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ABSTRACT

Brown calcite-barite-hematite-chrysocolla veins with minor co- 

vellite and argentite cut granitic and gneissic rocks. Tertiary(?) ande

sites , and a deformed Tertiary(?) conglomerate in the Sacramento 

Mountains of California. Paragenetic relations among the vein minerals 

and fluid inclusion studies indicate that most of the mineralization was 

deposited from hydrothermal solutions having salinities in the range 

5-14 weight percent NaCl equivalent. Temperatures decreased from more 
than 300°C to less than 150°C, depositing early, high-temperature 

calcite-barite-covellite-argentite, as well as later, lower temperature 

calcite-barite-hematite-chrysocolla. Mineral stability considerations 

suggest a strong decrease in fSg and moderate increase in fC^ occurred 

within the system during cooling. Goethite included in high-temperature 

calcite is incompatible with the accompanying barite-covellite- 

argentite, and it is likely that this phase formed by oxidation of fer

rous iron exsolved from the calcite during cooling. Available evidence 

indicates that chrysocolla formed at temperatures as high as 200°C from 

neutral or slightly basic solutions which were supersaturated with re

spect to quartz, and which were also responsible for chloritic and il- 

litic alteration in the Tertiary(?) arkosic conglomerate.

vii



INTRODUCTION

Mineral assemblages are commonly used as a means of interpreting 
and defining physical and chemical conditions under which mineralization 

has taken place. In.the Sacramento Mountains approximately 24 km north

west of Needles in southeastern California (Figure 1), veins cutting 

Cenozoic rocks contain iron oxides, chrysocolla, and covellite, an as

semblage which is commonly interpreted as having formed as a product of 

supergene oxidation of copper-iron sulfide mineralization. Also present 

at this locality, however, and apparently oogenetic with the first set 

of phases, are barite, acanthite, and dark calcite,.a group of minerals 

considered to be typical of the epithermal environment. This entire, 

apparently contradictory assemblage has been suggested to be of primary 

hydrothermal origin (Beane, 1968a) based on the presence of barite para- 

genetically later than, much of the iron oxide, covellite, and chryso
colla mineralization. It is the purpose of this study to define the 

chemical environment under which the mineralization was deposited in 

order to. resolve this interpretations! conflict.

Representative samples of vein mineralization, were collected at 

eight localities containing this mineralization along the north and 

east flanks of the Sacramento Mountains, and were analyzed for purposes 

of mineral identification, composition,, and paragenetic relations among 

vein-forming minerals. Fluid inclusions in several of the phases were 

studied to determine temperatures of formation of the minerals and to 

determine the salinity of the mineralizing fluid. The fluid inclusion
1
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Figure 1. Location Map of Eastern California and Western Arizona
Showing the Sacramento Mountains near Needles, California.
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results provided information which could be used along with thermody

namic data to calculate mineral stability requirements which provide 

boundary conditions on some important parameters defining the environ

ment of formation of the mineralization.



)

GEOLOGIC SETTING

The Sacramento Mountains lie at the north end of a northwest- 

trending belt of metamorphic and granitic, rocks extending from north of 

Needles, California to southeast of Parker, Arizona, a distance of over 
100 km. Previous geologic work in the area consists of unpublished map

ping by the Southern Pacific Company, included in the California Divi

sion of Mines Needles Quadrangle at 1:250,000 scale (Bishop, 1963) and 

reconnaissance mapping by Beane (1968b) at 1:24,000 scale. A modifica

tion of the latter map has been used as a base geologic map for this 

study (Figure 2).
The central portion of the Sacramento Mountains is composed of 

a mildly to strongly metamorphosed complex of granitic and gneissic 

rocks (mcx) of uncertain age. Along the northern and eastern periphery 

of this crystalline complex, volcanics of andesitic composition (v) and 

moderately indurated gravels and conglomerates (cgl) crop out discon- 

tinuously. The conglomerate is best exposed at the north end of the 

range, where it occurs intermittently over an area in excess of three 

square kilometers as a moderately deformed unit dipping up to 60° paral

lel to or away from the trend of the range front, Subangular boulders 

and pebbles of weakly weathered to fresh quartz monzonite of a type not 

known to crop out in any area adjacent, to or near the conglomerate unit 

comprise much of the clastic material within it, suggesting either a 

nearby buried plutonic source, or relative displacement of the source 

as a result of structural activity. The conglomerate is overlain by

4
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Figure 2. Geologic Map of the Northern Sacramento Mountains. —  Dots 
show locations of vein mineralization cutting conglomerate 
(cgl), volcanics (v), and metamorphic complex (mcx). Scale 
1:62,500. From Beane (1968b).
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subhorizontal, undeformed alluvium and colluvium such that exposures 

distal to the range front are few, and contact relationships between 

the volcanics, conglomerate, and crystalline complex are unclear. How

ever, an outcrop along the northern margin of the range does show evi

dence of shearing and brecciation along the crystalline complex-volcanic 

contact.
No radiometric age dates on rocks within the study area exist 

at present. The crystalline complex was mapped as being of Precambrian 

age by the Southern Pacific Company. Previous workers (Bishop, 1963; 

Beane, 1968b) have suggested the volcanics and conglomerate to be of 

Tertiary age. Recent mapping by S. J. Reynolds (personal communication, 

1978) indicates that a regional metamorphic, and possibly plutonic event 

may have occurred in the Sacramento Mountains area in the later 

mid-Tertiary.

Rather than being a unique occurrence, the Sacramento Mountains 

is apparently one of several areas in which dark calcite or hematite 

veining with chrysocolla, and often barite, has been found. Veins show

ing this mineralogic assemblage also crop out near Magdalena, New 

Mexico, and in central and western Arizona (S. J. Reynolds, L. Bradfish, 

personal communication, 1978)„



VEIN MINERALIZATION AND ALTERATION

Vein mineralization and associated host rock alteration cross
cut all rock types except the Quaternary alluvium and colluvium within 

the study area. The veins, which are in most cases vertical or steeply 
dipping and trend from north-northwest to due east, rarely teach 1 m in 
thickness, while lateral continuity rarely exceeds 50 m. Mineralization 

is vuggy, with many examples of cockscomb textures, indicating that 

open-space filling was the dominant depositional style. Numerous clasts 

derived from the conglomerate wallrock are commonly seen to be engulfed 

by the-mineralization, but because of the absence of replacement tex
tures, these are interpreted to represent syn-depositional rock falls 

from the poorly indurated conglomerate vein walls rather than selective 

replacement of the matrix material.

Mineral Assemblages

The cumulative mineralogy of all the veins includes Calcite 

ranging in color from colorless or white to nearly black, quartz, hema

tite, chrysocolla, and barite, with minor covellite and acanthite or 

argentite, and traces of chalcocite and pyrite. The inclusions in dark 

brown calcite were identified as being iron oxides by leaching the host 

mineral with hydrochloric acid and submitting the residue to x-ray pow

der diffraction. Although the residual material was identified as goe- 

thite, the term iron oxide will be used here because goethite is not 

stable at high temperatures (D. Norton, personal communication, 1978)

7
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and may have formed by post-depositional recrystallization at lower 

temperatures of an unknown iron phase oogenetic with or exsolved from 

the calcite.
The entire mineralogic suite defined above rarely occurs within 

a given vein, but three distinct assemblages are apparent which include: 

A) calcite + iron oxide + covellite + argentite + hematite + chryso- 

colla + barite + quartz in widely varying proportions within individual 

veins, most Commonly found cutting the Tertiary conglomerate at the 

north end of the Sacramento Mountains; B) quartz + minor pyrite + hema

tite + chrysocolla + barite, best exposed on the east side of the range; 

and C) quartz + hematite + chrysocolla + calcite, also cropping out on 

the east side of the range. Assemblage A, as the most abundant and 

best exposed suite, is dealt with in particular detail in this paper.
No clear correlation was observed between vein mineralogy and the loca

tion or host rock of the vein.

Paragenetic Relationships

Paragenetic relations between minerals constituting the veins 

were studied in reflected and transmitted light through use of polished 

sections and wafers. The observed relationships, shown diagrammatical- 

ly in Figure 3, represent a compilation of studies on numerous samples, 

because no single sections demonstrated all significant paragenetic 

relations.

The earliest observable evidence of vein mineralization is rep

resented by white to gray cleavage rhombohedra of calcite up to 1 cm in 
longest dimension, occurring only in assemblage A, which are cross-cut
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ASSEMBLAGE A EARLY -— — ------— $> LATE
EARLY CALC8TE — -
BROWW CALC1TE == — ————  — —
COVE LU TE  — ---------------
AR6EB3TITE ----------- ------ -------- .
B A R I T E -------------------------------------— —
HEMATITE ——  ------ -— ==^«~
LT. BROWH CALCITE *------- ---------------
CHRYSOCOLLA -------- ----------------------------------
AMORPHOUS SILICA -------------
COLORLESS CALCITE ------------------------
MALACHITE -------------
QUARTZ ------- ------

ASSEMBLAGE B
QUARTZ
PYRITE
HEMATITE
CHRYSOCOLLA
BARITE
COLORLESS CALCITE

ASSEMBLAGE C
QUARTZ 
HEMATITE  
CHRYSOCOLLA 
COLORLESS CALCITE

Figure 3. Paragenetic Relations among Minerals in the Three Common Vein 
Assemblages.
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by dark brown, iron oxide-rich calcite. These cleavage fragments are 

often aligned spatially, and probably represent early.vein fillings 

which have been broken and displaced by subsequent mineralization. No 

significant iron or copper mineralization appears to have been related 
to pre-dark brown calcite deposition.

The first common mineralogic assemblage is characterized by 

abundant dark calcite, cross-cutting early light calcite and containing 
irregularly shaped masses of iron oxide. Discrete, microscopic, bright 

red hematite or rutile grains also occur as inclusions within the cal

cite crystals, which range in size from less than 1 mm to greater than 
1 cm. The only sulfide phases present in this assemblage, covellite 

and argentite, appear to be cogenetic with the dark brown calcite. The 

covellite and argentite often occur together, which could indicate 

either intimate intergrowth or mutual exsolution on a microscopic scale 

(Figure 4).

Assemblages B and C, lacking paragenetically early iron oxide- 

rich calcite, contain translucent milky to light brown quartz with 

sparsely disseminated inclusions of limonite. Minor amounts of pyrite 

and argentite are associated with early quartz in these veins.

Covellite of assemblage A and pyrite of assemblage B have under

gone varying degrees of replacement. As seen in the first, dark 

calcite-rich assemblage, covellite is commonly rimmed by microscopic 

selvages of chalcocite, which are in turn bounded by massive chryso- 

colla. Irregular grains of argentite are commonly seen engulfed in 

chrysocolla, apparently having remained unaltered while the covellite
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Figure 4. Covellite and Argentite Textures as Shown by Ag (Top) and S 
Electron Backscatter Photography. —  Photography— 500x.
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underwent partial replacement. Pyrite, which occurs in veins containing 

paragenetically early quartz, is in most cases largely replaced by hema

tite, and several examples of pseudomorphs of limonite after pyrite have 

been observed. However, there is no evidence to indicate that pyrite 

was deposited at any time in calcite + iron oxide-rich veins of assem

blage A.
Deposition of calcite continued after copper sulfide mineraliza

tion ceased. Paragenetically later calcite shows a marked, progressive 
decrease in the abundance of included iron oxides,.resulting in light 

brown to nearly colorless overgrowths on crystals having dark brown 

cores. Barite, initially deposited with dark calcite and copper and 

silver sulfides, also shows apparently contradictory cross-cutting re
lations with chrysocolla and hematite, interpreted as being representa

tive of simultaneous deposition. Chrysocolla occurs as irregular pods 

closely associated with massive hematite, and is seen in veinlets cross- 

cutting paragenetically early barite. Conversely, barite also occurs 

as free-standing euhedral crystals to over 1 cm in length in the centers 
of the veins, depositionally postdating poddy chrysocolla mineraliza

tion proximal to the vein walls. Deposition of volumetrically minor 

amounts of chrysocolla, commonly in the form of aggregates of acicular 

fibers, continued after deposition of most other phases had ceased.

Colorless, transparent, coarsely crystalline calcite, stalac- 

titic chalcedony or amorphous silica, and drusy quartz paragenetically 

postdates all brown calcite, sulfide, chrysocolla, hematite, and barite 

mineralization. In the veins containing abundant calcite, chrysocolla
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is locally partially replaced by malachite, or recrystallized to diop- 

tase along surfaces in open spaces.

Alteration

Alteration associated with the veining occurs 1) as weak kaolin- 
ization of plagioclase adjacent to veins cutting the metamorphic rocks, 
2) as locally well-developed pods and selvages of chlorite and illite 
along veins in the conglomerate, and 3) as irregularly shaped bodies 
containing chlorite and illite not directly associated with the veins. 

Alteration may pervade fine—grained.portions of the conglomerate unit, 

while larger clasts show weak alteration within less than 1 cm of the 
rim, with the cores remaining unaltered in most cases. The alteration 

in the conglomerate is characteristically gray-green in color, with 

predominant phases being high aluminum magnesian chlorite and magnesium- 

iron illite, showing Fe+Mg:A1 variations at nearly constant K+Na (Figure 

5) as identified and analyzed by x-ray powder diffraction and the elec

tron microprobe. The alteration phases replace plagioclase and possibly 

clay minerals; sodium and lesser amounts of potassium feldspar are- re

placed by illite to a minor degree, and quartz in the conglomerate is 

neither obviously corroded nor overgrown.



14

MICROCLINE, ALBITE

.MUSCOVITE

•  BIOTITE ILLITE  
O o

CHLORITE

OCHL0RITE KAOLINITE

FeO-h MgO

Figure 5. AKF Triangle Illustrating Compositions of Chlorite and Illite 
from the Sacramento Mountains.



FLUID INCLUSION STUDIES

Certain minerals in each vein assemblage contain inclusions 
suitable for microscopic study in order to determine homogenization and 
freezing temperatures of the mineralizing fluids. These data were used 

to determine temperatures of formation of minerals comprising the veins 

and the salinity of the mineralizing fluid.

Fluid inclusions in calcite, barite, and quartz were observed 

through use of a standard binocular petrographic microscope equipped 

with long focal length objective lenses ranging from 20 to 50 power 

with 10 and 25 power oculars, while samples were heated or cooled with
in a dual-purpose heating-freezing stage with induction heating and gas 

flow cooling wherein temperatures were recorded by a thermocouple and 

digital readout meter. The fluid inclusions were homogenized or frozen 

a minimum of two times each in order to ensure reproducibility of within 

approximately 2°C during homogenization and less than .5°C for freezing 

point measurements.

Methods of sample preparation varied according to the natures of 

the minerals to be studied. Fluid inclusions in dark brown, iron oxide- 

rich calcite were visible only in wafers of less than approximately 75 

microns thickness. These were prepared using techniques similar to 

those used.in the. preparations of thin sections. In most cases, % mi

cron grit was found to be the optimum final polishing medium for the 

wafers. When polished sufficiently on both sides, glass slides and ce

menting material were completely removed by a solvent. Ideally, quartz

15
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and barite samples were prepared using, the same techniques, although 

wafer thicknesses of more than 100 microns were acceptable. Samples of 

light brown or colorless calcite and occasionally large barite crystals 

were cleaved if the thin fragments were sufficiently transparent to al
low the inclusions to be illuminated. During studies of paragenetically 

late, free-standing barite crystals, individual crystals were polished 

parallel to the plane of the barite blade.

The fluid inclusions studied in the vein-forming minerals range 

in size from approximately 20 microns, an approximate lower limit of 
clear optical examination, up to slightly less than 100 microns. Inclu

sions in calcite and barite averaged slightly larger in size than those 

in quartz, and smaller inclusions were preferentially chosen as being 

less prone to leakage or decrepitation during homogenization studies, 

a significant problem encountered in easily cleavable minerals such as 

barite and calcite. Although identification of the generally larger, 

solitary primary versus planar arrays of smaller secondary inclusions 

posed no problem in calcite and quartz specimens, the barite often con
tained scattered, somewhat planar groups of inclusions which yielded 

temperatures similar to those from primary inclusions in calcite and 

quartz. These were interpreted in several cases as being pseudosecon

dary inclusions.

The fluid inclusions studied in calcite, barite, and quartz were 

in all cases two-phase, liquid-rich inclusions; no evidence of boiling 

or daughter products were encountered in any specimen. In addition to 

the absence of daughter minerals within the inclusions, the dilute
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nature of the entrapped aqueous phase was corroborated by freezing tem

peratures ranging from -13 to -2.8°C in quartz, calcite, and barite, in
dicative of salinities from approximately 17 to 4 weight percent NaCl 

equivalent, respectively. With the exceptions of inclusions in parage- 

net ic ally early, high temperature quartz, all fluid inclusions studied 

showed salinities less than 14 weight percent NaCl. Saturation values 

for daughter minerals common to certain other deposits, such as halite 

and sylvite, were never approached by the mineralizing solutions.
Fluid inclusions (Figure 6) in early white to gray calcite, 

later dark to light brown calcite, and barite were studied from the 

dark calcite + hematite + chrysocolla + barite assemblage. Homogeniza

tion temperatures of four inclusions in the paragenetically early cal

cite range from 129 to 152°C, with a mean temperature of 143°C.

Nineteen fluid inclusion homogenization temperatures on dark brown 

calcite postdating and clearly cross-cutting the early calcite range 

from 312 to 194°C with a mean of 241°C, while seven inclusions in the 

later, light brown to nearly colorless calcite range in homogenization 

temperature from 209 to 162°C with a mean of 190OC. The transition 

from dark brown, iron oxide-rich calcite to light brown calcite may be 

bracketed by the minimum and maximum recorded temperatures on the dark 

and light phases respectively at 209 to 194°C. Temperatures of 90 to 

126°C were recorded on colorless, transparent paragenetically late cal

cite. Eight homogenization temperatures ranging from 249 to 165°C with 

a mean of 222 C were recorded on barite from this assemblage.
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Homogenization temperatures recorded from fluid inclusions in 

quartz and barite of the second assemblage, characterized by quartz + 

minor pyrite + hematite + chrysocolla + barite range from 262 to 215°C 

and from 286 to. 155°C, respectively. The fluid inclusions in quartz ap

peared in most cases to be secondary, and as such, may not be represen

tative of the maximum temperatures under which the quartz was deposited. 

Barite crystals containing fluid inclusions having homogenization tem

peratures in the relatively high temperature range commonly appear to be 
at least in part oogenetic with the quartz. Four homogenization temper
atures on large, freer-standing, paragenetically late barite crystals 

which clearly postdate most of the quartz + hematite + chrysocolla + 

colorless calcite, was found to contain fluid inclusions suitable for 

study. Nine homogenization temperatures on vein quartz range from 254 

to 199°C, with a mean of 239°C. No inclusions were observed in the 

colorless calcite of the assemblage.

The fluid inclusion data from each of the three vein assemblages 

are compatible with paragenetic relationships among the minerals com

prising the veins, and show that after a temperature maximum was reached, 

during the period of dark brown calcite, sulfide, and early barite de

position in the case of the first assemblage, or during deposition of 

high-temperature quartz in the second and third assemblages, an appar

ently continuous decrease in temperature occurred until the late color

less calcite was deposited. A majority of the hematite, chrysocolla, 

barite, and light brown calcite deposition occurred during this increase 

in solution temperature.
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No pressure corrections have been applied to homogenization 

temperature data. A minimum depth of burial may be suggested$ based on 
boiling points of aqueous solutions of variable salinity as a function 

of pressure (Haas, 1971). Vein minerals within the calcite + iron 

oxide + hematite + barite assemblage show salinities of less than 14 

weight percent NaCl equivalent. The pressure necessary to maintain liq
uid water stability, as indicated by the liquid-rich fluid inclusions 

observed in this assemblage, under temperatures equivalent to the high

est homogenization temperatures measured and minimum salinities of ap

proximately 5 weight percent NaCl, is slightly less than 84 bars. Based 

on hydrostatic pressure, which is a function of depth, temperature, and 

fluid salinity, the minimum depth of burial required to maintain these 

conditions is approximately 995 m.

However, a correlation exists between measured freezing point 

depressions and homogenization temperatures, such that paragenetically 

early phases which formed at the higher temperatures recorded by fluid 
inclusion homogenization studies, were deposited by hydrothermal solu

tions having salinities of 10 to 14 weight percent NaCl equivalent 

whereas salinities recorded in paragenetically late barite, having ho

mogenization temperatures of 150 to 200°C, range from less than 5 to 

less than 7 weight percent NaCl equivalent. A minimum pressure of 77 

bars, corresponding to a depth of burial of approximately 825 m, is re

quired to maintain liquid water stability under the high temperature and 

high salinity conditions, whereas a pressure of 15 bars, occurring at a
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depth of 155 m, would be sufficient to prevent boiling under the low 
temperaturelow salinity conditions.

The poorly indurated, unlithified nature of the conglomerate 
host rock through which many of the veins cut indicates that the depth 

of burial during emplacement of the vein mineralization was probably not 

great. Therefore, fluid inclusion data and geologic observations strong

ly suggest that the high-temperature, high-salinity hydrothermal solu-
' ' . - /

tions were completely within the liquid E^O stability field, yet were 

near the surface of liquid-steam costability in temperature-pressure- 

volume^-space, requiring minimal pressure correction. Furthermore, under 

the high-temperature, high-salinity conditions, a two-fold increase in 

pressure would add less than 10°C pressure correction at the maximum 

homogenization temperatures (Figure 7), an insignificant change in rela

tion to variations in observed temperatures. Minerals having low- 

temperature, low-salinity fluid inclusions may have formed at pressures 

60 to 70 bars farther above the boiling point curve than did those in 

the higher temperature minerals, but at these low temperatures, the very 

steep slope of isodensity lines in the liquid phase region would result 

in pressure corrections of less than 10°C.

These data suggest that in all cases, it can be assumed that 

uncorrected homogenization temperatures provide an accurate measure of 

the temperature of the mineralizing solutions. Furthermore, the depth 

at which the mineralization was deposited need not have been, nor is it 

geologically reasonable to believe that it was much greater than, 1 km.
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CHEMICAL ENVIRONMENT OF FORMATION

Because of the coexistence of carbonate, sulfate, oxide, and 
silicate phases-^namely calcite, barite, hematite, and chrysocolla, the 

presence of remnant sulfide phases, and the notable absence of minerals 

such as anhydrite, wollastonite, cuprite, and tenorite, limits may be 

placed on the activities or fugacities of aqueous and gaseous species 

at the time of deposition. This problem can be approached through the 

use of limiting stability relationships (Barton, 1957; Carrels and 

Christ, 1965) involving equilibrium relations between minerals both 

present and absent in the system. Fluid inclusion data are used as a 

means of identifying the temperatures and salinities at which the gov

erning reactions took place during mineralization. Thermodynamic data 

necessary for the construction of the diagrams are given in the litera

ture for all of the aforementioned minerals with the exception of chrys- 

ocolla (Kelley, i960; Robie and Waldbaum, 1968; Helgeson, 1969; King, 
Mah, and Pankratz, 1973; Helgeson et al., in press). The data used in 

the following calculations are given in the Appendix.

Concentration of Silica in Solution 

Hydrothermal solutions cooled from elevated temperatures are 

commonly supersaturated with respect to quartz if rates of cooling of 

the solutions have exceeded rates of quartz precipitation (Fournier and 

Rowe, 1968). If the rate of quartz deposition from solution is assumed 

to be very slow in relation to the rate of decrease of solution

23
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temperatures, a crude geothermometric relationship can be shown to exist 
between quartz and amorphous silica saturation (Figure 8). Fluid inclu

sion studies on vein minerals indicate that temperatures in excess of 
310°C were reached in several of the vein systems. If the concentration 

of silica in the mineralizing solutions at 200°C was near amorphous sil

ica saturation, a solution having a similar silica concentration could 

have been in equilibrium with quartz at approximately 350°C, or moder

ately supersaturated with quartz at somewhat lower temperatures as a re

sult of breakdown of silicate minerals.
Assuming that the hydrothermal solutions were in equilibrium 

with felsic gneisses, intermediate to felsic granitic rocks, and arkosic 

sediments which make up the predominant lithologies in the area, initial 

quartz saturation at the maximum temperatures is probable., Increasing 

supersaturation of quartz resulting from rapid cooling of the solutions 

would continue until rates of quartz precipitation increased, or until 
amorphous silica saturation was reached, thereby decreasing the rate of

quartz supersaturation as a result of further cooling. Because cooling
oof solutions saturated with quartz at 350 to 360 C could result in amor-

ophous silica saturation at 200 C9 amorphous silica saturation is used as 
an upper limit of silica concentration in the following calculations of 

mineral stabilities at or below 200°C9 although no high-temperature 
amorphous silica was observed in the veins.

Composition and Stability of Chrysocolla 

Analyses of chrysocollas from a variety of locations (Carrels 

and Dreyer, 1952; Dana9 1906; Newberg9 1967) indicate that chrysocolla
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Figure 8. Solubility Curves for Quartz and Amorphous Silica as a Function 
of Temperature. —  Data from Helgeson et al. (in press).
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compositions vary widely between different localities and even within 

individual deposits„ The most pronounced compositional variations oc

cur in Cu0:Si02 ratios, water content, and the abundance of aluminum, 
manganese, calcium, and zinc. The literature contains several different 
chemical formulas for non-aluminous varieties of chrysocolla, among them 
CuSiO^'ZHgO (Dana, 1906), CUghgSigO^COH)^ (Chukrov et al., 1968), and 

CuSiOg'H^D (Newberg, 1967). Electron microprobe analyses of chryso

colla from veins in the Sacramento Mountains showed it to closely ap

proximate CuSi03«nH2Os with minor substitution of calcium for copper. 
Stoichiometric values for silicon were slightly higher than those for 
Copper in all analyses as is generally the case for chrysocolla, but 

specimens from the Sacramento Mountains have GuO:SiOg stoichiometric 

ratios closer to unity than most reported analyses (Dana, 1906; Carrels 

and Dreyer, 1952; Newberg, 1967) (Figure 9).

It was noted from fluid inclusion studies that the vein chryso

colla became black upon heating to temperatures slightly below 300°C, 

and a sample heated to 700 C for one hour showed 19% weight loss. The 

residue after heating was highly hygroscopic, so the time lag between 

the heating and weighing procedures may have resulted in a low weight 

loss value. However, the value obtained agrees closely with the expect

ed water loss from hydrated chrysocolla of composition CuSiOg•2^0, 

which contains 21 weight percent H^O. X-ray diffraction patterns made 

prior to and after heating to 700° showed the chrysocolla pattern became 
more diffuse, although still recognizable, upon heating. Importantly,
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Compositional Triangle Showing Distribution of Chrysocolla 
from the Literature and from the Sacramento Mountains. —  
Analyses from the literature are designated (X) and those 
from the Sacramento Mountains are designated (0) .

Figure 9.
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the pattern after heating showed no evidence of breakdown of the chryso- 

colla to tenorite + quartz:

CuSi03-2H20 = CuO + Si02 + 2H20

Newberg (1967) precipitated a chrysocolla, stated to be CuSi03* 

HgO, by titrating a copper nitrate-sodium silicate solution with sodium 

hydroxide. . These solubility experiments using solutions strongly super

saturated with respect to quartz led to the calculation of an equilib

rium constant for the reaction

CuSi03-H20 + 2H+ = Cu** + H^SiO^

Keq = a(H4Si04> ” " lo6”50
3 H+

which provides a free energy for the reaction of -8.87 kcal. AG°cy 

then be calculated by substituting known free energy values for the 

other reaction components (Helgeson et al., in piress) :

may

AG0Cy " <AG% u ^  + 1G\ s i V  - &G°rx

AG° = -288.034 kcal/mol cy

Newberg-'s (1967) analysis of the experimentally formed precipitate indi

cated that its Cu:Si ratio was approximately three times greater than 

that of natural chrysocollas, although x-ray diffraction patterns showed 

structural similarities; this was apparently a result of coprecipita

tion of Cu(0H)2"
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AG ^  given by Newberg for CuSiOg-I^O (dehydrated chrysocolla) 

would be unstable by nearly 4 kcal relative to the component oxides at 
standard temperature and pressure. Newberg (1967) suggests that the 
maximum free energy change for "aging" of the initial precipitate to 

crystalline dioptase is —2.8 kcal. A stability increase of this magni

tude is still insufficient, however, to stability "aged" dehydrated 

chrysocolla, or dioptase, relative to the component oxides.

The heat capacity for dehydrated chrysocolla using an equation 

of the form Cp = a + bT + c/T can be approximated by a summation of the 

oxide components (Kelley, I960; Helgeson, 1969) using ice for H^O:

a b x 10^ c x 10
CuO 11.53 1.88 -1.76

Si02 11.22 8.20 —2»70

H2° 9.00

CuSi03’H20 31.75 10.08 -4.46
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A third law entropy may be,calculated for CuSiO^'H^O through the 

use of a correlation plot involving other species having the form MSiOg 

in which M represents a divalent metallic cation. Third law entropies 

are available for the silicate phases enstatite, rhodonite, and wollas- 
tonite and are plotted versus the summation of the third law entropies 

of the component oxide, MO + SiOg. These three data points show a near

ly linear relationship (Figure 10), and for each of these phases, the 

summation of the third law entropies of the component oxides approxi

mately equals the third law entropy of the mineral. From this plot and 

the entropies of CuO and Si02, a value of 20.2 cal mole-^ degree--*- is 
obtained for CuSiOg after linear regression of the three data points.
To this intermediate entropy value S°^ce is added (Heigeson, 1969), re

sulting in a third law entropy for dehydrated chrysocolla = 30.9 cal 

mole--*" degree--*-.

From the above data, AH° for CuSiOg'-^O may be calculated by:

AH° = AG° + TAS°

AH° = -321,063 kcal
using AG° corresponding to Newberg*s dehydrated chrysocolla.

Studies by Roth, Mirths, and Berendt (1940) yielded a heat of 

formation of dioptase of -324.93 kcal, and using values estimated 

above, a free energy of formation of -291.9 kcal is obtained for this 

dioptase, which essentially equals the summation of the free energies 

of the component, oxides. This free energy is 1.066 kcal more negative 

than the free energy of dioptase indicated by Newberg (1967).
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5 S °  oxides (cal/deg-mo)

Figure 10. Correlation Plot Showing Third Law Entropies of MgSiO^, 
MnSiOg, and CaSiO^ versus the Summation of the Component 
Oxides for Each. —  The summation of the third law entro
pies of CuO and Si02 is plotted on the line as a solid dot.
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The thermodynamic data compiled thus far can now be amended to 

account for the second water of hydration for chrysocolla found in the 

Sacramento Mountains„ To the heat capacity and entropy of CuSiO^'H^O 

are added the appropriate values for ice:

CPCuSi03-H20

CPCuSiOg'ZH^O

and

S

S

o
CuSi03‘H20

°H20(ice)

° CuSi03'2H20

a_ b x 10^ c x 10~^
31.75 10.08 -4.46

9.00

40.75 10.08 -4.46

30.90

10.68

41.58

Studies by Roth et al. (1940) indicate that the heat of hydra

tion of dioptase is approximately -6.1 kcal/H20. This may be applied

to AH°CuSi03-H20 along With AH°H20 to calculate AH°GuSi03.2H20(unaged):

AH°CuSi03-H20 -321,063

A® h 2o -68,315

A®hydration -6,100

AH°CuSi03'2H20 -395.478
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Adding an additional -2.8 kcal which was suggested by Newberg (1967) to 

account for the stability increase resulting from aging of the gel, the 

total enthalpy of "aged" hydrated chrysocolla is obtained:

AIT CuSiOg"2H2O -398.278 kcal

Using the values obtained as described above, the free energy

of chrysocolla may be calculated at elevated temperatures using
T T

<AH Tr + CpdT) - T(AS°Tr + C p /T d T )

Volume effects are ignored in subsequent calculations because free 

energy changes of reactions involving solids and liquids are not strongly 

affected at low pressures.

Thermodynamic data for tenorite, amorphous silica, quartz, 

water (Helgeson et al., in press), and the above estimates for chryso

colla can be used to calculate AG°^ for the reactions:

CuSi03-2H20 = CuQ + S i O ^ ^  + 2H20

CuSi03-2H20 = CuO + •Si02(qtz) + ZHgO

At quartz saturation, the "unaged" chrysocolla is stable to approxi

mately 60°C (Figure 11, curve 1) while the "aged" chrysocolla remains 

stable with respect to the component oxides to approximately 220°C 

(curve 3). At amorphous, silica saturation, "unaged" chrysocolla is 

stable to over 140°C (curve 2), while the aged phase remains stable to 

approximately 270°C relative to the oxides (curve 4).



Figure 11. Temperature-stability Plot of Chrysocollas as a Function of 
Aging and Concentration of Silica. -- Curve 1, "unaged" 
chrysocolla at quartz saturation; curve 2, "unaged" chryso- 
colla at amorphous silica saturation; curve 3, "aged" chrys
ocolla at quartz saturation; curve 4, "aged" chrysocolla at 
amorphous silica saturation.
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Figure 11. Temperature-stability Plot of Chrysocollas as a Function of 
Aging and Concentration of Silica.
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Limits on the Fugacities of 

Carbon Dioxide and Sulfur Trioxide

The presence of costable barite and calcite in the most abun

dant vein assemblage enables restrictions to be placed on the fugaci

ties of carbon dioxide and sulfur trioxide during mineralization. Of 

importance equal to the presence of these minerals is the absence of 
related phases in the system BaO + CaO + CO2 + SO3 + SiC^, particularly 
witherite, anhydrite, and wollastonite.

The stability boundaries among calcite, barite, wollastonite, 

witherite, and anhydrite may be determined as a function of f C ^  and 

fSOg at amorphous silica and quartz saturation (Figures 12 and 13), at 

temperatures determined by fluid inclusion studies. The coexistence of 

barite and calcite in assemblage A, deposited at temperatures ranging 

from less than 250°C to approximately 150°C as shown by fluid inclusion 

data, serves to place rather narrow limits on possible values of CO2 and. 
SO^ fugacities within the system during mineralization. The wollasto

nite stability field serves to restrict lower values of fC02 because 
this phase has not been observed or reported within the veins. An upper 

limit to fCO2 during mineralization is provided by the stabilization 
of malachite, a mineral which occurs in minor amounts throughout many 

of the veins as a product of the alteration of chrysocolla, but does 

not appear as a primary hydrothermal mineral. At elevated temperatures, 

malachite is stabilized with respect to oxides or silicates of copper 

only by very high fCC^ (Figures 12 and 13) according to:

CU2(OH)2C03 = 2CuO + H20 + C02
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Figure 12. Stability Relations among Calcium, Barium, and Copper Oxides, 
Silicates, Carbonates, and Sulfates at 200°C as a Function 
of fSO3 and fC02-
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Figure 13. Stability Relations among Calcium, Barium, and Copper Ox 
ides. Silicates, Carbonates, and Sulfates at 150°C as a 
Function of fSO^ and fCO2.
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In relatively shallow, low-pressure mineralized systems such as that 

found in the Sacramento Mountains, the fCOg necessary for malachite sta

bility at high temperatures cannot be reasonably attained.

Another limitation on fCC^ is based on the absence of a liquid 

CO2 phase within the fluid inclusions. The lower limit of detectability 

of an immiscible COg phase is considered to be between 3 mole percent 
(Nash, 1976) and 10 mole percent (Kerfick, 1977). From values of the 

Henry's Law constant K for the solution of carbon dioxide in aqueous 

sodium chloride solutions (Ellis and Golding, 1963), fCO2 can be calcu
lated as a function of the ratio X of the moles of gas to the sum of 

moles of gas and water in the solution (Holland, 1967):

fC0o

For a 2 molal NaCl solution at 25°C, K is equal to approximately 

3,000 (Ellis and Golding, 1963), resulting in maximum values of fCO^ in 

the mineralizing systems of from <300 to <90 for 10 and 3 mole percent 

COg, respectively. These values are more restrictive than limitations 

on fCO2 imposed by malachite stability. Because the ^total °i the sysr- 
tem need only have been sufficiently great to maintain liquid water 

stability (^80 bars) and also because of lack of evidence of deep burial 

of the conglomerate, Ftotal i® probably the most restrictive upper limit 

on the partial pressure of CO2.
Limits on fSO3 are imposed by the restricted region of barite- 

calcite costability, which, at 200°C, is truncated by the field of wol- 

lastonite stability at fSO3 <10~ ^  in the presence of quartz and 10 ^  ‘
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in the presence of amorphous silica. The values of fSOg compatible 

with barite-calcite costability are also limited to 10""^ by

£C02 % pC02 - Ptotal

Similarly, at 150oC, the range of calcite-barite costability has shifted 

to lower values of fSOg, and ranges from approximately lO-^'^ to 10^24.1 

in the presence of amorphous silica. At quartz saturation, the lower 

limits on fSCy decrease to 10-^^*® and 10 at 200 and 150°G, respec

tively, because of decreased wollastonite stability.

Mineral Stabilities as a 
Function of fOq and fS?

The restrictions on fSOg provided by barite-calcite costability 

may be extended to delineate fQg and fS^ using the relationship:

2S03 = S2 + 302

The equations governing the stability relationships among copper, iron, 

and silver-bearing phases are given in the Appendix.

The stability relations among iron and copper+silver phases are 

shown in Figures 14 and 15, respectively. Chrysocolla is more stable 

with respect to cuprite at high concentrations of silica in solution 

(Figure 15), although variations between quartz and amorphous silica 

saturation have little effect on the field of calcite-barite costabili

ty shown in Figures 16 and 17. From the f02-fS2 diagram including cop
per, iron, and silver phases at 200 C, it can be seen that early 
mineralization of assemblage A, characterized by dark
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calcite-barite-covellite-argentite deposition, occurred in a chemical 

environment unlike that at which dark and light calcite-barite- 

chrysocolla^hematite mineralization took place. Although the field of 

hematite stability shown on Figures 14 and 16 is only an approximation 
of the stability field of the iron oxide included in the dark calcite, 

the diagrams show that a high-temperature calcite-barite-covellite- 

argentite assemblage is not costable with an iron phase chemically simi

lar to hematite, and necessitates an alternative explanation to account 

for the presence of the iron oxide inclusions, apparently cogenetic with 

the barite, covellite, and argentite, in the calcite.

After leaching of a known amount of high-temperature dark cal

cite from assemblage A by hydrochloric acid, weighing of the insoluble 

residue, consisting of goethite and traces of quartz, showed the calcite 

to contain a maximum of 5 mole percent iron. Studies by Goldsmith (1959) 

and Rosenberg and Barker (1956) on solid solution of iron in calcite 

provide data points at 400, 500, and 700°C, and work by Goldsmith (1959) 

indicates that little or no iron solution occurs in calcite at low tem

perature. These data allow delineation of a curve showing iron solu

bility as a function of temperature (Figure 18). The iron solubility 

curve indicates that 5 mole percent iron could be completely soluble in 

calcite at 300 C, a temperature similar to the highest fluid inclusion 

temperatures recorded on dark calcite, and that iron solubility in the 

calcite would decrease with decreasing temperature. This would result 

in either exsolution of ferrous iron from calcite formed at high tem

perature, or the presence of lesser amounts of ferrous iron in
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Figure 18. Solubility of Iron in Calcite as a Function of Temperature.
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solution in calcites formed at lower temperatures. If the iron solu

bility in calcite is very small at low temperatures, as'suggested by 

Goldsmith (1959), most of the iron in solution in calcite at 300°C or 

less would be exsolved at 250C. In a case in which calcite saturated 

with iron in solution was deposited at temperatures ranging from over 

300°C to 150°C and then was uniformly cooled to 25°C, a direct correla

tion between amounts of exsolved iron and the temperature at which the 

calcite formed would be apparent. Such a correlation, between dark 

brown coloration in high-temperature calcite and light brown coloration 

in low-temperature calcite, has been observed in specimens from the 

Sacramento Mountains.

Later mineralization, characterized by an assemblage of calcite, 

barite, hematite, and chrysocolla, took place within a temperature range 

of approximately 200 to 150oC, and is represented on the f02~f$2 plots
by the intersection of the field of calcite-barite costability with the

/

chrysocolla stability field. This area is well within the confines of 

hematite stability in f02~fS2 space, at very low fugacities of Sg, and 
relatively oxidizing conditions. If ferrous iron was exsolved from 

brown calcite during cooling of the mineralized system, continued inter

action with the hydrothermal fluids in equilibrium with calcite-barite- 

hematite-chrysocolla could result in oxidation of the iron to ferric 

oxides or hydroxides, and at sufficiently low temperatures, formation 

of the goethite in the brown calcite.

Because calcite and barite were costable in both the early and 

later assemblages, it appears that the change from the earlier
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calcite-barite-sulfide mineralization to calcite-barite-hematite— 
chrysocolla stability was achieved through a large decrease in total 

Sulfur within the system, with oxygen fugacity increasing by approxi

mately 20 orders of magnitude, at essentially constant fSOg and fCO^. 
The apparent absence of cuprite and native copper within the deposit 

suggests that the change in the environment of deposition occurred over 

a short period of time, minimizing deposition of the absent phases, or 

alternatively, that these phases were subsequently altered to more ~ 

stable forms under, different chemical conditions.
Through comparison of the mineral stabilities at 200 and 150°C, 

it can be seen that chrysocolla is progressively stabilized relative to 

cuprite at decreasing temperatures. Similarly, the field of calcite- 

barite costability is shifted "to lower fugacities of oxygen at constant 

fS2 by the temperature decrease to 150°C. Deposition of cogenetic 

calcite-barite, and chrysocolla may therefore have continued either at 

constant fS2 under slightly more reducing conditions than before, or at 
a constant fugacity of oxygen and fS^ lower than at 200°C.

Solubility of Chrysocolla at 200°C 

The solubility of chrysocolla, represented by the reaction

2H+ + CuSiOg •2H20 = Cu1-1" + H4Si04 + H20

is calculated as a function of temperature through use of data given by 

Helgeson (1969). Because chrysocolla becomes increasingly less stable 

with respect to the component oxides at elevated temperatures.
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solubilities calculated as a function of pH and fC^ at 200°C approach 

maximum values for chrysocolla at either amorphous silica or quartz 

saturation.
Setting aH^SiO^ equal to quartz or amorphous silica saturation,

-H-aCu can be directly calculated as a function of pH. By introducing

f02 as an additional variable, aCu"*’ is then determined from the inter-
++related values of aCu and pH calculated in the above manner, from the 

relationship

Cu44- + %H20 = Cu+ + k 0 2 + H+

Based on chrysocolla stability in terms of fOg and fS2 (Figure 16), a 
value of 10 ^  may be considered reasonable for fO^.

From freezing point depression data on paragenetically late 

barite crystals which postdate early chrysocolla deposition, a salinity 

of approximately 1 molal NaCl equivalent can be assigned to the mineral

izing solution. Stoichiometric individual ion activity coefficients can 

then be obtained at 200°C and 1 molal NaCl (Helgeson* 1969) to calculate 

the total molality of the cupric and cuprous ions in solution as a func

tion of pH (Table 1):

aCu++ ar„+
™TCu - ”TC„~ + W ^  + ̂

From these calculations, it appears that the mineralizing solution must 

have been supersaturated with respect to quartz at a pH equal to or in
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excess of 6.5 in order to stabilize chrysocolla at geologically reason
able concentrations of copper in solution.

Table 1. Chrysocolla • Saturation, f02 = .10~20, 200°C.

pH . Krcuanio silc quartz
ppm Cu 

am. sil. quartz
5.5 -.637 -.017 14,657 61,100
6.0 -1.137 -.517 4,635 19,322
6.5 -1.637 -1.017 1,466 6,110
7.0 -2.137 -1.517 463 1,932
7.5 -2.637 -2.017 147 611

Solubility of Iron

In an effort to explain deposition of hematite in the Sacramento 

Mountains over a temperature range of from more than 200°C to approxi

mately 150°C, the total concentration of iron in solution at hematite 

saturation was calculated at oxygen fugacities of lO-"*""*, 10“^ ,  and 
10-40 an(j pQ«g ranging from 4 to 8. These values were used to define 

iron solubility curves (Figure 19) at conditions under which the miner

alization may have occurred.

First ape-H-+ was determined at pH's from 4 to 8 and temperatures 
from 250 to 100OC. Then corresponding values of ape-H- were calculated 

from the reaction

Fe++ + H+ + %02 = Fe444- + h ^ O

at appropriate pH's and fOg values of lO-"*"̂, 10~^®, and 10~^®.
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Figure 19. Concentration of Iron in Solution at Hematite Saturation as a Function of 
Temperature, pH, and fC^.
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To convert activities of ferric and ferrous ions into total 

molalities of iron in solution, the extent of Fe-OH complexing at vari

ous pH values was calculated using data of R. E. Beane (personal commu

nication, 1978), and true individual ion activity coefficients were 

calculated for the variously charged species using the modified Stokes- 

Robinson equation, with a = 4 for all species, and A, B, I for a 1 rac

ial N a d  solution, and B* from Helgeson (1969). These data were used 
to calculate stoichiometric individual ion activity coefficients, from 

which total molalities of iron in solution at hematite saturation can

be calculated by:

(a3H+)CKT,Fe203̂  2 (a3H+)(Kl^FegOg)2
x.Fe Yt7o+++ KT, (TFe++)

when

%T,
aH+ (f®2)

^EU O  -1- Fe444 = H"1" + Fe44 4- h  0 2

and

KT,Fe203 " a6
a Fe+++

From these calculations, it can be seen that the concentration of 

iron in solution over a range in pH from 4 to 8, a temperature range of 
250 to 100°C, and an fOg range of 10-^® to 10-"*"3, is more strongly con

trolled by temperature and f02 than pH, particularly under strongly ox
idizing conditions. The precipitation of ferric oxides exemplified by 

hematite in the veins is reasonably explained by cooling of the system 

and increasing f02, resulting in decreases in iron solubility from, for
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example, 10  ̂molal at £62 = 10~^®, pH = 5 and 200°C, to 10 at

—15fO2 = 10 and other conditions constant.

Stabilities of the Alteration Phases 

The stability relationships among the alteration phases illite 

and chlorite, and the phases occurring originally in the conglomerate 

can be represented using the components KgO-MgO-AlgOg—SiOg-FegOg. Anal

yses of the illite and chlorite by the electron microprobe showed the 

illite, of composition 24-<̂-2.12^3.37^10(0iO 2 to com-
positionally dissimilar to illites for which thermodynamic data are 

known (Helgeson, 1969), while the chlorite composition was closely ap

proximated by that of clinochlore, Mg^A^SigO^Q (0H)g for which thermo

dynamic data exist (Helgeson et al., in press).

Heat capacity and third law entropy data for the illite from the 

Sacramento Mountains were calculated by summation of the heat capacities 

and third law entropies of the component oxides (Helgeson, 1969). A 

AG°f has been estimated from summation of free energies of the "sili- 

cated" component oxides (Tardy and Garrels, 1974), based on the micro- 

probe analyses. The estimated thermodynamic values for illite from the 

Sacramento Mountains are:

Cp = 86.29 + 44.07 x 10-3T - 19.33 x 105/T2 
S° = 78.8 cal/deg 

AG°f = -1290.097 kcal

From these values, using.average heat capacities of the ions (Helgeson, 

1969), a hydrolysis constant may be calculated for illite at elevated 

temperatures.
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The observed coexistence of chlorite and illite in the altered

zones within the conglomerate suggests that the composition of the
fluid causing the hydrothermal alteration was on or near a stability

field boundary between the two phases. As seen in Figures 20 and 21,
chlorite and illite may be costable, although as diagrammed in Figure .

20, which is drawn conserving aluminum, the boundary between these
phases is not stable because of talc saturation. However, increases in

chlorite stability resulting from.solid solution, or variations in the 
. aAl+3ratio —— as shown on Figure 21, which is drawn conserving silica,

a H+
indicate that the chlorite-illite phase boundary can be stable at 200 C,

aK+and is expanded or contracted by changes in .
aH+

The alteration and mineralization may have been produced by a 

near-neutral aqueous solution containing very low Concentrations of po

tassium (i0_4-10-6 m) that originally equilibrated with nearby andesitic 
volcanic rocks. Alternatively, the solutions causing the hydro thermal 

alteration may have been weakly acidic in contrast to the near-neutral 

waters flowing predominantly through the calcite-bearing veins. If 

this were the case, the concentrations of both potassium and magnesium 

would fall in ranges typical of hydrothermal solutions flowing through 

rocks of intermediate composition (lO-3*3-10~3*® m) (White, Hem, and 

Waring, 1963).
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PHLOGOPITE

CLINOCHLORE

TALC SATURATION

IL L IT E

K A O LIN ITE

MICROCLINE

Figure 20. Stability Relations among Phases in the System K^O-MgO-
Conserving Aluminum, at 200oC, aH20 = 

1, and Amorphous Silica and Hematite Saturation.
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CLINOCHLORE

TALC

IL L IT E

K A O LIN ITE

Figure 21. Stability Relations among Phases in the System F^O-MgO-
AlzO^-FezOi-SiOo-H-^O, Conserving Silica, at 200°C, aH^O =

1, Log = 0, and Hematite Saturation.



SUMMARY AND CONCLUSIONS

Deposition of vein mineralization commenced with precipitation 

of minor amounts of colorless early calcite at temperatures ranging from 

120°C to approximately 150°C. Later heating resulted in maxima from 

250°C to more than 310°C, at which time brown calcite, covellite, and 

argentite were deposited in most veins, with subordinate early quartz 

and barite. During subsequent cooling of the system, deposition of cal^ 

cite with included iron phases, barite, hematite* and below 200°C, 

chrysocolla, continued to approximately 150°C or below. The salinities 

of the hydrothermal solutions decreased from 10 to 14 weight percent 
NaCl equivalent at high temperatures, to less than 5 to 7 weight percent 

N a d  equivalent in the lower temperature range. Hydrostatic pressure 

was sufficient to maintain liquid water stability throughout the period 

of mineralization as evidenced by the absence of vapor-rich fluid 

inclusions.
Based on the costability of calcite, barite, covellite, and ar

gentite during initial high-temperature deposition, and costable calcite, 

barite, hematite, and chrysocolla at lower temperatures, the mineraliz

ing system underwent a marked decrease in total sulfur during cooling 

from 250 to 200°C, while becoming strongly oxidizing. The decrease in 

temperature caused exsolution of ferrous iron from high-temperature 

calcite, which was subsequently oxidized to ferric oxides by the hydro- 

thermal solution costable with calcite, barite, hematite, and 

chrysocolla.
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Conservative stability estimates suggest that chrysocolla be

came stable with respect to other oxides or sulfides of copper at ap

proximately 200°G under conditions of quartz supersaturation. As 
cooling progressed, the chrysocolla was further stabilized relative 

to cuprite at lower fOg. Hydrolysis calculations show that chrysocolla 

stability at 200°G would be best achieved by less than 500 to over 1000 

ppm copper in solution within the pH range 6.5 to 7.5.

Studies of iron oxide Solubility under strongly oxidizing condi

tions indicate that ferric oxide precipitation during nearly the entire 

period of mineralization resulted from decreases in iron solubility with 

temperature, or from increases in fO^. Similarly, deposition of barite 
was probably caused by temperature decrease (Holland, 1967) in moder

ately saline solutions. . Although the equilibrium constant for barite 

increases slightly with decreasing temperature, studies by Templeton 

(1960) show that barite solubility decreases significantly with decreas

ing temperature in 1 to 5 molal NaCl solutions.

Because calcite solubility increases at constant PCO2 and NaCl 
concentration with decreasing temperature, other mechanisms caused depo

sition of the vein calcite. A salinity decrease from 4 to 1 molal NaCl, 

while substantially decreasing solubility, would not be Sufficient to 

maintain calcite stability over the entire temperature range over which 

calcite deposition occurred in .the veins, but combined with progressive 

decreases in pCC^ from greater than 10 to less than 1 atm, calcite solu
bility could decrease slightly from elevated to low temperatures.

The hydrothermal alteration phases within the conglomerate, 

chlorite and illite, were probably oogenetic, forming at the



chlorite-illite two-phase boundary, -q: ratios in the alteration-
H

forming solutions were intermediate between kaolinite and microcline

stability, with moderately high and ratios.



APPENDIX

EQUILIBRIUM CONSTANTS FOR REACTIONS GOVERNING 
STABILITY RELATIONSHIPS AMONG VEIN AND 

ALTERATION PHASES IN THE SACRAMENTO MOUNTAINS

log K
200 C 150 C

S102(qtZ) + 2H2° " H4S104 -2.35 -2.67

Si02(am) + 2H2° ’ H4S104 -1.73 -1.93

C^i03-2H20(age<1) - CuO + Si02(ao) + 2H20 o00r -1.44

CuSi03-2H20(aged) - CuO + Si02(qtz) + 2H20 —. 18 1 o

2CuSi03-2H20(aged) = Cu20 +  2Si02(am) + 4H20 + h 0 2 -11.41 -14.50

2CuSi03-2H20(aged) - Cu20 + 2Si02(qtz)+ 4H20 + h 0 2 -10.18 -13.03

2CuSi03” 2H20(aged) + k S 2 •* Cu2S + 2Si02(am) + 4H20 '+ 02 -13.46 -16.93

2CuSi03 * 2H20(aged) + k S 2 = Cu2S + 2Si02(qtz) + 4H20 + 02 -12.22 -15.45

CuSi03*2H20(aged) + hS2 = CuS + Si02(am) + 2H20 + 02 -4.46 . —5.62

CuSi03-2H20(aged) + %S2 = CuS + Si02(qtz) + 2H20 + 02 -3.85 —4.88

CuSi03-2H20(aged) + 2H+ = Cu44- + H^SiO^ + HgO 1.08 1.02
CaC03 + S03 = CaS04 + C02 23.17 26.09

BaS04 + C02 = BaC03 + S03 -23.79 -26.74

CaC03 + Si02(am) = CaSi03 + C02 -1.39 -2.48

CaC03 + Si02(qtz) = CaSi03 + C02 -2.00 -3.22

CaS04 + Si02(-am) = CaSi03 + S03 -24.56 -28.58

CaS04 + Si02(qtz) = CaSi03 + S03 -25.17 -29.31

Cu2(OH)2C03 = 2CuO + H20 + C02 2.69 1.81
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2S03 = S2 + 302 -84.21 -96.22

2FeS + S2 = 2FeS2 17.08 20.66

2 fe ^ 0 ^ + 3S2 — 6FeS + 402 -126.79 -143.20

Fe304 + 3S2 = 3FeS2 + 202 -37.77 -40.61

2Fe203 + 4S2 = 4FeS2 + 302 -63.85 -69.77

2C112S + O2 = 2GU2O + $2 4.08 4.85

CU2S + J5S2 = 2CuS 4.53 5.70
2Cu° + hS2 = Cu2S 12.82 14.67

2Ag° + %S2 = Ag2S 7.71 8.94

8.52H+ + 1.48H20 + K 5Mg ^Fe^ 24A12 12sl3 37°10(OH)2 =
.5K+ + .47Mg++ + . 24Fe+++ + 2.12A1+++ + 3.37H^Si04 -4.61 -2.39

16H+ + Mg5Al2Si3010(OH)8 = 5Mg^ + 2A1W  + SH^SiO^ +

6H20 ' 27.20 34.06

10H+ + KMg3Si3010(OH)2 = K+ + SMg*1̂  + Al+++ + 3H4Si04 17.84 21.57

10H+ + KAl3Si3010(OH)2 = K+ + 3A1+++ + 3H4Si04 1.82 .83

6H+ + 4H20 + Mg3Si4010(OH)2 = 3Mg""" + 4H4Si04 10.84 12.83

4H+ + 4H20 + KAlSigOg - K+ .+ A l * * *  + 3H^SiO^ -2.51 -2.16

6H+ + Al2Si205(OH)4 = 2A1+++ + 2H4Si04 + H20 -2.75 -1.18
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