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ABSTRACT

Recently discovered porphyry copper-type mineralization at Red 

Mountain, Arizona, provides a unique opportunity to study variations in 

alteration mineralogy and temperature with depth in pre-intrusive cover 

over a deeply buried deposit using samples from drill cores. Alteration 

mineralogy consists of quartz + kaolinite + alunite + pyrite in the near

surface environment, grading downward through quartz + sericite + pyrite + 

chlorite to quartz + K-feldspar + chlorite with minor amounts of calcite, 

anhydrite, and illite(?) at depth. Homogenization studies of fluid in

clusions in quartz veins from these various alteration zones indicate 

temperatures of 250-425°C extended through a vertical range of 1% km in 

pre-ore volcanics. Calculations indicate that a geothermal gradient of 

approximately 40°C/km prevailed during early stages of vein filling. 

Detailed examination of one sulfide-bearing quartz vein indicates that 

early quartz crystallized from boiling, moderately saline solutions (10- 

15 weight percent NaCl equivalent) in the temperature range 325-425°C. 

Later hypersaline solutions, from which sulfides were deposited, con

tained on the order of 30-40 weight percent NaCl equivalent and were ap

proximately 50°C cooler, on the average, than the earlier solutions. 

Pressures varied from ^250 bars during early vein filling to 'vlOOO bars 

during later stages accompanying sulfide deposition.
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INTRODUCTION

Known porphyry copper deposits in the southwestern United States 

have, for the most part, been eroded to the extent that the original pre- 

ore cover into which the pluton was emplaced has been removed. Much at

tention has recently been focussed on petrographic studies of systematic 

zoning patterns exhibited by both alteration and mineralization in por

phyry copper systems (Hemley and Jones, 1964; Meyer and Hemley, 1967; 

Lowell and Guilbert, 1970; Rose, 1970; Gustafson and Hunt, 1975). How- • 

ever, owing to the erosion, observations relating to mineral zoning have 

necessarily been restricted to wallrocks adjacent to mineralized intru- 

sives, leaving the analogous patterns in the original cover rock open 

largely to speculation or extrapolation.

Fluid flow models and geologic observations suggest that the in

trusions related to porphyry copper deposits generated convective circu

lation of hydrothermal fluids of diverse origin in permeable wallrocks 

(Figure 1). The convecting fluids would have transferred heat from the 

hot intrusive rocks into the overlying rocks, producing a broad vertical 

zone of essentially constant temperature (Norton and Knight, 1977) in 

pre-intrusive cover. Such circulation would have been accompanied by 

transfer of large amounts of dissolved material, producing attendant al

teration in pre-ore cover above the buried heat source (Knight, 1977).

Disclosure of deeply buried porphyry copper-type mineralization 

at Red Mountain, Arizona (Corn, 1975) has recently presented a unique 

opportunity to examine thermal and chemical characteristics of

1



Figure 1. Generalized Cross-section of a Porphyry Copper System Showing the Quartz
Monzonite Intrusive, Overlying Stratovolcano, and Theoretical Fluid Circulation 
Paths.
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hydrothermal alteration developed In pre-mineral cover over a deeply 

burled deposit. Red Mountain, located approximately 80 km southeast of 

Tucson at the northern end of the Patagonia Mountains (Figure 2), is 

made up of highly altered, layered volcanic rocks and appears to repre

sent a dissected portion of the stratovolcano suggested to form the upper 

levels of a porphyry copper system (Sillitoe, 1973).

The purpose of this study is to examine alteration characteris

tics of pre-mineral cover over a buried pluton with emphasis on the 

temperatures attending alteration and mineralization in this zone. De

tailed petrographic studies supplemented by x-ray diffraction and elec

tron microprobe techniques were used to examine variations in alteration 

mineralogy with depth in pre-ore cover. Standard fluid inclusion tech

niques were used to study temperature variations with depth as well as 

time-temperature relationships at a point in space during vein filling. 

Information concerning the physicochemical character of the hydrothermal 

fluids, including salinity, density, and presence or absence of boiling, 

as well as pressure conditions prevailing during vein filling, was also 

obtained from the fluid inclusion study.
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Figure 2. Location Map of the Red Mountain Porphyry Copper Prospect.



GENERAL GEOLOGY

The general geology of Red Mountain and vicinity has been de

scribed by Schrader (1915), Drewes (1972), Simons (1972), and Corn 

(1975), and is summarized here. Corn (1975, p. 1439) describes Red 

Mountain as "a center of Laramide explosive volcanism and subvolcanic 

intrusive activity, set within a geologic terrain dominated by Mesozoic 

and early Tertiary volcanics and volcanic sediments . . An arcuate

zone of dikes, intrusive breccias, and subsidence structures suggests 

that the volcanics and intrusive rocks are localized within a caldera- 

type of subsidence structure (Figure 3). The northwest portion of this 

subsidence structure has been cut and downdropped, along with the adja

cent Sonoita Valley, by the Patagonia fault. Late Tertiary vertical 

movement along this fault is indicated by Corn (1975) to be greater than 

800 m.

The peak at Red Mountain is formed from an erosionally resistant, 

1000 m thick sequence of volcanic rocks known locally as the Red Mountain 

Volcanics. The rocks are highly altered, making determination of the 

original composition and texture of the rocks difficult. Corn, however, 

on the basis of relict porphyritic and pyroclastic textures, suggests 

that the rocks are upper latitic to trachytic tuffaceous volcanics depos

ited largely by air-fall and fluvial processes. Drewes (1972) correlates 

the Red Mountain Volcanics with the Gringo Gulch Volcanics, which occur 

north and west of Red Mountain and consist of lenticular units composed

5
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of rhyolitic tuffs and tuff breccias with some andesitic and dacitic 

flows. Biotite from the Gringo Gulch Volcanics has been dated by the 

potassium-argon method at 60.3 m.y. + 5% and 60.4 + 6.0 m.y. (Drewes, 

1971). The Red Mountain Volcanics unconformably overlie the trachyande- 

site of Meadow Valley (Simons, 1972). This unit ranges in thickness 

from 500-700 m at Red Mountain and consists dominantly of gray to 

grayish-purple porphyritic lavas where unaltered. Biotite from latitic 

welded tuff intercalated in trachyandesite lava was dated by the 

potassium-argon method at 72.1 +2 . 2  m.y. (Simons, 1972). The correla

tive Salero Formation in the Santa Rita Mountains is given a potassium- 

argon age for biotite of 72.5 + 2.2 m.y. (Drewes, 1968). Beneath the 

trachyandesite of Meadow Valley is a sequence of interlayered banded 

horafels, andesite, and felsite. Corn (1975) suggests that the hornfels 

may represent a former siltstone of the Cretaceous Bisbee Formation 

which has been intruded and metamorphosed by andesite sills.

The entire layered sequence at Red Mountain has been intruded by 

sills and dikes which vary in composition from monzonite porphyry to 

quartz monzonite porphyry. Based on drill-hole information. Corn (1975) 

reports that such porphyry outcrops as thin dikes at higher elevations 

near the center of Red Mountain and occurs as a large sill at the base 

of the trachyandesite. In deep drill holes within the mineralized area, 

porphyry amounts to 25-30% of the rock intersected beneath the tuffaceous 

volcanics. Both the metallization and the hydrothermal alteration at 

Red Mountain exhibit concentric zoning patterns centered on the area of 

monzonite porphyry-quartz monzonite porphyry intrusives (Corn, 1975),
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suggesting that intrusive activity, alteration, and mineralization are 
interdependent.



I

ALTERATION PETROGRAPHY

Variations of alteration mineralogy with depth within pre- 

intrusive cover were examined to establish patterns which might be later 

related to temperature profiles. Alteration mineralogy was determined 

by detailed petrographic studies of rock thin sections augmented by 

x-ray diffraction and electron microprobe analyses of individual miner

als. Both pervasive wallrock and veinlet-controlled alteration were 

examined.

Previous Work

According to Corn (1975), hydrothermally altered rocks at Red 

Mountain extend laterally for 1.5-5 km outward from a 5 km diameter cen

tral zone containing' pervasive disseminated pyrite, forming a roughly 

circular area 11-13 km in diameter (Figure 3). Surface exposures of the 

central zone reveal extensive alteration of trachyte to sericite and 

quartz along with abundant disseminated pyrite which corresponds to the 

phyllic type of alteration as described by Lowell and Guilbert (1970). 

The characteristic color from which Red Mountain receives its name re

sults from oxidation of pyrite and chalcocite in this central zone to 

produce iron oxides. A zone of pyrite + sericite + alunite + clay min

eral alteration .surrounds the area of pyrite + sericite + quartz altera

tion and is generally coincident with the zone of dikes, intrusive 

breccias, and subsidence structures which define the limits of the cal

dera structure. This assemblage of minerals characterizes advanced

9
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argillic alteration described by Meyer and Henley (1967). The outermost 

zone of propylitically altered rocks at Red Mountain contains minor py- 

rite with epidote and chlorite with rare calcite, sericite, and clay 

minerals. Within the central zone, alteration changes gradually with 

depth in drill holes (Corn, 1975) to a K-silicate type of alteration 

characterized by chlorite, bibtite, sericite, potassium feldspar, py- . 

rite, chalcopyrite, and anhydrite. Details of vertical variations in 

alteration mineralogy in one drill hole at Red Mountain are discussed 

below.

Procedure

Variations in alteration mineralogy with depth were studied in 

thin sections cut from drill core samples extending over a vertical 

range of approximately 1500 m in one drill hole. A detailed petro

graphic description of each of the thin sections is provided in Appendix 

1. The thin sections were prepared, with one exception, so that they 

contained both a cross-cutting quartz vein and a portion of the wallrock 

on either side. Optical properties were used to identify major altera

tion minerals; identification of potassium feldspar was facilitated by 

staining appropriate thin sections with sodium cobaltinitrite. Fine

grained minerals which could not be identified using a petrographic mi

croscope were identified by means of x-ray diffraction techniques. 

Chemical compositions of chlorites and illites were determined using the 

electron microprobe, as described in Appendix 1.
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Summary of Alteration Data

Figure 4 shows a gradational vertical zoning of alteration miner

alogy observed in the drill hole indicated by changes in both the type 

of alteration assemblage observed and the relative abundances of indi

vidual minerals. Quartz occurring both in veins and the wallrock is the 

most abundant alteration mineral through the entire depth of the drill 

hole, although its mode of occurrence and relative abundance varies from 

the top to bottom. In the upper portion, sericite is the most abundant 

alteration mineral after quartz ('vAO volume percent), replacing all orig

inal rock-forming minerals. With increasing depth, sericite becomes less 

abundant relative to other alteration minerals ('vlO volume percent), oc

curring more commonly as veinlet-controlled alteration and, to a lesser 

extent, replacing original rock-forming minerals. Calcite is present in 

most samples, occurring as a minor accessory mineral in quartz-sulfide 

veins, and. increasing slightly in abundance in deeper portions of the 

drill hole where it commonly occurs with anhydrite. Alunite, estimated 

at 10-15 volume percent in the upper 300 m of core, occurs as dissemina

tions in the wallrock and in veinlets, in association with pyrite and 

kaolinite characterizing the advanced argillic type of alteration of 

Meyer and Hemley (1967). Chlorite first appears at a depth of approxi

mately 600 m as a selvage along vein walls with lesser amounts dissemi

nated in the wallrock. With increasing depth, chlorite becomes a major 

alteration mineral in the wallrock replacing biotite and is commonly 

found in veins associated with sulfides. Potassium feldspar, which is 

first observed at a depth of 1000 m as a selvage along a quartz-sulfide
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vein, increases in relative abundance with depth, and, in the deepest 

portion of the drill hole, completely "floods" the rock. Anhydrite ap

pears at about the same depth as potassium feldspar, and below a depth 

of approximately 1100 m, forms a major constituent of quartz-sulfide 

veins. Illite occurs in the deeper portions of the drill hole associ

ated with potassium feldspar and chlorite.

In addition to variations in alteration mineralogy with depth, 

sulfides display a similar vertical zonation in the drill hole. The 

upper portion of the drill hole is characterized by 4-6 volume percent 

total sulfides occurring chiefly as pyrite. Total sulfides gradually de

creases with depth to approximately 1-3 volume percent in the deepest 

portion of the drill hole with chalcopyrite being greater than or equal 

to pyrite in abundance.

In summary, alteration mineralogy changes gradually from quartz + 

sericite + kaolinite + alunite with abundant pyrite at shallow depths 

through the assemblages quartz + sericite + pyrite, quartz + sericite + 

chlorite, to quartz + potassium feldspar + chlorite + anhydrite with mi

nor illite and calcite deep in the drill hole. These changes in 

mineralogy are shown qualitatively in Figure 4 as a function of depth in 

meters. In the center of the diagram are shown the depth ranges over 

which various alteration minerals occur and the left side of the diagram 

shows abundances of accompanying sulfides.



FLUID INCLUSION STUDY

Fluid inclusions in sulfide-bearing quartz veins from Red Moun

tain were examined using standard fluid inclusion techniques. Fourteen 

samples obtained from one drill hole extending over.a vertical distance 

of 1536 m were studied to determine temperature variations with depth in 

pre-ore cover over a buried pluton. One sample was studied in detail to 

determine time-temperature relationships at a point during vein filling. 

Information concerning the physicochemical character of the hydrothermal 

fluids during vein filling, including salinity, density, presence of ab

sence of boiling, and pressure conditions was also obtained from this 

fluid inclusion study.

Previous Work

Roedder (1967, 1976) discussed basic fluid inclusion techniques 

and the practical aspects of recovery of data from fluid inclusion analy

ses. Descriptions of fluid inclusion studies of porphyry copper deposits 

are abundant in the recent literature (Nash, 1971; Roedder, 1971; Moore 

and Nash, 1974; Nash and Cunningham, 1974), and Nash (1976) provides a 

summary of fluid inclusion data from 37 such deposits. Fluid inclusion 

data suggest that porphyry copper mineralization is associated with boil

ing hydrothermal solutions having high salinities, generally over about 

35 weight percent NaCl equivalent. Boiling, as indicated by coexisting

liquid— and vapor-rich inclusions both of which homogenize at the same 
temperature, is considered to be diagnostic of the epizonal intrusives

14
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associated, with porphyry copper mineralization; Nash (1976) concludes 

that depth of emplacement of the plutons as deduced from fluid inclusion 

studies was on the order of 1800-3000 m with fluid pressures of less than 

500 bars during mineralization.

Method of Study

Quartz veins obtained from drill core samples and surface out

crops at Red Mountain were found to contain abundant fluid inclusions 

suitable for homogenization and freezing studies. Doubly polished sec

tions were prepared from each quartz vein sample and examined using a 

petrographic microscope at magnifications ranging from 35-400x. At 

lower magnifications such features as cross-cutting relationships indica

tive of relative ages of veins, the location of sulfides relative to vein 

walls, and the occurrence of fractures were examined. The sections were 

then examined at higher magnification to determine the types of fluid 

inclusions present and their manner of occurrence. Fluid inclusions 

were then analyzed with the heating and freezing stage to determine 

filling temperatures and freezing point depressions, using heating and 

freezing techniques described in Appendix 2.

Temporal Classification of Fluid Inclusions 

A major objective of this study concerns changes in the physico

chemical nature of the hydrothermal solution with time. Fluid inclusions 

are commonly classified according to their time of formation with respect 

to the host mineral using three genetic categories.
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Primary fluid inclusions form simultaneously with the enclosing -, 

crystal as the result of imperfect crystal growth or fluid heterogenei

ties such as boiling or liquid immiscibility during crystal growth 

(Roedder, 1967). Secondary inclusions are those that form after crys

tallization of the host mineral is completed. If an earlier-formed crys

tal is fractured in the presence of a fluid, some of the fluid will enter 

the fracture and may be trapped when the fracture heals. Although the 

material immediately surrounding the inclusion formed at the same time 

that the fluid was trapped, the bulk of the crystal did not and the in

clusion is classified as secondary. However, if a crystal fractures at 

some time during its growth, inclusions may be trapped as the fracture 

heals during subsequent crystal growth. Fluid inclusions formed in this 

manner are classified as pseudosecondary, and may be recognized as occur

ring along fractures which originate deep within the crystal but termi

nate at a former growth face within the crystal.

Fluid inclusions from Red Mountain were examined before and 

during heating and freezing tests to determine their temporal classifi

cation. Polished sections were examined at low magnification so that 

fractures cutting several crystals could be observed. Inclusions along 

these fractures, which were obviously secondary, were avoided during 

heating and freezing runs. Only inclusions which appeared randomly lo

cated and isolated were chosen for heating and freezing tests. Although 

this criterion does not insure that the inclusions are primary, it elimi

nates obvious secondary inclusions from consideration.
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Classification of Fluid Inclusions Based on 
Phase Relations Observed at Room Temperature

Fluid inclusions from Red Mountain may be subdivided into three 

types based on phase relations observable at room temperature using nor

mal petrographic techniques. This classification scheme is patterned 

after that suggested by Nash (1976).

Type I: Moderate Salinity,
Liquid-rich

The most common type of fluid inclusion observed from Red Moun

tain contains two fluid phases consisting of liquid plus a small vapor 

bubble amounting to 10-45 volume percent of the inclusion. Observations 

from freezing studies indicate that the vapor bubble is essentially 

and that the liquid is a moderately saline salt solution. Uncommonly, 

a small, unidentified opaque daughter mineral is present. Type I inclu

sions homogenize to the liquid phase as the vapor bubble shrinks and 

disappears at the homogenization temperature.

Type II: Vapor-rich

A second type of fluid inclusion contains liquid plus more than 

55% vapor. Freezing tests indicate'that the liquid has low salinity and 

the vapor bubble is I^O. Type II inclusions homogenize to the vapor 

phase by expansion of the bubble as the liquid evaporates. The phase 

proportions at room temperature and the mode of homogenization indicate 

that the fluid was originally trapped as steam from a boiling solution. 

Gas-rich inclusions are abundant and coexist with liquid-rich inclusions 

in the upper portion of the Red Mountain drill core. Vapor-rich



inclusions are rare below a depth of approximately 1000 m in the drill 

hole, and those that do occur may result from infrequent local boiling 

or leakage of liquid-rich inclusions after trapping.

Type III: High Salinity,
Liquid-rich

Type III inclusions are high salinity liquids containing halite 

plus or minus other daughter minerals in addition to the vapor bubble.

The presence of halite in these inclusions indicates trapping of a solu

tion of greater than 26.4 weight percent NaCl equivalent. Halite

bearing inclusions were observed in all the samples studied, although 

many of the inclusions appeared to be secondary. High-salinity inclu

sions homogenize to the liquid phase by shrinking of the vapor bubble 

and dissolution of the daughter minerals. In several inclusions, the 

bubble disappeared before the salt had dissolved, indicating that the 

homogenization temperature is not the trapping temperature. Table 1 

lists the different daughter minerals observed during this fluid inclu- 

sion„study.

A fourth type of fluid inclusion observed by Nash (1976) in por

phyry copper deposits contains a third fluid phase, liquid CO2 . No in

clusions containing liquid CO2 were observed during this study.

Samples from the Drill Hole

Fluid inclusions in sulfide-bearing quartz veins obtained from 

drill core samples were examined to determine temperature variations 

with depth in pre-mineral cover at Red Mountain.

18
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Table 1« Daughter Minerals In Fluid Inclusions from Red Mountain.

DAUGHTER MINERAL PHYSICAL AND OPTICAL PROPERTIES
Halite (NaCl) Cubic; isotropic; moderately high 

optical relief.

Sylvite (KC1) Cubic; isotropic; moderate optical 
relief. When halite and sylvite are 
both present, sylvite dissolves at a 
lower temperature.

Hematite (Fe^Og) Hexagonal to irregular platelets; 
opaque to red. Does not dissolve 
on heating but occasionally turns 
from red to opaque when heated.

Anhydrite (CaSO^) Rectangular; colorless; high optical 
relief. Does not dissolve in heat
ing tests; corners rarely become 
rounded on heating.

Chalcopyrite(?) (CuFeS2 ) Triangular; opaque. Does not dis
solve in heating tests.

Pyrite(?) (FeS2) Cubic; opaque; non-magnetic. Does 
not dissolve in heating test.

Unknown A 1 Birefringent; moderate relief; radi
al aggregates of hair-like crystals. 
May be Dawsonite (NaAlCO^COH)?) 
(Coveney and Kelley, 1971).
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Homogenization temperatures of fluid inclusions from various 

depths in the drill hole are shown in histogram form on Figure 5. These 

temperatures represent complete homogenization for halite-bearing inclu

sions, i.e., the temperature of disappearance of the vapor bubble or of 

dissolution of the halite, whichever is higher. The inclusions are di

vided into three groups based on phase proportions observable at room 

temperature and manner of homogenization as described earlier. Each 

group of inclusions represents a distinct type of original hydrothermal 

fluid or condition of entrapment. The most common type of fluid inclu

sion observed was a moderate salinity, liquid-rich inclusion which homog

enized to the liquid phase by disappearance of the vapor bubble at the 

homogenization temperature (stippled pattern in Figure 5). Coexisting 

with some liquid-rich inclusions are others containing a vapor bubble 

comprising more than 60 volume percent of the inclusion. These inclusions 

homogenize to the vapor phase by expansion of the vapor bubble as the 

liquid evaporates and suggest trapping of steam from a boiling solution 

("V" pattern in Figure 5). A third type of inclusion observed contains 

halite plus or minus other daughter minerals in addition to liquid and 

vapor and homogenizes to the liquid phase as the daughter salts dissolve 

and the vapor bubble shrinks upon heating (lined pattern in Figure 5).

Three important features are shown in Figure 5. First, a wide 

range in homogenization temperatures occurs in each sample studied the 

entire depth of the drill hole. Also, boiling, as indicated by coexist

ing liquid-rich and vapor-rich inclusions both of which homogenize at 

the same temperature, does not occur below a depth of about 1000 m.
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DEPTH (m.) 2 0 0  3 0 0  4 0 0

2 0 0  3 0 0  4 0 0
TEMPERATURE (*C)

Figure 5. Homogenization Temperatures of Fluid Inclusions from the 
Drill Hole Samples. —  The dotted pattern represents two- 
phase, liquid-rich inclusions which homogenize to the liquid 
phase; the lined pattern represents multi-phase (halite
bearing) inclusions which homogenize (total homogenization) 
to the liquid phase; and the "V" pattern represents vapor- 
rich inclusions which homogenize to the vapor phase.
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Finally, inclusions which contain halite generally homogenize at a 

slightly lower temperature than the two-phase inclusions.

Fluid Inclusion Study of Vein RM-11

A sulfide-bearing quartz vein collected from a surface outcrop in 

Alum Gulch (Figure 3, RM-11) was examined in detail to determine time- 

temperature relationships at a point during vein filling. The vein is 

approximately 1 cm wide and contains milky comb quartz with massive clear 

quartz and sulfides occurring both near the center of the vein and along 

fractures in the milky quartz. Lithology and alteration mineralogy of 

this sample (RM-11) are described in Appendix 1.

Temperature vs. Distance 
from Vein Wall

As a first step in determining time-temperature relationships 

during vein filling, fluid inclusions at fixed distances from the vein 

wall were studied. Polished sections containing the vein and a portion 

of the wallrock on either•side of the vein were examined with the micro

scope, inclusions suitable for homogenization located, and their dis

tance from the vein wall measured using a stage micrometer. The sample 

was then placed in the heating stage and homogenization temperatures of 

the inclusions determined. Figure 6 compares homogenization temperatures 

of 39 inclusions with distance from the vein wall to the vein center 

(5 mm). In general, a decrease in temperature is suggested from the 

vein wall toward the center of the vein. Boiling is indicated by co

existing vapor- and liquid-rich inclusions, both of which homogenize at



Figure 6. Homogenization Temperatures of Fluid Inclusions vs. Distance 
from the Vein Wall for Sample RM-11. —  The dotted pattern 
represents two-phase inclusions which homogenize to the liquid 
phase; the lined pattern represents multi-phase inclusions 
(halite-bearing); and the "V" pattern represents vapor-rich 
inclusions which homogenize to the vapor phase. Histograms 
labelled "A" represent inclusions in one quartz crystal; the 
histogram labelled "B" represents a different quartz crystal. 
"Clear quartz" designates quartz containing disseminated 
sulfides.
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Figure 6. Homogenization Temperatures of Fluid Inclusions vs. Distance
from the Vein Wall for Sample RM-11.
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approximately the same temperature (2.5 mm from vein wall). Primary in

clusions containing halite were only found in clear quartz near the vein 

center.

The inclusions 3 mm from the vein wall which homogenized at 375- 

400°C, the Type I inclusions 4.5 mm from the vein wall, and all of the 

inclusions 1.5, 2.5, and 3.5 mm from the vein wall were from the same 

milky quartz crystal within the vein (Figure 6, crystal "A"). The inclu

sions 3 mm from the vein wall which homogenized at 300-350°C were from a 

different milky quartz crystal than the other two-phase inclusions (Fig

ure 6, crystal "B"), and the high-salinity Type III inclusions 4.5 mm 

from the vein wall were in massive clear quartz. The bimodal distribu

tion: of homogenization temperatures 3 mm from the vein wall suggested 

that a different approach was necessary to accurately determine time- 

temperature relationships during vein filling. Closer examination of 

vein morphology revealed that the quartz crystals did not all grow per

pendicular to the vein wall. Many of the crystals grew at slight angles 

to the vein wall and a few crystals were observed which had nucleated on 

earlier crystals and grew essentially parallel to the vein wall. For 

this reason, it was decided to study only single crystals which nucleated 

at the vein wall and grew outward toward the vein center.

Temperature Variations in Single 
Crystals Parallel to the c-axis

To obtain a better understanding of temperature changes with time 

in the vein, single quartz crystals were isolated and fluid inclusions 

studied from the tip to the base of a single crystal parallel to the



25

c-axis. Several quartz crystals from one vein were examined under the 

microscope and three which contained abundant fluid inclusions suitable 

for homogenization were studied. Starting at the tip of the crystal, 

inclusions were located and homogenized, then the stage was moved one 

field of view of the microscope closer to the crystal base ('vO.ZS mm) 

and the procedure repeated until the base of the crystal was reached. 

During the initial traverse of the crystal,, the temperature was not al

lowed to exceed 325°C to insure that lower temperature inclusions else

where in the crystal would not decrepitate. A second traverse with a 

maximum.temperature of approximately 360°C and a final traverse homoge

nizing all observable inclusions were made. Although no inclusions ap

peared to decrepitate during the initial traverse, a few inclusions 

which homogenized during the initial low-temperature traverse were ob

served to decrepitate during subsequent higher temperature traverses.

The results of heating tests on three crystals are shown on 

Figures 7, 8, and 9. All inclusions examined were two-phase inclusions 

which homogenized to the liquid phase; vapor-rich inclusions were pres

ent but none were suitable for homogenization. Although a wide range in 

temperatures is seen along the entire length of each crystal, the tem

perature maxima suggest very little change in temperature during crystal 

growth.

Temperature Variations 
Perpendicular to the c^axis

In addition to examining temperature variations in single quartz 

crystals parallel to the c-axis, several crystals were studied
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Figure 7. Homogenization Temperatures of Fluid Inclusions in Single
Crystal RM-11:SCI Parallel to the c—axis.
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Figure 9. Homogenization Temperatures of Fluid Inclusions in Single
Crystal RM-11:SC3 Parallel to the c-axis.
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perpendicular to the c-axis to investigate temperature variations as a 

result of lateral crystal growth. Sections were prepared from samples 

cut parallel to the vein wall. Although this method provides little con

trol on distance from the vein wall, much valuable data on time- 

temperature changes in the vein were obtained. When examined in this 

manner, the crystals exhibit several periods of growth, as evidenced by 

dark bands of hematite and clay deposited on intermediate crystal faces. 

Also, the centers of individual^crystals appear gray to milky when ex

amined at low magnification. At higher magnification, the dark centers 

are found to contain abundant vapor- and liquid-rich inclusions, indi

cating boiling during initial crystal growth. ,

The upper part of Figure 10 is a generalized schematic diagram of 

quartz crystals from the vein perpendicular to the c-axis. It shows the 

initial milky quartz crystal (A-B on cross section), a later period of 

milky quartz overgrowth (B-C on cross section), and a final overgrowth 

of clear quartz (C-D on cross section). The intermediate crystal face 

separating A-B and C-D is dashed to. indicate that not all crystals ex

hibit growth zones in the milky quartz. Many are single continuous crys

tals with only a later overgrowth of clear quartz.

The lower part of Figure 10 shows the variation in type and 

homogenization temperatures of fluid inclusions along section A-D. The 

interiors of crystals contain coexisting liquid- and vapor-rich inclu

sions, both of which homogenize at 370-400°C, suggesting boiling. Out

ward from the center of the crystal, homogenization temperatures decrease 

gradually and vapor-rich inclusions become rare. In the outer milky



Figure 10. Generalized Cross-section through a Quartz Crystal from
Vein RM-11 (Top) and Temperature Variations Perpendicular 
to the c-axis (Bottom). —  The dotted pattern (A-C) repre
sents two-phase inclusions. "Boiling” designates region in 
crystal where vapor-rich inclusions are abundant. The lined 
pattern (C-D) represents halite-bearing inclusions in clear 
quartz containing disseminated sulfides.
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Figure 10. Generalized Cross-section through a Quartz Crystal from
Vein EM-11 (Top) and Temperature Variations Perpendicular 
to the c-axis (Bottom).
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quartz (B-C on cross section), only liquid-rich inclusions homogenizing 

at 350-380°C were observed. The slight increase in homogenization tem

peratures in this zone suggests a possible resurgent thermal event during 

this period of crystal growth. This increase in homogenization tempera

tures could also result from increases in salinity during later stages 

of crystal growth. If two inclusions are trapped at the same temperature 

and pressure but contain fluids of different salinities, the inclusion 

with the higher salinity solution will homogenize at a higher temperature 

than the inclusion containing the lower salinity solution. The differ

ence in homogenization temperatures depends on the difference in salinity 

between the two solutions and the distance away from the two-phase bound

ary that the inclusions were trapped. Because salinity did not vary more 

than a few weight percent NaCl equivalent during this stage of vein fill

ing (see below) and because.the inclusions were probably trapped close 

to the two-phase boundary based on boiling observed earlier, the effect 

of salinity is not thought to be the cause of the observed increase in 

homogenization temperatures. The overgrowth of clear quartz is charac

terized by lower temperature, high salinity inclusions (C-D on cross 

section). This later quartz also contains disseminated grains of sul

fides which were not observed in the earlier milky quartz which formed 

at higher temperatures.

Summary of Fluid Inclusion 
-Data from Vein RM-11

Approximately 500 fluid inclusions in vein RM-11 were examined 

on the heating stage to determine time-temperature relationships during
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vein.filling. It was found that simply recording temperatures as a func

tion of distance from the vein wall does not provide an accurate deter

mination of temperature variations during vein filling because distance 

from the vein wall and time of fluid inclusion trapping are not correla

tive. This results from the observation that not all crystals grew per

pendicular to the vein wall and that all crystals did not grow at the 

same rate or begin growing at the same time. A more accurate determina

tion of time-temperature relationships during vein filling was obtained 

by examining fluid inclusions in three quartz crystals from their bases 

to their tips parallel to the c-axis. All three crystals nucleated on 

the vein wall and. grew essentially perpendicular to the wall. Although 

a wide range in temperature is observed along the entire length of each 

crystal as shown in Figures.7, 8, and 9, the temperature maxima suggest 

very little change in temperature during crystal growth. The range in 

temperatures may have several causes, including:

1) In a boiling system, as is suggested by coexisting liquid- and 

vapor-rich inclusions, both of which homogenize at the same tem

perature, it is probable that not all inclusions trapped a homo

geneous fluid, i.e., all liquid or all vapor. The few anomalously 

high homogenization temperatures may have resulted from the trap

ping of small amounts of steam in liquid-rich inclusions.

2) Fluid inclusions along the c-axis may include ones from different 

lateral growth zones.

3) Because of the great abundance of inclusions in each sample, it 

is not always possible to determine whether or not an inclusion
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is along a fracture. Low homogenization temperatures may result 

from examination of secondary and pseudosecondary inclusions.

4) Fluctuations in salinity and/or pressure during vein filling

would have an effect on the filling temperatures of fluid inclu

sions. Because salinity did not vary significantly during early 

vein filling (see below), pressure fluctuations must be consid

ered. According to the data of Klevstov and Lemmlein (1960), if 

a crystal grows in a 10 weight percent NaCl solution at a con

stant temperature of 370°C, but pressures vary from 200-1000 

bars, its fluid inclusions would homogenize at temperatures rang

ing from 270-370°C.

The wide range in homogenization temperatures of inclusions in the quartz 

crystals may result from any or, possibly, from all of the above 

processes.

Examination of quartz crystals cut perpendicular to the c-axis 

reveals that the centers of these crystals contain abundant liquid- and 

vapor-rich inclusions, indicating boiling during early vein filling.

With distance from the center of milky quartz crystals, the ratio of 

vapor-rich to liquid-rich inclusions decreases and homogenization tem

peratures decrease from approximately 400 to 350°C. Clear quartz over

growths on the earlier milky quartz crystals contain halite-bearing 

inclusions which homogenize in the range 350-250°C. Sulfides occur dis

seminated throughout the clear quartz and along fractures in the milky
quartz.



34

Geothermal Gradient

Computer generated models for cooling plutons predict moderate 

geothermal gradients, on the order of 50-150°C/lan, above intrusives em

placed to shallow depths in the earth's crust (Norton and Knight, 1977). 

As shown earlier, boiling of the hydrothermal fluids in the upper 1 km 

of the drill hole is indicated by coexisting liquid- and vapor-rich in

clusions both of which homogenize at the same temperature. Because in

clusions trapped from boiling solutions require no pressure correction, 

homogenization temperatures are the same as trapping temperatures. If 

all the boiling inclusions are assumed to have formed at the same time 

over the entire 1000 m in which boiling occurs, the magnitude of the pre

vailing geothermal gradient at Red Mountain during early vein filling 

may be calculated. The contemporaneity of the inclusions is uncertain, 

but all inclusions indicative of boiling occurred early in the vein fill

ing history, have similar salinities and densities, and are found in op
tically similar quartz.

With the assumption that all inclusions indicative of boiling 

are contemporaneous in mind, homogenization temperatures of inclusions 

trapped from boiling solutions are plotted versus drill hole depth in 

Figure 11. A line fit through the plotted points by the method of least 

squares indicates a temperature gradient of 40°C/km. In view of the un

certainties concerning the contemporaneity of the inclusions and the 

large scatter in the data points, this gradient should, at best, only be 

considered as a rough approximation of temperature increase with depth 

in pre-mineral cover during alteration at Red Mountain.



Figure 11. Calculated Geothermal Gradient Prevailing during Early
Stages of Vein Filling at Red Mountain. — • The geothermal 
gradient is based on homogenization temperatures of fluid 
inclusions indicative of boiling solutions. The inset shows 
calculated geothermal gradient for the Coso geothermal sys
tem, Inyo County, California (Norton and Knight, In press). 
The shaded area of inset represents the depth of the drill 
hole at Red Mountain during vein filling based on calculated 
overburden removed (see below).
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Figure 11. Calculated Geothermal Gradient Prevailing during Early 
Stages of Vein Filling at Red Mountain.
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Salinities

Paragenetic relationships observed in quartz veins suggest two 

stages of quartz deposition separated by an unknown period of time.

Fluid inclusion studies reveal that the earlier milky quartz contains 

abundant liquid- and vapor-rich primary inclusions as well as secondary 

inclusions containing salt. Later clear quartz associated with sulfide 

deposition contains halite-bearing primary inclusions; vapor-rich inclu

sions are never found in this late quartz. This fluid inclusion evidence, 

when combined with paragenetic relationships, suggests, that boiling flu

ids of low salinity attended early vein filling. A later non-boiling 

solution with high salinity deposited clear quartz and sulfides. Assum

ing gradual cooling with time, the high-salinity solutions would be 

slightly lower temperature than the early, low-salinity solutions and 

fluid inclusion homogenization temperatures should reflect this 

difference.

Salinities and homogenization temperatures of 89 fluid inclusions 

are compared in Figure 12. Salinities of inclusions that contained ha

lite as a daughter mineral were determined by heating.the inclusion and 

observing the temperature at which the salt dissolved and referring this 

temperature to the NaCl solubility data of Keevil (1942). Salinities de

termined by this method are reported as NaCl equivalent salinity, that 

is, the salinity if NaCl is the only salt in solution. Salinities of 

inclusions not containing halite were determined using freezing methods 

similar to those developed by Roedder (1962a, 1963) and described in Ap

pendix 2. All measurements in Figure 12 which lie below the saturation
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value for NaCl solubility at room temperature (26.4 weight percent) were 

determined by the freezing method. Those above the line contained NaCl 

daughter salts at room temperature and were determined by heating the 

inclusions until the salt dissolved.

Examination of Figure 12 shows that, as suggested earlier, high- 

salinity inclusions generally homogenize at lower temperatures than low- 

salinity inclusions, although there is considerable overlap of 

temperatures for the two types. If the increase in salinity occurred 

gradually through time, salinity measurements should be evenly distrib

uted when plotted on a histogram, but examination of Figure 13 reveals 

a bimodal distribution with maxima at 10-15 and 35-40 weight percent NaCl 

equivalent. The bimodal distribution of salinities suggests a step-wise 

increase in the salinity of a hydrothermal solution emanating from one 

source or that solutions attending late-stage vein filling originated in 

a different geologic environment than those associated with early vein 

filling.

Useful information may be obtained by observing the behavior of 

fluid inclusion daughter minerals during heating tests. In tests on flu

id inclusions from Red Mountain which contained halite, the salt dis

solved before the liquid-vapor filling temperature was reached in 

approximately one-third of the inclusions examined, indicating entrap

ment of an undersaturated solution. In most heating tests, however, the 

salt crystal remained above the liquid—vapor filling temperature.

Roedder (1972) lists four possible causes of such behavior.
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1) Equilibrium was not attained and a slower heating rate is 

necessary.

2) Equilibrium was attained, but the temperature of salt dissolution 

is higher than the liquid-gas homogenization temperature. This 

suggests that a solid phase was precipitating in the inclusion 

before the solution separated into liquid-plus-vapor. Inclusions 

trapped far from the two-phase boundary at high pressures would 

behave in this manner. In this situation, the temperature of 

disappearance of the salt would be closer to the trapping tempera

ture than would the liquid-plus-vapor homogenization temperature.

3) The "daughter" mineral was trapped in the inclusion as a solid 

grain. Ermakov (1965) describes a mineral trapped by this method 

as a captive mineral.

4) Changes, such as necking-down, have occurred after trapping 

(Roedder, 1962b).

Of the four possible causes of the anomalously high salt solution 

temperatures, three can be eliminated with confidence. Several inclu

sions containing halite were heated at different rates and the solution 

temperatures of daughter minerals recorded. In each instance, the tem

perature at which the salt dissolved was the same; therefore, kinetic 

effects, or nonequilibrium, appear to be absent. Also, in each sample, 

the temperatures of salt solution and the filling temperatures were the 

same for several inclusions. If necking-down or entrapment of solid 

grains had occurred, a wide range in temperatures would be expected.
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With these considerations in mind,.filling temperatures and salt 

dissolution temperatures of inclusions from the drill hole are compared 

in Figure 14. Approximately two-thirds of the inclusions display salt 

dissolution temperatures above the liquid-vapor filling temperatures. No 

evidence of boiling was observed with any of the salt-bearing inclusions; 

therefore, the filling temperatures require a pressure correction to ob

tain the trapping temperature. Under any pressure condition, either hy

drostatic or lithostatic, inclusions deeper in the drill hole require 

larger pressure corrections than those at shallower depths. Of the seven 

data points which fall more than 100°C away from line 0-A representing 

equal salt dissolution and filling temperatures, four are from a depth of 

1208 m and three are from a depth of 1536 m in the drill hole. That is, 

inclusions requiring the largest pressure corrections are those deepest 

in the drill hole. 'According to the data of Lemmlein and Klevstov (1961), 

an inclusion containing a 30 weight percent NaCl solution which homoge

nizes at 300°C formed at a pressure of approximately 1 kbar to necessi

tate. a 100°C pressure correction. Pressure conditions during vein filling 

are discussed in detail below.

In addition to information concerning pressure conditions, the 

dissolution temperatures of daughter minerals also provides data on com

positions of the hydrothermal solutions. Several inclusions examined 

contained both halite and sylvite daughter minerals. Although most of 

these inclusions were too small for heating stage studies, one sample 

contained two large halite- and sylvite-bearing inclusions amenable to 

homogenization tests. With salt dissolution temperatures obtained from
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Figure 14. Temperature of Fluid Homogenization (T^_y) vs. Temperatures 
of Salt Dissolution (Tsalt) for Salt-bearing Inclusions 
from Red Mountain. —  Also shown are the depths in the drill 
hole (1208 and 1536 m) for the 7 inclusions which plot more 
than 100°C away from the line corresponding to equal fluid 
homogenization and salt dissolution temperature (line 0-A).



43

homogenization studies and assuming a pure NaCl-KCl-^O system, the Na/K 

ratio of the solution may be determined using Figure 15 (from Roedder, 

1971). At room temperature, both inclusions contain halite, sylvite, and 

a solution containing Na-K-Cl (Figure 15, A). Upon heating, both the 

halite and sylvite will dissolve, although the sylvite will dissolve much 

faster due to its greater increase in solubility with temperature in

crease. At 160°C the sylvite was completely dissolved in both inclusions 

(Figure 15, B). .With further heating, halite dissolves until, at 330°C 

(Figure 15, C), all of the halite has dissolved. These salt dissolution 

temperatures indicate a gross composition of 28 weight percent NaCl, 24 

weight percent KC1, and 48 weight percent H^O. The solution is, there

fore, 16.7 molal total chloride (6.7 m KC1 and 10.0 m NaCl), giving the 

atomic ratio Na/K of 1.5. This value is slightly lower than Na/K ratios 

of 3 to 4 calculated* for the porphyry copper deposit at Bingham Canyon, 

Utah by Roedder (1971).

Geobarometry

Homogenization and freezing data on inclusions from two samples 

at different depths below the top of Red Mountain were used to determine 

pressures attending vein filling. Sample RM-11, from a depth correspond

ing to 350 m below the drill hole collar, contains coexisting liquid- and 

vapor-rich fluid inclusions both of which homogenize at a mean temperature 

of 390°C. Freezing tests indicate salinities of the inclusion fluids of 

10-15 weight percent NaCl equivalent. According to the data of Sourirajan 

and Kennedy (1962), the vapor pressure of a 10-15 weight percent NaCl
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Figure 15. A Portion of the System NaCl-KCl-t^O Showing Change in
Solution Composition of Fluid Inclusions Containing both 
Halite and Sylvite When Heated. —  Modified after Roedder 
(1971). At room temperature the inclusion liquid is on the 
boundary at A. On heating, KC1 dissolves and the solution 
composition follows the boundary. At 160°C (point B) all 
KC1 is gone, leaving a solution of composition B and NaCl 
salt in the inclusion. With further heating, the solution 
follows the line B-C, towards NaCl. At point C (330°C), 
all of the solids have dissolved, resulting in a solution 
of composition C (28 weight percent NaCl, 24 weight percent- 
KC1, and 48 weight percent HgO).



45

solution boiling at 390°C would be about 225 bars; Using the data of 

Haas (1971) extrapolated to higher temperatures and pressures, a pressure 

of 225 bars and a temperature of 390°C corresponds to a depth of approxi

mately 2700 m assuming a hydrostatic, head with an average density of 0.88 

g/cc over the entire column (Figure 16). If lithostatic conditions are 

assumed, an average rock density of 2.7 g/cc would correspond to a depth 

of 860 m.

The second sample used for pressure determinations was from a 

depth of 1006 m in the drill hole. As shown in Figure 5 earlier, this is 

the greatest depth in the drill hole at which evidence for boiling was 

observed. Coexisting liquid- and vapor-rich inclusions in this sample 

homogenize at a mean temperature of 405°C and have salinities of 10-12 

weight percent NaCl equivalent, which, using the data of Sourirajan and 

Kennedy (1962), suggests a vapor pressure of approximately 260 bars.

This pressure corresponds to a depth of about 3300 m assuming hydrostatic 

conditions (average density ■ 0.88 g/cc) or 980 m if lithostatic (average 

density =2.7 g/cc) conditions prevailed. Figure 16 shows the two-phase 

boundaries for pure water and 10 and 15 weight percent NaCl solutions, 

along with the pressures at several points along the curve. Also shown 

are the results of the pressure calculations for samples Rm-11 and 1006 

assuming a hydrostatic model.

Based on the data of Sourirajan and Kennedy (1962) and Haas (1971) 

and the results of this fluid inclusion study, the calculated pressure of 

a vapor phase coexisting with boiling, low-salinity fluids associated 

with the early stages of vein filling at Red Mountain was on the order of
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200-300 bars. These pressures are consistent with those obtained from 

fluid inclusion studies of other porphyry copper deposits (Roedder, 1971; 

Nash, 1976).

Deciding whether the pressures are due to hydrostatic or litho- 

static conditions is often difficult,, but geologic and fluid inclusion 

evidence suggests the former during early vein filling at Red Mountain. 

Abundant fracturing, common to epizonal plutons, suggests that the sys

tem was open to the surface through a series of inter-connected openings. 

•Also, the pressures obtained from the fluid inclusion study for sample 

1006 correspond to a depth of formation of 980 m if lithostatic condi

tions prevailed, which is less than its depth below the present surface, 

the pressure data also indicates that, assuming lithostatic conditions, 

samples RM-11 and 1006 would have been separated vertically by 130 m dur

ing formation. These two samples are presently separated vertically by 

about 650 m, and, because there is no evidence for major fault offset 

between the two samples (Com, 1975), the lithostatic model is not con

sistent with the present spatial relationship of the samples. However, 

the vertical separation of 600 m.calculated assuming hydrostatic condi

tions agrees closely with their actual separation. • Based on the close 

agreement between the present spatial relationship of the samples and 

that predicted by the fluid inclusion study using the hydrostatic model, 

pressures during early vein filling are believed to result from hydro

static conditions.

The salinity data presented earlier indicated that very high 

pressures, on the order of 1 kbar, were necessary to explain the high

47
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temperatures of salt dissolution compared to liquid-vapor homogenization 

temperatures. Because no evidence for boiling was observed with the 

late-stage, high-salinity fluids, it was not possible to obtain pressures 

from the fluid inclusion data, but pressures may be calculated using the 

depths of formation estimated from the boiling solution. If the early 

inclusions in sample 1006 formed under boiling conditions at 260 bars 

hydrostatic pressure and conditions changed to lithostatic during late- 

stage vein filling with the same depth of cover, the pressure during 

late-stage vein filling may be calculated using the following equation:

Pbars ' * P Z

where P * pressure in bars, p = density in g/cc, Z * depth in centimeters, 

and K = a constant = 9.12 x 10~* cm^/g relating density and depth to the 

pressure in bars. The pressure at the bottom of the drill hole, that is 

1536 m below the present surface or about 3800 m below the surface during 

vein filling based on a depth of 3300 m below the surface calculated for 

sample 1006 (see discussion concerning depth of cover and overburden re

moved below), would be, according to the above equation

Pbars * (9.2 x 10-^ cm2/g)(2.7 g/cc)(3.8 x 10^ cm) « 950 bars

As the calculation shows, the data from boiling inclusions and from salt 

dissolution temperatures, which suggest a presence of approximately 1 

kbar, agree quite well and are consistent with having an early low salin

ity solution boiling under hydrostatic conditions which, with time, 

evolves to a high-salinity, non-boiling solution under lithostatic
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pressures. If hydrostatic conditions prevailed during the entire period 

of vein filling, pressures of 1 kbar would require a depth of approxi

mately 9 km assuming an average density of 1.2 g/cc. Approximately 5 km 

of cover would have been added to Red Mountain between early and late 

vein filling periods in order to provide this depth of cover and corres

ponding pressure.

The pressure data obtained from fluid inclusions may be extended 

to estimate the depth of emplacement of the pluton presumed to exist at 

depth at Red Mountain. Because the drill hole used in this study did 

not intersect a pluton at depth, only a minimum depth of emplacement may 

be calculated. In view of the overwhelming evidence to support hydro

static conditions, the hydrostatic model is used in reconstruction of 

overburden. Data from sample RM-11 indicates a depth of formation of 

2700 m. Because the depth of this sample is 350 m below the present 

surface (approximately 625 m below the top of Red Mountain), about 2000 m 

of cover appears to have been removed from the top of Red Mountain. Data 

from sample 1006 suggest a depth of formation of 3300 m which, when com

bined with its present depth of 1006 m below the surface (1275 m below 

the top of Red Mountain), also indicates that about 2000 m of overburden 

have been eroded. Combining the values for overburden removed with depth 

of the drill hole and present sample depth suggests a minimum depth of 

emplacement of the pluton of approximately 3.5 km, which is in agreement 

with depths of emplacement of 2-4 km reported for intrusives associated 

with other porphyry copper deposits (Nielsen, 1968; Sillitoe, 1973; Nash, 

1976).
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Densities of the Solutions

With salinity, temperature, and pressure data obtained from fluid 

inclusion studies, densities of hydrothermal fluids during various stages 

of vein filling may be estimated. Densities of fluids characteristic of 

early vein filling through late-stage mineralization calculated from the 

data of Potter (1975) are given in Table 2. Potter's data was extrapo

lated to higher salinities in order to estimate densities of the late- 

stage solutions. The densities calculated for the Red Mountain system 

agree with densities obtained from fluid inclusion studies of similar 

geologic environments (Kelley and Turneaure, 1970; Roedder, 1971; 

Cunningham, 1976).

The information shown in Table.2 is consistent with other results 

of this study which suggest an early, high-temperature, low-salinity 

boiling solution and a late, lower temperature, higher salinity, non

boiling solution. The slight density increase during the early stage of 

vein filling may be a consequence of boiling, which tends to concentrate 

the solute (NaCl) in the liquid, and cooling of the solutions with time. 

During late-stage sulfide deposition, the solutions were much higher den

sity than the earlier fluids as a result of slightly lower temperatures 

and much higher pressures and salinities.

The calculated densities are accurate only within the limits of 

temperatures, pressures, and salinities obtained from fluid inclusion 

studies and should be considered as only rough approximations of actual 

densities. Also, the densities are based only on the system NaCl-t^O, 

although the significant amounts of other dissolved salts such as KC1,



Table 2. Densities of the Hydrothermal Solutions as Determined from Fluid Inclusion Studies.
INCLUSION TEMPERATURE
TYPE (°C) PRESSURE SALINITY DENSITY COMMENTS

Early L+V -> V 370-400 •vZZO bars <1 wt % o-0.20 g/cc
(steam) Bolling

Solution
L+V + L 370-400 ''>220 bars 'VIO wt % o0.67 g/cc

L+V -v L 350 '''220 bars 0,12 wt % o0.77 g/cc Solution cools, boiling
L+V -> L 325 a>220 bars 0,13 wt % o0.82 g/cc ceases. Becomes slight
L+V -»■ L 300 0 , 2 2 0 bars 0,14 wt % 0O . 8 6  g/cc ly more saline.

Late L+V+S + L 350 1000 bars o,35 wt % ol.lO g/cc Late-stage solutions as
sociated with sulfide

L+V+S L 300 1000 bars 0,35 wt % ol.l4 g/cc deposition.



CaClg, MgClg, and CaSO^ found in inclusion fluids (Roadder, 1972) would 

affect their densities.



SUMMARY

The purpose of this study was to examine alteration characteris

tics of pre-mineral cover over a buried pluton with emphasis on the tem

peratures attending alteration and mineralization in this zone.

Petrographic studies reveal systematic variations in alteration mineralogy 

and sulfide distribution with depth in pre-ore cover at Red Mountain.

If, as computer generated models (Norton and Knight, 1977) for fluid flow 

around plutons predict, hydrothermal fluids flowed from the deeper levels 

of Red Mountain to shallower levels (i.e., essentially up the drill hole), 

the physicochemical character of the solutions would have to have changed 

along the flow path to produce the observed alteration pattern. Results 

of fluid inclusion studies provide information concerning the changing 

physicochemical character of the hydrothermal solutions both with depth 

in the drill hole aind with time at any one point in the drill hole. Data 

obtained from this study which must be considered when evaluating the 

processes responsible for the observed alteration pattern at Red Mountain 

include the following:

1) Petrographic studies indicate a gradual but systematic variation 

in alteration mineralogy with depth from shallow quartz + 

alunite + kaolinite progressively through the assemblages quartz + 

sericite + pyrite, quartz + chlorite + sericite, to deep quartz + 

K-feldspar + chlorite + anhydrite.

2) Sulfide abundances vary with increasing depth from A to 6 volume 

percent total sulfides, occurring chiefly as pyrite, to 1 to 3

53



54
volume percent total sulfides with chalcopyrite greater than or 

equal to pyrite at depth.

3) Homogenization temperatures of fluid inclusions in sulfide

bearing quartz veins from the drill hole indicate that tempera

ture decreased from approximately 425 to 250°C at any one depth 

during vein filling.

4) Coexisting liquid- and vapor-rich inclusions, both of which ho

mogenize at the same temperature, indicative of boiling, occur 

in the upper 1000 m of the drill hole. Homogenization tempera

tures of these inclusions suggest that a geothermal gradient on . 

the order of 40°C/km prevailed during the early stages of vein 

filling.

5) Pressures attending early vein filling were approximately 200- 

300 bars, which, assuming hydrostatic conditions, suggests that 

about 2000 m of overburden have been eroded from the top of Red 

Mountain. During late-stage vein filling, pressures were on the 

order of 1 kbar, indicating a change from hydrostatic to litho- 

static conditions during this period of vein filling.

6) Two distinctly different hydrothermal solutions, including an 

early high temperature (370-425°C), low-salinity (10-15 weight 

percent NaCl equivalent), boiling solution and a later lower 

temperature (250-350°C), high-salinity (30-40 weight percent NaCl 

equivalent), non-boiling solution, were associated with altera

tion and mineralization.
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7) Sulfide deposition occurred late in the vein filling history as

sociated with the lower temperature, higher salinity, fluids.

Computed phase relationships using thermodynamic data (Knight, 

1977) predict that irreversible oxidation of hydrothermal solutions ini

tially in equilibrium with potassium feldspar, biotite; quartz, pyrite, 

and chalcopyrite decreases the stability of all minerals with respect to 

the solution except quartz, alunite, and an aluminosilicate phase (kao

lin! te or pyrophyllite). Also, decreasing temperature expands the alu

nite stability field to lower values of log a(H+)^ ' a(S0^~) (Hemley 

et al., 1969). Therefore, oxidation and cooling of hydrothermal solu

tions flowing from a pluton into near-surface environments would produce 

a zoning sequence consisting of potassium feldspar + biotite + quartz + 

pyrite + chalopyrite at depth to alunite + quartz + (kaolinite or pyro

phyllite) above, similar to the pattern observed at Red Mountain. Con

sequently, although the data derived from the present study are 

insufficient to define variations in solution chemistry attending altera

tion at Red Mountain, petrographic observations.and fluid inclusion data 

over 1500 m of vertical extent in pre-ore cover are consistent with 

zoning above plutons as predicted by theoretical consirations.



APPENDIX 1

THIN SECTION DESCRIPTIONS 

Alteration Mineralogy in Drill Core Samples

Sample 150^

Sample 150 is a trachyte tuff displaying an advanced argillic 

type of alteration. The rock has been pervasively altered to quartz + 

sericite + kaolinite + pyrite cut by a quartz + alunite + kaolinite vein. 

Pyrite, which constitutes 4-6 volume percent of the rock, occurs both in 

veinlets and as disseminations. Chalcocite commonly occurs as rims on 

pyrite and appears to be supergene. Recrystallized quartz-eyes and minor 

calcite were observed in the groundmass, and iron-oxide staining is com

mon throughout the sample. Alunite from the vein was examined by x-ray 

diffraction and found to be very high in sodium according to the data of 

Cunningham and Hall (1976). Textural relationships indicate that quartz + 

sericite + kaolinite + alunite is the stable alteration assemblage in 

this sample.

Sample 297

Sample 297 is from a latite(?) dike which cuts the volcanics.

All original rock minerals have been completely sericitized and a quartz 

vein with pyrite near the vein center cuts the sample. Pyrite, along with

1. Numbers indicate depth in the drill hole in meters.
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minor alunite and rutile, is disseminated throughout the rock. The sta

ble alteration assemblage is quartz + sericite + alunite, indicating a 

gradual change from advanced argillie to phyllic alteration with depth.

Sample 437

Sample 437 is a trachyte tuff which has been pervasively seri- 

citized. A quartz vein with minor pyrite near the vein center cuts the 

sample. Pyrite, constituting approximately 4-6 volume percent of the 

rock, and fine-grained quartz occur in the groundmass. Rutile occurs as 

a minor accessory mineral associated with sericite. Quartz + sericite + 

pyrite, or phyllic alteration, is the stable assemblage in this sample.

Sample 572

Sample 572 is an amygdaloidal andesite or latite cut by a 

quartz - pyrite veinlet with a well-developed sericite - chlorite halo. 

The wallrock has been altered to quartz + sericite + pyrite with minor 

chlorite. Patches of chlorite, apatite, and chalcedony surrounded by a 

rim of quartz are common throughout the wallrock and probably represent 

amygdaloids which have been filled during hydrothermal alteration. Minor 

biotite, which appears to be an original rock-forming mineral, occurs in 

the groundmass altering to chlorite. The chlorite in this sample is 

nearly isotropic, indicating that the atomic ratio Fe++/Mg++ %1 (Albee, 

1962). This sample marks the first occurrence of chlorite with depth in 

the drill hole and is the only sample in which biotite was observed. 

Chlorite alteration is mostly vein-controlled. The alteration assemblage 

in this sample is quartz.+ sericite + pyrite with minor chlorite.
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Sample 704

Sample 704 is an amygdaloidal andesite which has been pervasively 

sericitized. A pyrite vein cuts earlier quartz - sericite - chlorite 

veinlets. Disseminated pyrite is relatively minor in the wallrock, con

stituting 2-4 volume percent of the rock. Apatite and leucoxene in the 

veins and rutile in the wallrock occur as accessory minerals. The alter

ation assemblage in this sample is quartz + sericite + chlorite.

Sample 787

Sample 787 is an andesite which has been pervasively altered to 

quartz + sericite + chlorite + pyrite cut by a quartz + calcite + pyrite 

vein. Pyrite, which occurs chiefly in the wallrock, constitutes 2-4 

volume percent of the rock. Rutile and leucoxene are minor accessory 

minerals associated with chlorite and were probably produced during 

chloritization of biotite. The alteration assemblage in this sample is 

quartz + sericite + chlorite.

Sample 878

Sample 878 is an andesite which has been altered to quartz + 

sericite + chlorite. A quartz + calcite vein containing minor chlorite, 

pyrite, and chalcopyrite cuts the rock. Pyrite also occurs as clusters 

disseminated throughout the rock. Relict plagioclase, partially altered 

to sericite and quartz, was observed away from the vein, but most feld

spars have been completely replaced. Calcite occurs in minor amounts in 

the wallrock. The alteration assemblage in this sample is quartz +
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sericite + chlorite, with the first occurrence of chalcopyrite with depth 

observed in this sample.

Sample 1006

Sample 1006 is an andesite which has been altered to quartz + 

sericite + chlorite, with minor K-feldspar and calcite,* cut by a quartz 

vein containing minor pyrite, chalcopyrite, and chlorite. Plagioclase 

phenocrysts in the wallrock have been altered to a fine-grained sericite 

and quartz. Polycrystalline quartz phenocrysts containing patches of 

chlorite are common in the wallrock. Abundant rutile inclusions suggest 

the chlorite is after biotite. This sample marks the first occurrence 

of K-feldspar, with this mineral occurring mainly as a selvage along the 

quartz vein and to a much lesser extent disseminated in the wallrock.

The alteration assemblage of this sample is quartz + sericite + chlorite 

with minor K-feldspar.

Sample 1103

Sample 1103 is an andesite which has been altered to quartz + 

chlorite + sericite + K-feldspar with a cross-cutting vein of quartz - 

sericite - calcite - anhydrite. Chalcopyrite, and to a lesser extent 

pyrite, are commonly intergrown with sericite and chlorite in and along 

the vein wall. Pyrite is more abundant in the wallrock and chalcopyrite 

more abundant in the vein. This sample marks the first occurrence of 

anhydrite with depth in the drill hole. The alteration assemblage in 

this sample is quartz + chlorite + sericite + K-feldspar + anhydrite, 

indicating a change from phyllic alteration above to potassic alteration 

at depth.
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Sample 1208

Sample 1208 Is a banded, siliceous hornfels altered to quartz + 

potassium feldspar + chlorite with minor sericite, cut by a quartz + 

chalcopyrite + anhydrite vein with minor chlorite and apatite. K-feldspar 

is most abundant as a selvage along the vein and decreases outward into 

the wallrock. Chalcopyrite is abundant in the vein and occurs in lesser 

amounts in the wallrock adjacent to the vein.

Sample 1323

Sample 1323 is an andesite altered to quartz + K-feldspar + 

sericite + chlorite cut by a quartz - sericite - pyrite - calcite vein 

with a well-developed sericite halo. A fine-grained, shreddy, brownish 

mineral, originally thought to be biotite, was observed in this sample. 

Microprobe analysis proved this mineral to be illitic with a composition 

of approximately Kq 6 MgQ 25 Al2 3 Si^ ^ 0 ^  (OH)2, similar to seawater 

illite (Mackenzie and Carrels, 1965). Results of microprobe analysis of 

illites and chlorites from this sample are plotted on a K - A1 - Fe + Mg 

ternary diagram in Figure 17. The alteration assemblage in this sample 

is quartz + K-feldspar + chlorite + anhydrite with minor sericite.

Sample 1425

Sample 1425 is a portion of a quartz + chalcopyrite + pyrite 

vein with no wallrock available for petrographic examination.

Sample 1506

Sample 1506 is a felsite altered to quartz + K-feldspar + 

chlorite with minor sericite and calcite. A quartz + sericite +
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Figure 17. Results of Microprobe Analysis, of Sample 1323 Plotted on 
• a K-Al-Fe+Mg Ternary Diagram.
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calcite vein and a later quartz + sericite + calcite + anhydrite vein cut 

the rock. Fluid inclusions were examined only from the earlier vein, as 

the later vein was very narrow (approximately 1 mm wide) and contained a 

cloudy, grayish quartz not suitable for fluid inclusion study. Chalco- 

pyrite is common as disseminations in the wallrock. Since its first ap

pearance higher in the drill hole, K-feldspar has been steadily 

increasing in abundance with depth. In this sample K-feldspar floods the 

wallrock and, with the exception of quartz, is the most abundant altera

tion mineral in the sample. The alteration assemblage of this sample is 

quartz + K-feldspar + chlorite.

Sample 1536

Sample 1536 is an andesite which has been altered to quartz + 

K-feldspar + chlorite + sericite cut by a quartz + K-feldspar + chlorite 

vein. Relict plagioclase phenocrysts altered to sericite and chlorite 

were observed in the wallrock. Pyrite and chalcopyrite in approximately 

equal amounts occur disseminated throughout the wallrock but sulfides 

are rare in this sample, constituting 1-2 volume percent of the rock.

Sample RM-11

Sample RM-11 is a trachyte tuff collected from a surface outcrop 

on the southern side of Red Mountain in Alum Gulch (see Figure 3 for sam

ple location). This sample corresponds to a depth of approximately 350 m 

in the drill hole. The rock has been completely altered to quartz + 

sericite + pyrite and is cut by a quartz - chalcopyrite - pyrite vein 

approximately 1 cm wide. Sulfides are restricted to the center of the 

vein, associated with clear, massive quartz.



APPENDIX 2

LABORATORY TECHNIQUES

Homogenization and Freezing 
Equipment and Procedures

A dual-purpose heating and freezing stage for homogenization and 

freezing tests was constructed from plans originally drawn by Dr. Gary 

Landis (University of New Mexico, Albuquerque) and modified by Dr. Richard 

E. Beane by the Creative Laboratory in the Physics Department at The 

University of Arizona. Transite, an asbestos-based insulating material, 

was used for the body of the stage. The sample chamber and gas inlets 

were machined from aluminum. The heating element consists of high- 

resistance nichrome wire wound on silica glass surrounding the sample 

chamber. Current is supplied to the heating elements by a transformer 

regulated by a Variac to control heating rates. A chromel-alumel thermo

couple connected to a Doric Model 410 digital Trendicator registers the 

temperature in the sample chamber. The heating stage has an upper tem

perature limit of approximately 550°C because the aluminum sample chamber 

becomes deformed above this temperature due to low melting temperature 

of aluminum. The thermocouple and Trendicator were calibrated with a 

D.C. power source using the method suggested by the manufacturer and 

verified by comparing known temperatures for phase changes in various 

inorganic substances with the temperature given by the Trendicator. The 

thermocouple was found to be accurate to within approximately +5°C at 

350°C. Because the tip of the.thermocouple cannot be positioned at the
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exact location of the inclusion being observed, thermal gradients within 

the sample chamber were examined. At a Trendicator reading of 400°C, a 

positive thermal gradient of approximately 10°C was found to exist from 

the center to the wall of the sample chamber. In order to avoid errors 

resulting from the thermal gradient, the thermocouple and sample were 

always positioned the same relative to the sample chamber wall. Vertical 

thermal gradients were not examined, but are believed to be insignificant 

because of the large thermal mass of the sample chamber, and because the 

samples were all approximately the same thickness and located at the cen

ter of the chamber during heating runs.

Freezing of inclusions was accomplished by passing highly purified 

nitrogen gas, cooled by liquid nitrogen, through the sample chamber. Be

cause of supercooling, it was often necessary to cool the inclusions to
o-50 C or lower before they would freeze. To do this, the samples were 

immersed in liquid nitrogen for a few minutes, transferred rapidly into 

the sample chamber, and liquid nitrogen poured directly into the sample 

chamber to maintain the low temperature. Once the inclusion was frozen, 

the flow of nitrogen gas was slowed and the temperature allowed to rise. 

The inclusions were observed as the temperature increased and the temper

ature at which the first amount of liquid formed was recorded. This tem

perature, called the first melting temperature, may provide useful 

information concerning the gross composition of multi-component systems 

(Roedder, 1962a). When the first melting temperature was reached, the 

rate of temperature increase was slowed by increasing the flow of nitrogen 

gas. Just before the last small crystal of ice melted, the flow of
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nitrogen gas was increased to verify that the ice was melting under re

versible equilibrium conditions. Reversibility is verified by causing 

the last small crystal of ice to increase in size with a slight tempera

ture decrease (Roedder, 1962a). With reversibility confirmed, gas flow 

was decreased and the temperature at which the last crystal of ice melted 

was recorded. This temperature is the freezing temperature, and the de

pression of the freezing temperature below that for pure water provides 

an approximate measure of the amount of salts present in the solution.

The design of the dual-purpose heating and freezing stage used 

for this study makes it possible to freeze and: then immediately homoge

nize the same inclusions without having to remove the sample from the 

stage or modify the stage between runs. Once the freezing point tempera

ture has been measured, the nitrogen gas flow is stopped, current applied 

to the heating coil, and the homogenization temperature measured.

Optics

Fluid inclusions in the stage were observed using a Lietz Ortho

lux binocular microscope equipped with a widefield 25x eyepiece and a 

long focal length 50x objective. Illumination was provided by a Lietz 

high intensity Xenon burner XBO 150.

Sample Preparation

The polished sections used in the fluid inclusions study were 

prepared from blocks cut from drill core and surface outcrop samples.

The blocks were polished on one side using progressively 220, 320, 400, 

600, and 1000 mesh grinding grits and finally 0.5 micron polishing



powder. They were then mounted with the polished surface down on glass 

slides with Lakeside Cement and cut to a thickness of a few millimeters. 

The exposed surface was then polished using the same procedure as for 

the other side. The finished section, with a thickness of 0.5-1.0 mm, 

was removed from the slide by dissolving the Lakeside Cement in methanol. 

The entire procedure, from the original sample to completed polished sec

tion, involved approximately 2 to 3 hours tine. Samples for microprobe 

study were prepared in a similar manner except.that only one side was 

polished and the section was not removed from the slide.

The polished sections were examined with a petrographic micro

scope and areas of abundant fluid inclusions suitable for homogenization 

and freezing tests were circled with a felt-tip pen. The polished sec

tions were then stored in labelled vials ready for homogenization and 

freezing tests.
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