdenite veins and 
pervasively throughout the matrix rock in areas of abun
dant veining. Locally the potassic metasomatism is so 
strong that the entire matrix and most of the plagioclase 
phenocrysts are completely replaced by pink K-feldspar. 
Minor amounts of fine grained secondary biotite occur in 
the matrix of this rock.

The potassic alteration in Cretaceous quartz 
latite porphyry-2 is intense usually resulting in the 
nearly complete replacement of the rock by quartz and 
K-feldspar. This replacement takes the form of a grano- 
phyric intergrowth of quartz and K-feldspar especially 
around embayed quartz phenocrysts (Figures 11 and 12). 
Rather than being a primary feature, it is felt that this 
quartz and K-feldspar in the matrix is related to the
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5mm 

Figure 17. Potassic alteration in quartz latite porphyry-1. 

This small polished sample is from a drill hole in the 
central part of the deposit. White plagioclase pheno
crysts are partially altered to sericite. Brown-green 
biotite phenocrysts are altered to sericite and leucoxene. 
The matrix of quartz and orthoclase is partially silici
fied giving it the bluish color. The sample is cut by 
Type B-3 quartz-pyrite-chalcopyrite-molybdenite veins 
with pink K-feldspar alteration of plagioclase along or 
near the veins. 
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potassic alteration because of the abundant quartz vein- 
ing in this unit, the pink cloudy nature of the . K- 
feldspar, the presence of approximately 2% by volume 
sulfides, replacement textures of the quartz and plagio- 
clase phenocrysts, and the textural similarity of the 
rock to Kqlp-1.

Very intense potassic metasomatism as found in 
the Kqlp-2 has been reported at other porphyry copper 
deposits. A rock almost completely replaced by quartz, 
orthoclase, and muscovite in the potassic alteration zone 
at the Esperanza deposit was reported by Smith (1975). 
Although this orthoclase metasomatite did not have the 
granophyric texture observed in Kqlp-2, it did grade into 
a coarsely crystalline or pegmatitic texture. 
Orthoclase-rich pegmatites associated with the earliest 
copper mineralization fill large fissures in the center 
of the Ajo deposit (Gilluly, 1946). Similar granophyric 
textures have been produced experimentally by meta
somatism by Schloemer (1964) and by Jahns and others 
(1969).

Quartz latite porphyry-3 also is affected locally 
by potassic alteration. This potassic alteration takes 
the form of pink K-feldspar in vein envelopes along 
quartz-sulfide veins (Figure 12a). No potassic altera
tion was observed in the hornblende quartz latite
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porphyry. Rocks containing potassic alteration are also 
affected by sericite alteration of plagioclase. This 
alteration is thought to be oogenetic with the K-feldspar 
and biotite of the potassic assemblage but cannot be 
distinguished from an overprinting by the later phyllic 
alteration.

Phyllic Alteration
Phyllic or guartz-sericite-pyrite alteration 

affects Precambrian quartz diorite and the Laramide 
quartz latite porphyries-1, 2 and 3. This alteration 
zone is most intense in a NNW trending zone in the 
central part of the deposit (Figure 14). However, per
vasive sericite alteration of plagioclase, K-feldspar, 
and biotite does occur locally outside of this zone. 
Phyllic alteration is clearly later than the potassic 
alteration as evidenced by quartz-pyrite-sericite veins 
cutting across quartz-pyrite-chalcopyrite-molybdenite 
veins with K-feldspar envelopes (Figure 18).

Phyllic alteration was not observed in Pre
cambrian amphibolite. Quartz diorite in the southern 
portion of the deposit is strongly affected by the 
phyllic alteration which occurs as quartz-pyrite veins 
with sericite envelopes and as the replacement of plagio
clase, biotite, and K-feldspar by sericite and clay.
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1cm 

Figure 18. Veining in quartz latite porphyry-!. 

A small polished sample of quartz latite porphyry-I cut 
near vertically by a Type B-3 quartz-pyrite-chalcopyrite
molybdenite veinlet and by three parallel Type C quartz
pyrite veinlets with sericite halos. The rock has been 
profoundly affected by the phyllic alteration with white 
plagioclase and tan biotite phenocrysts altered to sericite. 
The K-feldspar of the matrix has also been altered to 
sericite. A few clear quartz phenocrysts are unaffected 
by the alteration. 
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Laramide quartz latite porphyries 1 and 3 are affected by 
the phyllic alteration in the form of quartz-pyrite veins 
with sericite envelopes (Figure 18) and the alteration of 
plagioclase and biotite phenocrysts to sericite and clay. 
Quartz latite porphyry-2 is not significantly affected by 
the phyllic alteration probably because of the lack of 
susceptible minerals in that unit.

Hornblende quartz latite porphyry has no quartz 
veining except for rare quartz-pyrite-calcite veins and 
is not affected by the phyllic alteration. It is, how
ever, affected by a late argillic alteration that is 
usually pervasive and extensive. The sericite-clay 
assemblage replaces all minerals in the rock except 
quartz.

Propylitic Alteration
Propylitic alteration surrounds the phyllic and 

potassic alteration zones (Figure 14). It affects Pre- 
cambrian amphibolite, Precambrian quartz diorite and 
Laramide hornblende quartz latite porphyry.

In amphibolite the propylitic alteration is 
characterized by the alteration of amphibole to chlorite 
and epidote and by the partial alteration of plagioclase 
to epidote, quartz, and sericite. In quartz diorite the 
propylitic alteration is characterized by the partial



57

alteration of hornblende and biotite to chlorite and by 
the presence of small veinlets of epidote. Fine grained 
secondary biotite has been observed replacing primary 
biotite in the propylitic zone in quartz diorite. 
Propylitic alteration has not been observed in the 
Laramide porphyries with the exception of the hornblende 
quartz latite porphyry in which hornblende and biotite 
have been altered to chlorite and plagioclase partially 
altered to a sericite-clay assemblage. This propylitic 
alteration of the hornblende quartz latite porphyry 
occurs within the zone of potassic alteration and above 
the late sericitic alteration in the central stock of 
Khqlp (Figures 4 and 14).

Chemical Changes Due To Alteration
Hydrothermal alteration has caused significant 

changes in the major element chemistry of the rock units 
of the study area (Table 2). These chemical changes were 
quantified by analyzing fresh rock samples and comparing 
these results to the analysis of the altered counterparts 
of the same rock. The chemical gains or losses were 
calculated in gram equivalents per lOOOcc as suggested by 
Hemley and Jones (1964) and Meyer and Hemley (1967).

The predominant chemical effect of the potassic 
and phyllic alteration is a leaching of Mg, Ca, and Na



Sample # 1 2 3 4 5 6 7 8
Rock Type PGqd PGqd pGqd Kqlp-1 Kqlp-1 Kqlp-1 Khqlp Khqlp
Alteration Fresh Phyllic Potassic Fresh Phyllic Potassic Fresh Ser-Arg

Si°2 65.2 68.6 
(+6.27)

64.4
(-1.34)

67.6 70.0
(+4.15)

68.6 
(+1.50)

65.8 64.0
(-2.4)

A12°3 14.7 13.6
(-2.10)

13.6
(-1.68)

15.1 15.1
(-0.42)

15.9
(+1.20)

15.1 15.5
(-0.30)

Fe2°3 5.6 4.1
(-1.56)

5.3
(-0.3)

3.1 2.5
(-0.60)

2.0
(+1.02)

4.3 5.7
(+1.14)

MgO 2.9 1.4
(-1.96)

2.0
(-1.06)

0.91 0.62
(-0.40)

0.30
(-0.80)

2.0 0.93
(-1.42)

CaO 3.9 0.98
(-2.72)

2.1
(-1.68)

1.8 0.64
(-1.08)

0.66
(-1.04)

2.4 0.84
(-1.48)

Na2° 4.0 3.2
(-0.72)

3.6
(-0.34)

4.7 3.2
(-1.30)

3.8
(-0.76)

4.4 3.6
(-0.80)

k2o 2.4 3.5
(+0.58)

4.0
(+0.88)

4.2 5.1
(+0.44)

5.3
(+0.60)

3.4 2.7
(-0.44)

Total 98.7 95.38 95.0 97.41 97.16 96.56 97.4 93.27

Table 2. Partial whole rock analytic data showing chemical changes due to alteration. woo
(Gains or losses in gram equivalents of base per lOOOcc are shown in paren
theses)
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and the addition of K and Si. In the late sericitic 
alteration Mg, Ca, Na, K, and Si were removed. These 
types of chemical changes are consistent with the changes 
due to alteration described in other porphyry copper 
deposits by Anderson (1950), Neilsen (1968), Davis 
(1974), Gustafson and Hunt (1975), and Camus (1975).

Potassic alteration in the Precambrian quartz 
diorite is characterized by an addition of 0.88 gram 
equivalents per lOOOcc of K and the removal of 3.08 gram 
equivalents per lOOOcc of Mg, Ca, and Na. The potassic 
alteration in the quartz latite porphyry-1 exhibits an 
addition of 0.60 gram equivalents per lOOOcc of K and the 
leaching of 2.60 gram equivalents per lOOOcc of Mg, Ca, 
and . Na. At Santa Rita, New Mexico, Neilson (1968) 
reported a gain of 0.5 gram equivalents per lOOOcc of K 
and a loss of 3.7 gram equivalents per lOOOcc of Mg, Ca, 
and Na in the quartz-orthoclase altered rock. A loss in 
Fe and A1 is associated with the potassic alteration in 
the study area, consistent with the findings at Santa 
Rita (Neilsen, 1968) and at Bagdad (Anderson, 1950). 
There was a gain in silica in the potassically altered 
porphyry, again consistent with the results from other 
porphyry copper deposits. The loss in silica observed in 
the quartz diorite may be due to an analysis of an 
unrepresentative sample with respect to quartz content.
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The phyllic alteration is characterized by a loss 
5.40 gram equivalents per lOOOcc of Mg, Ca, and Na in the 
quartz diorite and 2.78 gram equivalents per lOOOcc of 
these same bases in the quartz latite porphyry-1. 
Nielsen (1968) reported a loss of 1.6 gram equivalents 
per lOOOcc of these bases in the quartz-sericite-pyrite 
zone at Santa Rita. Meyer and ,Hemley (1967) reported a 
loss of 8.0 gram equivalents per lOOOcc of Mg, Ca, and Na 
in the sericitized zone at Butte, Montana. The phyllic 
alteration exhibits a net gain in K of 0.58 and 0.44 gram 
equivalents per lOOOcc in the quartz diorite and quartz 
latite porphyry-1 respectively. There is a net gain in 
Si and a loss in A1 again consistent with the phyllic 
alteration in other porphyry copper deposits (Anderson, 
1950; Neilsen, 1968; Davis, 1974; and Camus, 1975).

The alteration of the hornblende quartz latite 
porphyry shows a different chemical character than either 
the mainstage phyllic or potassic alteration. The per
vasive sericitic alteration in this rock appears to be 
the effect of profound hydrogen metasomatism. There has 
been no addition of silica or potassium as in the main- 
stage alteration assemblages. All the major elements 
except iron have been leached from the original rock. 
There is a loss of 3.70 gram equivalents per 1000 cc of
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Mg, Ca, and Na, a loss of 0.44 gram equivalent per 1000 
cc of K, and a loss of 2.4 gram equivalent per 1000 cc of 
Si (Table 2).

Mineralization
Primary sulfide mineralization at Glen Oaks 

consists of disseminated and vein controlled pyrite, 
chalcopyrite, and molybdenite. Only one small piece of 
bornite was observed in 5,000 meters of drill core. No 
others sulfides of hypogene origin were observed. Super
gene chalcocite occurs in a thin enrichment blanket which 
is best developed in the phyllic alteration zone. The 
zone of greater than 1% by volume sulfide and greater 
than 0.1% copper and 0.05% molybdenum as primary mineral
ization measures approximately 1500 by 1800 meters, the 
surface dispersion of anomalous copper and molybdenum 
values is slightly larger - 1800 by 2400 meters (Figures 
19 through 22). The paragenesis of the veining and 
associated sulfide mineralization, and the distribution 
of sulfides in each rock type will be discussed in the 
following sections.

Vein Paragenesis
Veining in the deposit has been divided into
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Figure 19. Hypogene copper geochemical map.
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three major and three minor mineralogic and age catego
ries. The three major vein or veinlet types noted in the 
deposit were:

Type A: an early generation of veins, 1-20 mm in
width, composed of either barren quartz 
or quartz and K-feldspar envelopes 
(Figure 9).

Type B3: principal generation of sulfide-bearing 
veins, 1-40 mm in width, with a quartz- 
pyrite-chalcopyrite-molybdenite 
assemblage. K-feldspar envelopes are 
frequently observed (Figure 15).

Type C: quartz-pyrite veins, 2-20 mm in width,
with distinct 1-2 cm sericite envelopes 
(Figure 18).

The three minor vein or veinlet sets observed were:
Type Bl: quartz-molybdenite veins, 0.5-10 mm 

wide.
Type B2: quartz-biotite-pyrite-chalcopyrite

veins, 1-10 mm in width, enveloped by 
3-10 mm wide biotite envelopes.

Type D: a set of late stage quartz-calcite-
pyrite-hematite veins, 5-40 mm in width.

The paragenetic sequence of these vein sets is 
from oldest to youngest, Type A, Types Bl, B2, and B3,
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which are overlapping in time and space, Type C, and Type 
D. The crosscutting relationships of the three major 
vein sets is shown in Figure 23.

The early. Type A, barren quartz veins are found 
in quartz diorite, aplite, and in quartz latite porphyry 
-2. These veins are often diffuse in Precambrian aplite 
(Figure 9) and quartz diorite and are crenulated in 
Kqlp-2 (Figure 11a). The Type B1 quartz-molybdenite 
veins are most common in the aplite (Figure 9) and in 
Kqlp-2, but also occur in quartz diorite, Kqlp-1, and in 
Kqlp-3. These veins have been observed both cutting 
across and being cut by Type B3 veins. Type B2 quartz- 
biotite-pyrite-chalcopyrite veins occur in quartz diorite 
and in Kqlp-1. These are distinct quartz-sulfide-biotite 
veins with biotite occuring both in the quartz vein and 
as a diffuse envelope around the vein. These biotite 
envelopes are different from the biotite stringers where 
are common in quartz diorite (Figure 15). These veins 
are cut by Type B3 veins. They were not observed in 
crosscutting relationship to Type B1 veins. The Type B3 
vein set occurs in quartz diorite, aplite, and in quartz 
latite Porphries 1, 2 and 3.

The Type C quartz-pyrite-sericite veins are 
clearly later than Type A and B veins. These veins have 
a 0.5 to 1 cm distinct gray envelope of pervasive and
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TYPE-A. Barren quartz veins with patchy K-feldspar 
envelopes.

TYPE-B. Quartz-pyrite-chalcopyrite-molybdenite veins
with K-feldspar envelopes.

TYPE-C. Quartz-pyrite veins with sericite envelopes.

Figure 23. Sketch of vein paragenesis.
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extensive sericite alteration (Figure 18). Type C veins 
are found in the quartz diorite, aplite, and Kqlp-1 and
3. They were not observed in amphibolite, Kqlp-2 or 
Khqlp. The youngest vein set recognized in the deposit 
is the Type D quartz-calcite-pyrite set. These veins 
also contain hematite and siderite, and were observed in 
the quartz diorite and the hornblende quartz latite 
porphyry. It is the only vein type observed in the 
hornblende quartz latite porphyry.

The observed paragenetic sequence of early barren 
quartz veins cut by a quartz-sulfide-K-feldspar vein set 
in turn cut by a late quartz-pyrite-sericite vein set has 
been reported at Santa Rita by Neilsen (1968), and a 
similar sequence of an early quartz-K-feldspar-sulfide 
vein set cut by a later quartz-pyrite vein set with a 
feldspar-destructive halo was reported at El Salvador by 
Gustafson and Hunt (1975).

Sulfide Distribution
The distribution of sulfides at Glen Oaks appears 

to be controlled by the host rock preparation prior to 
mineralization and by the chemical environment of the 
host rock. Sulfides occur in veins or as disseminations 
in all of the rock types except the Tertiary basalt.
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Precambrian quartz diorite is the predominant 
host rock to the sulfide mineralization. The chalco- 
pyrite and molybdenite occur primarily in quartz veins, 
with pyrite also occuring as fine disseminations inter- 
grown with secondary biotite and leucoxene which replace 
the original hornblende and biotite. Pyrite also occurs 
in larger quartz veins. In the area not affected by the 
strong quartz-sericite alteration and pyrite mineraliza
tion, the average sulfide content is 1 to 2% by volume 
with a pyrite to chalcopyrite ratio of 5:1 to 10:1. The 
average copper content is 0.1 to 0.2%. In the zone of 
more intense fracturing and veining, that is in the 
structurally controlled phyllic zone, the sulfide content 
in quartz diorite is about 3% by volume with a pyrite to 
chalcopyrite ratio of about 15:1 and a copper content of 
0.15 to 0.3% (Figure 20). The increase in pyrite in this 
zone is due to the presence of the quartz-pyrite veins 
and possibly to a slight increase in the amount of dis
seminated pyrite.

The amphibolite is a favorable host for sulfide 
deposition containing 4 to 5% by volume sulfides with a 
15:1 pyrite to chalcopyrite ratio. The sulfides occur as 
disseminations and in quartz veins (Figure 7). Only a 
small amount of the amphibolite lies within the mineral
ized area. On the east side of the deposit a fault
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separates the mineralized system from the large area of 
prbpylitically altered amphibolite (Figure 4). A small 
zone of well mineralized amphibolite lies west of the 
fault and occurs as large xenoliths comprising up to 30 
meters of drill core in the western part of the mineral
ized zone.

In Precambrian aplite there is generally less 
sulfide mineralization than in either the amphibolite or 
the quartz diorite, another clear example of host rock 
control of mineralization. Unaltered aplite is composed 
entirely of quartz and plagioclase. The iron content is 
quite low and therefore not favorable to the formation of 
iron sulfides. The average sulfide content is less than 
1% by volume with about a 3:1 pyrite to chalcopyrite 
ratio. The chalcopyrite and molybdenite occur principal
ly in veins and the pyrite occurs in veins and as 
disseminations. This rock is apparently favorable for 
molybdenite deposition because it usually contains 
slightly more molybdenum than surrounding units.

The sulfide mineralization in quartz latite 
porphyries-1 and -2 consists of disseminated and vein 
controlled pyrite, chalcopyrite, and molybdenite. The 
chalcopyrite occurs primarily in quartz veins but also as 
minor disseminations. The molybdenite always occurs 
either in quartz-molybdenite veins or along the outer
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edges of quartz-pyrite-chalcopyrite-molybdenite veins. 
The pyrite occurs as small disseminations in the ground- 
mass of the rock, in the quartz-sulfide veins, and in the 
later quartz-pyrite veins.

Sulfide mineralization in hornblende quartz 
latite porphyry is limited to less than 1% fine grained 
disseminated pyrite. No quartz-sulfide veins were 
observed in this rock and, in fact, the complete absence 
of veining is a conspicuous feature of this unit.

A north-south trending zone about 500 meters wide 
and 1400 meters long of greater than 3% sulfides corre
sponds to the zone of phyllic alteration (Figure 14). It 
is characterized by more abundant quartz veining than 
other parts of the deposit. It contains more early 
quartz-pyrite-chalcopyrite veins as well as more later 
quartz-pyrite veins. It was apparently well fractured, 
providing high permeability for both the early stage 
copper-molybdenum mineralization event and the later 
quartz-pyrite event. The copper and molybdenum grade 
distribution reflects the increase of veining in this 
zone (Figures 19 to 22).

This zone of higher pyrite and chalcopyrite 
content was the site of minor supergene enrichment. A 
small and erratic zone of chalcocite exists from about 10 
to 30 meters below the surface. The chalcocite is found
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on fractures and in veins replacing chalcopyrite and 
sometimes pyrite. This small enrichment blanket is in 
quartz diorite and quartz latite porphyry-1 in the 
phyllic alteration zone.

Fluid Inclusions
During petrographic investigations undertaken in 

this study, observations of fluid inclusions were 
recorded. Since most of the inclusions studied were 
approximately 10 micrometers in diameter the inclusion 
observations were done at 1000 to 1200 power magnifica
tion. No heating or freezing stage work was attempted. 
The purpose of the fluid inclusion study was to determine 
the types of fluid inclusions present and their relation 
to the various rock and alteration types.

The classification employed was based on that 
outlined by Nash (1976). Three types of inclusions were 
identified in this study (Figure 24). A Type 1 fluid 
inclusion can be described as a moderate salinity inclu
sion containing two phases, a liquid and a small vapor 
bubble amounting to 10-40% of the inclusion volume. One 
or more daughter minerals which presumably precipitated 
from the contained fluid may be present. The vapor phase 
is assumed to be HgO which has separated from the liquid 
phase on cooling.
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Figure 24. Photomicrographs of Types I, II, and III 
fluid inclusions from quartz at Glen Oaks.
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Studies of fluid inclusions at other porphyry 
copper deposits such as those by Roedder (1971) at 
Bingham Canyon, by Nash and Theodore (1971) at Copper 
Canyon, by Davis (1974) at San Manuel, by Gustafson and 
Hunt (1975) at El Salvador and by Bodnar (1978) at Red 
Mountain have established ranges of filling temperatures 
and salinities for the three types of inclusions commonly 
found in porphyry deposits and found at Glen Oaks. The 
Type I inclusions have filling temperatures ranging from 
200 to 400°C and salinities of 5 to 20 weight percent of 
equivalent NaCl.

Type 2 gas rich inclusions contain two phases as 
does the Type 1 inclusion, but the vapor phase consti
tutes more than 60 volume percent of the inclusion. A 
reddish hematite daughter mineral is commonly present in 
these inclusions. The Type 2 gas rich inclusions, when 
found coexisting with Type I inclusions, are believed to 
represent trapped steam and to indicate boiling of the 
hydrothermal system. However, homogenization studies 
would be necessary to confirm the existence of a boiling 
fluid.

The third type of fluid inclusion observed in 
this study is the halite-bearing Type 3 inclusion. Type 
3 inclusions contain a well-formed cubic crystal of 
halite and generally several other daughter minerals such
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as sylvite and hematite. A high salinity of the trapped 
fluid is indicated. Studies of other porphyry copper 
deposits have indicated salinities in the range of 40-50% 
and filling temperatures of 250-600°C for this type 
inclusion (Nash, 1976).

The type and abundance of fluid inclusions in 
each rock type, alteration type, and vein type were 
recorded in this study. Precambrian quartz diorite and 
the two early Laramide porphyries Kqlp-1 and 2 contain 
abundant fluid inclusions of all three types that are up 
to 10 micrometers in size. Laramide quartz latite 
porphyry-3 (Kqlp-3) contains Types 1 and 2 fluid inclu
sions. Only in one sample of Kqlp-3 were Type 3 
inclusions observed. The post mineralization hornblende 
quartz latite porphyry contains fewer Type 1 inclusions 
and only rarely Type 2 inclusions that are 1 to 5 micro
meters; no Type 3 fluid inclusions were observed in this 
rock type.

Observations of igneous quartz in the Precambrian 
and early Laramide porphyries indicated that Types 1, 2
and 3 fluid inclusions are common in rocks affected by

\

potassic alteration, whereas only Type 1 and 2 are 
present in rocks affected by propylitic alteration or 
late sericitic alteration. The fluid inclusions in the 
rocks affected by potassic or quartz sericite alteration
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are more abundant and from 5 to 10 micrometers in size, 
whereas in rocks affected by propylitic alteration the 
inclusions are less abundant and only rarely greater than 
5 micrometers.

Fluid inclusions were observed in vein quartz of 
the three major vein types described above: vein Type 
A -the early quartz veins, vein Type B - the quartz 
sulphide veins with potassic alteration, vein Type C - 
the quartz-sericite-pyrite veins, and in vein Type D - a 
later quartz-calcite-pyrite vein. There was little 
difference in the inclusions in Type A and B veins which 
both contained Types 1, 2, and 3 fluid inclusions. These 
inclusions tended to be common and abundant. Type C 
quartz-sericite veins contained Type 1 and 2 inclusions, 
but no Type 3 fluid inclusions were observed. The same 
is the case with the later quartz-calcite-pyrite vein - 
only Type 1 and 2 fluid inclusions were observed in the 
quartz of this vein.

In summary, fluid inclusions are very common in 
the igneous and vein quartz of this porphyry copper 
system. It is important to note that no Type 3 fluid 
inclusions which indicate high salinity fluids were 
observed in the quartz-sericite-pyrite veins, in the 
later post mineral intrusive rocks, or in the propylitic 
alteration zone. Type 3 fluid inclusions are restricted



78

to the rocks affected by potassic alteration and the main 
stage copper-molybdenum mineralization. The absence of 
Type 3 fluid inclusions in the late stage quartz-sericite 
veins was also noted by Gustafson and Hunt (1975) at the 
El Salvador deposit. The fact that Type 3 fluid inclu
sions were noted in the igneous quartz of rocks affected 
mainly by quartz-sericite alteration but not in the vein 
quartz of the quartz-sericite (Type C) veins, suggests 
that the quartz-sericite alteration is superimposed over 
an earlier potassic alteration. These fluid inclusion 
studies indicate that the early potassic alteration and 
copper-molybdenum mineralization were accompanied by a 
high-salinity fluid. The later quartz-pyrite-sericite 
alteration was associated with a lower-salinity fluid. 
The fluids associated with the alteration of the late 
hornblende quartz latite porphyry were also of low 
salinity. There are indications from Type II inclusions 
that boiling of the hydrothermal fluid took place during 
the potassic, phyllic, and late sericitic alteration 
events at Glen Oaks. An early high-salinity fluid fol
lowed by a later low-salinity fluid has been reported at 
Santa Rita, New Mexico by Reynolds (1979), at Copper 
Creek, Arizona by Walker (1979), and by Preece (1979) at 
Sierrita. The sulfide mineralization at Sierrita is 
associated with the lower salinity, lower temperature
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fluids, and at Red Mountain, Arizona, Bodnar (1978) 
reported an early high-temperature (300-400°c), low 
salinity (5-20% NaCl equivalent) fluid followed by a 
late, lower-temperature (200-350°c), high-salinity 
(30-50% NaCl equivalent) fluid.
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CHAPTER 4

DISCUSSION

Deposit Genesis
The geological, mineralogical, and chemical 

aspects of the Glen Oaks porphyry copper occurrence are 
consistent with features observed in many porphyry copper 
deposits throughout the world. A genetic model of an 
early high salinity-potassium rich hydrothermal fluid of 
largely magmatic origin followed by a later lower salin
ity, lower pH solution, with a large meteoric component 
is suggested for this porphyry system. This general 
model of an early hydrothermal fluid of magmatic origin 
forming the potassic alteration and copper-molybdenum 
mineralization followed by a late hydrothermal fluid 
largely of meteoric origin responsible for the phyllic 
alteration has been suggested by Sheppard and others 
(1971) based on hydrogen and oxygen isotope data. A 
similar model has been proposed for the formation of 
several porphyry deposits including the El Salvador
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deposit (Gustafson and Hunt, 1975), the El Abra deposit 
(Ainbrus, 1977) and the Esperanza deposit (Smith, 1975) to 
name a few.

Details of alteration and mineralization systems 
are unique to each deposit. These details appear to 
depend upon the structural and host rock controls present 
during the various process stages of formation, and upon 
the present level of exposure of the particular deposit. 
The genesis of each alteration and mineralization 
assemblage at Glen Oaks together with related structural 
and chemical controls will be discussed in the following 
sections.

Alteration
An early stage potassic alteration without 

sulfide mineralization is recognized and represented by 
the Type A barren quartz-K-feldspar veins. Fluid inclu
sion studies indicate that hydrothermal fluids associated 
with this alteration stage had a high salinity (30 to 50% 
NaCl equivalent) and were boiling. Based on the vein 
composition, the fluid was high in potassium but 
contained insufficient sulfur, metals, or both for depo
sition of sulfides. This stage of alteration only 
affected Precambrian quartz diorite, Precambrian aplite, 
and Kqlp-2 indicating that it took place during the
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intrusion of the Laramide porphyries. A possible origin 
of this early fluid is one involving a vapor phase gene
rated at the contact of the quartz latite magma as 
suggested by Whitney (1975). The strong potassic metaso
matism of the dikes of quartz latite porphyry-2 and 
locally of the quartz diorite may have had such an 
origin. An early barren quartz veining was reported by 
Davis (1974) at San Manuel and by Neilsen (1968) at Santa 
Rita. An early quartz, K-feldspar, and chalcopyrite 
veining was reported at El Salvador by Gustafson and Hunt 
(1975).

Mainstage potassic alteration is closely associ
ated with copper and molybdenum mineralization and 
manifests itself as secondary biotite in the amphibolite, 
as biotite and K-feldspar in the quartz diorite, as 
K-feldspar in the aplite, and primarily as K-feldspar in 
the quartz latite porphyries. These varying assemblages 
clearly demonstrate the importance of hostrock control on 
the local mineralogy of potassic alteration. Fluid 
inclusion and chemical data (Table 2) suggest that this 
mainstage potassic alteration is associated with a high 
salinity-boiling fluid that added Significant potassium, 
silica, and sulfur to the rocks.

The occurrence of biotite and complete lack of 
K-feldspar in the amphibolite is probably due to the



83

large quantity of iron and magnesium available in this 
ho'strock during alteration. Potassium and silica added 
to the rock during the potassic alteration converted the 
hornblende to biotite or chlorite and formed quartz. 
Locally, the amphibolite is altered to chlorite with 
biotite superimposed as vein envelopes around quartz- 
pyrite-chalcopyrite veins (Figure 7). Chlorite would 
have formed instead of biotite if the temperature was 
lower (A vs A', Figure 25) or if the K/H activity ratio 
was lower (A to B, Figure 25). Therefore, this assembl
age sequence can be explained by a lower temperature, 
pervassive potassic alteration later cut by veins 
containing higher temperature fluids or fluids with a 
higher K/H ratio.

Potassic alteration in the quartz diorite occurs 
as clots of secondary biotite replacing primary biotite 
and hornblende and as K-feldspar replacing plagioclase in 
envelopes around quartz-sulfide veinlets. Development of 
pseudomorphs of secondary biotite, pyrite, and leucoxene 
after hornblende and primary biotite was controlled by 
the availability of iron and magnesium at these sites. 
This alteration type is widespread and pervasive in the 
quartz diorite. It does not appear to be vein related. 
The largely vein-controlled K-feldspar alteration of 
plagioclase took place where less iron and magnesium were
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Figure 25. Phase diagram of the phlogopite-chlorite system at 300 and 400°C 
(Smith, 1975, p. 129).
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available and resulted in the formation of K-feldspar 
rather than biotite. Stringers and veinlets of secondary 
biotite indicate that fluids high in iron and magnesium 
were not restricted to the sites of primary mafic 
minerals. The relationship of this biotite veining to 
the other potassic alteration was not established but it 
is assumed to be contemporaneous with the K-feldspar 
replacement and the formation of biotite after the 
primary mafic minerals. A similar control of potassic 
alteration by rock type is reported at Ray by Phillips 
and others (1974) and at Esperanza by Smith (1975).

Potassic alteration in Precambrian aplite is 
characterized by K-feldspar replacing plagioclase. The 
lack of iron and magnesium in this unit accounts for the 
scarcity of secondary biotite. This unit is also low in 
sulfide content at less than 2 volume percent, again 
because of the low original iron content.

Potassic alteration in quartz latite porphyries 
1, 2, and 3 consists of K-feldspar replacing plagioclase 
and secondary biotite in the matrix. Again, the original 
rock being relatively low in iron and magnesium favored 
the formation of K-feldspar over biotite during potassic 
metasomatism. Primary biotite in these units was never 
replaced by clots of secondary biotite as it was in the 
quartz diorite.
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In addition to host rock control there was struc
tural control of potassic alteration along the same 
north-south zone that controlled later phyllic altera
tion. In this zone the rock was well fractured forming 
conduits for the rising hydrothermal fluids. The result 
is a greater abundance of quartz veining and associated 
K-feldspar. The quartz veinlet spacing in this zone is 
approximately 2 to 5 centimeters. The pervasive biotite 
alteration in quartz diorite does not appear to have been 
controlled by this structural zone. Since these main- 
stage potassic veins contain most of the copper and 
molybdenum mineralization, this zone also contains better 
copper and molybdenum grades (Figures 19 and 21).

Phyllic alteration at the Glen Oaks deposit was a 
later stage, more structurally controlled alteration than 
the potassic alteration. The fluid inclusions indicate 
that it was associated with a low to moderate salinity 
fluid that experienced boiling. Chemical analyses indi
cate that gains in silica and potassium and losses in 
calcium, magnesium, sodium, aluminum, and iron accompa
nied this alteration (Table 1) which was probably 
associated with a lower temperature, lower pH system than 
the potassic alteration and was dominated by meteoric 
water. A similar late phyllic alteration is reported at 
many porphyry copper deposits, including Santa Rita
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(Nielsen, 1968), Bingham Canyon (Lanier and others, 
1578), El Salvador (Gustafson and Hunt, 1975), Los 
Pelambres (Sillitoe, 1973b), El Abra (Ambrus, 1977) 
Esperanza (Smith, 1975), and Silver Bell (Galey, 1979). 
Fluid inclusion studies from these deposits yield results 
similar to those at Glen Oaks, that is, that the phyllic 
alteration is associated with a lower salinity-lower 
temperature solution than the potassic alteration. The 
salinity indicated from these studies is 5 to 25% and 
temperatures of about 175 to 300° (Gustafson and Hunt, 
1975; Davis, 1974; and Nash and Theodore, 1971).

There does not appear to be significant host rock 
control on phyllic alteration at Glen Oaks. In the 
northwest trending zone of well fractured, phyllically 
altered rock the quartz-sericite veinlets are equally 
abundant in the quartz diorite and quartz latite porphyry 
-1 and -3. Structural control or the presence of suit
able conduits appears to be the primary factor in control 
of this alteration. A similar structural control of 
phyllic alteration is reported at Bingham Canyon (Lanier 
and others, 1978) and at El Abra (Ambrus, 1977).

Genesis of propylitic alteration is thought to 
relate to the early potassic alteration. The presence of 
secondary biotite in quartz diorite in the outer propy
litic zone supports this conclusion. Chlorite’s presence
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in the propylitic zone can be consistent with a lower 
temperature, potassium-rich fluid. A lowering of the 
temperature with the same K/H ratio or an increase in H 
would move a fluid from equilibrium with biotite to 
equilibrium with chlorite (MacNamara, 1966). The 
presence of epidote in the propylitic assemblage is also 
consistent with the interpretation that this assemblage 
was formed at lower temperature with fluids chemically 
similar to those that formed the potassic alteration. 
Epidote is common in the potassic assemblage at Esperanza 
(Smith, 1975) and at Ajo (personal observation).

The late sericite alteration found in hornblende 
quartz latite porphyry was associated with low salinity - 
low pH fluids that were primarily composed of meteoric 
water. This feldspar destructive alteration was largely 
the result of hydrogen metasomatism similar to that 
described by Hemley and Jones (1964). Fluid inclusion 
data indicate that the fluid was of low salinity and 
experienced boiling. The chemical data show a strong 
leaching of all the major elements except iron, which is 
present in the form of disseminated pyrite and magnetite. 
Alteration associated with this post-mineral intrusive is 
thought to be due to a ground water convection system 
driven by the hot intrusive and similar to those which 
exist below a hot-springs environment. The absence of
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copper or molybdenum mineralization and potassic altera
tion, and the absence of high salinity fluids may be due 
to the absence of a magmatic fluid component rich in 
chlorine, potassium, copper, and molybdenum.

Sulfide Mineralization
Sulfide mineralization at Glen Oaks consists of 

disseminated and vein controlled pyrite, chalcopyrite, 
and molybdenite. The results of this study indicate that 
sulfide deposition was controlled by the composition of 
the host rocks and by structures that provided conduits 
for the hydrothermal solutions. Sulfide minerals were 
deposited from the same fluids that caused alteration; 
their occurence is consistent with a change from higher 
temperature, high salinity fluids to lower temperature- 
low salinity fluids as is indicated by the alteration and 
fluid inclusion data.

The first sulfide mineralization at Glen Oaks is 
an event of pyrite, chalcopyrite, and molybdenite 
mineralization. Evidence suggests that several pulses of 
similar pyrite-chalcopyrite-molybdenite mineralization 
occurred. A chemical host rock control influenced the 
type and abundance of deposited sulfides. Molybdenite is 
favored over pyrite and chalcopyrite in Precambrian
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aplite and in the siliceous quartz latite porphyry-2. 
The lack of appreciable amounts of iron, in both of these 
units is interpreted as having favored the deposition of 
molybdenite over the iron bearing sulfides pyrite and 
chalcopyrite. Iron availability also controlled the type 
of sulfide deposited in amphibolite. Abundant pyrite and 
chalcopyrite are present in amphibolite and the molyb
denite content is lower than it is in surrounding rocks; 
availability of iron favored the deposition of iron 
bearing sulfides over molybdenite. A similar host rock 
control related to high iron content was reported in 
diabase at the Ray deposit by Phillips and others (1974).

Iron content control of sulfide deposition is 
seen on a more local scale in quartz diorite. The depo
sition of pyrite and rare chalcopyrite occurs with 
secondary biotite, probably phlogopite, after primary 
biotite and hornblende. These iron-magnesium silicates 
provided iron for the formation of pyrite as the horn
blende and primary biotite were altered to lower-iron 
phlogopite and to titanium oxide in the form of 
leucoxene. Chemical analysis indicate that the quartz 
diorite actually lost iron as a result of the potassic 
alteration and sulfide mineralization; this leads to the 
conclusion that the iron for the pyrite and chalcopyrite
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must have come from the primary hornblende and biotite.
A similar replacement of primary biotite and hornblende 
by phlogopitic biotite and titanium oxide was reported at 
Santa Rita by Nielsen (1968).

The later stage sulfide mineralization involved 
deposition of pyrite in quartz veins with sericite enve
lopes (Type C). Fluid inclusions indicate association of 
this later stage sulfide mineralization with a low salin
ity fluid. The feldspar destructive alteration suggests 
a low pH fluid and strong hydrogen metasomatism (Hemley 
and Jones, 1964). Studies of the late stage phyllic 
alteration at other porphyry copper deposits indicate a 
lower temperature than is associated with the potassic 
alteration (Gustafson and Hunt, 1975; Davis, 1974; 
Bodner, 1978; Galey, 1979).

It is suggested that this late stage pyrite 
mineralization resulted from an increased ground water 
component in the system, a component that lowered temper
ature, lowered salinity, increased activities of hydrogen 
and sulfur, and deposited pyrite.

A primary control of the late pyrite mineraliza
tion, as well as the' earlier pyrite-chalcopyrite- 
molybdenite mineralization, was structural. A 
north-northeastward trending zone contains abundant 
quartz-sulfide veins, the highest copper and molybdenum
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grades, and the highest sulfide content. This zone was 
well fractured prior to mineralization and provided 
suitable conduits for rising hydrothermal fluids.

Summary
Mineralization and hydrothermal alteration at the 

Glen Oaks deposit was formed by hydrothermal fluids 
associated with a stock of quartz latite porphyry which 
intruded Precambrian host rocks about 78 million years 
ago. The hydrothermal system began as a hot saline 
solution with a high K/H ratio. This early fluid was 
responsible for potassic and propylitic alteration and 
the mainstage copper-molybdenum mineralization. The 
fluid cooled and evolved with time with the addition of 
meteoric water. The K/H ratio dropped and the salinity 
decreased with this addition of ground water; this later 
fluid was responsible for phyllic alteration. A similar 
genesis for other porphyry copper deposits has been 
proposed by Sheppard and others (1971), Sillitoe (1973a 
and 1973b), Gustafson and Hunt (1975), Ambrus (1977), and 
Christman (1978).

A later-stage feldspar-destructive alteration and 
a weak pyrite-hematite mineralization were associated 
with the late hornblende quartz latite porphyry which
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intruded the center of the system at about 77 million 
years. Subsequently, the area was uplifted and eroded, 
exposing the porphyry copper system as it is today.

Depth of Erosion
The question of whether this porphyry copper- 

molybdenum occurrence represents the top or the bottom of 
a porphyry copper system is important to its exploration 
potential. If this is the top of a porphyry deposit, 
then deeper drilling may discover economically signifi
cant copper-molybdenum mineralization. Such was the case 
at Red Mountain (Corn, 1975) and at Copper Creek, Arizona 
(Hausen and Kerr, 1971). However, if this represents the 
bottom of a porphyry copper system then additional drill
ing is futile. It is suggested that the Glen Oaks system 
represents the base of a porphyry copper system. The 
characteristics of the Glen Oaks system which lead to 
this conclusion will be compared to models of the deeper 
parts of porphyry systems in the following discussion.

Vertical zoning in porphyry copper deposits has 
been discussed by Lowell and Guilbert (1970), Rose 
(1970), James (1971), Sillitoe (1973), and Bodnar (1978). 
The characteristics of the deeper levels or root zones of 
porphyry copper systems are further discussed by 
Hollister and others (1974) and by Burning and Davis
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(1978). The characteristics of the lower parts of 
porphyry copper systems vary depending upon host"rocks, 
structural controls, the nature of the ground water 
system, and other environmental factors. Despite these 
differences there are characteristics which these root 
zone have in common. Some of the more important charac
teristics of these deep zones are as follows:

1. abundant potassic alteration, including vein 
controlled K-feldspar and pegmatitic bodies 
composed largely of quartz and K-feldspar 
(Sillitoe, 1973; Smith, 1975);

2. low total sulfide content, usually 1 to 3% 
by volume;

3. low copper grade and relatively high molyb
denum grade, a relationship reported in the 
lower levels of Bingham Canyon, Utah (Lanier 
and others, 1978) and at Los Loros, Chile
(Sillitoe, 1973b);

4. the absence of breccia pipes;
5. a high proportion of disseminated bleb-like 

sulfides in the mineralizing intrusive;
6. structurally controlled, rather than per

vasive, phyllic alteration;
7. association with a phaneritic equigranular 

rock; and
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8. the presence of secondary magnetite.
The porphyry copper occurrence at Glen Oaks has 

many of the characteristics of such a root zone includ
ing :

1. the presence of abundant K-feldspar altera
tion including the almost total replacement 
of dikes of Laramide quartz latite porphyry 
-2 and the replacement of Precambrian quartz 
diorite locally by granophyric intergrowths 
of quartz and K-feldspar;

2. excluding the phyllic alteration zone, total 
sulfide content is 1 to 2% by volume;

3. the average copper grade is about 0.2% with 
molybdenum at about 0.01%;

4. no breccia pipes or pebble dikes were 
observed;

5. sulfides in the quartz latite porphyries-1, 
-2, and -3 commonly occur as bleb-like 
disseminations;

6. the phyllic alteration is restricted to a 
structurally controlled zone; and

7. magnetite is present in the potassically 
altered quartz diorite in one drill hole in 
the northern part of the deposit.
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The last two characteristics listed above, the 
association with a phaneritic intrusive and the presence 
of alteration magnetite, are absent or rare at Glen Oaks. 
Despite the lack of these two characteristics, the Glen 
Oaks system fits the model of a deeply eroded porphyry 
copper deposit. The fact that Glen Oaks is the oldest 
Laramide porphyry system reported in the area and that 
the area has been subjected to uplift and erosion since 
Late Cretaceous also support the theory of a deeply 
eroded porphyry copper system at Glen Oaks.
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VESICULAR BASALT

A dark gray to black vesicular olivine basalt 
which occurs as a small flow remnant in the 
northern part of the property. Composed of 
phenocrysts of olivine (7%) and amphibole and 
pyroxene (10%) -altered to ghlorite and .egidpte^K,c in a matrix of micree^ys&d&TiBV f ) 0 £ g & e  P ^75 U N l VERS IT^_0FAh^0NAM^

Khqtp

HORNBLENDE QUARTZ LATTTE PORPHYRY
A fine grained hornblende, biotite quartz latite 
porphyry. Composed of phenocrysts of plagio- 
clase (20%), biotite (7%) and hornblende (6%) in 
a groundmass of very fine grained K-spar (40%) 
and quartz (25%) . Odcurs as a small stock in 
the northwest part of the property and as late 
stage dikes. Contains minor disseminated pyrite 
and hematite with sericite-clay alteration 
locally, but no quartz veining.

Kqlp-2

QUARTZ LATITE PORPHYRY - 2
A light colored siliceous quartz latite porphyry 
with sparsely distributed plagioclase and quartz 
phenocrysts (5 - 10%) set in microcrystalline 
matrix of quartz and K-feldspar. Locally 
contains good quartz stockwork, intense quartz 
K-feldspar alteration and sulfide mineralization. 
Occurs primarily as dikes and may be a dike phase 
of Quartz Latite Porphyry - 1.

QUARTZ LATITE PORPHYRY - 3
A biotite quartz latite porphyry composed of 
phenocrysts of plagioclase (30%), biotite (4%) 
and quartz (2%) set in a groundmass of K-feldspar 
(48%) and microcrystalline quartz (15%).
Subhedral to euhedral biotite books are a con
spicuous feature. Contains minor quartz veining, 
K-feldspar and sericite alteration, and sulfide 
mineralization. Occurs as small stocks and dikes 
Considered to be post main stage mineralization.

> < f*

QUARTZ LATITE PORPHYRY - 1
A strongly altered biotite quartz latite porphyry 
with phenocrysts of plagioclase (30%), biotite 
(4%) and quartz (2%) in a microcrystalline matrix 
of orthocla.se (48%), and quartz (15%). Texturally 
very similar to porphyry - 2, but with abundant 
quartz veining and K-feldspar addition. Altera
tion of biotite to sericite and higher grade 
mineralization distinguish it from Quartz Latite 
Porphyry - 2. Occurs as a stock in the center 
of the property and as dikes.

pBap

APLITE

A quartz diorite aplite composed of a 1 - 2mm 
sucrosic intergrowth of quartz and plagioclase 
feldspar, which is usually altered to sericite 
or K-feldspar in the mineralized area. Probably 
a late phase of the P€qd. Occurs a dikes and 
irregular masses and is cut by all Laramide rocks

i ig i
QUARTZ DIORITE

The unaltered rock is a quartz diorite composed of 
anhedral plagioclase 1(50 - 60%), subhedral to 
euhedral hornblende (10%), subhedral to anhedral 
biotite (5%) and interstitial quartz (30 - 40%). 
Within the zone of moderate to strong alteration 
and mineralization the plagioclase is altered to 
sericite, clay or orthoclase and the mafics are 
altered to clusters of secondary biotite, 
leucoxene and pyrite.

AMPHIBOLITE
A dark green to black unit which probably is a 
metamorphosed and altered basalt. The rock is 
composed of fine grained phenocrysts of 
plagioclase (10%) and hornblende (10%) in a 
microcrystalline matrix of quartz and plagio
clase. In the outer alteration zone the plagio
clase is altered to quartz, epidote and sericite, 
and the hornblende to chlorite and epidote.
Closer to the deposit the rock is altered to 
microcrystalline biotite or chlorite and quartz. 
It occurs as zenoliths in P€qd and as a large 
mass to the east of the property.

CONTACTDashed where approximately located

FAULT, SHOWING DIP Dashed where approximately located

GEOLOGIC MAP
FIGURE

THE GLEN OAKS AREA
YAVAPAI  COUNTY,  ARIZONA

SCALE 1:2400

QUARTZ VEIN, SHOWING DIP

500 Feet
100 200 Meters

GEOLOGY BY JOE ALLEN HENNESSY , 1976-77 
UNIVERSITY OF ARIZONA M.S. THESIS 1981






