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ABSTRACT

The San Manuel-Kalamazoo porphyry copper orebody in 
southern Arizona, with the combination of a well developed, 
symmetrical alteration-mineralization zoning pattern and an 
orebody positioned to facilitate three-dimensional access, 
provides a uniquely excellent subject for study. A three- 
part investigation was undertaken. Integrated fluid inclu
sion, petrographic, and geochemical studies of closely 
spaced samples in three arrays across the system have been 
used to test the proposed models of porphyry copper deposit 
origin. These models include (1) an orthomagmatic- 
hydrothermal origin, (2) intrusion of a water deficient 
magma and sudden pressure release, (3) boiling of meteoric- 
ally derived brines beneath a vapor-dominated thermal system, 
and (4) development from an immiscible silicate-sulfide 
melt.

Primary and secondary fluid inclusions in quartz 
from the mineralized and altered system were studied by 
general microscopy and on a heating stage. This approach 
provided information on fluid compositions in time and 
space, the thermal profile and thermal evolution of the 
deposit, fluid densities, and geobarometric characteristics.

xvii



xviii
This data suggests there was a prolonged evolution of 
hydrothermal fluids depositing mostly barren quartz at 
600°C and 40-60 wt. per cent salinities through a pro
tracted period of boiling, equally saline fluids associated 
with major ore deposition, feldspathization, and sericitiza- 
tion at 425-275°C. A terminal, mostly barren stage of 
dilute (less than 26 wt. per cent) solutions is associated 
with sericitization and propylitization below about 275°C.
No thermal or salinity discontinuities across alteration 
zone boundaries as suggested by a boiling meteoric brine 
genetic model are apparent. Apparently primary fluid 
inclusions in magmatic quartz are identical in appearance 
to high temperature primary and early secondary fluid in
clusions in veinlet quartz. Geobarometry suggests emplace
ment of the top of the ore system at a depth of roughly 
one mile.

Petrographic study of alteration assemblages indi
cates their initial zonal formation and development was 
followed during waning hydrothermal activity by retrogres
sive encroachment of outer upon inner zones. X-ray and 
electron microprobe study of the secondary alteration 
feldspars coexisting with fluids entrapped in inclusions, 
when interpreted in view of previously existing thermo
chemical data, strongly suggest that feldspar-fluid 
equilibria limit and control the alkali content and



xix
Na+/K+ of the hydrothermal fluid. Failure to maintain high 
salinity conditions in the wall rocks as long as they were 
maintained in the intrusive rock may explain the relatively 
smaller number of highly saline fluid inclusions and higher 
ore grade in the former.

Plots of variation of chemical abundance versus 
drill hole depth suggest that systematic changes in abun
dance of selenium, chlorine, rubidium, and strontium may be 
a guide to ore.

It is concluded that the orthomagmatic-hydrothermal 
model of porphyry copper deposit formation, with an endo- 
genetic generation of the ore carrying brines, is adequate 
to explain the San Manuel-Kalamazoo ore deposit. Potassic 
alteration, much of the phyllic alteration, and the economic 
mineralization appear to have proceeded introduction of cool, 
dilute, probably meteoric waters into the system. The 
relative length of time that high fluid salinities were 
maintained in different parts of the system may have helped 
determine the distribution of the pervasive alteration 
envelopes. The close relationship in time and space of 
highly saline fluids to porphyry copper ore deposition at 
San Manuel suggests that mapping the distribution of similar 
fluids elsewhere, as preserved in fluid inclusions, could be 
a useful exploration tool.



CHAPTER I

INTRODUCTION

Knowledge of the physical and chemical conditions 
at the time of formation of porphyry copper deposits has 
been hampered by a scarcity of pertinent data. Collection 
of detailed fluid inclusion and other physico-chemical 
data, and the determination of large scale, complete altera
tion and element gain-loss profiles across both horizontal 
and vertical dimensions of a porphyry copper deposit are 
adjudged to be a major step in furthering knowledge of such 
ore deposits. Such an approach has been attempted at the 
San Manuel-Kalamazoo porphyry copper deposit in southern 
Arizona and the results are reported here.

A unique opportunity for a three dimensional study 
of this kind is afforded by the San Manuel-Kalamazoo por
phyry copper deposit. Geologic circumstances which include 
intrusion, alteration, and ore deposition in a physically 
and chemically homogeneous environment, and faulting, 
tilting, and erosion to allow easy access to the ore system 
in three dimensions facilitate the detailed investigation 
of this ore-forming system.

1



2

This research was conducted in 1972-1973 in co
operation with the Magma Copper Company and the U . S. 
Geological Survey, and involved a three-pronged investiga
tion of some of the most important factors involved in the 
genesis and emplacement of porphyry copper deposits. The 
research program included collection of closely spaced 
samples for chemical analysis, thin-section petrography,
X-ray, electron microprobe, and fluid inclusion study.
Most of the samples were collected from two deep diamond 
drill holes which traverse a complete radius of established 
and preliminarily described ore— alteration zones. One 
drill hole is in Precambrian wall rock, the other is in 
Laramide intrusive rock.

Specifically, the sample investigation includes a 
number of procedures reported in successive chapters of 
this dissertation as follow: (1) optical and heating stage
analysis of fluid inclusions in hydrothermal gangue and 
alteration quartz, (2) detailed thin-section examination, 
X-ray diffractometry, and electron microprobe analysis,
(3) complete major and minor whole-rock analyses, and finally 
an integration and interpretation of the fluid inclusion, 
petrographic, and chemical data. This research has pro
vided better .information on the qualitative and quantitative 
aspects of alteration and the ore fluids, and thus a greater



understanding of the genesis and geologic expression of 
this type of ore deposit.

Methods of Investigation
The study of fluid inclusions in hydrothermal 

quartz-sulfide veins provides information on the composi
tion, pressure, and temperature of hydrothermal fluids 
at the time of ore deposition. Primary and secondary 
fluid inclusions in primary and rock quartz and in hydro- 
thermal veinlets of different ages provide information on 
possible changes of the ore-depositing fluids with time.

Petrographic study and interpretation of over 100 
thin sections provide a basis for interpretation of the 
fluid inclusion and chemical data across complete traverses 
of the orebody at two elevations. X-ray diffraction tech
niques were employed to verify clay and other mineral 
identification,

Finally, geochemical data is reported from the 
samples studied geothermometrically. Whole-rock trace and 
major element analyses were provided by the U, S. Geological 
Survey from samples spaced at approximately 50 foot intervals 
in two diamond drill holes. From these analyses, chemical 
gains and losses occurring during the alteration processes 
are calculated, selected trace element distributions plotted, 
and some of the processes, controls, and chemistry of al
teration are described.
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Location and Access
The San Manuel-Kalamazoo ore deposit is located in 

the Sonoran Desert province (Ransome, 1903) of southeastern 
Arizona, about 45 miles northeast of Tucson in Pinal county, 
Arizona. The immediate mine area is served by Arizona State 
Route 77 (Fig. 1).

History
The San Manuel area probably attracted prospectors 

as early as the 1870's (Chapman, 1947), but the property 
remained little more than a small prospect until the series 
of events that led to the discovery of a large tonnage of 
disseminated mineralization in 1948. In that year the U. S. 
Bureau of Mines directed churn drilling on the property, 
the results of which led to its purchase from the claim 
owners by the Magma Copper Company. Production began 
in 1956.

Exploration west of the San Manuel orebody in 1965 
by J. David Lowell for Quintana Minerals Corporation re
sulted in discovery of the Kalamazoo orebody (Lowell,
1968). The orebody was subsequently purchased by Newmont 
Mining Company's Magma Copper Company, San Manuel Division, 
and is presently being developed for production commencing 
in about 1978,
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CHAPTER II

REGIONAL GEOLOGIC SETTING

Brief description of the rocks and structure of 
the San Manuel area is needed to provide background in
formation and understanding of the ore deposit. The rocks 
of the San Manuel area (Fig. 2) span geologic time from 
Precambrian to Recent. All are igneous except for Tertiary 
and Quaternary alluvial deposits.

Precambrian Rocks
Precambrian rocks in the San Manuel area include 

the Oracle porphyritic quartz monzonite, a granodiorite 
described by Creasey (1965), and diabase and aplite dikes. 
Of these, the Oracle porphyritic quartz monzonite is over
whelmingly dominant, is the host rock for approximately 
50 per cent of the San Manuel-Kalamazoo ore, and is the 
only Precambrian rock of sufficient concern to this study 
to merit description here.

Porphyritic Quartz Monzonite
The Oracle porphyritic quartz monzonite has been 

described as granite (Peterson, 1938}, quartz monzonite 
(Schwartz, 1953), and porphyritic quartz monzonite (Lowell

6
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and Guilbert, 1970). The correct name on a petrographic 
basis is porphyritic quartz monzonite. This rock type 
underlies nearly all of the San Manuel area. It is coarse 
grained, with subrounded, anhedral quartz phenocrysts 
averaging a centimeter in diameter and with rectangular 
to anhedral plagioclase. The groundmass is composed of 
anhedral quartz and K-feldspar. Orthoclase, microcline, 
and microperthitic varieties of alkali feldspar are iden
tified. Biotite and hornblende are the principal accessory 
minerals. Apatite, sphene, magnetite, and zircon are 
present in trace amounts.

Cretaceous-Tertiary Rocks
The rocks assigned a Cretaceous and Cretaceous or 

Tertiary age include quartz monzonite porphyry with a 
biotite dacite phase (Lowell and Guilbert, 1970) , which is 
the monzonite porphyry of Schwartz (1953) and the granodiorite 
porphyry of Creasey (1965). Diabase, andesite porphyry, 
and the Cloudburst Formation are the other rocks of this age 
present in the mine area. Of these three latter rocks, only 
the Cloudburst Formation is of sufficient importance to the 
understanding of this study to merit description here,

Quartz Monzonite Porphyry
The quartz monzonite porphyry is composed of zoned

and twinned oligoclase-andesine phenocrysts averaging 5 mm
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across set in a quartz-potassium feldspar groundmass.
Rounded quartz eyes, mostly less than 1 mm across are common 
in the groundmass. Generally euhedral biotite and horn
blende up to 5 mm long are the major accessory minerals, 
with smaller amounts of apatite, rutile, zircon, and mag
netite commonly present. The composition of the fine
grained, sucrosic groundmass is approximately equally 
divided between mutually intergrown quartz and K-feldspar. 
The feldspar in the quartz monzonite porphyry averages 
about 30 to 35 volume per cent plagioclase and 25 per cent 
K-feldspar,

Dacite Porphyry
A second, texturally distinct biotite dacite 

porphyry phase has been distinguished by Lowell and Guilbert 
(1970). Rectangular to equant plagioclase phenocrysts, 
generally less than 5 mm on an edge, and biotite phenocrysts 
up to 3 mm are prominent. Quartz occurs only in the 
microcrystalline groundmass along with plagioclase, sparse 
K-feldspar, and accessory rutile and apatite.

The relative abundance of the two porphyries is 
unknown. Both are present in the San Manuel area as dike 
swarms and irregular masses which intrude the Precambrian 
Oracle porphyritic quartz monzonite. Approximately half



of the San Manuel-Kalamazoo orebody is in the Laramide 
porphyries.

Cloudburst Formation
Thomas (1966) has distinguished two units in the 

Cloudburst Formation. The lower member is an interlayered 
series of basalt flows, flow breccia, and conglomerate. The 
upper member is a conglomerate consisting of fragments of 
quartz monzonite with subordinate amounts of all older 
rocks in the area imbedded in a friable arkosic matrix.
The average strike of the Cloudburst Formation is N5°W 
and the average dip is 30°NE (Thomas, 1966). The Cloud
burst Formation and the younger Gila Conglomerate form the 
alluvial covering over the San Manue1-Ka1amazoo orebodies.

Tertiary-Quaternary Rocks 
Tertiary-Quaternary rocks in the San Manue1- 

Kalamazoo vicinity include dikes and irregular masses of 
intrusive rhyolite and the overlying Gila Conglomerate.
Of these two rocks, only the Gila Conglomerate is of suf
ficient import to this study to merit description here.

Gila Conglomerate
The Gila Conglomerate, the youngest formation 

exposed in the mine area, has been assigned a Pliocene-' 
Pleistocene age (Schwartz, 1953), The Gila Conglomerate

10
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covers the greater part of the San Manuel-Kalamazoo ore- 
bodies and lies unconformably upon the Cloudburst Formation 
and older igneous intrusive rocks. The formation consists 
of volcanic and granitic rock fragments in a sandy matrix.
It ranges from 0 to unknown thicknesses in excess of 1,200 
feet in the immediate San Manuel mine vicinity, and strikes 
N50°W and dips 35°NE (Thomas, 1966).

Structure
The San Manuel area is a portion of a tilted block 

between the depressed San Pedro Valley block (Fig. 1) and 
the down-faulted area lying west of the Santa Catalina 
Mountains and the Black Hills (Schwartz, 1953). Steeply 
dipping faults striking northeast and northwest have seg
mented this structural block. These faults include the 
northwesterly striking San Manuel fault, the East (Mammoth) 
fault, the West fault, the Hangover fault, and the Cholla 
fault (Fig. 2), while the northeasterly trending structures 
include some andesite dikes and the post-ore Vent Raise 
fault zone. The San Manuel fault (Fig. 2) is the oldest of 
the post-ore normal faults. It has bisected the San Manuel- 
Kalamazoo orebody into almost mirror-image halves, shifting 
the upper Kalamazoo portion of the orebody down dip some 
8,000 feet to the west. The average strike and dip of the 
San Manuel fault is N66°W, 26°SW (Thomas, 1966). It has



been offset by the younger northwest and northeast faults 
mentioned above.

12

Geologic History
The geologic history of the San Manuel-Kalamazoo 

area as it pertains to the orebody has been described by 
Lowell (1968, Fig. 3). The Precambrian porphyritic quartz 
monzonite of the Oracle Granite batholith was intruded 69 
my ago (Livingston, Mauger and Damon, 1968) by irregular 
masses and dike swarms of quartz monzonite porphyry and 
biotite dacite porphyry. Closely and perhaps intimately 
related to this pulse of Laramide igneous intrusive activity 
was a period of mineralization which produced the San 
Manuel-Kalamazoo porphyry copper deposit. According to 
Lowell (1968), the long axis of the orebody was then 
rotated from an originally vertical position into a 65°SW 
dipping attitude and a thin chalcocite blanket formed at 
the water table. The Cloudburst Formation was unconformably 
deposited over the eroded igneous rocks. Further tilting 
of about 15° and continued erosion account for the uncon
formity between the Cloudburst Formation and the younger 
overlying Gila Conglomerate. Lowell (1968) interprets a 
third stage of 30° post-Gila Conglomerate tilting to bring 
the long axis of the orebody into its present 20°W dipping 
attitude. Probably after this last period of tilting, the
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OREBODY

1. Prccambrian quartz monzonite (pCgm) was intruded 
by a Laramidc ngc monzonite porphyry (T K m p ) dike 
swarm. A  liullow cylindrical or pipe-shaped orcbody with 
dimensions of approximately 8,000 X 3,500 feet was formed. 
I t  was probably nearly vertical and centered on the mon
zonite dike swarm.

4. Orebody is now at a flat angle due to continued tilting. 
An erosion surface is cut on the tilted quartz monzonite and 
Gila Conglomerate. Incipient San Manuel fault is formed.

SAN MANUEL-
FAULT

p  OUssiTcbm:
ooCci

ojr o 0
O '

o o

2. T ilting  of the orcbody. was followed by erosion, then 
deposition of conglomerate and interbedded volcanics 
(T cb ? ). A  thin chalcocite blanket (Ccs) was formed at
the water table.

Q O o o  o O O O o

5. Upper portion of orcbody is displaced approximately. 
8,000 feet down the dip of the San iifanuel fault. Some 
imbricate displacement may have occurred in the Kalamazoo 
segment.

RED ROCK FAULT

3. Continued tilting was followed by erosion of con
glomerate and quartz monzonite and deposition of middle 
Tertiary Gila Conglomerate (T g c ).

6. High-angle normal fault displacements produced small 
offsets in the San Manuel orcbody and a large displacement 
on the Red Rock fault west of the Kalamazoo orcbody. 
Krosion exposed intrusive rocks and a corner of the San 
Manuel orcbody and produced oxidation and limited chalco- 
citc enrichment in the upper portion of the San Manuel 
orcbody.

Figure 3. Pictorial representation of the geologic 
history of the San Manuel-Kalamazoo orebody.
From Lowell, 1968



San Manuel fault split the orebody into two halves. Most 
recently, one or more erosion cycles have stripped most of 
the Gila Conglomerate from the eastern end of the San 
Manuel orebody, resulting in additional minor oxidation 
and supergene enrichment in this area.



CHAPTER III

ORE DEPOSIT GEOLOGY

Descriptions of the San Manuel orebody are found 
in Schwartz (1949, 1953), Pelletier (1957), Creasey (1965), 
and Thomas (1966). Interpretation of mineralization and 
alteration of the Kalamazoo and San Manuel orebodies is 
presented by Lowell (1968), and Lowell and Guilbert (1970). 
A brief description of the orebody is given here, while 
aspects of geothermometry, geochemistry, and alteration 
of the orebody will await discussion in subsequent chap
ters .

Dimensions and Shape
The San Manuel-Kalamazoo orebody is a disseminated 

copper deposit whose limits are defined more on economic 
than geologic terms. Using an arbitrary cutoff grade of 
0.50 per cent copper, the San Manuel orebody is approxi
mately 7,700 feet long and reaches depths to 2,700 feet 
below the surface, while overall, the mineralized and 
altered area measures 8,000-9,000 feet wide by at least 
9,300 feet long (Thomas, 1966),

The Kalamazoo orebody, the upper half of the tilted 
San Manuel orebody before faulting, has similar dimensions,

15



but reaches maximum depths of its upper limit in excess 
of 5,000 feet. The shape of each orebody resembles an 
image of a canoe whose gunwales rest upon the inclined San 
Manuel fault surface (Fig. 4). As originally emplaced, 
before the postulated tilting and faulting, the orebody 
•apparently resembled a bulbous vertical cylinder, possibly 
closed on its upper end by a curved surface (Fig. 3).

Primary Mineralization
Mineralization in the San Manuel-Kalamazoo ore- 

bodies is distributed about equally between the Precambrian 
porphyritic quartz monzonite and the Laramide porphyries. 
Small amounts of ore also occur in diabase dikes intruding 
the Precambrian and Laramide rocks. Ore in the porphyritic 
quartz monzonite is slightly higher in grade than that in 
the quartz monzonite porphyry.

The primary mineralization at San Manuel-Kalamazoo 
consists of pyrite, chalcopyrite, molybdenite, and rare 
bornite. These minerals occur disseminated through the 
host rocks and filling small veinlets, generally with 
quartz. Larger veinlets of quartz, pyrite, and chalcopyrite 
with or without molybdenite occur, particularly in the 
outer margins of the mineralized zone. Primary mineraliza
tion is roughly concentrically zoned in the orebody as 
reconstructed before faulting (Fig. 5). The core zone

16
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Figure 5. Schematic drawing of mineralization 
zones, San Manuel-Kalamazoo orebody.
From Lowell and Guilbert (1970).

Figure 6, Schematic drawing of alteration zones, 
San Manuel-Kalamazoo orebody, showing approximate loca
tion and attitude of drill holes K-30 and K-23, and the 
2015 XC.
Modified from Lowell and Guilbert (1970).
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averages only 0.3 per cent copper, with a pyrite-chalco- 
pyrite ratio of about 1:2 (Lowell, 1968). Next outward 
is an ore shell averaging 600 feet thick, assaying 0.5-1.0 
per cent copper, and containing approximately equal amounts 
of pyrite and chalcopyrite. Marginal to the ore zone is a 
zone in which copper drops to 0.1 per cent and the pyrite 
to chalcopyrite ratio rises rapidly to about 10:1. Finally, 
the outer-most mineralized zone, ranging from 1,000-1,500 
feet thick, averages only 0.03 per cent copper and contains 
an average of 10 weight per cent pyrite.

Oxidation and Secondary Enrichment 
Oxidation and secondary enrichment are present in 

the upper, surface-exposed eastern portion of the San Manuel 
and Kalamazoo orebodies. Higher grade oxide ore apparently 
represents oxidation of the pre-existing supergene chalco- 
cite zones (Schwartz, 1949). The surface of contact between 
hypogene and supergene mineralization and oxidation is quite 
irregular, being influenced importantly by permeability 
channels formed by post-mineralization faulting and rhyolite 
dikes. The chief minerals formed by oxidation are chry- 
socolla, chalcocite, and the hydrous iron oxides.

Alteration
Alteration at San Manuel-Kalamazdo has been de

scribed in greatest detail by Creasey (1965), Lowell (1968),
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and Lowell and Guilbert (1970). Like the sulfide zoning, 
the gross coaxial, concentrically symmetrical aspects of 
alteration zoning at San Manuel-Kalamazoo are well estab
lished (Fig. 6), although the zones are not sharply defined.

The core zone of alteration consists of a potassium 
silicate mineral assemblage (Hemley and Jones, 1964;
Creasey, 1966; Meyer and Hemley, 1967). This biotite- 
potassium feldspar assemblage with quartz, sericite, and 
anhydrite generally coincides with the low grade core zone 
of sulfide mineralization and the inner part of the ore 
zone. Within this zone, pervasive replacement and veinlet 
controlled K-feldspar, secondary biotite, and sericite are 
conspicuous. Sparse anhydrite and carbonate may locally 
be present.

The potassic zone grades outward with disappearance 
of secondary biotite and K-feldspar into a dominantly 
phyllic alteration assemblage coincident with and extending 
beyond the ore zone. The definitive mineral assemblage of 
this alteration zone is quartz, sericite, and pyrite. Clay 
minerals and hydromica become increasingly conspicuous in 
the outer fringes.

The argillic alteration assemblage at San Manuel- 
Kalamazoo is poorly developed, with inner contacts in the 
phyllic zone coincident with the envelope of high pyrite 
to chalcopyrite mineralization, but occurring mostly beyond



21

the zone of highest total sulfide and highest pyrite. The 
argillic zone is defined by the alteration of plagioclase 
to kaolinite, often in preference to sericite, or to 
montmorillonite at the outer margins of the zone.

The outermost alteration zone at San Mamie1- 
Kalamazoo, the propylitic zone, has in places been removed 
by erosion, but is otherwise widely distributed. Both 
plagioclase and K-feldspar are relatively fresh, although 
incipient alteration of plagioclase to kaolinite or mont- . 
morillonite is common. The definitive alteration minerals 
of the propylitic assemblage are chlorite, calcite, and 
epidote, with each capable of forming in biotite, amphibole, 
and plagioclase sites.

Sample Collection
Because of its relatively isotropic and chemically 

homogeneous environment of emplacement, the San Manuel- 
Kalamazoo ore deposit displays unusually uniform and sym
metrical mineralization-alteration boundaries. This zoning 
has been completely traversed by a number of deep drill 
holes in the Kalamazoo orebody and additionally by mine 
workings in the San Manuel mine. This excellent access to 
the ore-alteration zones in both vertical and horizontal 
dimensions was made possible by a tilting of the originally 
vertical long axis of the orebody. Thus the southwest end



of the ore deposit represents the original deep "roots" 
of the orebody with respect to the eastern end.

An array of 31 mineralized and altered porphyritic 
quartz monzonite samples from 10 sample points traversing 
the alteration-ore zones in the 2015 crosscut (Fig. 6 and 7) 
at the San Manuel mine was collected and prepared as doubly 
polished, h mm thick plates for heating stage work (see 
Appendix A), From the Kalamazoo exploration and develop
ment diamond drill cores, plates were prepared from 71 
samples representing 46 closely spaced sample points in the 
3,811 foot deep K-23 drill hole (Figs. 8 and 9). These 
samples are Laramide quartz monzonite porphyry and biotite 
dacite porphyry. Sixty-seven polished plates from 50 
closely spaced sample points were prepared from the Pre- 
cambrian porphyritic quartz monzonite in drill hole K-30 
(4,210 ft., Figs. 8 and 9). The 138 samples in these drill 
holes provide a complete traverse across the ore-alteration 
zones of the ore deposit at two elevations, thus yielding 
data in three-dimensions (Fig. 6).

Fluid inclusions were also examined at high magni
fication in more than 100 thin sections spaced at approxi
mately 50 foot intervals from these same two drill holes. 
These thin sections are equally divided between porphyritic 
quartz monzonite and quartz monzonite porphyry. In both 
thin sections and polished plates, the material available
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Figure 8. Plan map of the locations of drill holes K-23 and K-30 z Kalamazoo orebody.
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for fluid inclusion examination consisted of small vein- 
lets composed in whole or in part of quartz intimately 
associated with the disseminated and veinlet mineralization. 
The veinlets generally do not exceed 2 cm in width and the 
majority is less than 3-4 mm wide. By carefully selecting 
quartz-sulfide veinlets under the binocular microscope, 
it was believed that there would be less danger of biasing 
sampling toward hydrothermal activity not closely associated 
with the economic mineralization. Early quartz veinlets 
and post-mineralization quartz-carbonate veinlets barren 
of sulfides were not excluded, however, and a large number 
were selected for study. Secondary inclusions in primary 
and secondary groundmass and phenocryst quartz were also 
studied.



CHAPTER IV

GENETIC MODELS OF PORPHYRY COPPER DEPOSITS

A prime purpose of this study is to use the inte
grated fluid inclusion, petrographic, and geochemical data 
to test the several proposed genetic models relating the 
similar characteristics of porphyry copper-molydenum de
posits. The most important differences between these models 
relate to the depths of emplacement, relative importance 
in involvement and timing of introduction of external 
versus magmatically oogenetic fluids, and the sequence of 
mineralization-alteration events. The models presently 
most popular and considered here are (1) the orthomagmatic 
model, (2) intrusion of a water-unsaturated melt, (3)
boiling brines below a vapor-dominated thermal system 
adjacent to an igneous heat source, and (4) dispersed 
immiscible silicate-sulfide melts.

(1) Burnham (1967), Holland (1972), and Kilinc and 
Burnham (1972) are among the most recent proponents of the 
orthomagmatic model. This model depends upon derivation 
of a magma at depth, its intrusion to shallow depths where 
it becomes saturated with water, and the release of internal 
water when internal pressure exceeds the lithostatic load

27
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or when the system is subjected to external stress. Early 
marginal crystallization forms a solid shell which sub
sequently ruptures, producing the commonly observed por- 
phyritic textures within the body of the intrusive rock.
The separation and release of volatiles may be either a 
quenching or quasi-continuous process. Augmented by 
diffusion, fluids migrate outward along fractures. Alkali 
chlorides and metal complexes preferentially partition 
into the separating aqueous phase. Changes in temperature, 
pressure, and/or solution chemistry lead to precipitation 
of the ore minerals and wall rock alteration.

(2) Fournier (1968) proposes that an initially 
water-deficient source magma is intruded to shallow depths 
in the crust, partially crystallizes, and is ruptured by 
faulting, causing a sudden release of volatiles and quenching 
of the remaining melt. Argillic alteration is believed to
be a subsequent development associated with circulating 
meteoric water.

(3) White (1968), and White, Muffler and Truesdell 
(1971) suggest that porphyry copper deposits may form in a 
zone of concentrated brines below a vapor-dominated thermal 
system. Metals would be leached from the magma or from 
the hot intrusive body which provides the heat engine to 
drive the thermal system by waters of recent surface origin 
whose high residual alkali chloride content is a result of
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boiling. Alternativelyr the high chloride and metal content 
may be produced by leaching them out of feldspars and 
ferromagnesian minerals external to the intrusive rock.
In contrast to models (1) and (2), the source of the 
fluids and perhaps the metals is external to the magmatic 
system, with convective overturn of circulating brines 
producing the alteration-mineralization zoning.

(4) Mauger (1966) uses fractional magmatic crystalli 
zation instead of hypogene hydrothermal alteration- 
mineralization to explain the large scale zonal envelopes 
in porphyry copper deposits. An immiscible liquid 
chalcopyrite-rich solution is postulated to account for the 
disseminated mineralization. Hence, the majority of the 
mineralization is believed to be magmatically primary.
Local concentration of fluid components in structural dis
continuities accounts for veinlet mineralization. Much of 
the associated wall rock alteration results from reaction 
of trapped pore fluids with crystallizing silicates.



CHAPTER V

FLUID INCLUSION STUDIES

Fluid inclusions at San Manuel-Kalamazoo were 
studied by general microscopy and the heating stage. In
formation was obtained on the spatial and temporal associa
tions and relationships of inclusions, fluid compositions 
and salinities, the thermal profile of the deposit and its 
thermal evolution, fluid densities, and geobarometric 
characteristics.

Previous Work
Only two widely circulated papers concerning fluid 

inclusions in porphyry copper deposits have been published, 
Nash and Theodore (1971) on Copper Canyon, Nevada, and 
Roedder (1971), primarily on Bingham Canyon, Utah. Nash 
and Theodore concluded that dense, highly saline brines 
at 300oC-350°C were closely associated with mineralization. 
Roedder revealed that the Bingham porphyry copper ores were 
in part deposited at more than 600oC-700°C from fluids as 
saline as 60 weight per cent NaCl equivalent. Basic fluid 
inclusion information is given by Roedder (1967, 1972). 
Limitations imposed by the very small size of the fluid
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inclusions present, the confusing abundance of temporally 
unclassifiable inclusions, and the milkiness of the host 
quartz in porphyry copper deposits reported by Nash and 
Theodore (1971) and Roedder (1971) are confirmed by the 
present research. However, it was found that quantities 
of previously unobtained information could be gleaned from 
careful study of fluid inclusions in the San Manuel-Kalamazoo 
orebody.

Data From General Microscopy
Two methods, general microscopy and homogenization, 

were used for the study of fluid inclusions in transparent 
gangue minerals. The homogenization studies will be 
treated later under a separate heading.

Methods of Study
In contrast to such alteration minerals as K- 

feldspar, anhydrite, and calcite, quartz is uniformly 
abundant in all alteration zones at San Manuel-Kalamazoo. 
It is intimately associated with both veinlet and dis
seminated mineralization, and contains abundant fluid 
inclusions. Fluid inclusions were studied in two 
materials, standard thin sections and doubly polished 
wafers or plates.

Thin Sections. Approximately 100 thin sections
were scanned for primary and secondary fluid inclusions in
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vein and alteration quartz and occasionally for secondary 
inclusions in primary quartz at a magnification of 250X.
The types of inclusions present were noted along with their 
general setting. In a few thin sections, cross-cutting 
relationships permitted distinction of the relative ages 
of veinlets in which fluid inclusions occurred. Detailed 
study of fluid inclusions at 1/000.X was then made in areas ~ 
of each thin section previously selected for superior fluid 
inclusion size, clarity, and abundance. These observations 
permitted definition of different types of fluid inclusions 
and indicated changes in their relative abundances with 
respect to drill hole depth and relative age of the host 
quartz.

Using a micrometer ocular calibrated against a 
0.01 mm stage micrometer, phase ratios were measured for 
155 fluid inclusions in 22 thin sections in the Laramide 
porphyries distributed along the length of drill hole K-23. 
These measurements permitted calculation of semiquantitative 
salinities for inclusions with daughter salts, and the 
concentration of the ore fluids in ore metals for inclusions 
enclosing opaque daughter crystals. Rough estimates of 
filling temperatures were also made possible by these 
measurements. The major sources of measurement error are 
the irregularity of inclusion shape and optical distortions 
caused by the lens-like enclosing surfaces of some fluid
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inclusions. To minimize such errors, only exceptionally 
large, dimensionally regular inclusions were selected.
Other inclusions omitted were those suspected of leakage 
or necking-down. Thirdly, determination of the abundances 
of the main compositional types of fluid inclusions was 
made in thin sections from drill holes K-23 and K-30 in 
equal-area fields of view in each thin section.

Polished Plates. Initial polished plate microscopy 
included description and sketching of veinlets present in 
each plate, taking particular note of any crosscutting 
relationships. A second step was the selection of areas 
suitable for further heating stage work. This search and 
selection process was carried out at magnifications of 
250X-500X. During this process involving 138 polished 
plates from drill holes K-23 and K-30, and 31 plates from 
the 2015 crosscut, the opportunity was afforded of again 
making general observations as to the types, distributions, 
and associations of the fluid inclusions present. Areas 
of optically superior inclusions suitable for homogenization 
were marked for further processing (see Appendix A).

Magnetic Tests. A strong hand magnet was held 
close to the microscope objective as the stage was rotated 
to test for magnetic daughter minerals. At San Manuel- 
Kalamazoo, a large number of thin sections and polished 
plates with opaque daughter minerals were tested for
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magnetism since many of the opaque minerals had cubic or 
cubo-octahedral forms. None moved, however, so the presence 
of magnetite was not confirmed.

Mild Cooling Tests. Selected thin sections were 
mildly cooled by a drop or two of evaporating acetone to 
check for the appearance of liquid CO2 below its critical 
point (31°C). Varying plate temperature by varying the 
amount of current to the illuminator or by inserting and 
removing the condensing lens also proved an effective method 
of crossing the critical temperature point for COg.

Temporal Classification of 
Fluid Inclusions

Fluid inclusions may be classified as to their 
time of formation with respect to their host mineral. 
Classification of fluid inclusions as primary, secondary, 
or pseudosecondary is a matter of importance to the proper 
interpretation of changes in the ore fluid with time.
Primary fluid inclusions are those formed by growth ir
regularities or fluid inhomogeneities (such as liquid 
immiscibility, boiling, or pressure release) during growth 
of the enclosing mineral. Secondary inclusions are formed 
during the healing of fractures in a pre-existing host 
mineral. Pseudosecondary inclusions are formed during 
healing of fractures in a host crystal during its growth. 
None of the various criteria used to distinguish these
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temporal inclusion origins is absolute. A secondary origin 
is indicated when the inclusions are clearly in through- 
going planes marking the sites of former fractures. Where 
inclusions occur along less well-defined, more diffuse, 
and more completely healed planes than most secondary 
inclusions,,they probably are pseudosecondary. Because 
of the nature of the host quartz, these fluid inclusions 
in porphyry copper deposits are probably better termed 
"early secondary." Inclusions which show no affinities 
indicative of secondary or pseudosecondary origin are con
sidered primary. Large numbers of fluid inclusions of each 
of these three temporal affinities were studied to evaluate 
the changes in the ore fluids with time.

At San Manuel-Kalamazoo, classification of fluid 
inclusions within a time frame of formation of the mineral 
within which they occur is difficult as most of the quartz 
is so crisscrossed with intersecting planes of inclusions 
that a plane of inclusions can be projected in almost any 
direction. Perhaps this is a microscale manifestation of 
the extreme crackling of the host rocks common to porphyry 
copper deposits. This feature adds to the ambiguity of 
assigning fluid inclusions in the San Manuel-Kalamazoo 
orebody to a temporal class (Fig. 10A).



Figure 10. Fluid inclusions in hydrothermal quartz 
veinlets, Kalamazoo orebody.
A. Type I and Type II fluid inclusions in the secondary 
quartz of a quartz-carbonate-pyrite-chalcopyrite hydrothermal veinlet, phyllic alteration zone. The photograph illustrates 
the difficulty in classifying such inclusions as primary or 
secondary. Specimen K23-2500.
B. A Type I, liquid dominant primary fluid inclusion 
enclosing a triangular opaque daughter mineral (cp) which 
may be chalcopyrite. The specimen is hydrothermal quartz 
from a quartz-carbonate-potassium feldspar-pyrite veinlet 
in the potassic alteration zone. Rock type cut by the 
veinlet is quartz monzonite porphyry. Specimen K23-3212A.
C. A large, high temperature liquid dominant primary Type I 
inclusion enclosed in a negative crystal in quartz. The 
specimen is from a quartz-potassium feldspar-carbonate- 
pyrite-chalcopyrite veinlet cutting biotite dacite porphyry 
in the potassic alteration zone. Specimen K23-3099.7.
D. Visible in the photograph is a Type II, apparently 
primary vapor dominant fluid inclusion in alteration quartz. 
Small secondary biotite grains (bt) with included granules 
of rutile (r) surround the wedge-shaped grain of quartz
in the quartz monzonite porphyry. Specimen K23-3214.
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Figure 10. Fluid inclusions in hydrothermal quartz 
veinlets, Kalamazoo orebody.
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Figure 10. (Continued)
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Compositional Classification of 
Fluid Inclusions

Several kinds of fluid inclusions were distinguished 
in the quartz at San Manuel-Kalamazoo. Features used to 
classify the inclusions include: (1) the degree of filling,
(2) manner of homogenization, and (3) presence or absence 
of abundant daughter salts. Each inclusion type is be
lieved to be representative of different stages of evolution 
of the ore-forming system or to represent special conditions 
of fluid entrapment. General features of the kinds of 
fluid inclusions are outlined here, while more specific 
characteristics and their genetic implications are dis
cussed later. Fluid inclusions at San Manuel-Kalamazoo 
have been subdivided into three common types, two relatively 
rare types, and two subtypes.

Type I. Liquid Dominant Inclusions. This type 
of inclusion, abundant in the San Manuel-Kalamazoo samples, 
is distinguished by its relatively high degree of liquid 
filling (Figs. 10B and IOC). The vapor bubble content 
ranges from as little as about 5 per cent in some secondary 
inclusions to as high as approximately 40 per cent in a 
few primary inclusions. With a degree of fill greater than 
the critical density, all homogenize in the liquid phase, 
as the vapor bubble shrinks and vanishes at the homogeniza
tion point. None of the Type I inclusions contain daughter 
salts at room temperature, indicating salinities less than
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26.4 per cent NaCl. Uncommonly, a small opaque daughter 
mineral is present. No liquid CO2 could be detected and 
the bubble is considered to be essentially water vapor.
This type of inclusion has a filling temperature range of 
275°C, from approximately 150°C to 425°C.

Type II. Gas Dominant Inclusions. Fluid inclu
sions of this type are abundant and at room temperature 
contain 60 per cent to 90 per cent vapor (Fig. 10D). Upon 
heating, Type II inclusions homogenize in the vapor phase, 
the bubble expanding to fill the inclusion as the liquid 
evaporates. This behavior is characteristic of inclusions 
with a less than critical degree of filling. The actual 
homogenization point of Type II inclusions is not de
terminable with the precision that Type I inclusion homogeni
zations are, as the last of the liquid tends to cling to 
the inclusion walls such that its disappearance is difficult 
to detect. A small, opaque daughter mineral is infrequently 
present. Surprisingly, a small number of these inclusions, 
not believed to be leaked Type III inclusions, contain a 
tiny cube of halite.

A relatively uncommon or uncommonly identified 
variety of Type II inclusions contains a thin but finite 
film of liquid CO2 around the gas phase which is in turn 
enclosed in the water solution. Such a liquid CO2 film, 
indicated by a faint second meniscus around the gas bubble,
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was seen under optimum conditions to fade and disappear 
with evaporation of the liquid CC^ into the gas phase above 
about 25°C to 30°C and to reappear again upon the gentle 
cooling caused by evaporation of a drop of acetone on the 
polished plate. The presence of liquid COg at room tem
perature indicates that the internal COg pressure at least 
locally exceeds 63 atmospheres in a simple HgO-COg system. 
The presence of salts in solution would lower this pressure 
as they tend to decrease the solubility of CO2 in aqueous 
solution. More definitive and confirmative work on this 
sub-type requires freezing stage study.

Type XI inclusions homogenize dominantly in a 
200°C range from about 350°C to 550°C in the quartz mon- 
zonite porphyry to a somewhat smaller 350OC-500°C interval 
in the porphyritic quartz monzonite. A relatively small 
number of Type II fluid inclusions, mostly in the central 
portion of the deposit and in veinlet and rock quartz in 
the quartz monzonite porphyry, do not homogenize until 
temperatures of 550°C to 600°C are reached.

Type III. Liquid Dominant Inclusions With Multiple 
Daughter Minerals. This variety of fluid inclusion in the 
San Manuel-Kalamazoo samples is the most observationally 
interesting (Fig. 11A, 11B, 11C, and 11D), It is char
acterized by a vapor phase not over 20 per cent and com
monly 10 per cent or less of the inclusion volume. Halite





Figure 11. Type III primary fluid inclusions in 
hydrothermal vein quartz.
A. A Type III primary fluid inclusion in hydrothermal 
quartz. The daughter phases visible in the inclusion are 
a cube of halite (h), a small elongated grain of anhydrite 
(a), an anhedral orange plate of hematite (hm), and a tri
angular opaque mineral (cp), possibly chalcopyrite. Assumina 
area per cent equal to volume per cent, 33.8 weight per cent" 
NaCl equivalent, 0.8 weight per cent anhydrite, 2.6 weight 
per cent chalcopyrite, and 4.8 weight per cent hematite are 
present. Specimen is from a quartz-potassium feldspar- 
carbonate-pyrite-(apatite) veinlet cutting quartz monzonite 
porphyry, potassic alteration zone. Specimen K23-3149.
B. A Type III primary fluid inclusion. The daughter min
erals present include the blade-shaped edge of a plate of 
hematite (hm), a cube of halite (h), and an unknown opaque 
daughter mineral (u). Specimen is from a quartz-potassium 
feldspar-carbonate-pyrite-(apatite) veinlet cutting quartz 
monzonite porphyry in the potassic alteration zone. Speci
men K23-3149.
C. A possible Type III primary fluid inclusion notable for 
a large hexagonal, opaque crystal of hematite (hm) , a cubic 
opaque daughter mineral, possibly pyrite (p), and an unknown 
opaque daughter mineral (u), and an unknown, colorless 
translucent daughter mineral (uc). The vapor bubble (v)
is squashed against the inclusion wall by the plate of 
hematite. The inclusion is in hydrothermal quartz from a 
quartz-potassium feldspar-carbonate-pyrite veinlet cutting 
quartz monzonite porphyry, potassic alteration zone.
Specimen K23-3212A.
D. An unusual Type III primary fluid inclusion containing
a subhedral cube of halite (h), a triangular opaque mineral, 
possibly chalcopyrite (cp), and seven separate hexagonal 
plates of orange to red hematite. The specimen is quartz 
from a quartz-potassium feldspar-carbonate-pyrite veinlet 
cutting quartz monzonite porphyry, potassic alteration 
zone. Specimen K23-3212A.



41

20 y

Figure 11. Type III primary fluid inclusions in hydrothermal vein quartz.
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is always present as a daughter mineral approximately 
equal to or less in volume than the vapor bubble. Other 
translucent daughter minerals are present but are con
siderably less abundant than halite. Opaque daughter min
erals are also often present. The presence of relatively 
large daughter crystals of NaCl in this inclusion type 
indicates that salinities are high; in fact, they are mostly 
in a range of 35-45 weight per cent NaCl equivalent. (See 
section on salinities of ore fluids.)

A possible subtype of these liquid-rich inclusions 
with multiple daughter salts is sparsely present. These 
inclusions seem to contain a thin film of liquid COg 
around the vapor bubble which is observable upon gentle 
cooling. Separation of a separate CO^ phase is favored in 
such inclusions as the solubility of CO^ in HgO declines 
markedly and rapidly with increased salt concentration 
(Takenouchi and Kennedy, 1965). Observational difficulties 
make positive identification of this phenomenon uncertain, 
however, and freezing stage work is needed for confirmation. 
Type III inclusions homogenize over a temperature range of 
275-425°C, although appreciable numbers in the Laramide 
porphyries do not homogenize until temperatures up to 
550°C.

Type IV. All-Liquid Fluid Inclusions. These are 
inclusions which contain a single dilute aqueous phase. At
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San Manuel-Kalamazoo, inclusions of this type are ex
clusively secondary and relatively small. They are common 
but by no means abundant in the veinlets containing other 
inclusion types, and always occur along well-defined planes. 
Type IV inclusions have extremely irregular, even "spidery" 
outlines, and according to Roedder (1967), indicate filling 
temperatures of 70°C or less. Their appearance is distinc
tive from single phase inclusions produced by necking down 
of higher temperature inclusion types.

Type V. Inclusions With Critical Degrees of 
Filling. This variety of fluid inclusion, like Type IV 
inclusions, is not nearly as common as Types I, II, and III 
and comprises less than 1 per cent of the total number of 
inclusions observed. Type V fluid inclusions were not 
distinguished during the initial phase of study because 
of their similarity in appearance to Type II inclusions.
They were first recognized during homogenization studies 
since they homogenize not by shrinkage or expansion of the 
bubble, but rather by fading of the liquid-vapor meniscus 
over a few degrees Centigrade with little if any change in 
phase ratios during the heating run. The liquid-vapor phase 
ratios of this inclusion type are about equally balanced, 
at or near a critical degree of fill and bridging the gap 
between Type I and Type II inclusions with which they are 
often associated. Most Type V inclusions homogenize in



the same temperature range as Type II inclusions. Halite 
and other daughter minerals are absent from the small 
number of Type V inclusions observed.

Relationship of Temporal Classifica
tion to Compositional Classification

The definite, systematic, temporal changes in the 
relative abundance of compositional inclusion types at San 
Manuel-Kalamazoo are summarized in Table 1. Type I inclu
sions occur in pre-sulfide, sulfide, and post-sulfide 
veinlets but are especially abundant compared to other 
compositional inclusion types in texturally late quartz- 
calcite veinlets and in well defined, healed fractures in 
primary quartz. The gas dominant Type II fluid inclusions 
are found in a primary or early secondary mode, and are
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Table 1. The occurrence of compositional fluid inclusion 
types.
c = common mode of occurrence; r = rare mode of 
occurrence; a = absent

Age of Inclusion 
Relative to 
Host Quartz

Type of Inclusion
I II III IV V

Primary c c c a c?
Early Secondary c c c a c?
Late Secondary c r r c a
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virtually absent from well developed late secondary planes 
of inclusions and texturally late veinlets. The Type III 
multiple daughter mineral inclusions, like Type II inclu
sions , occur as primary or early secondary inclusions in 
rock quartz and in pre-sulfide and sulfide-bearing veinlets. 
Only very rarely are they present in sharply defined planes 
of secondary inclusions. The all-liquid fluid inclusions 
(Type IV) are found entirely as late secondary inclusions, 
and except for late secondary Type I inclusions, are 
present to the exclusion of other compositional inclusion 
types in texturally late quartz-calcite veinlets. The 
relative rarity of Type V inclusions permits little con
fidently to be said about their distribution in time, but 
they appear to occur in much the same manner as Type II 
inclusions,

Compared to hydrothermal quartz veinlets, ground- 
mass and phenocryst quartz at San Manuel-Kalamazoo, par
ticularly in the Precambrian porphyritic quartz monzonite, 
often contains more profuse and relatively larger fluid 
inclusions of apparently early age. This difference in 
abundance is locally as high as 10:1. Veinlet quartz also 
contains a comparatively smaller number of Type II and 
Type III inclusions in many areas than the rock quartz.
At high magnification under plane light illumination, 
veinlet versus rock quartz contacts can easily be
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distinguished by the differing fluid inclusion abundances. 
Additionally, the rock quartz in the porphyritic quartz 
monzonite usually is more turbid due to tiny solid inclu
sions of mineral matter than the relatively clean veinlet 
quartz. Along these same lines of observation, the tex- 
turally latest quartz-calcite veinlets contain very few 
solid or fluid inclusions compared to texturally earlier 
hydrothermal veinlets containing sulfides, K-feldspar, 
and so forth.

Spatial Distribution of 
Fluid Inclusions

Each major compositional type of fluid inclusion 
at San Manuel-Kalamazbo also has a characteristic dis
tribution in space. To investigate the apparent change 
in relative abundance of different compositional inclusion 
types with drill hole depth, inclusion abundances in 50 
thin sections from each drill hole were carefully measured. 
Equal-area fields of view of hydrothermal or secondary 
quartz were randomly selected and distinguishable fluid 
inclusions of the three major compositional types were 
counted up to a total of 25 per thin section. About three 
different fields of view in each thin section were sufficient 
to reach this total, The equally apportioned thin sections 
in each 100 foot interval were then grouped together, the 
numbers of each inclusion type per equal unit area averaged,
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and the values plotted against drill hole depth in 
Figures 12 and 13.

Type I inclusions with the highest degree of filling 
are mostly restricted to the intermediate and central por
tions of the ore deposit. Those with lower degrees of 
filling, while present throughout the depths of the drill 
holes, are most abundant peripherally. In drill hole K-23 
they are also relatively abundant in the highly chloritized 
rocks where the drill hole intersects the San Manuel fault 
zone. Type II inclusions are present in fairly uniform 
abundance throughout both arrays of samples, from the 
periphery to the central core of the orebody, but are rare 
in the chloritized San Manuel fault zone at the bottom 
of DDK K-23. Type III,inclusions are present to some 
extent in hydrothermal or secondary quartz throughout the 
suite of samples from each drill hole. However, they are 
relatively rare in the outer fringes of the deposit and 
comparatively abundant centrally. Type III fluid inclu
sions, like Type II are scarce in the rocks adjacent to the 
San Manuel fault. Little can be said about the rare Type 
IV all-liquid inclusions and Type V critically filled in
clusions. It is evident, however, that tiny Type IV 
inclusions are relatively most abundant in the chloritized 
rocks at the bottom of drill hole K-23. Type V fluid
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AVERAGE IN C L U S IO N  ABUNDANCES

Figure 12. Average relative abundances of Type I ,
II, and III fluid inclusions, DDH K-23, quartz monzonite
porphyry.
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Figure 13. Average relative abundances of Type I,
II, and III fluid inclusions, DDH K-30, porphyritic quartz
monzonite.



inclusion abundances probably parallel that of Type II 
inclusions with which they are often associated.

Daughter Minerals
Several kinds of daughter minerals are found in the 

fluid inclusions at San Manuel-Kalamazoo. Multiple daughter 
minerals are present only in Type III inclusions (Fig. 11A, 
11B, 11C, and 11D), but single, opaque daughter minerals 
are commonly visible in Type I and Type II inclusions 
(Fig. 10B). No Type IV and V fluid inclusions contain 
daughter minerals. Only in Type III fluid inclusions do 
daughter minerals occupy large volumetric proportions of 
the inclusion. The types and relative abundances of daughter 
minerals in the various kinds of fluid inclusions are sum
marized in Table 2.

No translucent daughter salts were seen in Type I 
inclusions, but uncommonly a small opaque daughter mineral 
is present. In many cases this mineral is hematite as in
dicated by its hexagonal platy crystal habit, red to orange 
color in thin plates or opacity in thicker crystals, and 
its very high index of refraction. In very few Type I 
inclusions with relatively high filling temperatures, the 
non-magnetic opaque mineral has the triangular-tetragonal 
outline expected of chalcopyrite (Fig. 10B).

Type II fluid inclusions also occasionally contain 
a tiny hexagonal, red crystal of hematite or, rarely,

51
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Table 2, Occurrence of daughter minerals.
a = always present; c = commonly present; i = 
infrequently present; r = rarely present; n = 
none observed; anh = anhydrite; py = pyrite; 
cp = chalcopyrite; hmt = hematite

Inclusion _____________ Daughter Mineral
Type halite sylvite anh hmt py cp
I n n n i r r?
II r n n c r? r?
III a c i c i i
IV n n n n n n
V n? n? n? n? n? n?

another opaque daughter mineral. In a few instances, most 
abundantly in the central portion of the ore deposit, a 
small translucent cube of halite is present.

The presence of a daughter halite crystal sets 
Type III apart from Type I fluid inclusions. It is par
ticularly large and abundant in this inclusion type and 
is sharply cubic, isotropic, and colorless. Halite has a 
lower solubility than sylvite and in many examples does 
not dissolve until the temperature approaches or even 
moderately exceeds the vapor-liquid homogenization point. 
A second translucent mineral, much less abundant than 
halite and seen exclusively in Type III inclusions, is
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probably sylvite. It is colorless, cubic, generally 
rounded, and isotropic. Sylvite has a relatively high 
solubility and dissolves by 115°Cr a much lower temperature 
than halite. A third colorless translucent daughter 
mineral sparsely present in Type III inclusions has an 
elongate habit, parallel extinction, moderate birefringence, 
and is probably anhydrite (Fig. 11A). Anhydrite is ex
pectable in fluid inclusions at San Manuel-Kalamazoo because 
of its presence as a mineral in the potassic alteration 
zone and because of its behavior in brines (Blount and 
Dickson, 1969) ,

Type III inclusions and more rarely Type I and 
Type II fluid inclusions commonly entrap an apparently 
cubic, opaque, non-magnetic daughter mineral which may 
be pyrite (Fig. 11C). Another opaque, non-magnetic daughter 
mineral is sometimes present in Type III inclusions. It 
has a triangular, tetragonal outline, and is probably 
chalcopyrite (Fig. 11A), A few of these also appear in 
Type I inclusions (Fig. 10B), Only one crystal of each 
translucent daughter salt per inclusion occurs at San 
Manuel-Kalamazoo. For daughter phases with low solubilities, 
however, this relationship does not hold true. Rarely, as 
many as six or seven separate crystals of hematite have 
nucleated in Type III inclusions (Fig. 11D).
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Data From Phase Ratio 
Measurements

The relative sizes of the phases present in fluid 
inclusions of superior size and optical quality in 22 
thin sections from drill hole K-23 were measured by the 
methods previously described. Inclusions which indicated 
leakage or necking-down (Fig. 14) were avoided. Relative 
phase volumes and salinities in NaCl and KC1 were cal
culated from the measurements. Furthermore, metal con
centrations were found from the measured volumes of a 
number of opaque daughter minerals thought to be pyrite 
and chalcopyrite. Measurements of this type inherently 
carry the possibility of appreciable error, so the values 
reported should be considered only semiquantitative. 
Knowing the salinity and degree of filling, rough tem
peratures of filling can be estimated by applying the data 
to the curves of Lemmlein and Klevtsov (1961). A number 
of homogenization temperatures were thus estimated to 
evaluate the phase ratio method of estimating temperatures 
in porphyry copper deposits.

Salinities. Salinities of inclusions with NaCl 
and KCl daughter minerals, Type III and a very few Type 
II inclusions, were estimated by the phase ratio method.
In the calculations used to compile the data in Table 3, 
it was assumed that the brine in contact with only a 
halite daughter salt has a room temperature density of
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Figure 14. An example of probable necking-down.
The process of necking-down has produced two fluid inclu
sions from an original one. This phenomenon results in 
inclusions with two different phase ratios and two dif
ferent apparent filling temperatures, neither of which 
would be correct. Specimen is a groundmass quartz grain 
enclosed by K-feldspar (k) and secondary biotite (bt). 
Quartz monzonite porphyry, potassic alteration zone. Such 
inclusions were avoided in the phase ratio measurements 
and homogenization studies. Specimen K23-3319.
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Table 3, Salinities of ore fluids in high salinity 
inclusions,
P = primary; S = secondary

Thin Section 
No.

Inclusion
Type

Salinity
Wt. %
NaCl

Wt. % 
KC1

K23-2550 III, P 62.7
K23-2600 III, P 57.9 11.4
K23-2924 III, P 43.6 12.7
K23-3099.7 III, P 55.7

III, P
K23-3149 III, S 28.5

II, P 31.4
III, S 26.6 11.3
III, P 61.0

K23-3212A III, P 56.4
III, P 64.0
III, P 38.9
III, P 60.7

K23-3212S III, S 33.0 10.6
III, P 51.5
III, P 57.0
III, S 25.8 11.8
II, S 30.2
II, P 29.7

K23-3301 III, S 29.5 11.3
K23-3577 III, P 47.4 11.8

\
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1.199 and contains 0,317 g/cc NaCl, corresponding to 26.4 
per cent (Bronsted, 1928; Wolf and Brown, 1966). Brines 
in inclusions containing both halite and sylvite daughter 
minerals are assumed to have a density of 1.234 and to 
contain 20.9 weight per cent NaCl (0.258 g/cc NaCl) and 
10.2 weight per cent KC1 (0.126 g/cc KC1) (Cornec and 
Krombach, 1932). The calculated weight per cent salinities 
of NaCl and KC1 for 18 Type III and 3 Type II inclusions 
are given in Table 3. A check of these reported composi
tions with compositions of the same inclusions predicted 
by Roedder1s (1971) H^O-NaCl-KCl ternary phase diagram 
shows reasonable agreement.

Two fluid inclusions were measured which contained 
an elongate, moderately birefringent mineral with parallel 
extinction believed to be anhydrite. Assuming a brine 
content of 0.037 moles/kilogram CaSO^ in an NaCl saturated 
brine at room temperature (Blount and Dickson, 1969), 
these two inclusions contain on the order of 0.9 and 1.2 
weight per cent CaSO^. The anhydrite daughter mineral 
shown in Fig. 10A, measured photographically, gave 0.8 
weight per cent anhydrite.

Opaque Daughter Minerals. The volumes and weight 
percentages of the opaque daughter minerals in the San 
Manuel-Kalamazoo fluid inclusions are variable, but most 
range from 0.02-0.25 volume per cent. Some, however,. are
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in a size range of 0.4-0.8 volume per cent or more. This 
considerable variation is probably due in part to the dif
ficulties of measuring these tiny particles. In numerous 
thin sections, many of the larger fluid inclusions average 
about 10 microns in diameter and contain one or more opaque 
minerals on the order of one micron in diameter. This 
relationship indicates that during deposition of the ore 
mineral there was an ore mineral solubility of about 1000 
ppm (Roedder, 1960, p. 225). Although a few inclusions 
have indicated compositions of 1.5 weight per cent or more 
FegOg (Fig. 11A), most contain less than one weight per 
cent FegOg. In Fig. 11 volume per cent probably does not 
closely approximate area per cent for the hematite flake.
Most values for opaque minerals believed to be pyrite or 
chalcopyrite are in the same less than one per cent by 
weight range, although a few are appreciably higher 
(Fig. 11A).

Calculated Homogenization Temperatures. Rough 
estimates of homogenization temperatures were made by 
applying the calculated phase ratio and salinity data to 
the curves of Lemmlein and Klevtsov (1961). For inclusions 
devoid of daughter salts, an NaCl equivalent salinity of 
10 weight per cent was assumed on advice of J. T. Nash (1972, 
personal communication) and on the basis of published 
results for similar fluid inclusions in other porphyry
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copper deposits (Roedder, 1971; Nash and Theodore, 1971). 
Due mainly to difficulties of accurate measurement, these 
calculated filling temperatures (Table 4) should be con
sidered only crude indicators of the true temperatures. 
Direct inclusion-for-inclusion comparison with the heating 
stage data is impossible, however, as the phase ratio data 
was obtained from the more easily measurable thin sections 
rather than from the thicker, less translucent polished 
plates.

Data From Homogenization
The homogenization temperatures of 1,122 inclusions 

were determined on a Leitz 1000 heating stage. One hundred 
twenty six of these fluid inclusions were from 31 sample 
plates in an array of 10 sample points across the ore 
deposit in the 2015 crosscut of the San Manuel mine. Four 
hundred fifteen of the measured inclusions were selected 
from 71 sample plates in a 46 sample point traverse across 
the Kalamazoo ore deposit in drill hole K-23. Five hundred 
eighty one inclusions were measured from 76 polished plates 
from 50 sample points across the Kalamazoo orebody in drill 
hole K-30. Samples from drill hole K-30 represent a level 
of the orebody as originally emplaced which was about 2,500 
feet deeper than the level sampled by drill hole K-23 
(Fig. 6 and 9). Polished plates from the 2015 crosscut 
sample a steeply dipping section across the San Manuel
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Table 4. Temperatures of homogenization of fluid inclu
sions calculated from phase ratio data.
P = primary; S = secondary

Calculated Temperature of Filling °C
Thin Section Inclusion Type
No. I,P I,S II,P II,S III,P III,S

K23-1600 145,210 410 435
K23-1700 390 460 285,340
K23-2500 375 100,275 475,405
K23-2550 280,140 435,475 220
K23-2600 280,170 475
K23-2924 475 345 200
K23-2957 475 355 350
K23-3008 470,405
K23-3099.7 215,140 415,465 360
K23-3149 475 325 205
K23-3173 150,260 470
K23-3204 435 320,310
K23-3212A 475 450
K23-3212S 110 460,405 430,410
K23-3301 200 435 360 260
K23-3214 180 470 315
K23-3319 155 435 345
K23-3400 220,180 435 320
K23-3577 185,275 445,395
K23-3698A 235,85
K23-3713 225,110
K23-3810 110,90
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limb of the orebody as originally emplaced (Fig. 6 and 7).
In a number of the polished plates homogenization tem
peratures could be established for inclusions in veinlets 
whose relative ages were demonstrated by crosscutting 
relationships.

Inclusion Salinities
In addition to calculating salinities from mea

sured phase volumes (Table 3), salinities were determined 
from information gathered during heating stage runs. During 
these runs, the temperatures at which each of the daughter 
halides completely dissolved in Type III inclusions were 
noted. By referring these temperatures to the solubility 
curves compiled by Keevil (1942) , salinity of the inclu
sion fluids was determined and plotted against drill hole 
depth or location in the 2015 crosscut in Figs. 15, 16, 
and 17. These dominantly primary and early secondary 
Type III fluid inclusions do not occur in texturally and 
compositionally late veinlets but do occur in veinlets 
and alteration assemblages associated with mineralization. 
The range of salinity values determined by this method is 
less than that found volumetrically, generally varying 
from about 30-50, rather than 30-60 weight per cent NaCl 
equivalent. In view of possible errors in the volumetric 
measurements, the agreement is reasonable. Little salinity 
variation in this inclusion type is apparent with drill
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S P E C I M E N  L O C A T I O N

Figure 15. Equivalent NaCl salinities of primary 
and secondary fluid inclusions containing daughter salts, 
2015 crosscut.
Numbers adjacent to points indicate multiple values.
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S A L I N I T Y .  W T %  N a  C l

Figure 16. Equivalent NaCl salinities of primary and
secondary fluid inclusions containing daughter salts, DDK
K-23.
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S A L I N I T Y .  W T *  N a  C l

Figure 17, Equivalent NaCl salinities of primary and 
secondary fluid inclusions containing daughter salts, DDK 
K-30.
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hole depth, crosscut location, or between fluid inclusions 
in veinlets cutting porphyritic quartz monzonite and quartz 
monzonite porphyry. However, the lesser abundance of Type 
III inclusions in the porphyritic quartz monzonite host 
rock is evident in the smaller number of plotted points 
in comparing Figs, 16 and 17. The major variation in 
salinity at any single sample point is attributable to 
decreasing salinity from primary to secondary Type III 
inclusions and the small number of primary Type II inclu
sions which have a tiny halite daughter.

Solution Temperatures of 
Daughter Salts

Comparison of fluid inclusion liquid-vapor homog
enization temperatures with the temperature at which the 
daughter salts dissolve completely provides useful informa
tion for the San Manuel-Kalamazoo samples. In solutions 
undersaturated with halides at the time of their entrap
ment in fluid inclusions, daughter salts dissolve at tem
peratures below the liquid-vapor homogenization temperature. 
If precipitated daughter salts remain above the liquid- 
vapor homogenization temperature, equilibrium was not 
attained during the heating run, the solutions were super
saturated at the liquid-vapor homogenization point and the 
true temperature of filling is at the hotter daughter salt- 
brine homogenization point, or the entrapped phase was not
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homogeneous, In several four hour heating runs, the 
daughter mineral dissolved above the liquid-vapor homog
enization point within the same 1-2°C temperature range 
achieved by half-hour heating runs such that disequilibrium 
did not seem to be involved. However, supercooling of 50°C 
or more from the homogenization temperature was necessary 
before the daughter salt reappeared. Upon.its reappearance, 
the daughter was never seen to grow slowly from a barely 
visible crystal, but literally burst instantly into view, 
full sized. Occasionally during particularly rapid cooling, 
several anhedral crystals of the same daughter salt would 
pop into view in place of the previous single euhedral 
daughter salt.

Another possibility, dissolution of an appreciable 
number of daughter salts at or nearly at the liquid-vapor 
homogenization temperature, implies entrapment of a 
saturated brine at its boiling point. For boiling solu
tions, hydrostatic pressure equals or exceeds total pressure 
and no pressure correction to the filling temperature in 
order to obtain the true homogenization temperature is 
required. The presence of coexistent Type II inclusions 
is required to support the above implication of boiling.

Plots of the solution temperature of daughter salts 
in primary and early secondary Type III inclusions against 
the liquid-vapor homogenization temperature are shown in
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Figs, 18, 19, and 20 for samples from the 2015 crosscut 
and drill holes K~23 and K-30. Of the 16 plotted points 
for the 2015 crosscut samples, 7, or 44 per cent, show 
daughter salt solution temperatures within ± 10°C of the 
liquid-vapor filling temperature, indicating the possibility 
of entrapment of a boiling, saturated brine over a tem
perature range of 260°C to 400°C. The remaining points 
give salt solution temperatures above the liquid-vapor 
filling temperatures. Such supersaturation might also 
indicate boiling, resulting in further halide enrichment 
in the residual liquid. Nearly all inclusions with this 
behavior cluster above the 45°C "boiling line" in the same 
260°C to 400°C temperature range in which boiling is in
ferred. The more numerous samples from drill holes K-23 
and K-30 show similar behavior. Of 35 inclusions plotted 
for K-30, nine, or 26 per cent, fall close enough to the 
45° line to be considered indicative of boiling in a 
saturated solution in a 260°C to 400°C temperature range, 
while five infer the trapping of undersaturated brines, 
and 21 inclusions indicate entrapment of a supersaturated 
brine. Of the more numerous Type III inclusions in K-23,
21 or 40 per cent of the total (Fig. 19) have essentially 
equal daughter salt solution and liquid-vapor homogenization 
temperatures over a 2750C-375°C range. Fluids in 10 of 
the fluid inclusions appear to have been undersaturated
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L I  Q U I D - V A P O R  H O M O G E N I Z A T I O N  T E M P E R A T U R E

Figure 18. Plot of solution temperature of daughter 
salts against liquid-vapor homogenization temperature for 
Type III fluid inclusions, 2015 crosscut.
Numbers adjacent to sample points indicate multiple values.
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2 0 0  3 0 0  4 0 0
L I  Q U I D - V A P O R  H O M O G E N I Z A T I O N  T E M P E R A T U R E  ° C

Figure 19. Plot of solution temperature of daughter 
salts against liquid-vapor homogenization temperature for 
Type III fluid inclusions, DDE K-23.
Numbers adjacent to sample points indicate multiple values.
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L I Q U I D - V A P O R  H O M O G E N I Z A T I O N  T E M P E R A T U R E  C

Figure 20, Plot of solution temperature of daughter 
salts against liquid-vapor homogenization temperature for 
Type III fluid inclusions, DDH K-30.
Numbers adjacent to sample points indicate multiple values.
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at the temperature of initial fluid entrapment, while 24 
inclusions are over-saturated at the liquid-vapor homogeniza
tion temperature. The fluid inhomogeneity indicated by 
oversaturated and undersaturated brines is not surprising 
in view of the effect that local boiling would have on 
fluid-vapor salinities, and because of possible changes in 
the fluids with time as reflected by primary compared to 
early secondary inclusions.

No opaque daughter minerals dissolved during the 
heating runs, nor was there any perceptible change in the 
size or shape of any opaque daughter mineral, even at 
temperatures considerably above the liquid-vapor homogeniza
tion point. Roedder (1971) postulates that auto-oxidation 
through loss of hydrogen from the entrapped fluid results 
in the precipitation of hematite. According to Gustafson 
(1963), the conditions under which chalcopyrite and hematite 
are co-stable are limited, and defined by a log of f 
(sulfur) of about -10 to -15, log f^ (copper) of approxi
mately -35 to -40, and log f (oxygen) of about -35 to 
-40.

Geothermometry
Homogenization temperatures of 1,122 fluid inclu

sions were determined on the microscope heating stage. For 
the vast majority of these inclusions, the temperature re
ported is the temperature of liquid-vapor homogenization.
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For the relatively small percentage of all inclusions in 
which daughter halides dissolve above the liquid-vapor 
homogenization temperature, this dissolution temperature 
is reported rather than the vapor-liquid homogenization 
temperature. Inclusions with visibly anomalous degrees of 
filling indicating initial inhomogeneity, leakage, or 
necking down were eliminated from consideration. Fluid 
inclusions at San Manuel-Kalamazoo for which there is no 
suggestion of boiling at the time of entrapment require 
and have been given a +20°C pressure-salinity correction 
for reasons explained in the section below on geobarometry. 
These inclusions are mostly secondary and filled at or below 
275oC-300°C, or below the lower limit of boiling.

The geothermometric data has been subdivided into 
homogenization temperatures for each of the three major 
fluid inclusion types and plotted against depth in drill 
hole K-23 and K-30 or against location in the 2015 crosscut, 
as located within the orebody on Figs. 4, 6, 7, 8 and 9.
Both primary and secondary fluid inclusions are included 
in the plotted data and contribute to much'of the tem
perature range observed at any given sample location.
Geothermometry data for the 2015 crosscut is shown in Figs. 
21, 22, 23, and 24. In Fig. 21,Type I primary and secondary 
inclusions are plotted, with numbers adjacent to points in
dicating multiple values. Homogenization temperatures of
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Figure 21. Type I inclusion thermometry, 2015 XC.
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s p e c i m e n  l o c a t i o n

Figure 22. Type II inclusion thermometry, 2015 ICC
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Type III inclusion thermometry, 2015 JXC.
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s p e c i m e n  L O C A T I O N

Figure 24 Type I, II, and III inclusion thermometry2015 XC
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Type II vapor dominant fluid inclusions are plotted in 
Fig. 22. Comparison of the temperature data for Type I 
inclusions with that of Type II inclusions reveals that the 
dominant range of overlap between homogenization temperatures 
for these two inclusion types is 300°C to 400°C. It is more 
than coincidental that this is the same temperature range 
indicated by the daughter salt solution and vapor-liquid 
homogenization data reported above to be the range of 
hydrothermal fluid boiling at San Manuel-Kalamazoo. In 
this overlapping temperature range, Type I inclusions 
trapped the liquid phase, while contemporaneously forming 
Type II inclusions trapped the vapor phase. A basic tenet 
of fluid inclusion geothermometry is that the entrapped 
fluid was initially a single, homogeneous phase. Halite 
in cubes in a few Type II inclusions is difficult to 
account for because of its low partition coefficient into 
the vapor phase (Sourirajan and Kennedy, 1962). Thus we 
are probably warned of heterogeneity, with these inclusions 
presumably trapping some brine along with the vapor. Such 
inclusions were omitted from the geothermometric data re
ported. Further overlap in this same temperature range for 
Type III inclusions in Fig. 23 may represent fluids which 
had their salinities raised by boiling. The total tempera
ture range of all primary and secondary inclusion types in 
the 2015 crosscut is shown in Fig. 24, with the break
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between non-boiling fluids below 300°C and the boiling 
fluids above 300°c sharply defined.

In order for similar homogenization temperature 
ranges for Type I and Type II fluid inclusions to indicate 
boiling, there must be evidence that such inclusions are 
contemporaneous in origin. The textural evidence for this 
at San Manuel-Kalamazoo is abundant and is shown in Figs.
25A and B. In each photograph, there is no evidence that 
the illustrated Type I and Type II inclusions occurring 
within a few microns of one another did not form contem
poraneously. On the heating stage, such fluid inclusions 
homogenize within a few degrees of one another in the 
275°C-4250C range.

The geothermometry data for drill hole K-23 is 
given in Figs, 26, 27, 28, and 29. Again, as shown in 
Fig. 26 there is a definite break between primary and 
secondary inclusion filling temperatures, and in Fig. 29 
an overlap of homogenization temperatures for Type I,
Type II, and Type III fluid inclusions in a 300OC-400°C 
temperature range. Neither in the plots of individual 
inclusion types or in the graph of all inclusion types 
together (Fig, 29) is any appreciable thermal discontinuity 
evident.

Geothermometry for drill hole K-30 is shown in 
Figs, 30, 31, 32, and 33. There is a suggestion of a lower





Figure 25. Fluid inclusion textures indicative of
boiling.
A. An example of apparently contemporaneous Type I and 
Type II inclusions indicative of boiling, with Type I 
inclusion trapping liquid and Type II inclusion entrapping 
vapor at the filling temperature. Quartz-carbonate-pyrite- chalcopyrite veinlet cutting quartz monzonite porphyry, 
phyllic alteration zone. Specimen K23-2550.
B. Contemporaneous Type I and Type II fluid inclusions 
expectable from mineral growth in boiling solutions. The 
inclusions are in quartz from a quartz-potassium feldspar- 
car bona te-pyrite veinlet cutting quartz monzonite porphyry, 
potassic alteration zone. Specimen K23-3212S.
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Figure 25. Fluid inclusion textures indicative of boiling.
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Figure 27. Type II inclusion thermometry, K-23
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H O M O G E N I Z A T I O N  t e m p e r a t u r e  c

Figure 28 Type III inclusion thermometry, K-23



H O M O G E N I Z A T I O N  T E M P E R A T U R E  ° C

Figure 29. Type I , I I , and III inclusion ther
mometry , K-23.
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HOMOGENIZATION TEMPERATURE C
Figure 30. Type I inclusion thermometry, K-30
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HOMOGENIZATION TEMPERATURE C
Figure 31, Type II inclusion thermometry, K-30
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H O M O G E N  I Z A T I  O N  T E M P E R A T U R E  C

Figure 32 Type III inclusion thermometry, K-30
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Figure 33. Type I, II, and III inclusion ther 
mometry, K-30.
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average homogenization temperature limit for Type X secon
dary inclusions in the K-30 sample suite is 10°C to 15°C 
lower than that for the K-23 samples. (Compare Fig. 26 
to Fig. 30). As for the previous two groups of samples, the 
overlapping temperature range of Type I, II, and III fluid 
inclusions is believed to indicate boiling in a 300OC-425°C 
temperature range, Again there is little evidence of . 
appreciable thermal breaks across the orebody 
during the time of entrapment of primary or secondary 
inclusions. Upper temperature limits for Type II and Type 
III inclusions are appreciably higher in the samples from 
K-23 than from K-30, perhaps reflecting the effect of 
conductive cooling by the wall rock at an early stage.

A fourth piece of evidence for boiling of the hydro- 
thermal fluids at San Manuel-Kalamazoo is the presence of 
scarce Type V fluid inclusions displaying critical behavior 
upon heating. The relative rarity of this fluid inclusion 
type suggests that their critical behavior is due to the 
fortuitous entrapment of just that ratio of liquid to vapor 
in a boiling system necessary to produce a critical density 
fluid. The entrapment of a supercritical fluid with a 
critical density seems unlikely when Type I and Type II 
inclusions with fluid densities both greater and less than 
critical are so much more abundant than Type V fluid in
clusions, and when the high salinities of contemporaneous
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Type III fluid inclusions mitigate against the fluids being 
in a supercritical state.

Variation of Temperature 
With Time

A number of polished sample plates had crosscutting 
relationships among veinlets. In such examples, fluid in
clusion homogenization samples were cut from each veinlet 
of different relative age for study on the heating stage. 
The results of this study are plotted in Figs. 34 and 35.

The relative age of primary fluid inclusions is 
in each case well established through veinlet crosscutting 
relationships. Relative ages of early and late secondary 
inclusions with respect to the age of primary and secondary 
inclusions in other veinlets is less clear and requires 
some interpretation for placement in a relative time 
sequence. This interpretation is based on the presence 
or absence of texturally early or late secondary inclusions 
with essentially the same filling temperatures in the other 
crosscutting veinlets. Because of the immediate proximity 
of these veinlets to one another, it seems likely that the 
event causing the formation of the secondary fluid inclu
sions in one veinlet should produce them in the other 
immediately adjacent veinlets provided the veinlet existed 
at the time of the event.
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Figure 34, Geothermometry of primary and secondary 
inclusions in crosscutting veinlets of differing relative age, 
2015XC.
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Figure 35. Geothermometry of primary and secondary
fluid inclusions in crosscutting veinlets of differing rela
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Although crosscutting relationships establish dif
ferent relative ages for these veinlets, their compositions 
are quite similar, as are the filling temperatures of their 
entrapped primary fluid inclusions. The major temperature 
variation shown in the figures is not between primary in
clusions in veinlets of different relative age, but rather 
between primary and secondary inclusions within each veinlet, 
indicating that the major period of mineralization in these 
veinlets of differing textural age occurred at roughly the 
same temperatures and fluid salinities. The temperatures 
of the youngest secondary fluid inclusions are probably 
real, but the apparent temperatures of many of the older 
secondary inclusions could also be due to a pressure 
release at essentially constant temperature rather than an 
actual temperature drop. Although nearly all of these 
veinlets contain economic sulfide mineralization, no sul
fides were seen along the healed fractures containing the 
younger secondary inclusions. In this respect these secon
dary inclusions are similar to the low temperature primary 
and secondary fluid inclusions in the quartz-calcite 
veinlets which post-date economic mineralization.

Fluid Densities
Applying the salinity and homogenization data for 

inclusions to the density data for the system EaCl-HgO 
given by Ohmoto and Rye (1970) and Lemmlein and Klevtsov
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(.1956) , the densities of the ore fluids at their time of 
entrapment in fluid inclusions can be calculated. A few 
representative densities are given in Table 5, and are 
comparable to those estimated by Roedder (1967) for most 
hydrothermal fluids.

Geobarometry
Excepting fluid inclusions formed under boiling 

conditions on the two-phase liquid-vapor boundary, in which 
case vapor pressure equalled or exceeded total pressure, 
all fluid inclusions require a temperature correction for 
pressure and salinity. The pressure correction is relatively 
large compared to the correction for salinity. Estimating 
the depth of orebody emplacement at San Manuel-Kalamazoo 
thus assumes some importance. Unfortunately there is no 
stratigraphic record in the mine area to help in this re
spect. Lowell and Guilbert (1970) infer a depth to the upper 
end of the orebody at the time of emplacement of about 
5,000 feet (approximately 1,5 km). This depth corresponds 
to a maximum lithostatic load of about 380 bars or a minimum 
hydrostatic pressure of approximately 150 bars.

Independent estimates of the pressures and depths 
at the level of orebody emplacement are possible, knowing 
the salinities and temperatures of homogenization of fluid 
inclusions entrapped in minerals formed under boiling con
ditions, Since under these conditions total pressure is
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Table 5. Densities of hydrothermal fluids at the time of 

entrapment.
P = primary? S = secondary

Density of the Original Fluid
Type I Type III Type II

Specimen P S P S P S
2015-la 0.89
2015-5a4 0.97 1.08 0.25
2015-7a2 0.96 1.11 0.32
2015-9C 0.98 1.09 0.52
2015-10-2 0.99 1.07
K23-2414 0.96 1.06 .
K23-2444%a 0.82 0.95 0.97
K23-25563$ 0.96 0.31
K23-2841 0.90 1.10 0.30
K23-2967% 0.96 1.05 0.37
K23-3046 0.95 1.10
K23-3187
K23-3370

0.96 1.01
1.03

0.36
0.46

K23-3646 0.97 1.06
K30-2690 0.73 0.99 1.04
K30-2942 0.99
K30-3176 0.71 0.93 1.13 0.36
K30-3309 1.00 1.12
K30-358Us 0.61 0.89 1.03
K30-3865%
K30-3929

0.64
0.99 1.08

K30-4126 0.66 0.94 1.10
K30-4207 0.96 1.10 0.27
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equal to or less than the yapor pressure of the boiling 
system, the pressure during fluid entrapment can be read 
from the liquid-vapor two-phase curve in the system I^O- 
NaCl, assuming no large effect of other salts in solution.

The average range of hydrothermal fluid boiling at 
San Manuel-Kalamazoo is 300oC-400°C ± 25°C. Boiling in 
this temperature range is supported by the several inde- • 
pendent pieces of evidence presented previously. For con
temporaneous Type I and Type II fluid inclusions filled 
in this temperature range and with 10 weight per cent NaCl 
equivalent salinities, the vapor pressure can be found from 
the curves for the system NaCl-HgO (Sourirajan and Kennedy, 
1962). At the upper end of the boiling range (425°C)t 
at which the pressures were probably very nearly litho- 
static, the indicated pressure is about 340 bars. This 
corresponds to a depth of about 1.4 kilometers or approxi
mately 4,600 feet. In a column of water with a 10 per cent 
NaCl content, the minimum hydrostatic pressure corresponding 
to this depth would be about 120 bars (Haas, 1971). At 
about 300°C, the lower end of the boiling range for a 10 
weight per cent NaCl solution, the minimum vapor pressure 
is only about 80 bars, corresponding to a depth of 0.9 
kilometers or about 3,000 feet. This assumes a system open 
to the top of the water table, Although a 10 weight per 
cent salinity estimate for the contemporaneous Type I and
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Type II fluid inclusions seems reasonable r the errors in 
pressure correction stemming from an incorrect salinity 
would not be large in this temperature range (Roedder,
1971).

Lemmlein and Klevtsov1s (1956) data on the system 
HgO-NaCl indicate that a positive temperature correction 
for pressure-salinity on the order of 20°C is required for 
fluid inclusions filled under the pressure-depth conditions 
outlined above. For this reason the previously reported 
+20°C temperature correction was added to the plotted 
homogenization temperatures of mostly secondary fluid in
clusions formed below the lower temperature limit of 
boiling at about 300°C. The approximately 2,500 foot 
deeper level of sampling of the original orebody in drill 
hole K-30 with respect to drill hole K-23 should be per
ceptibly reflected as a small temperature difference be
tween the lower limits of observed temperature for the 
lower temperature Type I fluid inclusions in the two drill 
holes (Figs. 26 and 30). That there is such a difference 
is more than coincidental. If an additional 10°C to 15°C 
temperature correction (Lemmlein and Klevtsov, 1956) com
mensurate to the greater lithostatic load is applied to 
drill hole K-30, the lower limit of filling temperatures 
for K-23 and K-30 become equal. If a similar additional 
correction is incrementally added to the end of the 2015
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crosscut which samples a deeper portion of the originally 
emplaced orebody (sample 10) with respect to the shallower 
end (sample 1)f the effect is again a leveling out of tem
perature differences. Thus, it seems likely that the small 
temperature difference observed for fluid inclusions formed 
below the boiling range in the two drill holes is due to a 
pressure rather than to an appreciable temperature gradient 
over this distance.

Discussion and Summary of 
Fluid Inclusion Data

A full interpretation of fluid inclusion information 
from San Manuel-Kalamazoo cannot be made before integrating 
the fluid inclusion data with the alteration and geochemical 
data which follow. Yet there are a number of features 
evident in the fluid inclusion data which can be emphasized 
at this point.

Figure 36 is a time-temperature plot summarizing 
the depositional temperatures of quartz with respect to 
time at San Manuel-Kalamazoo. This figure is based on 
homogenization data for primary, early secondary, and late 
secondary fluid inclusions in texturally early quartz 
veinlets, somewhat later composite quartz-sulfide-silicate 
veinlets, and texturally late calcite-quartz veinlets.
The shift toward lower temperatures with time is sufficiently 
systematic and gradual to suggest a single period of
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hydrothermal activity characterized by repeated and thorough 
fracturing of the host rocks and previously formed vein- 
lets. The highest temperature vapor-dominant fluid in
clusions in the deposit show that initial temperatures 
associated with quartz + sulfide deposition in the quartz 
monzonite porphyry approached 600°C, while the earliest 
temperature maximum in the intruded porphyritic quartz 
monzonite averaged approximately 100°C less. At this 
initial stage, the wall rocks apparently had not yet 
attained thermal equilibrium with the quartz monzonite 
porphyry and its vein fluids. These earliest high tem
perature inclusions occur both in rock and veinlet quartz, 
with inclusions of each setting similar in appearance and 
salinity as well as homogenization temperature. The 
textural setting and high temperatures of many of these 
rock quartz inclusions point toward a very early, if not 
primary, origin suggestive of a quasi-continuous transition 
from magmatic to hydrothermal conditions in which condi
tions may have approached brine-silicate immiscibility.
In this instance the early rock quartz inclusions trapped 
droplets of aqueous phase either prior to its migration 
into fissures as the rock became sufficiently competent, 
or during such a migration. Pressures at this early stage 
probably were sufficient to prevent extensive boiling, but 
decreased locally and erratically as fracturing and veining
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began to open up the system. Fluid inclusion homogenization 
temperatures in early barren quartz veinlets and composite 
quartz-silicate-sulfide veinlets are similar, although the 
barren quartz veinlets are mostly texturally earlier. 
Extensive boiling of the hydrothermal fluids is indicated 
for both the early barren quartz veinlets and the quartz- 
silicate-sulfide veinlets in a 300°C-400OC ± 25°C temperature 
range. This boiling is inferred to have played an important 
role in increasing fluid salinities to the high levels ob
served, and accounts for the apparent fluid inhomogeneity 
resulting in contemporaneity of many Type I, Type II, and 
Type III fluid inclusions in this temperature range. As 
shown by their entrapped primary fluid inclusions, quartz 
deposition associated with the main period of sulfide 
mineralization in veinlets seems to have begun at tem
peratures of 425OC-450°C and continued as indicated by early 
healed fractures which contain sulfides and mixed secondary 
fluid inclusions to 300oC-275°C. These temperatures coin
cide with the principal temperature range for boiling of 
the hydrothermal fluids.

Fracturing continued in the hypogene sequence of 
events as the temperature continued to decrease. The 
healed fractures forming at this stage, however, rarely 
contain sulfides. It thus appears that the period of major 
sulfide deposition had effectively ceased by the time the
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hydrothermal fluids had cooled to about 275°C. Fluid 
inclusions in texturally late quartz-calcite veinlets, like 
inclusions in many late secondary inclusion planes cutting 
earlier veinlets, homogenize mostly below about 300°C.
The fluid inclusions of these texturally late quartz-calcite 
veinlets, like inclusions in many late secondary inclusion 
planes cutting earlier veinlets, homogenize mostly below 
300°C. The fluid inclusions of these late veinlets and 
healed fracture planes are also noticeably smaller and 
less abundant than the earlier fluid inclusions, perhaps 
indicating that conditions at this stage were less favorable 
for the generation of fluid inclusions. The local presence 
of Type IV secondary all-liquid fluid inclusions in the 
late quartz-calcite veinlets and in healed fracture planes 
cutting earlier-formed veinlets indicates that some quartz 
continued to be deposited at temperatures below 70°C.

Aside from the initial 100°C temperature discon
tinuity from intrusive rock to wall rock, no appreciable 
thermal differences between Laramide porphyry and intruded 
Precambrian porphyry are suggested for the basemetal or 
post-basemetal stages of mineralization at any time. After 
initial thermal equilibration with the wall rocks, a fairly 
uniform thermal environment across wall rock-intrusion bound
aries perhaps was obtained for the orebody. Thus although con
ductive heat flow into the cool wall rocks appears to
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have been an initially important cooling mechanism, other 
processes of cooling were probably more important later.
The boiling of hydrothermal fluids in a 425°C-2750C tem
perature range was undoubtedly an important cooling mech
anism. Irreversible adiabatic expansion of the hydrothermal 
fluids (Toulmin and Clark, 1967) above areas of throttling 
in plugged portions of the veins may have contributed to 
some of the cooling at relatively high temperatures. The 
presence of many ages of secondary fluid inclusions along 
numerous healed fracture planes may be evidence for opera
tion of such a process through repeated pressure buildup 
and release. The decreasing abundance of Type III high 
salinity fluid inclusions with time and the increasing 
abundance of low temperature, low salinity Type I and 
Type IV inclusions in late quartz-carbonate veinlets may 
indicate some late stage cooling due to the input of cool 
meteoric water into the system. Such a salinity drop could 
also be in part due to continuing reequilibration of the 
solution with rock and alteration minerals as the system 
evolved internally. Sheppard, Nielsen, and Taylor (1971) 
propose a meteoric-magmatic water interface at the phyllic- 
potassic alteration zone boundaries. No temperature- 
salinity break as proposed by Sheppard, Nielsen, and Taylor 
for the phyllic-potassic alteration zone boundary could be 
detected in the fluid inclusion data. This seems to preclude
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a pre-mineralization or mineralization stage of meteoric 
water invasion, but is in agreement with a gradually en
croaching post-mineralization introduction of meteoric 
water upon the system.

Lowell and Guilbert’s (1970) suggestion that the 
top of the San Manuel-Kalamazoo mineralization took place 
at a depth of about 5,000 feet seems reasonable in light 
of the fluid inclusion data on pressures and depths of 
entrapment. The upper limit of the boiling range at 
pressures approaching 340 bars indicates an emplacement 
depth of about 4,600 feet for the top of the orebody. If 
a temperature correction accounting for the increased 
pressure generated by an additional 2,500 feet of depth is 
applied to the filling temperature of the low temperature 
non-boiling fluid inclusions in drill hole K-30, the filling 
temperatures of these inclusions correspond directly with 
the lower temperature fluid inclusions in drill hole K-23. 
Thus the depth-pressure data provided by the fluid inclu
sions, though approximate, seems reasonable, internally 
consistent, and in agreement with the low pressure, shallow 
depth restriction that fluid boiling places on the system. 
Such extensive boiling probably would not occur if maximum 
lithostatic pressures were consistently in excess of 300 
bars (Lemmlein and Klevtsov, 1961). If the system were 
open to the top of the water table, hydrostatic pressures



corresponding to the temperatures at the lower end of the 
boiling range were probably not much in excess of about 
120 bars.

Information on the variation of abundance of fluid 
inclusion types and salinities with time and space suggest 
that systematic trends are present in each case. The in
creasing abundance of Type III fluid inclusions toward 
the center of the ore forming system and the centrally 
decreasing abundance of primary Type I fluid inclusions 
constitute a definite fluid inclusion zoning. It should 
be emphasized that these trends are gradational, however, 
with no sharp breaks corresponding to gross alteration 
zone boundaries or other large scale hypogene features 
evident. Such inclusion type abundance zoning may reflect 
the relative length of time that high temperature-salinity 
conditions were maintained in different parts of the system. 
This time factor may also explain the somewhat greater 
abundance of Type III, high salinity inclusions in the 
intrusive quartz monzonite porphyry compared to the intruded 
porphyritic quartz monzonite regardless of relative spatial 
location in the orebody. Complementary to the spatial 
zoning for compositional types of fluid inclusions is an 
equally clear temporal zoning. High salinity Type III 
inclusions occur abundantly in texturally early quartz 
and quartz-silicate-sulfide veinlets. In contrast, most
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later secondary Inclusions and all inclusions in texturally 
late quartz-carbonate veinlets have relatively low salini
ties. By the time the late stages of mineralization- 
alteration had been reached, therefore, the composition of 
the hydrothermal fluid had changed appreciably from the 
highly saline fluids present during deposition of the early 
quartz and subsequent quartz-silicate-sulfide veinlets.
The general trend of these changes is presented in Fig. 36. 
Examination of secondary fluid inclusions in groundmass 
and phenocryst quartz discloses that these same temperature- 
salinity trends are present. This information, along with 
essentially complete mineralogic similarity between the 
veinlet ore and disseminated ore imply a similar, related, 
and probably contemporaneous origin for the veinlet and 
disseminated mineralization.

The close association of sulfides with hydrothermal 
quartz and the common inclusion of pyrite and chalcopyrite 
grains within both veinlet and rock quartz grains suggest 
that the fluids entrapped in primary and early secondary 
inclusions within such quartz are closely related to the 
veinlet and disseminated mineralization and alteration.
The probable occurrence of opaque pyrite and chalcopyrite 
daughter minerals in these fluid inclusions further supports 
this close relationship. There is no clear-cut fluid in
clusion evidence for outward migration of higher temperature,



higher salinity conditions with time. Veinlets and rock 
quartz containing such inclusions seem to have formed 
essentially contemporaneously, regardless of spatial loca
tion. There is, however, evidence of retrograde, inward 
encroachment of low temperature-salinity conditions re
flected in the late secondary inclusions imposed upon early 
barren veinlets and sulfide bearing veinlets.
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CHAPTER VI

ALTERATION PETROGRAPHY

Alteration minerals and their assemblages were 
studied by detailed microscopy augmented by X-ray diffrac
tion and electron microprobe techniques. Information was 
obtained on the distribution and associations of (1) large 
scale pervasive and (2) local veinlet controlled alteration 
assemblages in time and space. Alkali feldspar structural 
states and compositions were investigated in detail by 
X-ray diffraction and electron microprobe.

Previous Work
Studies of rock alteration associated with the 

San Manuel orebody have been made by Schwartz (1953)f 
Creasey (1959, 1965, 1966), Lowell (1968), and Lowell and 
Guilbert (1970). While the work of Schwartz and Creasey 
has substantially added to knowledge of rock alteration 
at San Manuel and provided much detailed information, it 
remained for Lowell and Guilbert to redefine and interpret 
the alteration assemblages present and provide a fuller 
understanding of the gross distributional patterns of 
alteration,
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Purpose
The major goals of the present study of rock al

teration were to investigate the paragenetic interrelation
ships of pervasive and veinlet controlled alteration 
assemblages and the significance of control of hydrothermal 
fluid compositions exercised by the rock and alteration 
minerals. For detailed descriptions of the fresh rocks 
and for background petrographic descriptions of alteration 
at San Manuel-Kalamazoo, the reader should refer to the 
aforementioned papers.

Those aspects of rock alteration studied in detail 
for this report include associations, distributions, con
trols, and parageneses in both pervasive and veinlet 
controlled alteration, and X-ray and electron microprobe 
investigation of alkali feldspar. Work on these alteration 
features facilitated interpretation of the fluid inclusion 
and geochemical data, and consequently provided a more 
thorough understanding of porphyry copper genesis.

Procedure
Alteration mineralogy was studied in split drill 

core samples and thin sections spaced at approximate 50 
foot intervals along drill holes K-23 and K-30 (Figs. 8 
and 9). Well over 100 thin sections were cut, stained for 
K-feldspar identification, examined, and selectively
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photographed. Mineral identification was supplemented by 
X-ray diffractometry. These samples correspond directly 
to the suites of chemically and geothermometrically analyzed 
samples. For descriptive purposes, rock alteration at San 
Manuel-Kalamazoo has been subdivided into pervasive altera
tion, with no apparent veinlet control, and veinlet related 
alteration. Pervasive alteration is first described, 
followed by veinlet alteration.

Pervasive Alteration and Mineralization 
Pervasive wall rock alteration at San Manuel- 

Kalamazoo is here defined as wall rock alteration associated 
with the orebody which is not obviously controlled by mega
scopic veinlets. Such alteration is dimensionally and 
quantitatively large in scale and shows a coaxially con
centric zonal symmetry. Lowell (1968) and Lowell and 
Guilbert (1970) (see Chapter III) divided pervasive altera
tion into four major concentric zones termed potassic, 
phyllic, argillic, and propylitic respectively from the ore 
system center to its periphery.

Gross Distributional Patterns
Patterns of alteration and sulfide mineral distribu

tion in drill holes K-23 and K-30 and a log of the rock 
types present are presented in Fig. 37. The information 
given is based on drill log data and thin section study.
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The phyllic and argillic alteration zones of Lowell and 
Guilbert (1970) are partially combined in this study, as 
argillic alteration in these two drill holes is everywhere 
much subordinate to phyllic alteration. The boundary 
between the phyllic and phyllic-argillic zones is defined 
by the initial appearance of small amounts of kaolinitic 
clay and rare montmorillonite (<3 per cent) in the altera
tion assemblage. The remaining alteration boundaries are 
defined by the same criteria used by Lowell and Guilbert 
(1970). Propylitic alteration in drill hole K-23 has been 
essentially removed by pre-Cloudburst erosion, but ap
preciable propylitic alteration occurs at the bottom of the 
drill hole near the San Manuel fault zone.

It is apparent from petrographic study that mineral 
assemblages from outer alteration zones are not entirely 
excluded from adjacent inner ones. This aspect of altera
tion zoning is most prominent in, but not restricted to, 
the outer portions of the potassic alteration zone in both 
drill holes. Thus in Fig. 37, phyllic alteration is 
identifiable from place to place in the potassic alteration 
zone, especially in K-30. By comparison, the inner boun
daries of pervasive propylitic alteration are more sharply 
defined. Conversely, potassic alteration is not present in 
the phyllic zone, nor phyllic alteration in the propylitic 
zone. Although veinlet related alteration will be discussed



112

in detail later, it should be mentioned here that veinlet- 
related alteration tends to emphasize the tendency of outer 
pervasive alteration assemblages to be present within 
deeper, more central alteration assemblages. Presently 
economic mineralization is mostly within the potassic zone, 
with the outer edges of the orebody overlapping potassic 
and phyllic alteration. Highly pyritic mineralization 
continues further outward well into the phyllic zone.

The Lowell (1968) and Lowell and Guilbert (1970) 
alteration zoning model thus appears to be generally correct 
in describing the gross distributional aspect of pervasive 
alteration at San Manuel-Kalamazoo. In detail, however, 
some modification is indicated. First, since kaolinite- 
montmorillonite development is considerably subordinate to 
phyllic alteration and appears to be at least in part 
paragenetically contemporaneous, it may be best not to 
attempt to isolate it as a separate alteration zone, but 
rather to subdivide the phyllic zone into phyllic and 
phyllic-argillic assemblages. This modification may be 
mostly a matter of personal preference, however. Also, 
a slight inward shift of the position of the orebody rela
tive to the potassic-phyllic boundary as previously re
ported may be indicated. Thirdly, there is considerable 
indication of a regressive overlap of outer pervasive 
alteration zones upon inner zones. The specific
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manifestations of this feature will be described in detail 
in the following pages.

Alteration Assemblages
The term "alteration assemblage" is here used to 

refer to a group of secondary alteration minerals which 
occur associated in space and to which no reference or 
inference to time or chemical eguilibria-disequilibria 
relationships is made. With few exceptions, the alteration 
assemblages occurring pervasively in the potassic, phyllic 
and phyllic-argillic, and propylitic alteration zones are 
the same as the veinlet related alteration assemblages but 
in different proportion. For example, much but not all 
secondary biotite, sericite, chlorite, epidote, and 
kaolinite-montmorillonite at San Manuel-Kalamazoo is not 
obviously veinlet related, while all observed anhydrite is 
veinlet restricted. Secondary quartz, K-feldspar, apatite, 
and calcite occur in both associations.

Potassic Zone. Pervasive non-veinlet secondary 
quartz in potassic alteration occurs as recrystallized 
mosaics of fine-grained groundmass quartz, overgrowth 
rims associated with phenocryst quartz and quartz eyes, 
and quartz related to sericitization of plagioclase. 
Notable in much of the pervasively distributed potassic 
zone secondary quartz in the Laramide quartz monzonite and 
biotite dacite porphyries are tiny flame-like inclusions
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of secondary sericite and Type I, II, and III primary and 
secondary fluid inclusions, Such sericite does not occur 
to a similar extent in analogous quartz of the Precambrian 
porphyritic quartz monzonite, nor is it as abundant in 
rock quartz as compared to pervasive secondary quartz in 
the Laramide porphyries. Pervasive secondary quartz does 
not replace other minerals, but rather is deposited 
directly or as a consequence of other alteration processes, 
Paragenetic relationships of nonveinlet secondary quartz 
are generally ambiguous, but it appears to have been 
deposited during the entire active period of alteration.
The maximum measured fluid inclusion homogenization tem
peratures for potassic zone non-veinlet pervasive secondary 
quartz is about 600°C, In such fluid inclusion populations, 
a high percentage are highly saline inclusions. Later, 
secondary fluid inclusions in planes cutting such quartz 
are progressively less saline and homogenize at lower tem
peratures.

Pervasively distributed secondary K-feldspar is 
found as fine to medium-grained mosaics locally flooding 
the rock groundmass, usually in association with both pri
mary and recrystallized or secondary quartz, and as reaction 
rims at the edges of sericitized plagioclase phenocrysts 
in contact with quartz (Fig. 38). This latter mode of 
occurrence is particularly apparent in the porphyritic
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Figure 38. Reaction rim of secondary K-feldspar 
around a grain of sericitized plagioclase in contact with 
quartz.
Availability of SiC>2 at the borders of the sericitized 
plagioclase has stabilized K-feldspar (or) relative to 
sericite (s) at the contact with surrounding quartz (q). 
K30-3996; crossed polarized light.
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quartz monzonite because of its coarser grain size. It 
thus appears that the local availability of. silica 
is a favorable factor in the localization of secondary 
K-feldspar. Fournier (1967) and Hemley and Jones (1964) 
have shown that increased silica activity expands the 
stability field of K-feldspar. Minerals replaced by 
secondary K-feldspar include primary biotite, primary K- 
feldspar, groundmass and phenocryst plagioclase, and to a 
limited extent even quartz. Where altered, these minerals 
are corroded and replaced at their margins and penetrated 
along cleavage planes by secondary K-feldspar.

Although much primary K-feldspar in the unaltered 
Precambrian porphyry shows the grid twinning characteristic 
of microcline in thin section, primary K-feldspar in the 
potassic and other alteration zones lacks any sort of 
twinning. The transition of microcline to sanidine has 
been investigated by Goldsmith and Laves (1954) and is 
favored by (1) increased temperature, (2) the presence of 
water, and (3) a relatively high degree of disorder in the 
initial microcline. In both Precambrian and Laramide 
porphyries, pervasively distributed secondary orthoclase 
locally contains trace amounts of secondary sericite which 
is contemporaneous with the secondary K-feldspar or is a 
later alteration product. Textural relationships indicate 
that both of these possibilities were probably achieved
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as the reaction path moved along the K-mica-K-feldspar 
reaction boundary for a time before leaving it to enter the 
K-mica field (Hemley and Jones, 1964). Where K-feldspar 
rims sericitized plagioclase phenocrysts, both alteration 
minerals are believed to have formed contemporaneously 
in response to the local difference in silica availability 
rather than K-feldspar rimming following the sericitiza- 
tion.

Shreddy, fine-grained secondary biotite in potassic 
alteration is profuse in the Laramide porphyries but is 
appreciably less abundant in the Precambrian porphyry. 
Similarly, primary biotite and amphibole are also more 
abundant in the Laramide than the Precambrian porphyry. 
Pervasive secondary biotite occurs diffusely dispersed 
through the rock groundmass or in maggoty, clot-like masses 
intergrown with secondary sericite. Relatively minor 
amounts of secondary biotite are intergrown with sericite 
replacing plagioclase phenocrysts and intergrown with and 
possibly replacing secondary K-feldspar. In a few examples, 
secondary biotite forms a rim-like intergrowth with secon
dary orthoclase, separating sericitized plagioclase from 
a more pure peripheral secondary orthoclase rim. Among 
minerals conspicuously replaced by secondary biotite are 
primary K-feldspar (Fig. 39A), primary biotite (Fig. 39B), 
and amphibole. Clots and individual grains of secondary





Figure 39. Pervasive potassic alteration at San 
Manuel-Kalamazoo.
A. Secondary biotite (bt) replacing primary K-feldspar 
(or) along cleavages.and grain boundaries. K30-3644; 
crossed polarized light.
B. Fine-grained secondary biotite (sbt) replaces a flake
of primary biotite (pbt). K23-2673; crossed polarized
light.
C. Clot of secondary biotite flakes (bt), the cores of
which are altering to secondary sericite (s) plus rutile 
(opaque). K23-3204; plane polarized light.
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Figure 39. Pervasive potassic alteration at San 
Manuel-Kalamazoo.
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Figure 39. (Continued)
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biotite alter to secondary sericite plus granular rutile 
(Fig. 39C). This sequence can be recognized in its initial 
stages by progressive bleaching of biotite leading even
tually to an end product of pseudomorphous sericite plus 
rutile. Some of this sericite has a slight greenish cast 
in thin section, perhaps reflecting the presence of traces 
of ferrous iron residual from biotite. More rarely, such 
sericite pseudomorphous after biotite is partly altered 
to Mg-rich chlorite. Thus although secondary biotite may 
be contemporaneous to much pervasive secondary K-feldspar 
and sericite, at least some sericitization contined after 
biotitization and K-feldspathization ceased.

Fine-grained pervasive sericite in the potassic 
alteration zone is locally nearly as abundant as in the 
phyllic zone. It occurs both sprinkled through the ground- 
mass and as the mineral most conspicuously replacing 
plagioclase in phenocrysts and groundmass. Less abundantly, 
it also alters primary orthoclase along cleavage planes and, 
as mentioned previously, occurs as inclusions in quartz, 
pseudomorphs after secondary biotite, and in secondary 
K-feldspar. That primary orthoclase is less readily seri- 
citized than plagioclase is consistent with studies indi
cating that Na-feldspar requires a higher alkali ion/H+ 
for stability than does K-feldspar (Meyer and Hemley, 1967).



Where intergrown with fine-grained secondary biotite, 
sericite appears to be essentially contemporaneous with it.

Calcite is a common, ubiquitous alteration product 
of sericitized plagioclase, apparently drawing calcium 
from the altering feldspar and COg from the hydrothermal 
phase. It occurs as small anhedral patches intergrown and 
partly contemporaneous with sericite after phenocryst 
and groundmass plagioclase. It also occurs randomly in the 
groundmass in no apparent association with altered plagio
clase. Small lens-like calcite ribbons penetrate cleavages 
of primary orthoclase and biotite. Calcite also cuts or 
is texturally interstitial to alteration minerals of the 
potassic zone. Thus, like quartz, calcite enjoys a long 
period of continuing deposition in the temporal heirarchy 
of alteration.

Apatite, though everywhere present as small, 
scattered, texturally primary euhedral to subhedral crys
tals, appears to have been augmented in the potassic zone. 
Where apparently added, it occurs as anhedral granules 
randomly distributed through the groundmass. The original 
accessory apatite and that hydrothermally added to the 
groundmass are not always distinguishable, however. Tex
tural relationships with other alteration minerals are 
temporally ambiguous, but large fractured apatite grains 
filled with calcite have been observed.
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Phyllic and Phyllic-Argillic Zones. Pervasively 
distributed secondary quartz in the phyllic alteration 
zone is similar to that in the potassic zone but is more 
conspicuously and perhaps more abundantly developed. Multi 
grained mosaics of quartz in sites of former quartz pheno- 
crysts attest to quartz recrystallization. Secondary 
"dirty" quartz overgrowths rim eyes of primary quartz 
(Fig. 40). Like much of the fine-grained potassic and 
phyllic zone quartz comprising the groundmass of the 
Laramide porphyries, this overgrowth quartz contains 
numerous tiny flame-like sericite inclusions in addition 
to Type I , II, and III fluid inclusions. These sericite 
inclusions are appreciably more numerous than in the 
analogous potassic zone quartz, but again are not present 
to any comparable degree in quartz of the Precambrian 
porphyry or in primary quartz eyes or phenocrysts of the 
Laramide porphyry. Like inclusions in potassic zone 
pervasive secondary quartz, comparable phyllic zone quartz 
inclusions homogenize at maximum temperatures approaching 
600°C and are often highly saline. Fine-grained quartz 
is often intergrown with felty sericite in the sites of 
plagioclase phenocrysts. As with quartz of the overgrowth 
rims, silica component to this quartz was probably lib
erated by the sericitization of plagioclase:
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0.4 mm

Figure 40. Quartz eye (qe) with an overgrowth rim 
of secondary quartz (qs).
The stippled, dirty appearance of the rim quartz in con
trast to the primary quartz is well illustrated. This 
feature is caused by numerous, tiny sericite inclusions 
in the rim quartz. K23-2600; crossed polarized light.
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Phyllic zone sericite usually comprises an average 
of 45 per cent of the total rock volume and has almost 
completely replaced phenocryst and groundmass plagioclase.
It is fine grained, giving the rock a velvety texture, 
replaces plagioclase, and is dispersed through the ground- 
mass. Former primary biotite sites in the phyllic zone 
are often marked by patches of granular rutile with sericite 
whose constituent flakes are aligned along the former 
cleavage directions of the biotite. Some sericite also 
shows preferred local alignment along plagioclase cleavage 
planes, but the remainder of phyllic zone sericite shows 
no preferred orientation. Primary K-feldspar"is less 
advancedly sericitized than plagioclase in the phyllic 
zone, but is still moderately to locally heavily sericitized. 
As previously mentioned, sericite also occurs as abundant, 
tiny inclusions in secondary and groundmass quartz of the 
phyllic zone.

Calcite is encountered nearly as commonly in the 
phyllic zone as it is in the potassic zone and occurs in 
much the same manner. It apparently crystallized at the 
same time as the sericite in altered plagioclase sites with 
which it is associated in patchy intergrowths.

124



125

Small amounts of kaolinite and rare montmorillonite 
group clays occur in the outer portions of the phyllic 
zone, here termed the phyllic-argillic alteration zone.
These clays principally occur intergrown with sericite as 
an alteration product of plagioclase phenocrysts, but 
small patches are sometimes present between groundmass 
quartz grains, perhaps occupying sites of former ground- 
mass plagioclase. No difference could be detected in modes 
of occurrence between kaolinite and montmorillonite. Dis- 
tributionally, montmorillonite is most abundantly developed, 
but still relatively rare, at the outer fringes of the 
phyllic-argillic zone.

Surprisingly, trace amounts of kaolinitic clays 
occur nearly throughout the phyllic zone and even well 
into the potassic alteration zone in association with 
altered plagioclase. A few rare instances were seen in 
which kaolinite is in contact with secondary alkali feldspar, 
an assemblage perhaps stabilized by locally high silica 
activity (Fournier> 1967). Paragenetic relationships of 
kaolinite and montmorillonite group clays with other al
teration minerals are frustratingly ambiguous. These clay 
minerals often form complex vermicular intergrowths or 
appear interstitial where associated with sericite. A few 
examples were seen in which sericite appears to cut across 
patches of kaolinite. In its rare association with potassic
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zone secondary K-feldspar, there are no textural char
acteristics which definitively suggest non-contemporaneous 
deposition of kaolinite. Thus it appears that at least 
some of the argillization may have taken place at the same 
time as deposition of the more abundant alteration phases 
with which it is associated.

Propylitic Zone. Chlorite is the most abundant 
and conspicuous representative of pervasive propylitic 
alteration at San Manuel-Kalamazoo. Using the criteria 
and terminology of Albee (1962) , compositions of chlorites 
in the outer propylitic zone in Precambrian and Laramide 
porphyries were compared to chlorites associated with 
propylitized rocks at the bottom of DDK K-23 near the San 
Manuel fault. Optic sign and nature of birefringence were 
measured for over 60 chlorite grains and their compositions 
thus determined. Compositions of chlorites within the three 
porphyries across the outer propylitic zone and in the 
Laramide porphyry near the fault zone are all very similar. 
In each, approximately 90 per cent of the chlorites are 
Mg-rich, with the remainder being Mg-Fe chlorite. No 
Fe-Mg or Fe chlorites were found, Chlorite is most abun
dantly associated with coarse-grained sericite, some of 
which is pseudomorphous after primary biotite. Chlorite 
with hematite replaces this sericite along cleavage planes 
(Fig, 41A) and is scattered through the groundmass
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Figure 41. Pervasive propylitic alteration at 
San Manuel-Kalamazoo.
A. Mg-chlorite (chi) replaces sericite (s). Opaque
minerals are hematite. K23-3713; plane polarized light.
B. Amphibole crystal is entirely replaced by calcite (c)
and Mg-chlorite (chi). K23-3762; crossed polarized light.
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Figure 41. Pervasive propylitic alteration at San Manuel-Kalamazoo.
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interstitial to quartz, Chlorite locally replaces primary 
biotite directly. In the propylitized rock at the bottom 
of DDK K-23 near the potassic alteration zone boundary, 
chlorite replaces the cores of flakes and clots of secon
dary biotite, sometimes after an intervening sericitiza- 
tion stage. As shown in Fig. 4IB, chlorite also replaces 
amphibole, often in association with calcite. Where it 
occurs in the outer fringes of the phyllic zone, chlorite 
is post-sericite.

Pervasively distributed yellowish-green epidote is 
conspicuous but considerably less abundant than chlorite 
with which it is invariably associated in the propylitic 
zone. According to Browne and Ellis (1970) , a relatively 
high fugacity of CO2 restricts epidote formation, favoring 
incorporation of calcium into a carbonate phase instead.
The high ratio of calcic carbonate or calcite to epidote 
in the propylitic zone therefore corroborates the high COg 
levels in some of the fluid inclusions. Trace amounts of 
zoisite are also seen in the propylitic zone, usually in 
association with chlorite and epidote.

A carbonate mineral, tentatively identified as cal
cite (Wahlstrom, 1955) but too fine grained to determine by 
X-ray,is abundant in the pervasively propylitized rock at 
San Manuel-Kalamazoo. It is found as small anhedral patches 
scattered through the groundmass and incipiently replacing
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plagioclase phenocrysts. Locally, calcite invades coarse
grained sericite and primary biotite of the propylitic zone 
along cleavage planes. Where contact relationships with 
chlorite allow determination, pervasive alteration calcite 
appears paragenetically to be contemporaneous to post
chlorite in age.

Veinlet Controlled Alteration 
and Mineralization

Distinguishing veinlet-related from pervasive al
teration and mineralization at San Manuel-Kalamazoo is not 
always possible. Commonly, particularly where veinlets 
are closely spaced and have diffuse alteration envelopes, 
the outer edge of the envelope blends imperceptibly with 
pervasive alteration. Nevertheless, veinlet-related 
alteration is often sufficiently distinctive to justify 
treating it separately, and broad paragenetic and compo
sitional distinctions among veinlets can be made and follow 
here.

. Quartz Veinlets. Widely distributed, variable width 
veinlets of quartz are among the earliest veinlets to form 
at San Manuel-Kalamazoo. These veinlets are composed of 
somewhat milky to relatively clear quartz which is mostly 
clearer than groundmass rock quartz. Like groundmass rock 
quartz and pervasive secondary quartz, they commonly contain 
tiny sericite inclusions in addition to Type I, II, and III
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fluid inclusions. A summary of fluid inclusion-veinlet 
relationships is presented at the end of the veinlet- 
related alteration portion of this chapter. These early 
quartz veinlets are barren or contain only traces of sul
fides and other minerals. Where crosscutting relationships 
permit determination, the barren quartz veinlets usually 
predate sulfide-bearing veinlets (Fig. 42). The borders 
of these veinlets are occasionally indistinct and diffuse, 
and the veinlets themselves tend to meander discontinuously 
through the rock. Although observations on distributions 
of this veinlet type are limited, it is present in the 
Precambrian as well as Laramide porphyries, and in the 
potassic, phyllic, and phyllic-argillic zones in DDK K-23 
and K-30. In the phyllic and potassic zones, traces of 
sericite are often present between veinlet quartz grains.
No optically detectible alteration selvages accompany 
these early quartz veinlets.

Quartz-Molybdenite Veinlets. Clear, sharply bounded 
quartz veinlets containing radiating rosettes of bladed 
molybdenite are a second veinlet type observed at San 
Manuel-Kalamazoo. The borders of these veinlets are thinly 
edged by small flakes of molybdenite that parallel veinlet 
walls. Due to contained molybdenite, the veinlet quartz 
usually appears gray to the unaided eye. These veinlets 
contain relatively few, mostly tiny Type I and Type II
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Figure 42. Early quartz veinlet cut by a later 
quartz-pyrite'-chalcopyrite veinlet.
The groundmass cut by the veinlets is predominantly sericite. 
K30-2805; plane polarized light.
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fluid inclusions and almost no solid silicate mineral in
clusions, Quartz-molybdenite veinlets locally contain 
traces of pyrite and chalcopyrite. As pyrite and chal- 
copyrite increase, a few Type III fluid inclusions appear. 
Conditions under which these veinlets formed appear to have 
discouraged fluid inclusion formation. "Distributionally, 
they are present in both Precambrian and Laramide porphyries, 
but are virtually restricted to the potassic alteration 
zone. Where observed, quartz-molybdenite veinlets are mostly 
contemporary with quartz ± potassium feldspar ± sulfide 
veinlets. Age relationships with the early barren quartz 
veinlets are more uncertain, but at least locally the 
quartz-molybdenite veinlets are later. Nowhere were these 
veinlets seen to be bordered by alteration envelopes.

Quartz + K-Feldspar ± Calcite A Sulfide Veinlets.
This veinlet type is the most compositionally diverse and 
variable at San Manuel-Kalamazoo, occurring in Precambrian 
as well as Laramide porphyries. Useful subtypes of this 
veinlet type may well exist in time and space, but reliable 
discernment of them will require considerable detailed 
mine mapping. In the phyllic, phyllic-argillic, and 
propylitic zones, secondary K-feldspar, albite, apatite, 
and anhydrite are absent, while in the potassic zone these 
minerals conspicuously accompany the ubiquitous quartz, 
calcite, and sulfides. The sulfides in these veinlets
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include pyrite, chalcopyrite, molybdenite, and rare 
bornite. Pyrite becomes increasingly abundant relative 
to other sulfide minerals outward, and molybdenite and 
bornite gradually become absent outward from the alteration 
zoning center. Traces of magnetite altering to hematite 
are persistently present. When it is present, magnetite 
is in places partially replaced by pyrite. In the potassic 
alteration zone, sericite and more rarely secondary biotite 
occur within and interstitial to the veinlet quartz and 
within and replacing secondary veinlet K-feldspar. The 
ratio of quartz to K-feldspar in these veinlets is ex
tremely variable and veinlets are locally composed of a 
fine-grained mosaic of K-feldspar crystals (Fig. 43A) with 
only a trace of quartz. The reverse of this relative 
abundance is also observed. Even deep within the potassic 
zone there is evidence from this veinlet type that con
siderable sericitization post-dated emplacement of veinlet 
K-feldspar. For example, in Fig. 43B a K-feldspar veinlet 
shows a centrally disposed filling of sericite. Three 
possibilities are indicated: (1) a veinlet formed in which
K-feldspar deposited along the edges while sericite was 
subsequently deposited as a filling along the center as 
vein development progressed; (2) the K—feldspar veinlet 
was reopened and sericite was subsequently deposited along 
the newly reopened fracture; and (3) the central disposition





Figure 43. Veinlet related potassic alteration,
San Manuel-Kalamazoo, K-30.
A. A veinlet of fine-grained secondary K-feldspar (or)
cuts groundmass quartz (q). K30-4190; crossed polarized
light.
B. Veinlet of secondary K-feldspar (or) between two
quartz grains (q) is filled or cut along its center by 
secondary sericite (s). K30-3985; crossed polarized light.
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Figure 43. Veinlet related potassic alteration,
San Manuel-Kalamazoo, K - 3 0 .
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of sericite relative to K-feldspar is a new manifestation 
of the reaction rim effect seen earlier in pervasive al
teration. In this instance sericite and K-feldspar form 
contemporaneously, with the relative positions of each 
determined by availability of SiOg. The third possibility 
is discounted because the width of sericite relative to the 
bordering K-feldspar in contact with the quartz is neither 
constant nor consistent. Whichever of the first two pos
sibilities is correct, sericite is post-secondary K- 
feldspar.

Albite is more abundant in these veinlets in the 
potassic alteration zone than was initially suspected.
Figure 44 shows albite in contact with calcite and quartz 
in a quartz-calcite-potassium feldspar veinlet. Such albite 
shows local incipient alteration to a fine grained white 
mica and has a peculiar "patchy" appearing twinning where 
twinning is present. More extensive study of secondary 
and veinlet-related albite should be undertaken to reveal 
possible paragenetic and zonal relationships with secondary 
K-feldspar.

The chemical control which veinlet wall minerals 
exert upon veinlet mineralogy is well illustrated in Fig. 
44B. Where the veinlet at the bottom of the photograph 
intersects the primary biotite flake, a grain of pyrite has 
been deposited, the only veinlet sulfide mineral present in





Figure 44. Veinlet related potassic alteration,
San Manuel-Kalamazoo, K-23.
A. Albite Cab) associated with calcite (c) and quartz
(q) in a quartz-potassium feldspar-calcite-sulfide veinlet. 
K23-3212; crossed polarized light.
B. Primary biotite (pbt) and a plagioclase phenocryst 
are cut by quartz-potassium feldspar veinlets resulting 
in deposition of pyrite and calcite, respectively, within 
the veinlets where they cut these minerals. The plagio
clase phenocryst has been replaced by albite (ab), 
secondary K-feldspar (or), and kaolinite (k). Fine
grained secondary biotite (sbt) is present in the ground- 
mass. K23-3008; crossed polarized light.
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Figure 44. Veinlet related potassic alteration,
San Manuel-Kalamazoo, K - 2 3 .
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the field of view. Thus the immediate, local abundance of 
iron from the intersected rock biotite adjacent to the 
veinlet has had a direct and important influence upon sul
fide deposition in the veinlet, and is a commonly observed 
depositional control for sulfides in veinlets of this type 
in all alteration zones at San Mamie1-Kalamazoo.

The effect of wall rock mineralogic control upon
hydrothermal vein chemistry is illustrated in the veinlet
at the top of the photograph as well. In this instance,
a quartz veinlet with minor K-feldspar has intersected a
plagioclase phenocryst. Outside the phenocryst the veinlet
is filled with quartz. Where it cuts the phenocryst, it
is filled with calcite, the calcium of which has been
leached from the adjacent plagioclase. Intersection of the
phenocryst by the veinlet has resulted in its alteration
to a splotchy intergrowth of secondary K-feldspar and albite.
Significantly, islets of kaolinite and holes left from
plucked out kaolinite are present in contact with secondary
alkali feldspar replacing the phenocryst. Each of the
veinlets is terminated at the left edge of the photographic
field of view by a patch of fine-grained secondary biotite,
possibly but not definitively indicating post-veinlet

»biotization.
The calcite in these quartz + K-feldspar ± calcite

+ sulfide veinlets, in addition to the above mentioned
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occurrence f is found as fillings along the central portion 
of the veinlets, interstitial to and later than the quartz 
and sulfide. Openings and fractures in the other veinlet 
minerals caused by reopening of the veinlet are characteris
tically filled with calcite.

K-feldspar and Na-feldspar are typically most 
abundant along the center line of the veinlets and as rims 
at its edges. Locally, veinlet K-feldspar is intergrown 
with sericite and secondary biotite. Apatite and anhydrite, 
among the least abundant gangue minerals in these veinlets, 
are restricted to the potassic zone. They occur as anhedral 
grains in contact with and apparently contemporary to 
veinlet quartz, but pre-dating veinlet calcite, Very 
rarely, small patches of kaolinite in contact with calcite, 
quartz, and secondary K-feldspar occur in this veinlet type.

The sulfide minerals in these complex veinlets, 
whether pyrite, chalcopyrite, molybdenite, or bornite, 
are most abundantly centrally disposed, with only scattered 
grains found toward the veinlet edges. The sulfides for 
the most part thus occupy a texturally late veinlet posi
tion .

In this veinlet type, quartz is usually more 
clouded than that in quartz-molybdenite veinlets and is 
similar in appearance and fluid inclusion content to the 
early barren quartz veinlets in that high temperature
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Types I, II, and III fluid inclusions predominate. In the 
phyllic zone particularly, the potassic zone less abundantly, 
tiny inclusions of sericite are present in much of the 
quartz.

Quartz ± K-feldspar ± calcite + sulfide yeinlets 
commonly, but by no means always, have appreciable altera
tion envelopes extending outward from the veinlet into 
the wall rock. These envelopes are best developed in the 
potassic and phyllic alteration zones. In the potassic 
zone they consist of a K-feldspar rim usually narrower in 
width than the vein it rims, but in many cases flooding 
outward to a width of several centimeters from the veinlet. 
This K-feldspar is untwinned and lightly flecked with fine
grained sericite. In the phyllic and phyllic-argillic zones 
the alteration borders are marked by a band of exceptionally 
heavy sericitization, often several times the vein width.
In these heavily sericitized alteration aureoles no K- 
feldspar or plagioclase has escaped complete sericitiza
tion. Paragenetically, the quartz + K-feldspar + calcite 
± sulfide veinlets appear to post-date most of the 
early barren quartz veinlets, but are pre-quartz-chlorite 
and pre-calcite ± quartz veinlet. Of all veinlet types, 
these veinlets are the most closely associated with introduc
tion of major copper mineralization at San Manuel-Kalamazoo.
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Biotite and Sericite Veinlets. These veinlets are 
two separate entities, occurring as biotite or sericite 
veinlets but not biotite-sericite veinlets. Both are dis
continuous microveinlets which do not exceed a few centi
meters in length. They are typically narrow, occupy tiny 
hair-line fractures in the rock, and have no alteration 
aureoles. The biotite veinlets are restricted to the 
potassic alteration zone, while sericite veinlets are found 
in potassic, phyllic, and phyllic-argillic zones. Both 
occur in Laramide as well as Precambrian porphyries. These 
veinlet types appear to be minor localized concentrations 
of biotite and sericite along tiny zones of reduced pressure 
formed by the opening up of lens-like microfractures, and 
are probably the same age as most of the pervasive altera
tion involving these two minerals.

Quartz-Chlorite Veinlets. These veinlets are ex
cluded from the potassic alteration zone but occur in the 
propylitic, phyllic, and phyllic-argillic zones, in the 
propylitized rocks associated with the San Manuel fault 
zone, and in Laramide as well as Precambrian porphyries.
Most veinlets of this type are less than 2-3 mm wide. The 
guartz/chlorite ratio is variable, but generally exceeds 
one (Fig. 45A). Rarely, these veinlets are composed en
tirely of fine-grained chlorite (Fig. 45C). Most of this 
veinlet quartz is water-clear and contains only very sparse,
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Figure 45. Veinlet related propylitic alteration, 
San Hanuel-Kalamazoo,
A. Quartz (q)-chlorite (chl)-pyrite (p) veinlet with 
centrally disposed chlorite. K30-2834; crossed polarized 
light.
B. Quartz (q) veinlet with a trace of sericite which
is flanked by a border of Mg-chlorite (chi) and epidote 
(ep). K23-3396; plane polarized light.
C. Veinlet of very fine-grained chlorite (chi) cutting 
pervasively sericitized groundmass in the phyllic zone. 
Traces of chlorite are present interstitial to the 
sericite outward from the veinlet into the groundmass. 
K30-2896; crossed polarized light.
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Figure 45. Veinlet related propylitic alteration, 
San Manuel-Kalaraazoo.
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Figure 45. (Continued)
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tiny, low temperature Type I and IV fluid inclusions. No 
sericite inclusions are present. Veinlet sulfides are 
restricted to sparse pyrite (Fig. 45A). Magnetite and 
specular hematite are more common, generally in close 
association with chlorite. The chlorite in these veinlets 
is Mg-rich. Texturally younger than veinlet quartz, 
chlorite typically fills the central portion of the veinlet 
(Fig. 45A), but also occurs as a bordering rim (Fig. 45B). 
The presence of quartz-chlorite veins in alteration zones 
internal to the propylitic zone provides evidence for inward 
encroachment of propylitic alteration upon the phyllic- 
argillic and phyllic alteration zones with the passage of 
time. The veinlets in both Figs. 45A and 45C cut heavily 
sericitized rock of the phyllic zone.

Calcite + Quartz Veinlets. The youngest veinlets 
at San Manuel-Kalamazoo cut all pervasive alteration min
erals and other veinlet types and consist of calcite + 
quartz. Typically these veinlets range in width from 
hair-line fillings up to 2-3 mm, and locally fill reopenings 
of the quartz ± K-feldspar + calcite + sulfide veinlets. 
These veinlets appear ubiquitously in all alteration zones, 
and harbor neither sulfides or magnetite-hematite, nor do 
they have an alteration envelope. Rarely, however, they 
do carry traces of sericite, confirming that phyllic al
teration continued from the relatively early potassic stage
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of alteration to the latest post-sulfide alteration. Cal- 
cite + quartz veinlet borders are sharply defined and no 
obvious local chemical control over veinlet composition 
is exercised by intersected wall rock minerals.

Of the six veinlet types described above, the five 
with quartz were studied for their fluid inclusion contents 
as reported in Chapter V. Table 6 summarizes the veinlet- 
fluid inclusion interrelationships.

Table 6. Relationship of fluid inclusions to veinlet types.
c = commonly present; i = infrequently present; 
r = rarely present; n - none observed

Max. Approx. Inclusion
Temp, of Types Present
Homog. of -----------------

Veinlet Type Fluid Incl. I . II i n IV V

Quartz 550OC-600°C c c c i-n r
Quartz-Moly. 475°C c c i? r-n r
Quartz ± K-feldspar ± 

Calcite + Sulfide
450OC-475°C c c c r-n r

Quartz-Chlorite 250OC-300°C c n n c n
Calcite ± Quartz 250°C-300OC c n n c n
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X-Ray Diffraction Studies of 

Secondary K-Feldspar
The compositions and structural states of secondary 

K-feldspars at San Manuel-Kalamazoo were studied by X-ray 
diffraction techniques in a suite of samples collected 
across the potassic alteration zone along the 2375 mine 
level. The locations of the samples are shown in Fig. 46, 
with sample numbers increasing from the central potassic 
zone toward the phyllic zone. The K-feldspar in each sample 
is from quartz-potassium feldspar-sulfide veinlets from 
which K-feldspar sufficiently pure for X-ray analysis was 
obtained by sawing out the veinlet, crushing it, and hand 
picking the K-feldspar.

Scanning runs of each diffraction peak critical to 
structural and compositional determinations were made 10 
times for each sample at a goniometer and chart recorder 
rate of 1° 20 per minute using CuK=radiation. The (010) 
reflection for KBrOg was used as an internal standard for 
the (201) measurement, while the (200) and (112) quartz 
reflections were used respectively as internal standards 
for samples run for the (060) and (2*04) K-feldspar re
flections .

As defined by Ragland (1970), the value of 6 quan
tifies the K-feldspar structural determination method of 
Wright (1968). Structural state variations between the
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Figure 46, Plan map of a portion of the 2375 mine level, showing loca- 146
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maximum microcline-low albite and the orthoclase series 
are described by 6, while 6’ describes the variation between 
the orthoclase and the sanidine-high albite series. These 
values vary from 1.00 to 0.00 for 6 and 0.00 to -1.00 for 
6’. The larger the positive 6 value, the more structurally 
ordered the alkali feldspar and the lower the temperature 
of its formation. Values of 6 are presented in Table 7.
29 values for (060) and (204) of alkali feldspars at San 
Manuel and of feldspars plotted by Wright (1968) are shown 
on Fig. 47.

As seen from Table 7 and Fig. 47, veinlet K-feldspar 
at San Manuel-Kalamazoo has an intermediate degree of 
structural ordering which places it closer to orthoclase 
than to microcline. A single sample (#7) for unexplained 
reasons is considerably more disordered. No well defined 
trend in K-feldspar structural states across the potassic 
zone is indicated, although there is suggestion that veinlet 
K-feldspars nearer the phyllic zone are slightly less 
ordered.

Table 8 shows the composition data for the same 
K-feldspar samples. These measurements were made using the 
method of Orville (1963) and are the average of 10 de
terminations for each sample. The compositional variation 
among samples is confirmed by electron microprobe data.
As seen from the table, veinlet K-feldspars at San Manuel-



Table 7. 6 values of veinlet K-feldspar at San Manuel.

Sample Number
1 2 3 4 5 6 7 8 9

6 0.450 0.420 0.538 0.215 0.215 0.185 0.097
6' -0.990 -0.004

6 9.063 + 20 (060) 
0.340

26 (204)

6' 9.063 + 26 (060) 
0.205

26 (204)

148
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Figure 47._ Measured 26 values of (060) plotted 
against measured (20.4) for alkali feldspars at San Manuel 
and elsewhere.
Adapted from Wright (1968).
Solid squares: maximum microcline-low albite series
(Orville, 1967).
Open squares: orthoclase series (Wright and Stewart r
1968),
Solid circles: high sanidine - high albite series
(Orville, 1967).
Open circles: high sanidine - high albite series (Donnay
and Donnay, 1952).
Numbered circles with X's: veinlet alkali feldspars,
2375 crosscut, San Manuel orebody.
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Table.8. Veinlet K-feldspar compositions at San Manuel.

Mol.
o\°

Sample Number
1 2 3 4 5 6 7 8 9

Or 99 94 94 94 94 94 94 100 99

Kalamazoo are quite pure, with generally less than 6 per 
cent Na-feldspar in solid solution in the K-feldspar. Com
positional comparison of primary and veinlet K-feldspar was 
made by electron microprobe and follows below.

Electron Microprobe Examination 
of Alkali Feldspars

In this phase of alteration mineral study at San 
Manuel-Kalamazoo, polished surface mounts of veinlet alkali 
feldspar from sample locations in the 2375 crosscut (Fig. 
46) were used. An additional 21 polished thin section 
mounts excised from the polished plates studied petrograph- 
ically and geothermometrically were also used. The latter 
samples are from the Laramide porphyries in DDK K-23 (Fig. 
37)t and contain a variety of alkali feldspar phases 
petrographically identified as primary, veinlet, and non- 
veinlet secondary, and spanning the phyllic and potassic 
alteration zones (see Appendix C).
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The microprobe data were collected in hope of 
detecting possible variations or changes in alkali feldspar 
compositions in time and space and with the intention of 
using the information to interpret their genetic environ
ment. By comparing electron microprobe analytical data for 
veinlet alkali feldspars with data obtained on fluid in
clusion alkali chloride compositions in this veinlet type, 
a test was made of the hypothesis that the alkali ratio of 
fluids entrapped in Type III fluid inclusions at San Manuel- 
Kalamazoo may be controlled by reaction with the coexisting 
feldspar phases.

Analytical Method
Polished surfaces and thin section mounts of the 

samples were prepared, petrographically studied, and 
analyzed by electron microprobe to determine the quantities 
and distributions of K, Na, and Ca in the alkali feldspars. 
While definition of veinlet related alkali feldspar as 
secondary was obvious, paragenetic definition of pervasive 
groundmass feldspar was not. Secondary metasomatic K- 
feldspar at San Manuel-Kalamazoo, however, tends to have an 
orangey hue in contrast to a pinkish color for primary 
K-feldspar. Where replacement textures such as corroded 
grain boundaries could be discerned, the pervasive non- 
veinlet alkali feldspar was termed secondary. Electron 
microprobe analyses were jnade of prepared polished
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samples by E. Mathez, now of the Department of Geological 
Sciences, University of Washington. A number of factors 
importantly pertinent to reduction of the raw data and 
interpretation of the results are presented in Appendix C.

Results
Initial microprobe scans demonstrate that secondary 

alkali feldspars at San Hanuel-Kalamazoo dominantly occur 
as two separate, distinct phases rather than as crypto- 
or micro-perthites, antiperthites, or similar intimate 
intergrowths. Figures 48 and 49 show weight per cent K and 
Na in K-feldspar veinlet samples across the potassic zone, 
2375 crosscut, and for pervasive metasomatic and groundmass 
K-feldspar in DDH K-23. The bars on either side of the 
average value point for potassium represent maximum-minimum 
range limits. The average variation is less than one weight 
per cent Na, although some Na values are more erratic.

The average potassium content of the veinlet feld
spar is greater than that of the non-veinlet feldspar in 
the K-23 analyses (Table 9). In comparison, although 
veinlet Na-feldspars contain more Na than pervasive Na- 
feldspar even when relict phyllic zone plagioclase is 
omitted in the latter (Fig. 50 and Table 9), the differences 
are small. Analogous to the Na-feldspar composition rela
tionships, phyllic zone primary groundmass K-feldspar
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Figure 48. Electron microprobe analysesf veinlet 
K-feldspar phase, 2375 crosscut, San Manuel orebody.
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Figure 49. Electron microprobe analyses, pervasive 
K-feldspar phase z DDH K-23, Kalamazoo orebody.
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Table 9. Average alkali feldspar compositions, San Manuel- 
Kalamazoo ore deposit, Arizona.

Wt. % _ ... .
K-feldspar Phase K Na Or (Calc, to 100%)

2375 crosscut 12.83 0.51 94.04
DDK K-23 11.93 1.14 86.72
DDK K-23 (K-zone only) 11.89 1.15 86.52

Wt. %
Na-feldspar Phase Na K Ca Ab Or An

2375 crosscut 8.58 0.27 0.40 95.48 1.84 2.68
DDK K-23 8.35 0.23 0.44 95.36 1.55 3.08
DDK K-23 8.34 0.22 0.45 95.34 1.59 3.07
(K-zone only)
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95Wt. X Ab

Figure 50. Electron microprobe analyses, veinlet 
Na-feldspar phase, 2375 crosscut and pervasive Na-feldspar 
phase, DDK K-23.
Circles: samples from the 2375 crosscut, potassic zone,
San Manuel mine.
Squares; samples from DDK K-23, phyllic zone, Kalamazoo 
orebody.
Triangles; samples from DDK K-23, potassic zone, Kalamazoo 
orebody.
See Appendix C for descriptions corresponding to the sample 
numbers given above.
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compositions are very similar to secondary pervasive ground- 
mass K-feldspar compositions.

Also significant is the lack of an apparent system
atic change in composition of Na-feldspars or K-feldspars 
across the alteration zones. Thus there is a compositional 
change between pervasive and veinlet K-feldspar compositions 
toward a more K-rich feldspar in the latter, and perhaps 
suggestion of an analogous but smaller change in the Na- 
feldspar. Similarly, the rims of primary K-feldspar grains 
are more K-rich than the cores, and are very similar in 
composition to veinlet K-feldspar. In contrast, neither K 
nor Na-feldspar compositions within the two mineralogic 
settings seem to change with respect to position across the 
designated alteration zones.

The averaged electron microprobe analyses for 
veinlet Na and K-feldspar from the 2375 crosscut are plotted 
on Figs, 51 and 52, adapted from Orville (1963). The data 
in Fig. 52 has been used to construct a 500°C tie line on 
Fig. 51, a temperature in closer agreement with fluid in
clusion data for this veinlet type. According to Orville 
(1963), a 3000 bar drop in pressure is equivalent to only 
a 30°C increase in temperature in its effect on the system 
equilibria, and changing the total alkali concentration by 
an order of magnitude is an even less sensitive factor. 
Application of the experimental data to conditions of lower
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Figure 51, Vapor-crystal tie lines at 500°C 
(dashed) and 600°C (solid),
Veinlet alkali feldspar compositions from the 2375 cross
cut and the alkali composition of fluid inclusions in these 
yeinlets are plotted on Orville’s (1963) experimental work. 
Points a, b, and c indicate respectively maximum, average, 
and minimum values of fluid inclusion alkalies for Type III 
inclusions in quartz-potassium-feldspar-sulfide veinlets.

Figure 52. Vapor-crystal alkali distribution 
curves at 500 C, 600 C , 650 C, and 700 C.
Horizontal dashed-line portion of the isotherms repre
sent the extent of alkali feldspar immiscibility at each 
temperature. Dashed line from the vein K-feldspar composi
tion point shows the predicted alkali content of the vapor 
(aqueous) phase. Adapted from Orville (1963).
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Figure 51. Vapor-crystal tie lines at 500 C 
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Figure 52. Vapor-crystal alkali distribution 
curves at 500 C, 600 C, 650 C, and 700 C.
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pressure, higher alkali concentration at San Manuel- 
Kalamazoo therefore seems justified. On Fig. 51, fluid 
inclusion and veinlet feldspar data from San Manuel- 
Kalamazoo are in agreement with the respective vapor-crystal 
equilibria compositions indicated experimentally. Points 
a, b, and c indicate respectively maximum, average, and 
minimum values for fluid inclusion compositions in quartz 
in quartz-alkali feldspar veinlets. At 500°C there is a 
large 2-feldspar plus vapor field within which two alkali 
feldspars (secondary Ab and Or at San JManuel-Kalamazoo) 
coexist at equilibrium with a vapor containing alkalies in 
the molar proportion Nag2 K^g. As fluid inclusion composi
tions associated with the early barren quartz and quartz- 
potassium feldspar-sulfide veinlets cluster near this point, 
a thesis is supported that reaction of the aqueous phase 
with alkali feldspars filling the veinlets and deposited 
metasomatically in the groundmass control the alkali ratio 
in the fluid inclusions.

A similar relationship is shown in Fig. 52. The 
veinlet K-feldspar composition at 500°C predicts a somewhat 
higher average molar K/K+Na in the vapor phase at about 34 
per cent, but nevertheless near point "a" on Fig. 51. At 
temperatures below 500°C, the K/K+Na in the vapor phase 
would decrease.



Abstraction of Water by 
Alteration Minerals

160

Biotite, sericite, and kaolinite-montmorillonite, 
the hydrous alteration minerals most directly associated 
with the ore-forming system, form a volumetrically sig
nificant portion of the altered rocks. Calculation of the 
quantities of water involved was attempted in order to 
evaluate the possibility that water abstracted from the 
ore-depositing hydrothermal-magmatic system by these hydrous 
minerals was sufficient to significantly enrich the re
maining aqueous phase in alkali chloride.

Figure 53 depicts the author1s best estimate of 
alteration zone dimensions and geometries used in the cal
culations, and the average amounts of hydrous minerals in
volved. Hydrous minerals of the propylitic alteration zone 
were not considered because of their more doubtful, less 
direct connection to waters of the ore-depositing system. 
Average water contents for each hydrous alteration mineral 
were taken from Deere, Howie, and Zussraan (1962). The 
quantity of water removed from the system to form the 
hydrous alteration minerals is appreciable, on the order 
of 95 billion gallons or 360 billion liters of water. Al
though potassium as well as hydroxyl ions will be taken 
into secondary biotite and sericite from the hydrothermal 
phase, sodium and chlorine will not. Perhaps in addition
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Figure 53. Alteration zone dimensions and geo
metries and the abstraction of H,0 from the system by 
hydrous alteration minerals. z
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to boiling, then, this selective partitioning is an im-
•1. wportant internal mechanism for raising the Na and Cl 

contents of the residual hydrous phase to the high levels 
observed in Type III fluid inclusions. This partitioning 
process may also act as a buffer mechanism, keeping Na+ 
high in relation to K+ in the residual aqueous phase.

The average ratio of opaque daughter mineral to
fluid inclusion radii at San Manuel-Kalamazoo (p, 581
indicates a decrease of metallic component concentration
in the hydrothermal solution upon deposition of the sulfide
of about 1 gram/liter (Roedder, 1960, Fig, 6). Knowing the
tonnage (1 x 10 tons) and average ore grade (0.6 per cent
Cu) at San Manuel-Kalamazoo, and assuming a water content
of 6 per cent in the original magma (Holland, 1972), 100
per cent extraction of the water into a hydrothermal phase,
and 100 per cent extraction of the copper from the aqueous
phase, a rough minimal estimate of the volume of magma
required to account for deposition of the quantity of
copper present at San .Manuel-Kalamazoo is possible. This
estimate indicates a volume of magma on the order of 100 

3 3Km or about 24 mi (a cube about 2.9 miles on edge) is 
sufficient to provide the quantity of copper present in 
the San Manuel-Kalamazoo orebody. Assuming 100 per cent 
extraction of the water, roughly 10 liters of HgO would 
be given off by such a body of magma. Of this amount,
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roughly 360 x 10 liters or 6 per cent are tied up in the 
hydrous alteration minerals associated with ore deposition. 
This quantity is a significant fraction of the magmatic 
water, and indicates that the quantity of water abstracted 
by hydrothermal minerals is sufficient to contribute to 
enrichment of NaCl in the residual aqueous phase.

Summary of Alteration Data
At San Manuel, study by many workers has unravelled 

and partially revealed alteration interrelationships. In 
this report, core samples from two drill holes, K-23 and 
K-30, provide two complete sequences complementary to the 
geochemically and geothermometrically studied sample suites.

It is found that the outer alteration zones pro
gressively encroach or collapse back upon the more central 
zones. This is manifested in such features as replacement 
of pervasive secondary biotite of the potassic zone by 
sericite plus rutile, and local cutting of secondary K- 
feldspar by sericite. Thus at least two periods of sericite 
deposition are suggested; an early one beginning with 
deposition of early secondary quartz and in part contem
poraneous to secondary biotite and K-feldspar deposition, 
and a second or more likely continuing post-biotite and 
secondary orthoclase period. Chlorite and quartz-chlorite 
veinlets cut pervasively sericitized rock of the phyllic

9
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alteration zone, and chlorite locally replaces sericite and 
sericitized secondary biotite.

The chemistry of the wall rock exerts a direct and 
immediate control on early but not late veinlet composi
tions . Thus where a veinlet cuts a grain of biotite, 
sulfide deposition is favored, and where plagioclase is cut, 
calcite deposition in the veinlet is common. Local avail
ability of silicon favors development of secondary K- 
feldspar at the margins of sericitized plagioclase pheno- 
crysts where they are in contact with quartz, and has in 
places stabilized the otherwise incompatible alteration 
mineral pair, kaolinite and K-feldspar,

Veinlets have been compositionally subdivided into 
six varieties and further mine mapping may permit more 
subdivisions. The distribution of these veinlet types in 
time and space is summarized in Fig. 54, and their relation
ship to fluid inclusion data is given in Table 6. X-ray 
and electron microprobe work discloses the presence of two 
pure secondary alkali feldspar phases rather than inter
mediate solid solutions, and indicates they were formed 
under conditions approaching equilibrium with the hydro- 
thermal fluids. Secondary veinlet K-feldspar is a well- 
ordered orthoclase. Appreciable spatial change in Na and 
K feldspar compositions across the potassic zone is not 
evident, although there is an observed potassium enrichment 
in the veinlet alkali feldspars with respect to primary and
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veinlet types at San Manuel-Kalamazoo in space and time. 165
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metasomatic feldspars. According to Orville (1962, 1963), 
driving mechanisms which would produce such a spatial change 
or Na/K variation in the alkali feldspars are temperature 
gradients or systematic spatial variation in Ca in plagio- 
clase. Relatively higher temperatures, a greater content • 
of calcium in plagioclase, or a greater abundance of calcium 
bearing plagioclase would result in a higher Na/K in the 
crystal phase. The lack of such spatial trends across the 
deposit, either in relative abundances of the two alkali 
feldspars or in the Na-K compositions of either is in 
agreement with the geothermometric evidence that there was 
no significant temperature gradient across the potassic- 
phyllic alteration zones at the time secondary alkali 
feldspars were being deposited. Neither is there evidence 
that primary plagioclase changes significantly in abundance 
or calcium content across the ore system. In fact, there 
is some suggestion for reequilibration of rock alkali feld
spars with the subsequently introduced altering solutions 
responsible for secondary alkali feldspar deposition. Plots 
of fluid inclusion alkali contents coexisting with veinlet 
alkali feldspars on experimental systems indicate that 
reaction of the aqueous phase with coexisting alkali feld
spars in the system controls and limits the alkali content 
and Na/K ratios in the aqueous phase. In addition to



boiling, high alkali chloride levels in the aqueous phase 
are promoted by abstraction of H^O by hydrous alteration 
minerals.



CHAPTER VII

GEOCHEMICAL INVESTIGATIONS

A third approach to the problems of porphyry copper 
genesis is the geochemical investigation of such systems. 
Major element gain-loss, trace element variation, and ele
ment ratio variation were studied in wall rock and in
trusive rock traverses across the mineralization-alteration 
zones at San Manuel-Kalamazoo.

Methods of Study
The data reported are part of a larger geochemical 

study being conducted by the U. S. Geological Survey. 
Chemical, spectrographic, and specific gravity analyses 
were made by the U. S. Geological Survey under the direction 
of Dr. Maurice A. Chaffee, Branch of Exploration Research, 
Denver, Colorado. The material analyzed consisted of the 
drill core samples studied petrographically and geothermo- 
metrically and collected at approximate 50 foot intervals 
along the same two drill holes, K-23 and K-30. Only samples 
collected from that portion of the drill holes penetrating 
bedrock are reported here.

168
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Thirty-five elements were initially determined (Fe,
Mg, Ca, Ti, Al, Ha, Si, K, Mn, Ba, P, Co, Cd, Cr, V, Cu,
Mo, Sr, Pb, Zn t Hg, Be, Hi, Sc, Zr, F, I, S, Rb, Se, Li,
Tl, Yb, Y, and Ga) and are reported here. All but 12 
element concentrations were determined by a six-step semi- 
quantitative spectrographic method (Meyers, Havens, and 
Dunton, 1961). Thallium, Ha, K, and Li were determined 
by atomic absorption methods (Ward and others, 1969), Se,
Sb, P, S, and Si by wet chemical methods, F and I by a 
specific ion electrode technique, and Hg by mercury de
tector. Specific gravities were determined for all samples 
using an air pyncnometer. Samples plotted at 0.0 ppm 
reflect values below analytical detection limits, rather 
than an actual chemical absence.

Gain-loss and element ratio data were computed 
using the University of Arizona's Control Data Corporation 
6400 computer. An existing graphic subroutine program 
(Topliff, 1970) was adapted for programming a magnetic tape 
of the data to drive a Calcomp drum plotter. The plotter 
facilitated the plotting of element concentration versus 
drill hole depth. A small number of isolated analyses were 
in certain instances ignored because of pronounced enhance
ment of element concentration believed to reflect non
representative sampling.
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The data show that hypogene dispersion patterns 

reflect the results of element migration during metalliza
tion. Such migrations may have occurred during both mag
matic and post-magmatic stages. Because of the deep burial 
of the Kalamazoo orebody and a resultant lack of appreciable 
oxidation or enrichment, secondary element dispersion after 
the cessation of hydrothermal activity is believed to be 
essentially nil. In each drill hole, samples were selected 
to reflect the gross pervasive alteration-mineralization 
distributions rather than alteration envelopes of individual 
veinlets. This feature sets the present study apart from 
most pervasive alteration gain-loss studies (Sales and 
Meyer, 1948).

Major Element Distributions 
The volumetric abundance of Fe, Mg, Ca, Ti, Al,

Na, Si, and K across ore-alteration zones of the Kalamazoo 
orebody are given in Figs. 55-60. Table 10 compares average 
element concentrations in fresh rock and altered rock at 
the Kalamazoo orebody to their counterpart rocks in the 
literature. The "fresh" porphyritic quartz monzonite, 
quartz monzonite porphyry, and biotite dacite porphyry 
are the freshest rocks obtainable in immediate proximity 
to the mine. Nevertheless, they do show incipient pro- 
pylitization. In the Laramide intrusive porphyries cut 
by K-23, specific gravity and Fe concentration maxima
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G R A V I T Y

Figure 55, Variation of specific gravities, total
Fe, and Mg across pervasive alteration zones, Laramide
porphyry, DDK K-23, Kalamazoo orebody.
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_ , Figure 56. Variation of specific gravities, total
p o ^ h y r y / D D H T I o r H ^ ^ o o ^ b o l y ?  Precambrlan
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. Figure 57, Variation of Ca t T i , and A1 across
pervasive alteration zones, Laramide porphyry. DDK K - 2 3 ,
Kalamazoo orebody.
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. Figure 58. Variation of Ca, Ti, and A1 across
pervasive alteration zones, Precambrian porphyry, DDK
K-30, Kalamazoo orebody. f
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Figure 59. Variation of Na, Si, and K across
pervasive alteration zones, Laramide porphyry, DDK K - 2 3 ,
Kalamazoo orebody.
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Table 10. Arithmetic mean values of major and minor 
element abundances.

Rock Type ___________ Average Element Abundance
%Pe2+3 %Mg %Ca %Ti %A1 %Na

Fqmp 3.00 1.75 2.50 0.25 2.05
Fbdp 4.00 2.50 4.00 0.50 1.80
Qmp 3.58 0.85 0.80 0.22 7.24 1.67
Fpqm 3.00 0.85 2.00 0.40 1.50
Pqm 2.67 0.49 0.43 0.32 6.70 1.18
Ave. Gd^ 2.96 0.94 2.53 0.34 8.20 2.84
Ave. Grb 1.42 0.16 0.51 0.12 7.20 2.58
Ave. Qm 2.61 0.60 1.75 0.34 7.74 2.49
Clarke^ 5.00 2.09 3.63 0.44 8.13 2.83
Rock Type Average Element Abundance

%K %Si ppm Li ppm Be ppm Sc ppm V
Fqmp 0.85 45 1.5 15 150
Fbdp 1.15 35 1.5 15 200
Qmp 1.93 28.28 48 0.5 8 101
Fpqm 1.85 35 3.0 15 100
Pqm 2.98 31.77 2 11 69
Ave. Gd 2.52 31.40 24 2 14 88
Ave. Gr^ 4.20 34.70 40 3 7 44
Ave. Qm 3.80 32.29 — — — — —
Clarke 3.59 27.72 20 2.8 22 . 135
Rock Type Average Element Abundance

ppm ppm ppm ppm ppm ppm
Cr Mn Co Ni Cu Zn

Fqmp 70 250 15 30 125 37
Fbdp 100 500 20 70 70 52
Qmp 33 118 15 19 2378 25
Fqpm 30 1000 15 15 20 90
Pqm 12 155 13 7 2469 39
Ave. Gd^ 22 540 7 15 30 60
Ave. Gr 4 390 1 4 10 39
Clarkec 100 950 25 75 55 70
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Table 10. (Continued)

Rock Type Average Element Abundance
ppm ppm ppm ppm ppm ppm
Ga Se Rb Sr Y Zr

Fgmp 30 1500 15 125
Fbdp 25 1500 15 100
Qmp 22 4 73 236 5 72
Fpqra 20 300 50 300
Pqm 20 71 116 58 122
Ave. Gd* 17 0.05 110 444 35 140
Ave. Gr 17 0.05 170 100 40 175
Clarke 15 0.05 90 375 33 165
Rock Type Average Element Abundance

ppm ppm ppm ppm ppm ppm
Mo Cd Ba Hg Tl Pb

Fqrap 5 3000 0.06 12
Fbdp 3 1500 0.04 ND
Qmp 21 0.6 577 0.06 13
Fpqm 3 700 0.08 30
Pqm 20 0.5 752 0.12 0.1 22
Ave. Gd 1 0.13 420 0.08 0.72 15
Ave. Gr 1 0.13 840 0.08 2.3 19
Clarke 1,5 0.2 425 0.08 0.5 13
Rock Type Average Element Abundance

ppm ppm ppm ppm
Yb S F P

Fqmp ND 1,455 237 ND
Fbdp ND 440 212 ND
Qmp 1 29,300 567 481
Fpqm 7 660 600 ND
Pqm 5 18,600 517 647
Ave, Gd^ 3.5 300 520 920
Ave. Gr 4.0 300 850 600
Clarke: 3.4 260 625 1050

aTurekian and Wedepohl (1961). 
bNockolds (1954). 
cMason (1966).
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Table 10. (Continued)

Comparison of mean major and minor element abun
dances among fresh Laramide quartz monzonite porphyry 
(Fqmp, 2 analyses), fresh Laramide biotite dacite porphyry 
(Fbdp, 2 analyses), fresh Precambrian porphyritic quartz 
monzonite (Fpqm, 2 analyses), altered porphyritic quartz 
monzonite (Pqm, 60 analyses), altered quartz monzonite 
porphyry (Qmp, 50 analyses), crustal averages for grano- 
diorite (Gd), granite (Gr), and quartz monzonite (Qm), 
and the Clarke.
ND = not detected.
Analysts unless otherwise noted:
J. C. Negri and I. C. Stephenson: S
J. D. Hoffman: Na, K, Li, Cu, Zn, Cd
R. L. Turner: Hg
G. L. Crenshaw: Se
L. A. Bradley and L. D. Forshey: Fe, Mg, Ca, Ti, Mn,

Ba, Be, Co, Cr, Cu, Mo, Ni, Pb, Sc, Sr, V, Y,
Zn, Zr, Ga, Yb 

E. L, Mosier: Rb
Burrow: Si, A1 *
A. E. Hubert and G. L. Crenshaw: Tl
A. Gadayel: P
J. H. Turner: F

U. S. Geological Survey, Denver, Colorado.
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directly reflect the relative abundance of sulfide, par
ticularly pyrite, and peak at the phyllic-argillic altera
tion zone boundary (Fig. 55). This same pattern of dis
tribution is observed for the Precambrian wall rocks 
intersected by drill hole K-30 (Fig. 56). The addition of 
appreciable potassic zone secondary biotite with a high 
ratio of Mg/Fe is reflected in a relatively high Eg con
centration in this zone in K-23 (Fig. 55). The relative 
scarcity of secondary biotite in the Precambrian wall rocks 
is indicated by the absence of appreciable addition of 
Mg to the potassic zone intersected in K-30 (Fig. 56). 
Calcium, appearing to have been added to the potassic zone 
in the Laramide porphyries (Fig. 57), may have had its 
source in altered phyllic zone plagioclase. Calcium is 
relatively less abundant in the Precambrian rocks (Fig. 58).

Titanium and A1 show little or no abundance varia
tion across alteration zones in K-30 (Fig. 58). a  small 
Al increase in the potassic zone of K-23 (Fig. 57) reflects 
introduction of secondary alkali feldspar. Relative to 
their concentrations in the fresh rocks (Table 10), sodium 
and potassium increase in abundance in the potassic zone 
where penetrated by DDH K-23 (Fig. 59). Potassium intro
duced in abundant secondary sericite in the phyllic zone 
probably explains the lack of a sharp increase in potassium 
from phyllic to potassic zones. Alteration and



181
reequilibration of primary phyllic zone K-feldspar to 
provide the potassium to make an appreciable contribution 
to the formation of secondary K-feldspar and sericite may 
also explain the absence of a large potassium increase in 
the potassic zone relative to the phyllic zone. In the 
Precambrian porphyry penetrated by K-30 (Fig. 60), sodium 
and potassium show no pronounced potassic zone enrichment, 
although the decrease of Na from propylitic to phyllic- 
argillic alteration may reflect the alteration of primary 
plagioclase in the latter zone. As is the case in the 
intrusive porphyries, Na and K are appreciably enriched 
in the altered Precambrian rock with respect to the fresh 
rock (Table 10). In both intrusive and intruded rocks 
preliminary data indicates there is an increase in Si 
concentration toward the potassic zone (Figs. 59 and 60).

Minor Element Distributions
Of the 26 minor and trace elements analyzed and 

plotted for the Kalamazoo rocks (Figs. 61 to 78), only those 
showing anomalous concentrations and/or distinctive trends 
are discussed in the text. Table 10 (p. 177) compares 
trace element contents among fresh and altered rocks at 
Kalamazoo and analyses of similar rocks given in the 
literature,

Manganese, as is common in metal-zoned ore deposits, 
is most abundant in the outer portion of the ore-alteration
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Figure 61 Variation of Mn t Ba, and Cd across
pervasive alteration zones, Laramide porphyry, DDK K-23Kalamazoo orebody
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. Figure 62. Variation of Mn, Ba, and Cd across
5e™ aSiV? alteration zones, Precambrian porphyry. DDK K-30, Kalamazoo orebody, c j . ii
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Figure 63 Variation of Co, Cr, and V across
pervasive alteration zones, Laramide porphyry, DDK K-23Kalamazoo orebody
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Figure 64. Variation of Co, Cr
pervasive alteration zones, Precambrian
K-30, Kalamazoo orebody.

, and V across 
porphyry, DDK



186

(ppm)
4 7 0 0

Figure 65. Variation of C u f M o , and Sr across
pervasive alteration zones, Laramide porphyry, DDH K-23,
Kalamazoo orebody.
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Figure 66 Variation of Cuf Mo, and Sr acrosspervasive alteration zones, Precambrian porphyry
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67. Variation of Pb f Zn r and Hg across
pervasive alteration zones, Laramide porphyry, DDK K-23,
Kalamazoo orebody. '
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Figure 68 Variation of Pb• _  ̂ vv x. sr x j  • /jlx m dll Cl 11CJ ,
K ! ^ aS^ ? = ^ » ™ a-i!:!?_iones- Precambrian porphyry
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. Fi9Vre 6 9 : Variation of Be, Ni, and Sc across
pervasive alteration zones z Laramide porphyry# DDK K - 2 3 ,
Kalamazoo orebody.
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. Figure 70. Variation of B e f Ni, and Sc across
Ee?Yas:LVe alteration zones, Precambrian porphyry, DDKK-30, Kalamazoo orebody.
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„ Figure 71, Variation of Zr f Se f and Li across
pervasive alteration zones, Laramide porphyry. DDK K - 2 3 ,
Kalamazoo orebody.
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Figure 72 
alteration zonesf 
orebody.

Variation of Zr and T1 across pervasive 
Precambrian porphyryf DDH K—30, Kalamazoo
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, Figure. 73, Variation of Y b , Y t and Ga across
pervasive alteration zones, Laramide porphyry DDK K—23
Kalamazoo orebody. *
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Figure 74. Variation of Yb, Y z and Ga across
pervasive alteration zones, Precambrian porphyry, DDH
K-30, Kalamazoo orebody.
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75, Variation of F and S across per-
yasive alteration zones, Laramide porphyry, DDK K -23,
Kalamazoo orebody.
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Figure 76. Variation of F and S across oer-
vasrve alteration zones f Precambrian porphyry, DDH K -30.Kalamazoo orebody. ' '
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. Figure 77, Variation of P across pervasive altera
tion zones, Laramide porphyry, DDK K-23, Kalamazoo orebody.
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Figure 78 Variation of P across pervasive altera
orebody
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system in both intruded and intrusive rocks (Figs. 61 and 
62) and along the San Manuel fault at the bottom of DDK 
K-23. Overall, however, it is not anomalously enriched 
with respect to similar barren rocks (Table 10). Barium 
is enriched in the potassic zone in both Precambrian and 
Laramide porphyries (Figs. 61 and 62), partly in response 
to potassium enrichment in this zone. The concentration of 
cadmium is mildly anomalous in the central, potassically 
altered portions of the ore-alteration system in both K-23 
and K-30 (Figs. 61 and 62). Cobalt appears to be somewhat 
enriched in the phyllic zone in Precambrian and Laramide 
porphyries (Figs. 63 and 64). In both wall and intrusive 
rocks, vanadium is enriched in the potassic relative to more 
peripheral alteration zones (Figs. 63 and 64). Copper and 
molybdenum are highly anomalous (Figs. 65 and 66). Con
firming the petrographic findings, Mo and Cu are considerably 
enriched in the altered potassic zone. Strontium is con
centrated in the altered Laramide relative to the Precambrian 
porphyry, although in both it appears to be depleted with 
respect to relatively fresh rocks (Table 10, Figs. 65 and 
66). Its distributional trends are also of interest in 
that it appears to have been removed from the phyllic and 
phyllic-argillic zones relative to the potassic and pro- 
pylitic zones. Strontium's relatively higher levels of 
concentration in the propylitic zone probably reflects
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substitution of Sr for Ca in primary unaltered plagioclase. 
Potassic zone Sr enrichment is due to Sr substitution for 
Ca in carbonate whose source is from the phyllic zone, and 
for K in secondary K-feldspar. Selenium, in the single 
drill hole sampled, is enriched by nearly two orders of 
magnitude over its average abundance in barren rocks of 
similar composition (Table 10). In K-23 it is most enriched 
over a broad area spanning the potassic and phyllic zones 
(Fig. 71) and associated with areas of maximum sulfidiza- 
tion. Lithium, although not anomalously enriched in the 
ore-alteration zones with respect to its level in similar 
barren rocks (Table 10), is most abundant in the phyllic 
and phyllic-argillic zones where it is probably associated 
with secondary mica (Fig. 71). In the Laramide porphyries 
penetrated in drill hole K-23, fluorine distribution has a 
distinct trend and is enriched in the potassic and inner 
phyllic zones, in contrast to its more random distribution 
in the Precambrian porphyry (Figs. 75 and 76). Fluorine’s 
substitution for hydroxyl in sericite seems to be the major 
factor controlling its distribution. Sulfur zoning (Fig. 75 
and 76) in both Precambrian and Laramide porphyries in 
part reflects copper distribution, but in each case it is 
displaced outward with respect to the copper maximum. This 
relationship is to be expected in view of the outward dis
placement of the zone of most abundant pyritization with



202
respect to the ore zone. Analogous to the copper peaks, the 
sulfur maximum for the Laramide porphyry is much broader 
than for the Precambrian porphyry.

Element Ratio Variation
The purposes of calculating and plotting the con

centrations of one element relative to another in this 
report are two-fold: (1) to bring out the distribution
inter-relationships and trends more clearly and (2) better 
to trace the chemical evolution of the ore-forming system.

Plots of K/K+Na (Figs. 79 and 80) show somewhat 
divergent trends, with the ratio of K to total alkali de
creasing very slightly toward the potassic zone in drill 
hole K-23, but increasing slightly in drill hole K-30. 
According to Orville (1963), the ratio of K/K+Na decreases 
in the vapor phase and increases in the crystal phase as 
temperature drops from about 700°C to 400°C. Because 
phyllic and propylitic zone alkali feldspar is petro- 
graphically magmatic and most of the potassic zone feldspar 
is secondary, the lack of breaks in the concentration ratio 
curves at the phyllic-potassic zone boundary confirms 
previous suggestions of reequilibration of magmatic feld
spars in the outer alteration zones with hydrothermal 
fluids similar in alkali composition to fluids in the 
potassic zone. The somewhat higher average K/K+Na in the 
potassic zone of the Precambrian wall rock may be due to
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its initial thermal disequilibrium relative to the intruding 
Laramide porphyries. Plots of Na/K also reveal divergent 
trends between the Laramide porphyries (Fig. 79) and the 
Precambrian porphyry (Fig. 80). Potassic zone albitization 
is petr©graphically heavier in the Laramide than in the 
Precambrian porphyry. Sodium appears to have been removed 
from the more intensively altered Precambrian porphyry and 
remains relatively high only in the propylitic zone. The 
lesser abundance of fluid inclusions rich in NaCl in the 
Precambrian compared to the Laramide porphyry may be a 
function of a lower local supply level of Na in the wall 
rocks. It is suggested that perhaps the relatively few 
NaCl-rich fluid inclusions observed in the Precambrian 
porphyry may reflect NaCl-rich fluids escaping the intrusive 
Laramide porphyry. Holland (1972) believes that the par
titioning of metals into an aqueous phase is roughly pro
portional to the square of the chloride content. Reaction 
of the highly saline fluids from the intrusive rock with 
the less Na-rich wall rocks, with a resultant drop of 
NaCl in the invading fluid, may have encouraged sulfide 
deposition and account for the slightly higher ore grade 
in the Precambrian than in the Laramide porphyry where they 
are in contact.

Ratios of alkali elements should reflect progressive 
evolution of a hydrothermal system. In aqueous solutions.
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strontium tl.P. = 1.8) and barium ll.P, = 1.5) with larger 
ionic potentials than potassium (0.75), and rubidium, with 
a larger ionic radius than potassium,should form respectively 
less soluble and less stable aqueous complexes than potassium. 
Hence, Ba, Sr, and Rb complexes should tend to remain in 
solution for relatively shorter times than potassium due 
to their relatively lower solubilities than potassium.
Figures 79, 80, 81, and 82 show the variation of K/Sr and 
K/Ba across the intrusive and wall rocks intersected by drill 
holes K-23 and K-30. No distinctive trends are present, 
although the maximum values in each case seem to be associ
ated with the phyllic and phyllic-argillic alteration zones. 
The slightly higher K/Sr and K/Ba ratios associated with 
the phyllic and phyllic-argillic alteration zones could 
therefore suggest later cessation of hydrothermal activity 
with respect to the potassic alteration zone. Strontium is 
concentrated relative to Ba with evolution of a magmatic 
(Heier and Adams, 1964) or hydrothermal system. At San 
Manuel-Kalamazoo this ratio proves rather inconclusive as an 
indicator of system evolution (Figs. 81 and 82). In igneous 
rocks, Sr is camouflaged in 6-fold coordination sites 
with oxygen, where it substitutes for calcium (0.99%), and 
occurs in 8-fold coordination with oxygen in calcic plagio- 
clase. A third and usually dominant Sr location is in K 
sites in alkali feldspar where it is captured in early
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Figure 82, Variation of K/Ba, Ba/Sr,
across pervasive alteration zones, Precambrian
DDK K-30, Kalamazoo orebody.
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fractions. The ionic potential of Sr (1.8) is sufficiently 
close to calcium (2,0) so that one would expect little 
difference in behavior in aqueous solution. The ratio of 
calcium to strontium is highest in the Laramide intrusive 
rock in the outer potassic zone (Fig. 81). In the Pre- 

, Cambrian wall rock, Ca/Sr is maximized at the phyllic-
argillic and propylitic alteration zone interface (Fig. 82).

The ratio of Fe-Mg in both intrusive (Fig. 83) 
and wall rocks (Fig. 84) peak at the phyllic and phyllic- 
argillic border. Undoubtedly this is primarily due to the 
heavy sulfide content of this zone, but it also reflects 
a relatively higher Fe-Mg content in primary biotite with 
respect to that in secondary biotite of the potassic zone.
The plots of Fe/Cu and Mo/Cu (Figs. 83 and 84) reflect the 
pyrite-chalcopyrite and molybdenite-chalcopyrite ratios.
High Fe/Cu reflects the zone of heaviest pyritization beyond 
and adjacent to the ore zone, while Mo/Cu is greatest in 
the potassic alteration zone. The ratio of Mg/Li typically 
decreases /with evolution of an aqueous system as Li sub
stitutes for Mg and Fe in micas . Using this interpretation, 
the abrupt rise of Mg/Li in the potassic zone (Fig. 85) of 
the Laramide porphyries indicates that cessation of al
teration in the phyllic and phyllic-argillic zones post
dated termination of major potassic zone alteration activity.
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Figure 83, Variation of Fe/Mg, Fe/Cu, and Mo/Cu
across pervasive alteration zones, Laramide porphyries,
DDH K-23, Kalamazoo orebody.
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Figure 8 5 t Variation of Mg/Li across pervasive
alteration zones, Laramide porphyry, DDK K-23, Kalamazooorebody.
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As mentioned, rubidium (I.P. = 0.68) has an ionic 

potential close to potassium, but because of its larger 
ionic radius, should be slightly depleted relative to early 
hydrothermal fluids when compared to potassium. Figs. 86,
87, 88, and 89 suggest that most of the Rb has partioned into 
K-mica rather than secondary K-feldspar. A selective uptake 
of Rb into micas of the phyllic and phyllic-argillic altera
tion zones relative to potassic zone hydrothermal.feldspar .

' • ‘ • V

thus probably limits and obscures its value as an indicator 
of fluid evolution. Rubidium is thus present in relatively 
small amounts in most of the ore zone. Rubidium carried 
in aqueous complexes should tend to be enriched relative 
to Ba and Sr in progressively evolved solutions. In the 
rocks at San Manuel-Kalamazoo (Figs. 86 and 87), Rb is most 
abundant relative to Ba and Sr peripheral to the potassic 
zone.

Summary of Geochemical Data 
Apart from the ore elements, Cu and Mo, the pre

liminary data indicate Se is sufficiently enriched and 
closely identified with the orebody to be a good pathfinder 
element. On the basis of information from the two drill 
holes, Sr and perhaps Rb appear to be relatively depleted 
in the altered intrusive and wall rocks most closely as
sociated with heavy mineralization. Copper, Mo, and S are 
strongly anomalous, with the maximum concentration of S
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Figure 86. Variation of Rb, Ba/Rb, and Rb/Sr
across pervasive alteration zonesf Laramide porphyries.
DDK K -23, Kalamazoo orebody.
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forming a halo peripheral to the ore zone. Fluid inclusion 
studies indicate that chloride ion is enriched in rocks 
associated with the ore system as far out as the edge of 
the phyllic-argillic zone, and is most concentrated in the 
potassic zone. Among minor and trace elements not anom
alously abundant when averaged across the alteration zones 
penetrated by the two drill holes, yet which are relatively 
enriched in the potassic zone, are Ba, Cd, V, and perhaps 
Sr, Fluorine is relatively abundant in the potassic zone 
only in the intrusive rock. Lithium is enriched in the 
phyllic and phyllic-argillic zones of the intrusive rock, 
while Mn is most abundant in the propylitic zone.

Analysis of major elements from the suites of 
samples across the ore-alteration zones reveals overall 
depletion of Ca, Mg,' and Na with respect to the ufresh" 
rocks. Iron and Ti remain nearly constant, no data is 
available for comparison of A1 and Si, and K shows ap
preciable enrichment over the "fresh" rocks (Table 10, 
p. 177). This enrichment is in agreement with findings 
of potassium enrichment elsewhere (Davis and Guilbert,
1973). Specifically, Mg appears to have been added to the 
potassic zone at the expense of the phyllic zone in the 
Laramide porphyry, while little movement is evident in the 
Precambrian wall rock. Iron is most abundant in the 
phyllic and phyllic-argillic zones where sulfidization is
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heaviest. Ca has been added to the potassic zone and is 
slightly depleted from the phyllic zone. Titanium and 
Al remain essentially constant across alteration zones.
Sodium, potassium, and silica are enriched in the potassic 
zone of the Laramide porphyry, and depleted in the phyllic 
and phyllic-argillic zones. In the Precambrian wall rocks.
Si and K are slightly enriched in the potassic zone, but 
Na is not. This relationship is in agreement with the 
greater abundance of highly saline Type III fluid inclusions 
in the intrusive Laramide porphyry with respect to the wall 
rock porphyry.

The absence of a break in K/K+Na across the potassic- 
phyllic alteration zones suggests reequilibration of primary 
alkali feldspar and the absence of a steep temperature 
gradient at the contact between the two alteration zones.
This finding is in keeping with the fluid inclusion and 
electron microprobe data. The divergent trends of Na/K 
between the Laramide porphyries and Precambrian wall rocks 
indicate a considerably higher level of Na in the potassic 
zone of the Laramide porphyry, while Na appears to have 
been removed from the more heavily and intensively altered 
zones intthe Precambrian porphyry. Highly saline fluids 
in equilibrium with secondary alkali feldspar in the Laramide 
intrusion would react with the less Na—rich wall rocks in 
an attempt to reequilibrate. Reaction of these NaCl-rich
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fluids with the less Na-rich wall rocks, with a resultant 
drop of NaCl in solution in the invading fluid, should en
courage sulfide deposition and may account for the slightly 
higher observed ore grade in the Precambrian rock. Values 
for K/Ba and K/Sr are maximized and Ca/Sr minimized in the 
phyllic and phyllic-argillic zones, perhaps suggesting that 
cessation of alteration in these zones post-dates termina
tion of major alteration activity in the potassic zone. 
These findings are in agreement with the petrographically 
established paragenesis.



CHAPTER VIII

DISCUSSION AND SUMMARY

At the heart of porphyry copper deposit genesis is 
the nature of the ore bearing fluids, their source, and 
their evolutionary development. Fluid inclusion studies 
have direct bearing on the problem, and study of the al
teration and geochemistry of the end product, the rock, 
provides further insights. Recent studies by Kilinc and 
Burnham (1972) and Holland (1972) have considerably fur
thered our knowledge of magmatic-hydrothermal systems. 
Discussion of these studies and their relationship to this 
research provides worthwhile insights into the origin of 
porphyry copper deposits.

Figure 90 (Holland, 1972) shows chloride concen
tration in an aqueous phase as a function of H^O remaining
in the magma. Figure 91 (Kilinc and Burnham, 1972) shows

Cl"*the variation of chloride partition coefficients (K^ )
with pressure at temperatures of approximately 700°C. It
is evident from the first figure that at initially low

o
water content in the magma (Lm ), chloride rises rapidly in 
a coexisting aqueous phase with progressive crystallization 
of magma, is nearly constant with intermediate initial

221
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Figure 90. Chlorine content in an aqueous phase 
separated from a magma as a function of the fraction of 
water remaining in the magma.
From Holland (1972). Chloride concentration rises rapidly 
at low initial water contents, stays nearly constant at 
intermediate water contents, and falls rapidly at high 
initial water contents of the magma during progressive 
evolution of an aqueous phase.

Figure 91. Variation of the partition coefficient 
(K ) of chlorine between silicate melt and coexisting 
aqBeous phase at about 700°C with pressure on the fluid
( V  •

From Kilinc and Burnham (1972). It is evident from the 
figure that Cl is very strongly concentrated in the 
aqueous phase up to about 7Kb.
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water contents in the magma, and decreases rapidly due to 
dilution with large amounts of water in the magma. Figure 
91 demonstrates the very strong Cl partitioning into an 
aqueous phase at pressures up to 7Kb. Consequently, when 
an aqueous phase separates from a magma, much of the Cl-* 
contained in the magma will also separate, forming a 
highly concentrated brine. Figure 92 further develops 
these relationships, showing the variation in chloride 
content of the aqueous phase separating from a crystallizing 
magma under varying conditions. Because fluid Inclusion 
barometry indicates intrusion of the Baramide quartz mon- 
zonite porphyry mass to within about 4600 feet of the 
surface, with consequently low lithostatic pressures, curve 
4 on the figure most closely approximates conditions at 
San Manuel-Kalamazoo. Under these conditions of low pressure 
and initial water in the magma, the chloride content of the 
aqueous phase rises rapidly with crystallization. For a 
0.5 kb pressure system, the partition coefficient of Cl 
into the aqueous phase from the melt ranges from 32 at the 
beginning of vapor separation to about 50 at the termination 
of crystallization. Boiling and abstraction of HgO by 
hydrous alteration minerals would tend further to raise the 
salinity. The relative rarity of argillization at San 
Manuel-Kalamazoo, with its attendant large demands for HgO 
perhaps further supports a high C1**/H20 ratio. Arguments
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Figure 92. Variation in chloride content of the 
aqueous phase with crystallization of a chloride-bearing, 
water saturated melt.
From Kilinc and Burnham (1972). (1) Aqueous phase composi
tion in a closed system at 2Kb with initial water content 
of 6.3 wt. %. (2) Open system at the same pressure and
water content as #1. (3) Open system at 1.0 Kb and 4.3
wt. % HgO. (4) Open system at 0.5 Kb and 2.7 wt. % HgO.
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for an endogenetic jnodel of ore deposit formation and evolu
tion of highly saline brines is therefore well supported

V
experimentally as well as observationally through fluid 
inclusion study. It appears that shallow versus deep 
emplacement of a magma is favorable to ore development.

The chloride content of the aqueous phase controls 
partitioning of Na and K between the aqueous and silicate 
phases (Holland, 1972) through controlling reaction with the 
two alkali feldspars in the crystallizing melt. High Cl 
in the aqueous phase acts to scavenge Na and K from the 
crystallizing melt, and promotes Na and K exchange and 
reequilibration in the primary feldspars undergoing altera
tion by hydrothermal fluids. X-ray and electron microprobe 
data at San Manuel-Kalamazoo indicate that the primary 
feldspars have undergone such reequilibration, resulting 
in an end product feldspar with relative enrichment in 
K, Similar relationships have been noted elsewhere by 
Kuellmer (1960), It is additionally evident that the par
tition ratio of metals into an aqueous phase from a melt 
is roughly proportional to the square of the aqueous chloride 
content (Holland, 1972). Extraction of both alkalies and 
metals from the melt therefore depends on initial Cl , 
availability of metals and water, and the timing of vapor- 
melt separation. It appears that efficiency of metal 
removal from the melt is inversely related to the initial
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water content of the magma, as large water contents could 
dilute the Cl*" concentration. According to Kilinc (1966), 
the main period of Cu precipitation from Cl -rich solutions 
occurs below 450°C. This is the same upper temperature 
limit for major sulfide deposition found in the fluid in
clusion studies in Chapter V. Thus the experimental data 
of Holland and Kilinc and Burnham agree well with the de
velopment of high fluid salinities reflected in early 
primary fluid inclusions in primary phenocryst and ground- 
mass quartz, and in the later but still relatively early 
quartz, quartz-molybdenite, and quartz-sulfide-silicate 
veinlets at San JManuel-Kalamazoo. With subsequent ebulli
tion and introduction of more-dilute ^O, and reprecipitation 
of alkalies in solution as secondary feldspar and mica, 
fluid salinities would gradually decline. Such a trend 
is seen both in the histories of fluid inclusion develop
ment and in the decreasing alkali content of the principal 
alteration minerals deposited successively in time. Thus 
the alkali content of secondary micas of the potassic and 
phyllic zones which were deposited in part subsequent to 
the alkali feldspar is less than that of the alkali feld
spars .

Hemley and Jones (1964) have investigated aqueous 
alkali systems in detail. It should be pointed out, 
however, that the KC1 content of fluids at San Manuel-
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Kalamazoo most closely associated with, the mineralization 
and pre-mineralization stages appears to be about 11 wt. 
per cent or 1.66 molal KC1, in contrast to the 0.5 molal 
system evaluated by Hemley and Jones. The effect of this 
greater salinity would be to shift the two-phase reaction 
curve boundaries downward and to the left in Fig. 93. Rela
tive expansion of the K-feldspar field to lower K+/H.+ is 
also indicated by recent work of Althaus and Johannes 
(1969). They found that in natural systems as opposed to 
the pure systems studied by Hemley and Jones, there may 
be a very different Na+/H+ at the respective reaction 
boundaries. This discrepancy suggests that the phase 
boundaries may be shifted to the left by two orders of 
magnitude of alkali ion/H+ . Thirdly, a decrease in the 
15,000 psi pressure would also tend to expand the K-feld
spar field. Even with these considerations in mind, however, 
basic relationships remain the same and reaction paths can 
be determined under differing conditions. At San Manuel- 
Kalamazoo there is extensive and convincing evidence for 
boiling of the hydrothermal fluids (see Chapter V). The 
fact of this boiling has important implications for altera
tion mineralogy. At a place where fluid boiling occurs, 
the K /H rises rapidly due to the boiling off of acid 
volatiles from the solution. As cooling occurs, the downward 
course of reaction will follow path a or b, depending on
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Figure 93. Possible evolutionary trends of an 
altering hydrothermal solution across stability fields.
After Hemley and Jones (1964). Path a: Path following
stability field boundaries under equilibrium conditions. 
Path b: Departure from equilibrium because of chemical
insulation by newly formed minerals. Path c: Decrease in
alkali ion/M of a vapor phase from a boiling liquid.
Path d; Increase in alkali ion/H+ of the liquid phase 
residual from boiling.
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whether the reaction goes to completion at equilibrium 
(path a) or there is a gradual departure from equilibrium 
(path b) caused by chemical insulation of the paths of 
fluid transmission by early-formed minerals. A decrease in 
pressure and commencement of boiling will cause a radical 
departure from equilibrium, shifting the reaction path 
abruptly toward the alkali feldspar field. The same 
relationships hold for the Na-H+ system, although a higher 
relative Na /H is required to stabilize albite. In addi
tion to simply losing H+ by boiling it off, the activity 
of water is lowered by boiling as the ratio of dissolved 
alkali salt rises.

Once a high alkali ion level is achieved in the 
aqueous phase, it is possible to maintain it for a rela
tively long period within the potassic alteration zone due 
to the fact that Na has relatively greater solubility in 
K-feldspar than in K-mica. Where these minerals buffer the 
alkali content of the solutions, a condition which seems 
likely in view of the data presented on Fig. 51, relatively 
high NaCl conditions could be prolonged in the potassic 
zone. Abundant K-feldspar in this zone forms a large 
reservoir for Na in solution to draw from, and may be a 
causative factor in the increasing abundance of Type III 
highly saline fluid inclusions toward the potassic zone 
(see Figs, 12 and 13, pp. 49 and 50). Although high
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salinity inclusions occur far out into the phyllic and 
phyllic-argillic zones, their greater central abundance, even 
in secondary inclusions, suggests fluid salinities from which 
they formed was longer maintained in the potassic zone or 
that solutions were locally more saline and more commonly 
so. Outward migration of these highly saline fluids and 
reequilibration of primary feldspars in the outer alteration 
zones, releasing Na to the solution and forming a more pure 
K-feldspar, could account for an important yet nevertheless 
shorter period of maintenence of highly saline conditions that 
was more brief peripherally. Thus each of the alteration 
zones seems to bear a consistent relationship to and be a 
reflection of the length of time highly saline fluids could 
be maintained at high salinity within that zone. Fluid 
salinities would be prevented from increasing indefinitely, 
however, because of the precipitation of potassium and 
sodium feldspar,•or even by deposition of halite as is 
observed in some of the fluid inclusions. According to 
Fournier and Bird (1969) , precipitation of NaCl will occur 
at temperatures of 700O-400°C and pressures of 100-200 
bars before NaCl in solution rises to sufficiently high 
levels to stabilize albite or promote sodium solid solution 
in newly deposited K-feldspar. Similarly, the ratio of 
K-Na in the fluids will be kept relatively low (about 1 to 
4 at San Manuel-Kalamazoo) by deposition of K-feldspar
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and K-mica. The progressive sericitization of plagioclase 
feldspar and the deposition of K-feldspar could result in 
a gradual decrease in K/Na in solution, although it is 
uncertain whether this actually.took place. Some serici
tization of plagioclase appears to be due to infiltration 
of veinlet fluids into the rock, but some may reflect 
hydrolysis from pore fluids trapped at a near magmatic 
stage. It is difficult to treat magmatic crystallization 
and hydrothermal mineralization as two separate, distinct 
processes. Indeed, there is suggestion for a genetic link 
or quasi-continuum to the magmatic stage.

The thermal development and evolution of the San 
Manuel-Kalamazoo porphyry system is as equally important 
as the unfolding of salinity conditions. The upper limits 
of thermal stability for the different alteration assem
blages are fixed by the upper limits of thermal stability 
at 1000 bars at 460°C for epidote, at 400°C for kaolinite, 
and at 440°C for montmorilIonite. Biotite and K-feldspar 
are stable to magmatic temperatures. These temperatures 
are within the limits of, but much less specific than tem
peratures indicated by fluid inclusion data.

The maximum temperatures of fluid inclusion homog
enization in early secondary quartz is about 600°C. Major 
sulfide deposition commenced at the onset of fluid boiling 
at about 450°C and continued to the cessation of boiling
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at about 275^300°C. Fluids coursing through the system up 
to this point were highly saline. Below these temperatures, 
however, with the cessation of boiling and major ore 
mineralization, fluid salinities were considerably less, 
possibly due to the introduction of meteoric water. These 
findings are summarized in Fig. 36 (p. 98). Of interest 
is the apparent lack of temperature discontinuities sug
gested from fluid inclusion data across the system out as 
far as the outer edge of the phyllic-argillic alteration 
zone. In quartz of uniform age, filling temperatures for a 
common inclusion type are similar. Thus the system may 
have been one of progressive, gradual, fairly uniform cooling 
of the magmatic-hydrothermal system with time. Lovering 
and Goddard (1950) calculated heat transfer rates and found 
the rate of transfer adjacent to veinlets through which hot 
fluids circulated was sufficient to preclude appreciable 
gradients. Except for the initial and apparently short
lived thermal disequilibrium between intrusive and wall 
rocks, the rate of heat transfer may have been sufficiently 
rapid to promote an approach to thermal homogeneity across 
the system at San Mamie1-Kalamazoo.

The interpretation of alteration patterns in a 
geologic system should be, but often is not, analyzed in 
terms of successive intervals of time. At San Manuel- 
Kalamazoo, phyllic and potassic alteration are in part
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contemporaneous and coextensive. Considerable phyllic 
alteration, however, post-dates and encroaches upon the 
potassic alteration zone. Similarly, propylitic alteration 
in part post-dates and encroaches upon phyllic alteration. 
The reverse textural relationships have not been observed. 
These features suggest a retrograde readjustment of the 
system, with the alteration zones initially forming at 
least in part contemporaneously, followed by an inward 
encroachment or collapse of outer alteration zones upon 
inner ones at a late stage as activity waned and meteoric 
waters invaded the margins of the system. These relation
ships are difficult either to confirm or deny using the 
presently available chemical data because no suitable 
"memory" elements have been identified.. Since temperature 
appears to be essentially similar at a point in time across 
the system, the chemical nature of the magmatic-hydrothermal 
system and the relative length of time during which fluids 
of a given salinity and metal content were able to react 
with the wall rock must be important determinants of the 
alteration assemblage present. If a high fluid K+/H+ 
prevailed over a relatively longer period of time in one 
area versus another, formation of dominantly potassic 
versus phyllic alteration would be favored in that area.

The relative stabilities of K, Rb, Sr, and Ba in 
aqueous complexes as controlled by ionic potential should
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result in differential enrichments which reflect progressive 
evolution of the aqueous system. At San Manuel-Kalamazoo 
the ratios of K/Sr, K/Ba, and K/Rb across alteration zones 
were investigated with this possibility in mind, and the re
sults perhaps suggest a later cessation of hydrothermal 
activity in the phyllic relative to the potassic zone.

Genetic Constraints
The information gained from study of fluid inclu

sions, petrography, and geochemistry at San Manuel-Kalamazoo 
suggests limiting conditions for the formation of this 
porphyry copper deposit.

Fluid Inclusion Constraints: Limitations suggested
for the system by the fluid inclusion data at San Manuel- 
Kalamazoo include:

(1) No thermal discontinuities are apparent across 
the interfaces of phyllic-argillic, phyllic, and potassic 
alteration zones during the major period of mineralization. 
Initial temperatures of secondary quartz deposition at about 
600°C ■ gradually decreased to 70°C or less during deposition 
of the latest, barren secondary quartz.

(2) A period of boiling occurred with pressure re
lease as temperatures declined from about 425°C to 275°C. 
This period coincided with the time of major ore deposition.

(3) The top of the system was intruded to depths 
approximating one mile. Confining pressures were
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consequently low, even though the additional correction to 
filling temperatures for low temperature fluid inclusions 
in K-30 is consistent with a lithostatic rather than a 
hydrostatic load.

(4) Salinities of the ore fluid were extremely 
high prior to and during the period of ore deposition and 
decreased during and after the deposition of economic 
mineralization.

(5) Primary fluid inclusions in primary-appearing 
quartz appear virtually identical to those entrapped in 
early secondary veinlet quartz, and seem to have trapped 
droplets of exsolved brine prior to their migration into 
fissures and veinlets.

(6) A gradually increasing abundance of Type III 
high-salinity fluid inclusions toward the potassic zone 
is present. There are no salinity discontinuities in 
contemporaneous quartz across alteration zone boundaries.

Alteration Constraints: Study of alteration
mineralogy at San Manuel-Kalaraazoo imposes the following 
constraints on genetic models:

(1) As suggested by microprobe comparison of core 
and rim compositions and the similarity of rim to veinlet 
K—feldspar and fluid inclusion alkali compositions, primary 
alkali feldspars appear to have at least partially reequi
librated with the hydrothermal fluids, and equilibrium
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appears to have been at least partly achieved between alkali 
chloride in solution and coexistent alkali feldspar. This 
reaction appears to buffer the quantity of alkali ion in 
solution.

(2) Initial contemporaneity of formation of potassic 
and phyllic alteration is indicated. Continuing phyllic 
and propylitic alteration after termination of alkali 
feldspathization and encroachment of outer alteration zones 
upon inner alteration zones occurred at a relatively late, 
mostly post-ore stage.

(3) Abstraction of water by hydrous alteration 
minerals appears to have contributed to increased salinity 
of the remaining hydrothermal fluids.

(4) The quantity of silica in solution was locally 
sufficient to stabilize coexistent K-feldspar and kaolinite 
and to promote replacement of plagioclase by K-feldspar.

Geochemical Constraints: The geochemical findings
indicate the presence of the following features in porphyry 
copper deposit development:

(1) On the basis of preliminary information, Sr 
was depleted from the phyllic zone, with minimal values 
found in both phyllic and phyllic-argillic zones.

(2) In contrast, Rb appears to be enriched in the 
phyllic and phyllic-argillic alteration zones with respect 
to adjacent alteration zones.



(3) Similarly, Mg/Li and K/Rb ratios peak in the 
potassic zone relative to the phyllic zone, perhaps indi
cating the selective uptake of Li and Rb in phyllic zone 
sericite.

(4) Copper and molybdenum values are maximized 
in the potassic zone, while iron and sulfur are most en
riched in the phyllic and phyllic-argillic zones.

(5) Ca, Na, Si, and K have been enriched in the 
potassic relative to the phyllic zone of pervasive altera
tion in the intrusive rock. Ca, Mg, and Na have been 
depleted in the altered rocks with respect to the "fresh" 
rocks, while K has been augmented.

(6) Initial data indicating development of high 
concentrations of F and Cl in the aqueous phase, par
ticularly as reflected in the potassic alteration zone, 
is in agreement with the experimental findings of Holland 
and Kilinc and Burnham which suggest such a possibility.

Proposed Model of Porphyry Copper Origin
A prime purpose of this study is to use the inte

grated fluid inclusion, petrographic, and geochemical data 
to test the several genetic models relating the similar 
characteristics of porphyry copper deposits. The models 
considered are: (1) the orthomagmatic model, (2) intrusion
of a water-unsaturated melt, (3) boiling brines below a
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vapor-unsaturated melt, and (4) dispersed immiscible 
silicate-sulfide melts. These genetic models were briefly 
described in Chapter IV. The orthomagmatic model has long 
been in favor, but has recently been strongly challenged 
by model #3. Fournier's (1968) model can be considered 
as a subtype or variant of the orthomagmatic model. The 
several models proposed are not mutually exclusive, but 
rather emphasize singular aspects of porphyry copper deposit 
formation which may be only a part of the whole.

It is asserted here that fractional magmatic 
crystallization with immiscible sulfide separation may 
account for some of the disseminated sulfide textures, but 
is a subordinate process. The bulk of the textural evidence 
indicates that hydrothermal remobilization of quenched, 
disseminated sulfide droplets into veinlets has not occurred, 
but rather that much of the disseminated sulfide mineraliza
tion can be related to hair-line or larger crosscutting 
veinlets. By the same token, the equilibria controlling 
deposition and composition of the major alteration assem
blages have been shown to control and be controlled by the 
composition of the aqueous hydrothermal phase. The im
portance of pre-hydrothermal magmatic evolution of the 
system is not denied, but it is not the process or stage 
of development most intimately associated in time and space 
with major copper-molybdenum mineralization at San Manuel-
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Kalamazoo, Elimination of this model leaves the ortho- 
magmatic model and its variants, and the model of boiling, 
meteoric-derived brines below a vapor-dominated system.

According to White, Muffler, and Truesdell (1971,
pp. 95-96) , a system which derives its water externally
and in which high salinities are derived by introduction
of connate brines or boiling below a vapor-dominated thermal
system would be characterized by the following:

. . . water below a vapor-dominated reservoir 
may be characterized by high positive tem
perature and salinity gradients extending 
downward from the deep water table . . . , 
thereby providing a favorable environment for 
upward transport and deposition of copper sul
fides and pyrite . . . .  Porphyry copper de
posits should be reexamined with consideration 
of these speculations on temperatures and 
salinities. If temperatures and salinities 
do increase sharply downward, our model may 
provide a new understanding of mode of transport 
and deposition of the ore minerals. Both de
creasing temperature and decreasing salinity 
upward should favor precipitation of copper 
sulfides because of the decreasing stability of 
copper sulfide complexes. Introduction of the 
ore minerals may normally occur during a late 
stage in the total activity after very high 
salinities have been attained from residual 
concentration by boiling . . . .

From Sheppard, Nielsen, and Taylor (1971, p, 523):
. . .  a magmatic-hydrothermal origin for the 
fluids associated with biotization is proposed 
in contrast to the largely meteoric-hydrothermal 
waters that are apparently associated with 
sericitization.

And finally, according to Sheppard, Nielsen, and Taylor 
(1969, and specifically 1971, p. 539):
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In some porphyry ore deposits, the cylindrically 
shaped disseminated ore shell is located in the 
vicinity of the boundary between the central 
potassic-alteration core and the outer sericite- 
pyrite shell. Since this boundary is probably 
also the interface between fluids that are dom
inantly meteoric (i.e., external) in origin, 
the location of large scale deposition of dis
seminated chalcopyrite may be controlled by the 
changes in pH, temperature, salinity, etc. that 
undoubtedly occur across this boundary.

The San Manuel-Kalamazoo porphyry copper deposit was 
examined with regard to the above speculations and it is con
cluded that there is, in fact, reason to doubt the postulated 
breach in conditions across the phyllic-potassic alteration 
zone interface. Fluid inclusion data at San Manuel-Kalamazoo 
does not suggest such a salinity-temperature discontinuity, 
and indicate that high fluid salinities were achieved at a 
relatively early, not late stage. The multitude of secondary 
inclusions in virtually all quartz at San Manuel-Kalamazoo 
urges caution in interpretation of oxygen isotope ratios ob
tained from such samples. Such ratios may more nearly re
flect the nature of fluids introduced after the mineral was 
deposited.

The possibility of cool, relatively fresh meteoric 
waters entering the system cannot, however, be discounted.
It seems likely that if such water does enter the system, 
it is probably post-ore, post-potassic alteration, and 
post-early phyllic alteration. The relatively dilute waters 
which were entrapped in late secondary Type I fluid
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inclusions at temperatures less than 275°C may be repre
sentative of these post ore, largely meteoric waters. The 
late-stage encroachment of outer alteration zones upon 
inner alteration zones with waning hydrothermal activity 
agrees with this thesis. The absence of sedimentary or 
volcanic rocks in the vicinity of the orebody conducive 
to the production of highly saline fluids dictates that 
the high salinity fluids associated with the pre-ore to 
ore stages of development be internally derived. The 
ultimate source of the waters entrapped in high temperature 
primary and secondary fluid inclusions associated with 
mineralization, feldspathization, biotitization, and early 
sericitization is unknown, but it seems unlikely that it is 
truely juvenile, especially if anatexis is involved. The 
presence in primary quartz of primary-appearing fluid and 
solid inclusions which are compositionally identical to 
those in secondary quartz associated with mineralization 
suggests a similar origin for each related to separation 
and evolution of an aqueous phase from the associated magma.

The orthomagmatic theory of porphyry copper deposit 
origin is concluded to be in excellent health. Specifically, 
the San Manuel-Kalamazoo ore deposit is determined to be 
the end product of dominantly endogenetic magmatic- 
hydrothermal evolution. A magma relatively rich in Cl 
and copper, but not necessarily in water, was intruded to
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a depth of roughly one mile from the earth1s surface. 
Cooling and pressure release attendant upon shallow intru
sion resulted in separation of an aqueous phase rich in 
alkali and metal chlorides leached from the magma and 
crystallizing phases. Barren secondary quartz veins were 
deposited from the fluids at temperatures approaching 
600°C. Thermal equilibriation with the wall rocks occurred 
during this stage and was relatively rapid. Further cooling 
to about 425°C and an increase of internal water pressure 
resulted in boiling of the ore fluids as fracturing and 
crackling began to open up the system and release the 
increasing internal water pressure. Commencement of major 
ore deposition coincided with the onset of fluid boiling 
at about 425°C, and termination of major ore deposition 
coincided with the cessation of boiling at about 275°C. 
Temperatures across the deposit appear to have decreased 
gradually and continually as the system evolved and to 
have smoothly transected alteration zone boundaries. A 
high salinity of the ore fluids appears to have been main
tained longer in the potassic than in the outlying altera
tion zones, perhaps because of the reservoir of Na in the 
potassic zone feldspar. The initial development of al
teration zones was subsequently followed by the encroachment 
of outer upon central zones, with waning hydrothermal 
activity and intensity, and the cessation of boiling and
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important ore mineralization, meteoric waters invaded the 
system, resulting in propylitization, argillization, and 
late stage sericitization. This regressive stage of develop 
ment is marked by the inward invasion of relatively fresh, 
low temperature fluids and retrogressive encroachment of 
the propylitic and phyllic alteration zones upon succes
sively inner zones. Placement of the ore shell and altera
tion zones appears to be more dependent upon chemical and 
time of reaction factors than upon thermal gradients within 
any time period.

Suggestions for Exploration 
Because high temperature, multi-phase fluid in

clusions showing precipitated sulfides and halides of 
distinct appearance are intimately associated both in space 
and time with the ore-bearing fluids, while less saline, 
relatively low temperature fluid inclusions are not, 
compilation of distribution maps of fluid inclusion types 
are explorationally valuable. Haloes of distribution of 
high salinity fluid inclusions appear to present a larger 
target than either potassic or phyllic alteration, yet 
are still closely related to the ore zone. Petrographic 
study of thin section traverses can be made at minimal 
cost and does not require a heating stage. High salinities 
of fluids at some point might also be indicated by the



presence of rocks with anomalously high chlorine contents 
as determined by chemical analysis. On the basis of pre
liminary information, positive selenium anomalies and 
negative strontium and rubidium anomalies may be explora- 
tionally useful tools.



APPENDIX A

SAMPLE PREPARATION

The polished plates used for the homogenization 
studies were prepared from small blocks cut from the drill 
core, polished on one face with cerium oxide, and mounted 
with Lakeside cement polished face down on a glass slide.
The exposed face of the mounted block was then cut and 
ground to a plate thickness of 0.5 mm and polished. Next, 
the polished plate was examined and marked for optically 
superior inclusions with a water proof, felt-tipped pen. 
Circular wafers about 4 mm in diameter were cut from the 
marked-out areas using a small th inch) knife-edged grinding 
wheel attached to a flexible shaft and high-speed electric 
motor operated by a foot rheostat. The circular cut
out was then removed from the glass slide and the rest 
of the plate by gently warming the slide to loosen the 
Lakeside cement, cleaned in acetone, and stored in a vial, 
ready for the heating stage.
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APPENDIX B

HOMOGENIZATION EQUIPMENT AND PROCEDURES

The homogenization temperatures of fluid inclusions 
were measured on a Leitz Model 1000 water cooled heating 
stage (Fig. 94). After the original heating element on 
an early high temperature test run burned out, a new heating 
coil of Kanthal-A was wound and installed. This heating 
element wire permitted heating runs at 650°C without 
noticeable heating coil deterioration. A Pt-Pt 10 per cent 
Rh (type S) thermocouple was installed and connected to 
an H and B thermocouple meter. The current through the 
heating element in the heating stage is supplied through 
a transformer and regulated by a Variac to obtain the 
desired heating-cooling rate. As the thermocouple junc
tion is not located at a point directly coincident with 
the sample but rather to one side (Fig. 95), a careful 
calibration procedure was used to determine the true tem
perature at the sample location and the temperature gra
dients across the sample chamber. Heat flow out of the 
thermocouple leads and insulators at high temperature 
was another unknown factor making calibration essential.
For the calibration procedure I followed the method of
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Figure 94. Equipment for heating stage fluid 
inclusion studies.
Shown are the Leitz microscope with mounted heating stage, 
thermocouple meter, transformer, Variac, and a portion of 
the vials containing the polished plates awaiting homog
enization study.

Figure 95. Sample chamber of the heating stage 
showing an evacuated calibration capillary.
The calibration capillary contains filings of indium.
The dark, open circular area in the center of the chamber 
is the light port. The thermocouple junction is in the 
lower left portion of the chamber rim.
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Figure 94. 
inclusion studies.

Equipment for heating stage fluid

Figure 95. Sample chamber of the heating stage 
showing an evacuated calibration capillary.
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Roedder (1971) for melting pure metals in evacuated 
capillaries. One mm outside diameter capillary tubes 
sealed at one end were drawn from 3/16 inch glass tubing. 
Small filings or crushed fragments of greater than 99.99 
per cent metal were dropped through the wide, open end 
of the tube and vibrated to the small closed end. The 
sealed end of the tube containing the metal was then 
wrapped in wet tissue, the open end connected to a vacuum 
pump, and sealed by torch flame 5 mm from the closed end. 
Such a calibration capillary containing filings of indium 
and placed in position in the heating stage sample chamber 
is shown in Fig. 95. Calibration standards were prepared 
over a 500°C range using fragments and filings of indium, 
a zinc-tin eutectic alloy, selenium, tin, bismuth, lead, 
zinc, tellurium, and antimony. Zinc and bismuth tended to 
form slight oxide coatings either before sealing or during 
the heating run, obscuring the exact melting point. For 
these metals, cleaning the surface of the metal fragments 
in dilute HC1, then repeatedly washing them in distilled 
water to remove all traces of acid, and finally thoroughly 
drying them by gentle warming immediately before sealing 
the tube, largely disposed of the problem and made more 
precise determinations possible for these metals. One 
set of calibration capillaries was run prior to any of the 
fluid inclusion homogenization determinations. A second
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set was run at the conclusion of the homogenization runs 
which differed no more than 2°C from the initial determina
tions. A maximum correction of -8°C to the thermocouple 
readout temperature at 600°C was required (Fig. 96). In 
each case the temperature of melting was determined at 
the center of the heating stage over the light port, at a 
mid-width point on the 1 mm thick capillary tube. Mea
surement at this point duplicated the level of maximum 
optical visibility in the 0.5 mm thick sample plates. 
Horizontal and vertical temperature gradients across the 
sample chamber were found at various temperatures by 
noting the differences in metal melting temperatures at 
different points on the heating stage. The horizontal 
thermal gradient, negative outward from stage center, a 
distance of 8 mm to its edge, reached a maximum of 10°C 
at 600°C. The maximum vertical temperature gradient, over 
a distance of 2 mm from the chamber bottom to its top, 
was about 20°C at 600°C. The critical portion of the 
heating chamber, however, that small portion 2.5 mm in 
diameter over the light port which is the only part of the 
stage over which fluid inclusion measurements could be 
made, showed a much smaller horizontal thermal gradient of 
2-3°C. Since the sample plates used for homogenization 
were approximately uniform in diameter (4 mm) and thickness 
(0.5 mm)r and the vertical range of optimum optical
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Figure 96. Calibration derived curve of applied temperature corrections
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visibility in the sample at high magnification was only 
0.25 mm, the true vertical temperature gradient was probably 
no greater than 2-30C at the highest temperatures achieved. 
Considering the additive effects of maximum temperature 
gradient errors, possible systematic calibration errors, 
and errors in reading the homogenization temperature, the 
precision and accuracy are better than + 15°C at the maximum 
temperatures achieved and better than ± 5°C at 250°C.

The optics employed with the heating stage consisted 
of a Leitz microscope equipped with a 15X A.O. wide-angle 
eyepiece and a Leitz SOX universal stage objective. By 
adjustment of condensing lens, diaphragm, and power supply 
to the light, good visibility could be achieved.

During the heating stage determinations, a sample 
was placed over the light port at the center of the heating 
chamber, the upper quartz cover plate rotated into place, 
and the temperature increased slowly and gradually. Near 
the apparent homogenization point, the temperature was 
allowed to stabilize before slowly increasing the temperature 
the final small increment to the homogenization point.
For each of the 1,122 inclusions homogenized, the filling 
temperature was reached and recorded, the temperature was 
reduced slightly, and then the filling temperature again 
was determined to check reproducibility and precision. 
Inclusions which gave the appearance of homogenizing at
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low temperatures were run first, and the higher temperature 
inclusions run subsequently. Even so, decrepitation of 
the low temperature inclusions sometimes became a problemf 
causing local cracking and leakage of inclusions being run 
at higher temperatures. Commonly a film of water from these 
decrepitated, low temperature inclusions condensed on the 
upper quartz cover plate, reducing visibility. Leakage of 
moderate to higher temperature inclusions was less common, 
but easily observable. When this happened, the results 
for that inclusion were discarded. Quite often, evapora
tion of the leaked inclusion fluid left a honey brown to 
nearly black film on the sample plate or quartz cover 
plate. The behavior of a high temperature Type II fluid 
inclusion during a heating run is shown in Fig. 97.
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Figure 97, Behavior of a primary Type I fluid 
inclusion during a heating run.
Serial photographs of a high temperature Type I primary 
fluid inclusion taken during a homogenization run. The 
temperatures at which the photographs were taken arc 
indicated below each. The gradual shrinkage of the bubble 
with increasing temperature is typical of this inclusion 
type. The specimen (K30-3231) is from a quartz-chalcopyritc- 
pyrite vein cutting porphyritic quartz monzonitc, phyllic 
alteration zone.
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A. 30°C

80 y

Figure 97. Behavior of a primary Type I fluid 
inclusion during a heating run.



APPENDIX C

ELECTRON MICROPROBE ANALYSIS

Electron microprobe analyses are subject to the 
following estimated errors, analytical uncertainties, and 
editing criteria. Element symbols are expressed in weight 
percent.

CD The Or and Ab totals were calculated from the 
determined K + Na and K + Na + Ca respectively, assuming 
stoichiometric equivalents of Si, Al, and 0. These weight 
percentages in turn are calculated from the average values 
of K, Na, and Ca. That total Or values are usually less 
than 100 is expectable and largely attributable to sub
stitution of several per cent Ba, Rb and Sr into K struc
tural sites. It should be emphasized that a small error 
in the element wt, % values is magnified by a factor of 
about 10 when recalculated to Or or Ab.

(2) Or and Ab are respectively calculated from K 
and Na, and are not normalized to 100 per cent Or + Ab 
and 100 per cent Ab + Or + An.

(3) The estimated relative error in wt. % K in 
the Or phase is about 3 per cent. The estimated relative
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error in wt. % Na is less than 8 per cent and is probably 
5 per cent. These are intuitive estimates and probably 
somewhat high,

(4) For albite analyses, the K and Ca analytical 
errors are maximized at low concentrations at less than 
10 per cent and probably average 5 per cent. Na analyses 
in the albite phase may be in error by as much as 10
per cent.

(5) Al, K, Na, and Ca analyses were determined 
against standardized curves.

(6) The raw data were edited on the basis of the 
following criteria:

(a) Isolated values away from the major groupings 
were eliminated.

(b) Values in which both Na and K were abnormally 
low were eliminated. Such readings resulted from un
detected straddling of a feldspar and a non-feldspar phase 
by the electron beam.

(c) Values were eliminated in which either K or 
Na was obviously too high while the other was too low.
In this instance, the electron beam straddled neighboring 
Ab and Or feldspar phases.
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Electron Microprobe Sample Descriptions

2375 crosscut
1-9 Veinlet K-feldspar and Na-feldspar from alkali

feldspar-quartz-sulfide-calcite veinlets, potassic 
zone. Samples 1-3 are in Pqm and the remainder are 
in Qmp,

DDK K-23
10 (2293) Primary groundmass K-feldspar; primary ground-

mass Na-feldspar, phyllic zone, Qmp.
11 (2465%) Primary groundmass K-feldspar; remnants of

sericitized phenocryst Na-feldspar, phyllic zone,
Qmp.

12 (2465%a) No K-feldspar analyzed; remnants of sericitized
phenocryst Na-feldspar, phyllic zone, Qmp.

13 (2532%) Primary groundmass K-feldspar; primary ground-
mass Na-feldspar, phyllic zone, Qmp.

14 (2556%) Primary groundmass K-feldspar at outer margins
of a phyllic vein envelope; primary groundmass 
Na-feldspar, phyllic zone, Qmp.

15 (2593) Primary groundmass K-feldspar at outer margin
of phyllic vein envelope; No Na-feldspar analyzed, 
potassic zone, Qmp.

16 (2605%) Orange colored secondary groundmass K-feldspar
and K-feldspar replacing plagioclase phenocrysts; 
no Na-feldspar analyzed, potassic zone, Qmp.

17 (2659%) Secondary K-feldspar with quartz and pyrite in
a veinlet and at veinlet margins; remnants of 
Na-feldspar phenocrysts, potassic zone, Qmp.

18 (2681%) Secondary? groundmass K-feldspar intergrown
with secondary biotite; primary? groundmass Na- 
feldspar, potassic zone, Qmp.

19 (2733) Secondary K-feldspar flooding into the ground- '
mass; no Na-feldspar analyzed, potassic zone, Qmp.
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20 (2828%) Secondary? groundmass K-feldspar at the margin
of a quartz-chalcopyrite veinlet; secondary? 
groundmass Na-feldspar, potassic zone, Qmp.

21 (2841) Secondary? groundmass K-feldspar bordering a
quartz-potassium feldspar veinlet; secondary? 
groundmass Na-feldspar, potassic zone, Qmp.

22 (2884a) Veinlet K-feldspar and veinlet-adjacent secondary
K-feldspar; secondary Na-feldspar intergrown with 
secondary K-feldspar, potassic zone, Bdp.

23 (3046) Secondary K-feldspar bordering a quartz-
potassium feldspar veinlet and replacing plagio- 
clase phenocrysts; no Na-feldspar analyzed, potassic 
zone, Bdp.

24 (3064%) Secondary orange colored K-feldspar flooding
the groundmass outward from a quartz-potassium 
feldspar veinlet; secondary? groundmass Na-feldspar, 
potassic zone, Bdp.

25 (3145) Secondary K-feldspar flooding the groundmass;
remnant phenocryst Na-feldspar, potassic zone, Qmp.

i

26 (3169%) Orangy colored secondary K-feldspar in veinlet
and flooding into the groundmass beyond the veinlet; 
secondary groundmass and veinlet related Na- 
feldspar, potassic zone, Qmp.

27 (3197) Secondary groundmass K-feldspar aureole of
quartz veinlet and replacing plagioclase pheno
crysts; remnants of Na-feldspar phenocrysts, po
tassic zone, Qmp.

28 (3214) Secondary orange colored K-feldspar flooding
the groundmass outward from a quartz-potassium 
feldspar veinlet; secondary? groundmass Na-feldspar, 
potassic zone, Qmp.

29 (3309) Secondary? groundmass K-feldspar; secondary?
groundmass Na-feldspar, potassic zone, Qmp.

30 (3646) Secondary groundmass K-feldspar and K-feldspar
rimming sericitized plagioclase; secondary? ground- 
mass Na-feldspar, potassic zone, Qmp,
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Table 11. Electron microprobe analyses— K-feldspar phase.

n* Max. Ave.. . Min. . wt.% Or. Total
wt. % Element

Sample Element

2375
1 K

Na
2 K

Na
3 K

Na
4 K

Na
5 K

Na
6 K

Na
7 K

Na
8 K

Na
9 K

Na
DDK K-23
10(2293) K

Na
11(2465%) K

Na
12(2465%a) K

Na
13(2532%) K

Na
14(2556%) K

Na
15(2593) K

Na16(2605%) K
Na

17(2659%) K
Na18 (2681%) K
Na19(2733) K
Na

22 13.67 12.68
6 0.65
0
0
9 13.63 12.97

0.42
11 13.55 12.97

0.36
12 13.79 13.30

0.33
33 13.71 12.73

0.44
23 13.30 12.47

0.82
23 13.75 12.91

0.50
21 13.59 12.60

0.54

24 12.72 11.99
1.19

7 13.79 12.45
0.86

0
0
1 11.85

11 12.18 11.78
1.15

5 11.89 11.65
1.01

13 12.14 11.67
1.29

9 12.60 12.18
1.12

1 11.32
17 12.68 11.81

1.18

12.02 90.3 97.7

12.35 92.3 97.1
12.47 92.3 96.4
12.68 94.7 98.4
11.98 90.6 95.6
11.81 88.8 98.1
12.10 91.9 97.6
12.06 89.7 95.6

11.23 85.4 98.9
11.85 88.6 98.4

11.36 83.9 97.0
11.36 82.9 94.5
11.15 83.1 97.8
11.69 86.7 99.5

11.15 84.1 97.5
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Table 11. (Continued)

Sample Element n* Max. Ave. Min. . wt.% Or Total
20(2828%) K 9 12.18 11.61 11.27 82.6 96.6

Na 1.22
21(2841) K 19 12.76 11.69 11.15 83.2 96.9

Na 1.20
22 (2284a) K 16 12.72 12.10 11.48 86.1 99.5

Na 1.20
23(3046) K 17 12.80 12.15 11.44 86.5 98.4

Na 1.04
24 (3064%) K 11 12.60 11.75 11.32 83.6 98.0

Na 1.26
25(3145) K 22 13,05 11.96 11.32 85.1 99.1

Na 1.22
26(3169%) K 0

Na
27(3197) K 17 12.76 12.00 11.44 85.4 98.8

Na 1.17
28(3214) K 8 12.35 11.84 11.40 84.3 97.6

Na 1.17
29(3309) K 20 13.63 12.15 11.44 86.5 97.4

Na 0.96
30 (3640a) K 2 12.72

Na

*n = the number of analyses.
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Table 12. Electron microprobe analyses— Ha-feldspar phase.

Sample Element n* Max. Ave. Min. wt. % Or, 
Ab, An

Total

2375 wt. % Element
1 K 11 1.36 0.45 0.06 3.2 106.0

Ha 11 10.1 8.9 8.2 101.5
Ca 7 0.55 0.19 0.05 1.322 K 16 1.83 0.29 0.03 2.1 101.7
Ha 16 10.4 8.6 8.0 98.1
Ca 19 0.51 0.21 0.06 1.46

3 K 19 0.51 0.20 0.02 1.4 100.2
Ha 19 9.0 8.5 8.0 97.0
Ca 21 0.97 0.26 0.07 1.80

4 K 19 0.75 0.31 0.05 2.2 99.7
Ha 19 9.5 8.2 7.7 93.5
Ca 24 1.50 0.58 0.03 4.03

5 K 18 1.07 0.18 0.02 1.3 100.9
Ha 18 9.0 8.6 8.1 98.1
Ca 19 0.40 0.22 0.10 1.53

6 K 9 0.52 0.17 0.00 1.2 103.3
Ha 22 9.1 8.5 7.5 97.0
Ca 13 2.23 0.73 0.03 5.07

7 K 12 0.61 0.14 0.00 1.0 104.2
Ha 26 9.6 8.9 7.9 101.5
Ca 14 0.42 0.24 0.05 1.678 K 8 1.16 0.52 0.12 3.7 106.7Ha 20 9.5 8.8 8.1 100.4
Ca 12 0.79 0.37 0.11 2.57

9 K 2 0.13 0.9 99.8
Ha 22 9.2 8.2 7.1 93.5Ca 20 2.30 0.76 0.10 5.28DDH K-23

10(2293) K 22 0.45 0.18 0.08 1.3 101.5
Ha 42 9.3 8.4 7.7 95.8
Ca 20 1.22 0.64 0.02 4.44

11(2465%) K 9 0.42 0.18 0.03 1.3 100.1
Ha 25 9.3 8.4 7.6 95.8
Ca 16 0.91 0.43 0.06 2.9712 (2465%a) K 9 0.80 0.27 0.11 1.9 98.5
Ha 20 8.7 8.2 7.4 93.5
Ca 11 0.68 0.43 0.19 2,9813 (2532%) K 8 0.97 0.23 0.05 1.6 103.5
Ha 13 9.2 8.7 8.1 99.2
Ca 5 0.83 0.37 0.06 2.57
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Table 12, (Continued)

Sample Element n* Max. Ave. Min. wt. % Or, 
Ab, An

Total

14(2556%) K 3 0.16 1.1 97.1
Na 6 8.6 8.2 7.8 93.5
Ca 3 0.52 0.33 0.20 2.29

15 (2593) K 0 •
Na 0
Ca 0

16(2605%) K 0
Na 0
Ca 0

17(2659%) K 11 0.21 0.15 0.09 1.1 99.5
Na 27 8.9 8.4 7.8 95.8
Ca 16 0.91 0.38 0.19 2.64

18(2681%) K 12 0.23 0.13 0.08 0.9 101,2
Na 24 9.5 8.6 7,9 98,1
Ca 12 0.91 0.32 0.10 2.22

19(2733) K 0
Na 0
Ca 0

20(2828%) K 7 0.29 0.19 0.11 1.4 99.4
Na 19 9.0 8.2 7.6 93.5Ca 12 1.36 0.65 0 4.51

21 (2841) K 11 0.94 0.29 0.06 2.1 101.2
Na 25 9.4 8.5 7.9 97.0
Ca 14 0.61 0.32 0.3 2.22

22 (2884a) K 15 0.55 0.23 0.04 1.6 101.5Na 26 9.2 8.5 7.9 97.0
Ca 11 1.02 0.42 0.03 2.92

23(3046) K 0
Na 0Ca 024(3064%) K 9 0.67 0.29 0.10 2.1 97.4Na 18 8.7 8.1 7.6 92.4
Ca 9 0.84 0.41 0.14 2.85

25 (3145) K 11 0.69 0.26 0.10 1.9 99.3
Na 22 8.5 8.1 7.7 92.4
Ca 11 1.70 0.73 0.09 5.0726(3169%) K 8 0.27 0.18 0.06 1.3 102.9
Na 8 9.2 8.7 8.1 99.2
Ca 4 0.59 0.35 0.21 2.43
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Table 12. (Continued)

Sample Element n* Max. Ave. Min. wt. % Or, 
Ab, An

Total

27 (3197) K 7 0.31 0.23 0.11 1.6 98.7
Na 21 8.6 8.2 7.9 93.5
Ca 14 1.07 0.51 0.16 3.54

28(3214) K 8 0.78 0.29 0.09 2.1 98.8
Na 20 8.7 8.2 7.8 93.5
Ca 12 0.89 0.46 0.16 3.19

29(3309) K 4 0.40 0.20 0.09 1.4 99.4
Na 15 9.0 8.4 7.8 95.8
Ca 11 1.03 0.32 0.06 2.22

30 (3640a) K 14 0.53 0.22 0.04 1.6 98.4
Na 28 8.8 8.2 7.5 93.5
Ca 13 1.39 0.48 0.01 3.33

*n = the number of analyses
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