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Abstract 

Systematic variations in mineral assemblages, fluid inclusion characteristics, mineral chem­
istry, and isotopic ratios document the chemical and thermal evolution of hydrothermal fluids 
responsible for late alteration in a small porphyry copper system near Tintic, Utah. Propylitic 
alteration of volcanic rock can be subdivided into actinolite , epidote, and chlorite subzones. 
An actinolite subzone containing actinolite, epidote, chlorite, and calcite extends 250 m away 
from the secondary biotite zone. An epidote subzone containing epidote, chlorite, and calcite 
is present up to 500 m away from the secondary biotite zone. A chlorite subzone of chlorite 
and calcite is present up to 2 km from the secondary biotite zone. Chlorite which occurs in 
each subzope varies systematically in Fe, Mg, and Mn content. The ratio Fe/(Fe + Mg) increases 
from 0.27 at the secondary biotite zone to 0.48 in the outer propylitic zone accompanied by 
a decrease in activity of clinochlore from 0.15 to 0.02. MnO increases from 0.23 to 0.44 wt 
percent. The Fe +3 content of epidote also systematically decreases from the actinolite subzone 
outward. The activity of clinozoisite in the epidote ranges from 0.038 at the secondary biotite 
zone to 0.21 700 maway from the secondary biotite zone in the outer epidote subzone. 
Systematic changes in chlorite and epidote compositions reflect increasing log aMg+2/a~+ and 
log aFe+2/a~+ with increasing distance from the hydrothermal biotite zone and decreasing 
temperature and salinity. 

Fluid inclusion homogenization temperatures decrease away from the secondary biotite 
zone with a horizontal thermal gradient of78°C/km. Temperatures range from 351 ° to 160°C 
in propylitic alteration. Salinities also decrease outward from 7.3 to 0.0 equiv wt per­
cent NaCI. 

Hydrothermally altered rocks are systematically depleted in 180 outward from the phyllic 
alteration zone into the chlorite subzone, as recorded by whole-rock samples (10 .9 to -1.7%0), 
calcite (10.4-1.6%0), and quartz veins (2.8 to -0.8%0). Calculated 0180 and oD values for the 
actinolite subzone are +5 and -55 per mil, respectively; values as low as -15.1 and -120 
per mil are recorded at the outer limits of sampling in the chlorite subzone. 

These latter values indicate that outer propylitic alteration is dominated by isotopically 
unevolved local meteoric water. However, the large variations in hydrogen and oxygen isotope 
compositions recorded across the zoned propylitic alteration are too large to have been pro­
duced from an isotopically homogeneous fluid, given the measured range of alteration tem­
peratures (350°-200°C) . Rather, the variations in isotopic compositions and salinity of the 
propylitic alteration fluids are consistent with the progressive mixture of unevolved (180- and 
D-depleted), low-salinity local meteoric water with a much more 180_ and D-enriched, higher 
salinity fluid. The later phyllic alteration also formed from a similar, 180_ and D-enriched 
fluid. We suggest that these isotopically enriched fluids more likely evolved from local meteoric 
water through extensive exchange at very low water/rock ratios with the igneous rocks at 
depth in the hydrothermal system at Tintic. An alternative explanation is that 180_ and D­
enriched fluids represent a late incursion of magmatic water ' unlike many other porphyry 
copper systems. 

Participation of such 180_ and D-enriched fluids in the waning stages of hydrothermal al­
teration at Tintic contrasts with the usual domination of isotopically un evolved meteoric water 
at these stages (e.g., propylitic, phyllic) in many porphyry J opper systems (Sheppard et aI., 
1971; Taylor, 1974; Gustafson, 1978). At Tintic, isotopicalty enriched fluids coexist with and 
even displace meteoric water during propylitic and phyllic alteration, respectively. 
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Introduction 

HYDROTHERMAL fluids in many porphyry Cu systems 
evolve from an early, high-temperature, high-salinity 
fluid derived from magmatic sources to a later, lower 
temperature, lower salinity fluid with a dominant me­
teoric water component (Sheppard et aI., 1971, Titley 
and Beane, 1981, Bowman et aI., 1987). Such varia­
tions wOQld be expected to induce mineralogical, 
chemical, and isotopic zoning in porphyry systems. 
Ballantyne (1981) has shown that systematic mineral 
and chemical variations occur in the propylitically al­
tered rocks of the Silver Bell, Safford, and Christmas 
porphyry copper deposits in Arizona. First, alteration 
mineral subzones exist within ' the propylitic zone. 
These zones include an actinolite zone, an epidote­
bearing zone, and an epidote-free zone. The actinolite 
zone is conuned to an area ofless than 1,200 m from 
the hydrothermal biotite zone. Actinolite is not always 
present and may be notably absent in felsic rocks. 
Epidote subzones are also highly variable and can oc­
cur up to 4 km from the secondary biotite zone. Sec­
ond, chlorite and epidote show variations in compo­
sition with respect to distance from the hydrothermal 
biotite zone. The most consistent variations in the Ar­
izona porphyries that Ballantyne (1981) has studied 
are in Mn, Fe, and Mg in chlorites. Third, fluid inclu­
sion studies indicate that the temperature decreases 
outward. Fourth, isotopic analyses show 180 depletion 
due to the influx of meteoric water in the propylitic 
zone. The most intensely propylitized rocks have the 
lowest 5180 values; away from the center of miner­
alization the 5180 values grade back into the normal 
igneous values of 6 per mil. 

A two-stage evolution of fluid sources from mag­
matic to meteoric water may be too simple for actual 
porphyry copper systems. Recent studies of the 
Bingham, Utah, porphyry Cu deposit by Bowman et 
al. (1987) have documented a systematic trend of 180 
depletion and D enrichment with decreasing tem­
perature in the propylitic mineral assemblage. This 
trend is inconsistent with a progressive influx of local 
meteoric water and is produced by either an influx 
of D-enriched formation water or isotope exchange 
of meteoric water with rock at very low water to rock 
ratios in the deeper parts of the system. These highly 
exchanged fluids would then be focused upward into 
the present exposure of the deposit. The Bingham 
study emphasizes that evolving hydrothermal fluids 
in" porphyry systems may contain important compo­
nents in addition to magmatic and meteoric water. 
These additional fluids may initially be meteoric wa­
ters that attain their chemical and isotopic signature, 
including DjH ratio, in a rock-dominated (very low 
W/R ratio) exchange zone in the roots of a hydro­
thermal system. Flow of these highly exchanged fluids 
may then be focused upward to create hydrothermal 

alteration and mineralization in water-dominated (lo­
cally high W/R ratio) zones of discharge in the hy­
drothermal system. 

Alternatively, if sedimentary formation waters 
(e.g., Hitchon and Friedman, 1969) are involved di­
rectly at Bingham, then the Oquirrh basin (Jordan 
and Douglass, 1980) in which Bingham is located 
provides a potential source of such fluids. The 
Bingham igneous complex intrudes a 7.5-km-thick 
sequence of limestone, quartzites, and related sedi­
mentary rocks of Upper Pennsylvanian age of the 
Oquirrh basin. Formation water from Oquirrh basin 
sediments or highly exchanged meteoric waters may 
be involved in other hydrothermal ore deposits in and 
near the Oquirrh basin. 

The southwest Tintic porphyry copper system in 
the Tintic mining district, Utah, is one of several di­
verse hydrothermal deposits in the district. The Main 
Tintic district includes replacement " deposits of Pb­
Zn-Ag in carbonate host rocks. In East Tintic, deposits 
of Pb-Zn-Ag-Au are localized by reactive carbonate 
rocks, thrust faults, high-angle faults, fissures, and 
breccia zones and are overlain by hydrothermally al­
tered volcanic rocks. The southwest Tintic area in­
cludes a porphyry Cu-type hydrothermal system 
where latite volcanic rocks and a related monzonite 
intrusion have been altered to zoned assemblages of 
hydrothermal minerals that include a central zone of 
hydrothermal biotite, orthoclase, quartz, anhydrite, 
and sulfides (secondary biotite zone). An envelope of 
quartz, sericite, chlorite; tourmaline, and pyrite 
(phyllic zone) overlies potassic alteration and over­
prints parts of propylitic alteration and is usually 
present between them. Outer propylitic alteration 
consists of epidote, chlorite, sericite, calcite, albite, 
and actinolite and represents the outer limit of per­
ceptible fluid-rock interaction. 

Relatively little attention has been given to phys­
ical-chemical and isotopic properties of the fluids re.; 
sponsible for propylitic alteration at Tintic. The pur­
pose of this study is to determine the geologic, geo­
chemical, and isotopic characteristics of propylitic 
alteration in latite tuffs surrounding an Oligocene 
quartz monzonite intrusion at southwest Tintic. Min­
eralogy, mineral chemistry, fluid inclusions, and ox­
ygen and hydrogen isotope compositions in the pro­
pylitic assemblage are used to estimate the physical 
and chemical conditions of hydrothermal alteration, 
the origin and evolution of the hydrothermal fluids, 
and chemical relationships among fluids producing 
propylitic, phyllic, and potassic alteration. 

The Tintic mining districts are in the central portion 
of the eastern margin of the Basin and Range province, 
Utah and Juab counties, Utah (Fig. 1), about 90 km 
south of Salt Lake City and 70 kmsouth of Bingham. 
The oldest rocks exposed in the East Tintic Mountains 
are Lower Cambrian to Upper Mississippian sedi-
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FIG.!. Geologic map of the ,southwest Tintic area modified 
from Morris (1975), Also shown are the areas of the Diamond 
Gulch porphyry copper deposit and the phyllic and propylitic 
alte ration zones. The secondary biotite zone is projected from 
drill hole information. The phyllic zone is approximately coinci­
dent with the surface projection of the secondary biotite zone. 
The propylitic zone is subdivided into an actinolite subzone, an 
epidote subzone, and a chlorite subzone. Sample locations are 
shown as numbered dots. Map symbols are as follows : Tc, Cop­
peropolis Latite (dot patterns); Tsp, Sunrise Peak monzonite por­
phyry (+ patte rn) ; open areas are alluvium and colluvium; the 
Old Susan ve in is shown by connected open circles. 

mentary rocks which consist of 3.4 km of quartzite, 
limestone, dolomite, and shale that have been folded 
and thrust faulted during the late Mesozoic Sevier 
orogeny (Morris and Lovering, 1979). 

Tertiary igneous rocks cover much of the deeply 
eroded Paleozoic strata and Mesozoic structure in the 
area. Oligocene volcanic rocks consist largely oflatite 
tuffs. Intrusive equivalents of the latites are extensive 
and oCJ~ur as sills, stocks, plugs, and dikes in the 
southern part of the East Tintic Mountains. 

The youngest structures in the area are Basin and 
Range normal faults cutting the volcanics which first 
formed in the early Miocene. Norm~ll faulting has 
continued to the present. The · geology of the East 
Tintic Mountains is described in detail by Morris and 
Lovering (1979). 

Analytical Techniques 

Electron microprobe analysis 

Analysis of the chlorite, epidote, and calcite for Si, 
Ti, AI, Mg, Fe, Mn, K, Ca, and Na in polished thin 

sections were performed using a three-channel ARL 
model EMX electron microprobe operated at 15 kV 

. and a sample current of 0.03 j.LA. Counts accumulated 
for a constant integrated beam current were achieved 
in approximately 12 seconds. Five spots were ana­
lyzed for each grain and a beam approximately 1 f.L in 
diameter was used. Background-corrected probe data 
were corrected for matrix effects using the factors of 
Bence and Albee (1968) and Albee and Ray (1970) 
and the correction algorithm of J. Nicholls et al. (un­
pub. data). Standards used were clinopyroxene, cum­
mingtonite, kaersutite, and calcite. Because of the 
matrix effects of (OR) in hydrous minerals an iterative 
process was used for matrix corrections described by 
Parry and Downey (1982). A structural formula was 
first computed from microprobe analysis, wt percent 
water was calculated from that structural formula, 
followed by recalculation of matrix effects, compo­
sition, and a new structural formula. Three iterations 
usually produced satisfactory c~nvergence. Thus wa­
ter not measured during microprobe analysis was in­
cluded in the matrix correction and an estimate of wt 
percent water consistent with mineral composition is 
included in the tables. 

Fluid inclusion measurements 

Heating measurements were made on a Roman 
Science Model 3 heating stage. Temperatures for 
heating measurements were recorded by an Omega 
2809 digital thermometer connected to an un­
grounded chromel-alumel thermocouple. Freezing 
measurements were made on a Chaixmeca stage 

. mounted on a Leitz Sm-Lux-Pol microscope. Heating 
measurements are accurate to ±5°C with a precision 
of ±1 cC. Freezing measurements ' are accurate to 
±1 CC and are precise to ±1 cC. Repeat measurements 
were usually within 1 ° of the first measurement. 

Calcite abundance 

Samples were analyzed for wt percent calcite by 
two independent methods: fusion in a Leco carbon 
analyzer and reaction of the carbonate with phos­
phoric acid. Both techniques show similar amounts of 
calcite present in each sample. 

Isotope extraction techniques 

Standard extraction (McCrea, 1950; Friedman, 
1953; Taylor and Epstein, 1962; Clayton and Mayeda, 
1963) and mass spectrometry techniques were used 
in stable isotope analyses. Hydrogen and oxygen iso­
tope data are reported relative to SMOW (Craig, 
1961 b); the carbon isotope data are reported relative 
to PDB (Craig, 1957). The analytical error for carbon 
and oxygen isotope data is ±0.1 per mil (±0.2·%o for 
silicates), and the error for hydrogen isotope data is 
± l. 5 per mil. 
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Calculation of mole fraction and activity 

Calculation of activities of clinozoisite and epidote 
in the analyzed epidotes followed procedures of Bird 
and Helgeson (198'0). Octahedral M(2) sites are as­
sumed to contain only AI, M(I) sites are completely 
filled with Al and Fe, and remaining AI, Fe, other 
octahedral species, and vacancies are assigned to M(3) 
sites. Assignment of Al and Fe to M(I) and M(3) sites 
is dependent on an ordering . parameter (J calculated 
to be '0.9'0 at 3'O'O O C and '0.95 at 2'OO°C using equa­
tions in Bird and Helgeson (198'0). 

Activities of clinochlore (Mg chlorite) and cham­
osite (Fe chlorite) were calculated using the solid so­
lution model and equations of Walshe (1986). Ideal 
ionic mixing is assumed on six octahedral sites and 
two tetrahedral sites; no mixing is assumed on the 
remaining two tetrahedral sites. Activities were c·al­
culated from computed structural formulas. 

Geology, Alteration, and Mineralogy 
of Southwest Tintic 

Geology 

The Tintic area contains the Main Tintic mining 
district (Lindgren and Loughlin, 1919) and the East 
Tintic mining district (Morris and Lovering, 1979). 
The southwest Tintic area is located 1'0 km south and 
west of the Main Tintic district. In the southwest Tin­
tic area, a series of middle Oligocene latite volcanics 
have been intruded by quartz monzonite stocks, dikes, 
and sills. The Copperopolis Latite is host for extensive 
hydrothermal alteration centered around the Dia­
mond Gulch porphyry intrusion and dates at approx- . 
imately 32 Ma (Laughlin et aI., 1969). Unaltered 
Copperopolis Latite contains about 25 percent phe­
nocrysts of plagioclase, biotite, augite, hypersthene, 
orthoclase, and magnetite. The largest and most 
abundant phenocrysts in the latite are plagioclase 
(Morris and Lovering, 1979). 

Alteration zones and mineralogy 

Phyllic and propylitic alteration zones of the 
southwest Tintic copper porphyry system are exposed 
at the surface. Potassic alteration was observed below 
the surface in drill core. Potassic alteration consists 
of biotite, pyrite, orthoclase, quartz, anhydrite, am­
phibole, magnetite, chalcopyrite, and molybdenite . 
(Rainboz, 1979). Propylitic alteration that surrounds 
and is locally in contact with the potassic alteration 
can be divided into three subzones: actinolite, epi­
dote, and chlorite (Fig. 1). Theactinolite subzone at 
southwest Tintic is defined by the presenc.e of actin­
olite with abundant epidote, chlorite, and calcite. The 
actinolite zone extends 250 m outward from the sec­
ondary biotite and copper sulfide zone. The epidote 
subzone contains abundant epidote, chlorite, and cal­
cite and is present up to 5'0'0 m away from the sec-

ondary biotite zone .. The chlorite subzone contains 
chlorite and calcite and ·· extends at least 2 km from 
the secondary biotite zone. Propylitic alteration con­
sist of epidote, chlorite, calcite, actinolite, albite, py­
rite, magnetite, hematite, and sericite. Phyllic alter­
ation overlies potassic alteration and crosscuts both 
potassic and propylitic alteration. Mineralogy of 
phyllic alteration is quartz, sericite, pyrite, rutile, 
chlorite, apatite, and tourmaline. 

Temporal and spatial association of hydrothermal 
alteration mineral zones and sulfide mineralization in 
a large number of porphyry copper deposits world­
wide has established a genetic relationship (Titley and 
Beane, 1981). 

Hydrothermal Mineral Chemistry 

Samples were collected from outcrops of the latite 
volcanics along traverses outward from the intrusive 
center. One traverse chosen for detailed study (Fig. 
1) represents the most continuous outcrop of pro­
pylitically altered rock. Chemical compositions of 
chlorite, epidote, and calcite were determined in or­
-der to establish mineral chemistry and to determine 
chemical trends in the propylitic zone. Because chlo­
rite and epidote compositions can be a function of the 
host-rock composition, samples were taken from rocks 
with the same initial bulk composition .. Compositions 
of chlorite, epidote, and calcite from each subzone 
are given in Table 1. 

Chlorite 

Chlorite is the most common mineral in propylitic 
alteration and variations in abundance and composi­
tion are a useful index to fluid evolution. Chlorite 
occurs in hydrothermal veins and· as replacement of 
original igneous phenocrysts. Point counting estab­
lished that chlorite abundance diminishes outward 
through epidote and chlorite sub zones (Fig. 2). Chlo­
rite compositions also change systematically through 
these zones. Mean values for each zone are given in 
Table 1. Magnesium values decrease outward from a 
maximum of 25 wt percent at the propylitic-sericite 
boundary to a minimum of 16 wt percent in the outer 
chlorite subzone. Total iron increases from 15 to 25 
wt percent outward through the chlorite subzone. A 
similar trend is observed at North Silver Bell, Safford, 
and Christmas, Arizona (Ballantyne, 1981), and 
Bingham, Utah (Bowman et al., 1987). Manganese also 
increases outward from '0.23 to '0.44 wt percent Mn. 

Calculated activities of clinochlore in the chlorite 
decrease from '0.132 to '0.'032 (Fig. 2), and activity 
of chamosite \increases from '0.'0'0'019 to '0.'0'016 out­
ward. 

Epidote 

Green epidote most commonly occurs as a replace­
ment of plagioclase and in veins at southwest Tintic 
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TABLE 1. Microprobe Analyses of Hydrothermal Minerals from Southwest Tintic 

Actinolite 
subzone 

(5) 

Weight percent 

Si02 28.0 
Ti02 0.06 
Al20 3 19.4 
FeO 13.2 
Fe20 3 6.3 
MnO 0.23 
MgO 19.8 
CaO 
H 2O 11.9 
Total 98.9 

Chlorite 

Epidote 
subzone 

(8) 

29.9 
0.04 

17.5 
15.6 

7.4 
0.39 

17.0 

11.8 
99 .6 

Chlorite Actinolite 
subzone subzone 

(5) (8) 

29 .3 38.0 
0 .05 0 .08 

17.7 21.2 
17.0 

8.1 15.4 
0.44 0.55 

16.0 0 .20 
22.2 

11.7 1.87 
100.0 99 .5 

Epidote 
Calcite 

Epidote Chlorite 
subzone subzone Actinolite Epidote Chlorite 

(7) (3) subzone subzone subzone 

38 .7 38 .5 
0 .12 0 .32 

22.2 22 .1 
0.56 0.62 0.27 

14.1 14.2 
0.27 0.24 0.86 0 .21 0 .08 
0.18 0.10 0.17 0.22 0.09 

22.1 22.5 55.6 55.6 56.0 
1.88 1. 88 43.5 44.1 43 .8 

99.6 99 .8 101.0 101.0 100.0 

Number of ions 

Si 2 .82 3 .01 2 .97 3.05 
Al (IV) 1.1 8 0.99 1.03 
Al (VI) 1.11 1.09 1.09 2 .01 
Fe+2 1.11 1.31 1.44 
Fe+3 0.48 0 .56 0.62 0 .93 
Mg 2.96 2 .. 56 2.41 
Ca 1.91 
OH 8.00 8 .00 8.00 1.00 

and decreases in abundance outward from the sec­
ondary biotite zone (Fig. 2). Epidote decreases in both 
Fe and Mn content outward. Calculated activity of 
clinozoisite increases from 0.038 atthe innermost ac­
tinolite subzone to 0.21 at the outermost epidote 
subzone shown in Figure 2. Ferric iron decreases with 
distance from the secondary biotite zone. Calculated 
activity of epidote decreases from 0.98 to 0.73. Be-
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FIG. 2. Modal abundance of chlorite and epidote, logarithm 
of the activity of clinochlore in chlorite, and logarithm of the 
activity of clinozoisite in epidote versus distance from the sec­
ondary biotite zone. Activities were calculated using procedures 
outlined in the text. 

3.07 3.06 

2.08 2 .07 

0.84 0.85 

1.89 1.92 
1.00 1.00 

yond 1 km the modal percent of epidote decreases to 
1 percent. MnO in epidote ranges from a maXimum 
of 1.18 wt percent in the actinolite subzone to 0.15 
wt percent in the outer chlorite subzone. 

Calcite 

Calcite abundances varied from 1 to 5 percent and 
showed no spatial variation with respect to distance 
from the intrusion. Mean values of electron micro­
probe analysis of calcite are shown in Table 1 for each 
subzone. Calcites were analyzed for nine elements 
but only the four shown to be significant are reported 
here. Fe/(Fe + Mg) ratios increase with distance away 
from the secondary biotite zone. Although not as 
conclusive as the Fe and Mg variations in chlorite, 
the spatial variations of Fe and Mg in calcite are sim­
ilar. Manganese decreases from a value of 0.86 wt 
percent near the secondary biotite zone to 0.07 wt 
percent at a distance of 1.5 km. The low manganese 
values at the outer limits of alteration is similar to 
observations in both epidote and chlorite. 

Fluid Inclusions 

At southwest Tintic quartz, epidote, and calcite 
veins contain useable fluid inclusions. Quartz veins 
occur throughout the propylitic zone. Primary inclu­
sions in quartz, calcite, and epidote were chosen for 
heating and freezing measurements. 
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Classification and description 

Two types of fluid inclusions are present at south­
west Tintic. Measurements have been made on these 
two types in seven quartz veins, one calcite vein, and 
one epidote vein from the propylitic zone . A third 
type is also present in quartz veins in potassic and 
phyllic alteration . Type I inclusions are low-salinity 
inclusions, lack daughter salts, and are the most abun­
dant.' They contain approxImately 30 percent vapor 
by volume and homogenize to a liquid phase. Type 
II inclusions are gas-rich inclusions which contain ap­
proximately 80 vol percent vapor, lack daughter min­
erals, and homogenize to a vapor phase. The phase 
proportions and homogenization to the vapor phase 
at temperatures similar to those of liquid-rich inclu­
sions indicate that the fluid was originally trapped as 
steam from a boiling solution. Type II inclusions are 
more common near the secondary biotite zone and 
are present but rare at the outer limits of the propylitic 
zone. Type III inclusions described by Ramboz (1979) 
are high-salinity multiphase inclusions. In addition to 
the liquid and vapor phases, several daughter minerals 
are present including halite which is always present, 
sylvite, chalcopyrite, hematite~ ~md other unidentified 
phases. Type III inclusions homogenize to the liquid 
phase (Ramboz, 1979). At southwest Tintic , type III 
inclusions occur only in potassic and phyllic alteration. 
We have made no measurements on type III inclu­
sions. 

Fluid inclusions range from 5 to 20 fJ, in diameter 
with most in the 5- to 7 -fJ, range. Angular and ellip­
soidal shapes were common. Most inclusions were ei­
ther solitary or in small groups ofless than five. These 
were the main criteria that established the inclusions 
as primary. Inclusions in obvious trains along fractures 
were considered secondary and avoided, following 
recommendations and criteria of Roedder (1979). 

Heating measurements 

Homogenization temperatures for 123 fluid inclu­
sions in the propylitic zone and 14 in the phyllic zone 
were measured. Temperatures ranged from 160° to 
351°C in propylitic alteration and 267° to 339°C for 
phyllic alteration with all but three homogenizing to 
the liquid phase. In Figure 3 the inclusions are divided 
into two types based on phase proportions and ho­
mogenization. They are divided further by the host 
mineralogy. The histograms in Figure 3 show a range 
of homogenization temperatures for each sample. 
Reasons, for these ranges include (Ahmad and Rose, 
1980): 

1. Leakage occurring naturally or during heating. 
If leakage was observed, the temperatures were dis­
carded. 

2. Trapping of both steam and liquid would give 
anomalously high homogenization temperatures. 
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FIG. 3 . Histograms of homogenization temperatures of fluid 
inclusions in calcite , quartz , and epidote, and a plot of NaCI 
equivalent salinity versus distance from the secondary biotite zone. 

3. Low temperatures might result from measuring 
secondary or pseudosecondary inclusions. As dis­
cussed these were avoided. 

4. Fluctuations in both pressure and salinity would 
affect the filling temperature. 

Pressure changes are a reasonable explanation for 
the range of temperatures observed. Pressure in­
creases and subsequent release of pressure can be ex­
pected in some vein systems. Liquid- and vapor-rich 
inclusions are commonly seen in the epidote and ac­
tinolite subzone, but vapor-dominated inclusions are 
rarely seen in the outer chlorite subzone. Boiling oc­
curred in most of the southwest Tintic system but 
may not have been sustained more than a kilometer 
away from the secondary biotite zone, hence the rarity 
of vapor-dominated inclusions. 

The horizontal temperature gradient at southwest 
Tintic is between 71 ° and 85°Cjkm with an average 
gradient of 78°Cjkm. An obvious systematic decrease 
in temperature occurs across the propylitic zone 
(Fig. 3). 

Freezing measurements 

Freezing point depression measurements were 
made on 22 inclusions from four quartz veins and one 
calcite vein . Salinities are low and range from 0.0 to 
7.3 equiv wt percent NaCI. The mean salinities are 
shown in Figure 3. In most of the propylitic zone there 
is probably only one type of fluid present since salin­
ities are similar. Near the center of the system, how­
ever, there are at least two types of fluids with dif­
ferent salinities ranging from 6.5 to '25.0 wt percent 
NaCI and 31.9 to 48.9 wt percent NaCI (Ramboz, 
1979). 

Pressure corrections and fluid pressures 

Samples N-84 and N-61 contain type II fluid in­
clusions that homogenize to the vapor phase at nearly 
the same femperature as type I inclusions. Since these 
inclusions are primary and ' appear to have been 
trapped simultaneously with the liquid-dominated 
ones from boiling fluids, no pressure correction is re­
quired and the temperature measured is the entrap­
ment temperature. Boiling of a 5 wt percent NaCI 
solution at 320°C indicates a pressure of 109 bars 
(Haas, 1971) and a depth of 1,350 m (hydrostatic) or 
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385 m (litho'static) using an average density of 2.61 
(andesite). 

Geochemical Model 
The alteration assemblage of chlorite, epidote, cal­

cite, and actinolite is evaluated to indicate the nature 
of the hydrothermal fluids that altered the Copper­
opolis Latite at southwest Tintic. End,;.member com­
positions of minerals were used in calculations and 
solid solution effects on phase equilibria were taken 
into consideration. Clinochlore shows a systematic 
decrease in activity whereas clin()zoisite shows an in­
crease with distance from the secondary biotite zone 
except for the two most remote samples. These two 
epidote samples may represent hydrothermal alter­
ation that was not part of the southwest Tintic system. 
Variations in fluid composition from interaction with 
the host latite tuffs and dikes and varying tempera­
tures and pressure may.be responsible for variations 
in chemical composition reflected in the alteration 
minerals chlorite, epidote, and calcite. 

We have attempted to estimate solution parameters 
from mineral assemblages, mineral compositions, and 
appropriate phase diagrams. Mineral assemblages 
used for these estimates occur in contact with one 
another and microprobe analyses show that mineral 
grains are relatively homogeneous (Parry et aI., 1984), 
and systematic variation in compositions of epidote, 
chlorite, and calcite with distance from the biotite 
zone suggest that the assumption of equilibrium is a 
good approximation. The minimum log fugacity of 
oxygen is estimated from hematite and magnetite 
equilibria and ranges from -31 at 300°C to -40 at 
200°C (Fig. 4A). Equilibria among calcite, CO2 , and 
water were used to estimate pH at 5.63 at 300°C to 
5.82 at 200 0 'C; these values are near neutrality at 
these temperatures. 

Stability relationships among muscovite, clino­
chlore, phlogopite, and K feldspar are shown in Figure 
4B from which log aK+/aH+' is estimated to be constant 
at 3 for 300° to 200°C. This estimate would corre­
spond to the innermost propylitic subzone adjacent 
to the secondary biotite zone. Stability relationships 
for clinozoisite, muscovite, and clinochlore are shown 
iIi Figure 4C. Tremolite saturation is also shown and 
calcite saturation at various v~lues ofPco2 are shown. 
Because epidote, chlorite, and muscovite coexist, log 
aMg+2/a~+and log aCa+2/a~+ can be estimated from Fig-' 
ure 4C at a temperature of 300°C. Log aMg+2/a~+ is 
4.8 and log aCa+2/a~+ is 6.6 at 300°C. Figure 5 rep­
resents the relations between epidote, chlorite, and 
solution compositions at southwest Tintic. Equilib­
rium among clinochlore, c.alcite, clinozoisite, and so-
lution can be represented as: ' 

2Ca2AI3Si3012(OH) + 4C02 + 26H20 

+ 3Si02 + 15Mg+2 = 3Mg5A12Si30 lO(OH)8 

+ 4CaC03 + 30H+. (1) 
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FIG~ 4A. Log fOE versus log Is. for hematite, magnetite, and 
pyrite equilibria at 300° and 200°C. B. Log aM,r/a~+ versus log 
ar;+/aH+ at 300°, 250°, and 200°C at pressures of liquid-vapor 
equilibrium for pure water for clinochlore, muscovite, phlogopite, 

. and K feldspar. C. Log aMr+/a~+ versus log aCal+/afI+ for coexisting . 
end-member clinozoisite, muscovite, and clinochlore at 300'oC 
and pressure of liquid-vapor equilibrium for pure water and log 
aK+/aH+ = 3.0. Deviation from end-member composition is snown 
by dash lines. Also shown are tremolite saturation and calcite sat­
uration at various values ofPco2 (dotted lines). Equilibrium con­
stants for these diagrams were calculated using the computer pro­
gram SUPCRT, thermodynamic data, and equations of Helgeson 
and Kirkham (1974a, 1974b, 1976), Walther and Helgeson 
(1977), Helgeson et al. (1978), and Helgeson et al. (1981) . 
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FIG. 5. Top. Log (a~linochlore/a~linozoisite) of coexisting chlorite­
epidote pairs for six samples (shown as dots) with log aMg2+/a~+ 
contours shown as dashed lines. Bottom. Log (aepidote/achamosiie) for 
chlorite-epidote pairs (dots) with log aFe2+/a~+ contours . Dashed 
arrows show trends with decreasing temperatures. Entropy, vol­
ume, and heat capacity for chamosite are from Helgeson et al. 
(l978) , free energy data are from Anovitz and Essene (1982) . 

This reaction is used to evaluate the compositional 
variation in alteration minerals in propylitic alteration 
at southwest Tintic. Log (a~linochloTe/a~linOZOiSite) versus 
temperature is plotted for mineral pairs of known 
composition. The changes in composition of the two 
minerals show systematic variation with distance and 
therefore with temperature. Log aMg+2/ aiI+ contours 
are also shown on the diagram. A restricted value be­
tween 4 and 5 at 350° to 300°C accounts for observed 
mineral compositions. The relations between cham­
osite (Fe chlorite) , epidote, calcite, and hematite are 
used to evaluate variation in iron content of solutions 
at southwest Tintic. This relation is represented as: 

FesAI2Si30 lO(OH)s + 2CaC03 + %02 + 8H+ 

= Ca2AI2FeSi3012(OH) + 2C02 

+ 4Fe+2 + 7.5 H20. (2) 

CO2 and 102 are buffered by calcite-water-C02 and 
hematite-magnetite, respectively. Log (aepidote/ 

achamosite) versus temperature is plotted for mineral 
pairs, and log aFe+2/ aiI+ contours ate shown in Figure 
5. The range in log aFe+2/ aiI+ of 1. 25 to 1. 7 5 is attrib­
uted to changes in ferrous iron activity because pH 
for calcite-water-C02 equilibria is nearly constant in 
the propylitic zone. PC02 is estimated to be 18 bars 
at 300°C from Figure 4C and coexistence of calcite, 
epidote, muscovite, and chlorite with prehnite absent. 
Log is2 estimated from Figure 4A is approximately 
-10 for equilibria among pyrite, hematite, and mag­
netite at 300°C and -15 at 200°C. 

Oxygen, Hydrogen, and Carbon Isotope Data 

Oxygen, hydrogen, and carbon isotope analyses 
were made of whole-rock samples, vein quartz, vein 
epidote, and chlorite and calcite mineral separates 
from vein-free whole-rock samples. The locations of 
these samples are shown in Figure 1. These analyses 
are tabulated in Table 2 and are plotted as a function 
of distance from the outer limit of secondary biotite 
alteration in Figure 6. In addition, four samples of 
spring water were analyzed to determine the present­
day hydrogen and oxygen isotope compositions of lo­
cal meteoric water. 

Oxygen and carbon isotope compositions 

The 8180 values of samples from the phyllic zone 
range from B.O to 10.9 per mil; these are equivalent 
to or somewhat enriched in 180 compared to normal 
igneous values for intermediate rock compositions 
(Taylor, 1977). The 8180 values of the whole-rock 
samples from the propylitic zone range from 10.9 to 
- 1. 7 per mil, decreasing systematically outward from 
the edge of secondary biotite (Fig. 6). Between sam­
ples N-57 and N-55, there is a significant drop in the 
8180 value of the whole ro'ck, from 5 .7 (N-57) to 1.4 
(N-55) per mil. These two samples are separated by 
the Old Susan vein (Fig. 1), one of the largest veins 
in this area. This break in oxygen isotope"composition 
also corresponds in location to the boundary between 
the epidote and actinolite subzones of the propylitic 
alteration. The two outermost samples in the epidote 
subzone, N-50 and N-51, have the lowest 8180 values; 
the two samples from the chlorite subzone are some~ 
what higher, although both have 8180 values less than 
2 per mil. The oxygen isotope compositions of the 
minerals also record the outward decrease in 180 
through the propylitic zone. The 8180 values of epi­
dote and chlorite decrease outward from 5.4 to -5.0 
and 8.0 to 1.6 per mil, respectively. 

The oxygen and carbon isotope compositions of 
hydrothermal calcite are tabulated in Table 2. The 
8180 values of calcite decrease outward within the 
propylitic zone, from a high of 10.4 to as low as 1.6 
per mil in the outer chlorite subzone of propylitic 
alteration. The calcites also record a break between 
samples N-55 and N-57 (e.g., the approximate contact 
between the actinolite and epidote subzones). All 
calcite samples from N-57 and closer to the edge of 
secondary biotite alteration (e.g., potassic alteration) 
have 8180 values higher than 10.0 per mil; those from 
sample N~55 and outward have 8180 values less than 
5.0 per mil. 

Carbon isotope compositions of calcite record no 
systematic variation with distance from potassic al­
teration and range from -2.4 to -6.7 peJ' mil (Table 
2). Carbon in carbonate in porphyry systems may be 
derived from magmatic sources, CO2 released from 
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TABLE 2. Oxygen, Hydrogen, and Carbon Isotope Compositions of Minerals, Fluid Inclusions, and Calcl,llated Values 
of Water in EJtchange Equilibrium with Minerals 

Calculated water l 

T 0180 aD 013C 0180 aD 
Sample no. (DC) Mineral (%0) (%0) (%0) (%0) (%0) 

PhyHic alteration 

N-36 300 Whole rock 8 .9 4.8 
Sericite -74 -61 

N-35 300 Whole rock 10.9 6.8 
Calcite 13.1 -3.5 7.5 
Sericite -68 -55 

SWT-8 Whole rock 8.1 4.0 
Sericite -72 -59 

Actinolite subzone 

SWT-17 350 Whole rock 8.0 6.3 
Carbonate 10.4 -6.7 4.8 

N-58 330 Whole rock 6.8 4 .8 
Calcite 10.0 -6.0 3.9 
Epidote 4.9 -98 4.7 -62 
Chlorite 8 .0 -89 5.9 -51 

N-57 320 Whole rock 5.7 3.4 
Calcite 10.4 -5.6 3.9 
Epidote 3.0 -94 1.8 -58 
Chlorite 6.3 -84 4.1 -50 

Epidote subzone 

N-55 300 Whole rock 1.5 -1.2 
Calcite 5.0 -5.7 -2.2 
Epidote -3.4 -3.8 

N-54 295 Whole rock 2.9 0.1 
Calcite 4 .1 -6.7 -3.3 

N-51 280 Whole rock -1.7 -4.8 
Calcite 1.6 -4.4 -6.4 
Chlorite -0.8 -115 -3.8 -78 

N-50 270 Whole rock -0.8 -4.2 
Calcite 3.5 -2.4 -4.9 

Chlorite subzone 

N-42 260 Whole rock 1.5 -2:2 
Calcite 3.4 -4.6 -5.4 
Chlorite -112 ':"83 

N-43 255 Whole rock 0.4 -3.4 
Calcite 1.6 -5.4 -7.5 
Chlorite 1.2 - 105 -2.3 -76 

Quartz veins-epidote subzone 
. N-94 294 Quartz 2.8 -5.8 

N-61 301 Quartz 0.6 -7.7 
N-52b 287 Quartz 0.4 -8.5 
(Fluid inclusion crush) Water -105 

9uartz veins-chlorite subzone 

N-47 207 Quartz 0.0 -13.3 
(Fluid inclusion crush) Water -120 
N-73 193 Quartz -0.8 -15.1 

Local meteoric water 

Water Canyon . -15.5 -105 
Hannibal Spring -14.3 -111 
Dennis Spring - 14.2 -115 
Jameson Spring -12.8 -96 

1 The fractionation factors used to calculate 0180 values for water are from Clayton et al. (1989) for quartz, calcite, and plagioclase; 
Matthews et al. (1983) for epidote; and Wenner and Taylor (1971) as modified by Harper et al. (1988) for chlorite. The hydrogen 
isotope fractionation factors are extrapolated from the high-temperature (>400°C) . ex:perimental results of Suzuoki and Epstein 
(1976), using the lower temperature results ofLiu and Epstein (1984) for kaolinite-H20 and the methods and assumptionspresented 
by Bowers and Taylor (1985) and Harper et al. (1988) . . 
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FIG. 6. Plot of the measured 0180 value of whole-rock and mineral samples from zoned propylitic 
alteration versus distance from the secondary biotite zone. 

sediments by decarbonation · reactions, oxidation of 
reduced carbon species, or carbonate from mixed 
crustal sources dissolved by meteoric or formation 
water. The hydrothermal calcites at Tintic have ol3e 
values intermediate between those corresponding to 
magmatic Qr deep crustal sources (Deines, 1970) and 
those corresponding to Paleozoic marine carbonate 
sources (Veizer and Hoefs, 1976) and may represent 
mixtures of these components. 

The 0180 values of quartz veins range from 2.8 per 
mil at the actinolite-epidote subzone boundary (the 
Old Susan vein) down to -0.8 at the outer margins 
of observable propylitic alteration. These values also 
decrease across the propylitic zone (Fig. 6). 

Hydrogen . isotope compositions 

Hydrogen isotope compositions were determined 
on seven epidote and chlorite separates from the pro­
pylitic zone, fluid inclusion extractions from two 
quartz veins, and three samples of sericite from the 
phyllic zone (Table 2). The oD values of the three 
sericite samples range between -68 and -74 per mil, 
whereas the epidote and chlorite samples have oD 
values ranging from -84 to -115 per mil. The chlo­
rites from the epidote and chlorite sub zones of the 
propylitic alteration have somewhat lower oD values 
than those from the inner actinolite subzone. The fluid 
inclusion extract from the chlorite zone (N -4 7) has a 
lower oD value, - 120 per mil, than the extract from 
the·epidote subzone (N-52b), -105 per mil. 

Isotopic compositions of hydrothermal fluids 

The oxygen and hydrogen isotope compositions of 
water in exchange equilibrium with the altered rock 
and vein quartz were calculated from the isotopic 
data, using the temperatures defined for the phyllic 
and propylitic alteration by the flui.d inclusion data 

(Table 2, Fig. 7). The fractionation factors · used for 
these calculations ar~ compiled in Table 2. The oxy­
gen isotope fractionation between quartz latite rock 
and water can be approximated reasonably by the 
fractionation between anorthite and water. Hydrogen 
isotope fractionation between water and many hy­
drous silicates, including chlorite, is not well estab­
lished below 400°C. We have assumed that the tem­
perature dependence of D-H fractionation between 
chlorite and water parallels that experimentally con­
firmed by Liu and Epstein (1984) for kaolinite-water 
but is offset to more negative values at all tempera­
tures by the amount (20%0) established experimentally 
at 400°C (Suzuoki and Epstein, 1976). This is the 
approach adapted by Bowers and Taylor (1985) and 
Harper et al. (1988). . 

The alteration fluids in the phyllic zone have rel­
atively high 0180 values ranging from 4.8 to 6.8 per 
mil. The 0180 values of hydrothermal fluid in the pro.,. 
pylitic zone are plotted as a function of increasing 
distance from the limit of secondary biotite in Figure 
7. The calculated 0180 values for the hydrothermal 
fluids in exchange .equilibrium with the whole-rock 
samples decrease outward from the edge of secondary 
biotite, and with declining temperature, from as high 
as 6.3 per m:il in the actinolite subzone to as low as 
-4.8 per mil in the outer epidote subzone. Still farther 
out in the chlorite subzone, the 0180 values level off 
in the range between -2.2 and -4.2 per mil. North 
of the actinolite-epidote boundary and the Old Susan 
vein (between samples N-57 and N-55), the calculated 
0180 values of the hydrothermal fluids are 3.6 per mil 
or higher. To the south, all but one of these fluids 
have 0180 values below -1.2 per mil. 

The 0180 values of water in exchange equilibrium 
with vein quartz also decrease outward from a value 
of -5.8 per mil within the epidote subzone to very 
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low values (-15.1 %0) in the outer limit of the pro­
pylitic zone. These latter values are within the range 
of present-day local meteoric waters, also shown in 
Figure 7 . Fluid inclusion water was extracted from 
two of the quartz veins; the analyzed oD values are 
-105. and -120 per mil, near the oD values of pres­
ent-day local meteoric water. 

The 01BO values of water calculated to be in ex­
change equilibrium with the vein quartz appear to be 
2 to 4 per mil lower than values in exchange equilib­
rium with nearby calcite or whole-rock samples at 
any given location within the propylitic zone. There 
are four possible explanations for this difference: 

1. The vein fluids may have become enriched in 
1BO thn;mgh fluid-rock interaction as these fluids per­
colated from the veins into the host rock along mic­
rofractures. Such enrichment would reduce the po­
tential for 1BO depletion during fluid-rock interaction 
away from the major veins. 

2. Either the calcite and whole rock or the quartz 
may have undergone retrograde exchange with de­
clining temperature. Retrograde exchange of the vein 
quartz with a more lBO-depleted fluid would have 
occurred as well. Calcite is vulnerable to retrograde 
exchange, bu~ both the whole rock and calcite should 
have undergone similar degrees of retrograde ex­
change for both phases to be enriched in 180. Quartz 
on the other hand is much less vulnerable to retro­
grade exchange at temperatures less than 400 0 C 
(Clayton etal., 1968; Cole and Ohmoto, 1986). 

3. During infiltration of the 180-depleted fluids 
responsible for the quartz veins, one or more minerals 
in the host-rock matrix did not attain isotopic ex­
change equilibrium with these infiltrating fluids. This 
possibility has serious implications for attainment of 

chemical equilibrium, for rates of reaction, and for 
rates of fluid infiltration. 

4. The calculated difference in 180 values between 
vein and rock matrix domains may reflect the exis­
tence of significant temperature gradients away from 
the veins. Differences in temperature of 100°C or 
greater would be necessary to account for the 2- to 
4-per mil difference in calculated 0180 values; such 
temperature changes would require the existence of 
significant local thermal gradients in this altered vol­
canic sequence. 

At this point, none of these possibilities can be dis­
counted. 

Origins arid evolution of hydrothermal fluids 

The hydrogen and oxygen isotope compositions of 
hydrothermal solutions at southwest Tintic are com­
pared to genetically different types of water in Figure 
8. The oD values of the hydrothermal fluids are based 
on the measured oD values of both chlorite and ser­
icite separates and extracted water from the quartz 
veins. The box labeled magmatic water refers to fluid 
that has equilibrated with an isotopically normal 
magma or igneous rock in the area · (6-9%0) at T 
~ 650°C. The oD values oflocal meteoric water from 
four springs in the southern Oquirrh Mountains range 
from -96 to -115 per mil. 

The calculated 0180 and oD values of water re­
sponsible for alteration in the inner actinolite subzone 
of propylitic alteration are 3.5 to 4.8 and -51 to-48 
per mil, respectively. Proceeding outward through 
the epidote and chlorite subzones of propylitic alter­
ation, both the 0180 and oD values of hydrothermal 
fluids decrease, accompanied by decreases in tem­
perature (from 350° to 200°C) and salinity. The di-
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vertical portion of the 350°C exchange curve illustrates the vari­
ations in 0180 values of exchanged fluid that will result from vari­
ation in the 0180 value (6.5 to 8.5) of the igneous rock with which 
these fluids exchange. 

rection of these decreases is toward local meteoric 
water and indeed the outermost and lowest temper­
ature quartz veins in the chlorite subzone have very 
low oxygen (-15%0) and hydrogen (-120%0) isotope 
compositions closely approaching those of local me­
teoric water. The trend of D and lBO depletion out­
ward through propylitic alteration can be easily ex­
plained by the progressive influx of cooler, D- and 
lBO-depleted meteoric water diluting a hotter, more 
saline, and D- and lBO-enriched hydrothermal fluid 

I present in the center of the system. This fluid mixing 
could also account for the concurrent drop in · tem­
perature and decrease in salinity observed in fluid 
inclusions. The outermost fluids are so depleted in 
both D and lBO that they are clearly dominated by 
meteoric water. 

South of the actinolite-epidote boundary, there is 
a significant drop in both the olBO and oD value of 
the hydrothermal fluid, suggesting a SIgnificant in­
crease in the amount of the meteoric water component 
across this boundary. The large (::s:1.3 m thick) Old 

Susan vein also occurs at this location; to the south, 
in the epidote and chlorite subzones, there is a no­
ticeable increase in the abundance of quartz veins 
and igneous dikes. The increase in these features im­
plies greater permeability, consistent with the lower 
1BO values, temperatures, and salinities recorded for 
the hydrothermal fluids to the south. The data suggest 
the existence of a mixing boundary or discontinuity 
in the thermal, physical (density, salinity), and isotopic 
characteristics of hydrothermal fluids at Tintic. 

Subsequent to the progressive influx of local me­
teoric water responsible for the zoned propylitic al­
teration, phyllic alteration began. However, the cal­
culated olBO and oD values of water responsible for 
the later phyllic alteration range from 4.2 to 6.8 and 
-61 to -55 per mil, respectively, and are similar to 
the fluids responsible for alteration in the actinolite 
subzone. In many porphyry copper systems, the hy­
drothermal fluids responsible for late phyllic altera­
tion are depleted in both 0 and 1BO and are clearly 
derived from and dominated by local meteoric water 
(Sheppard et al., 1971; Bowman et al., 1987). How­
ever, it is clear that hydrothermal alteration in the .. 
phyllic zone at southwest Tintic is characterized by 
fluids much more enriched in both lBO and 0 than 
those ' responsible for outer propylitic alteration. 
Phyllic alteration marks the return to the importance 
of hydrothermal fluids that are isotopically similar to 
those responsible for the earlier actinolite alteration. 
Such fluids either are from a different, nonmeteoric 
source or are derived from meteoric water that is far 
more evolved isotopically than that responsible for 
the outer propylitic alteration. 

There are several possible origins of the 0- and 
lBO-enriched fluids responsible for the central actin­
olite and later phyllic zone alteration. These fluids 

. have 00 values identical with those expected for 
magmatic fluids; they also have OlBO values similar 
to, or somewhat depleted relative to, magmatic fluids. 
One possibility therefore is that these fluids are mag­
matic waters, somewhat cooled and equilibrated at 
lower temperatures (and hence lower 01BO values) 
than their igneous rock parents. 

However, these fluids may also have been derived 
from meteoric water, as is the case for phyllic alter­
ation 'in many other porphyry copper systems, and 
have become enriched in both 1BO and D through 
exchange at low water (W)jrock (R) ratios with the 
volcanic-sedimentary section in the southwest Tintic 
area. This process is also illustrated in Figure 8, where 
the hydrogen and oxygen isotope evolution of local 
meteoric water (oD = -115%0), resulting from pro-

. gressive isotopic exchange with igneous rock (O lBO 
= 7.5%0 oD = -80%0), is plotted as a function ofWj 
R ratio at 250°, 300°, and 350°C. These curves were 
calculated by methods described by Taylor (1971, 
1979). In the temperature range of 300° to 350°C 



PROPYLITIC ALTERATION: SW TIN TIC, UTAH 25 

defined by fluid inclusion data for the formation· of 
the actinolite and phyllic alteration episodes, water­
rock exchange can produce, at W /R ratios < 0.01, 
fluids with the observed hydrogen and oxygen isotope 
compositions. Variation in the 0180 values of alteration 
fluids within both actinolite and phyllic alteration 
zones may result from isotopic exchange with rock 
sections of somewhat different isotopic composition. 
A 2-per mil variation in the isotopic composition of 
rock (6.5-8.5%0) produces an equivalent variation in 
the 0180 values of fluid equilibrated with this rock, 
as illust'rated in Figure 8 (diagonally lined field) for 
fluid-rock exchange at 350°C. 

Mechanisms of fluid-rock isotopic exchange at very 
low W /R ratios have been suggested to account for 
the presence of D-enriched hydrothermal fluids in 
tungsten vein deposits (Campbell et aI., 1984) and 
specifically in porphyry copper-type deposits (Bow­
man et aI., 1987). In these examples and at southwest 
Tintic, the temperatures required to reproduce the 
0180 and oD values of the hydrothermal fluids by fluid­
rock interaction are in reasonable agreement with the 
estimated temperatures of alteration based on fluid 
inclusion measurements, lending support to this 
mechanism as a plausible process for isotopic evolu­
tion in hydrothermal systems. However, this mech­
anism requires very low W /R ratios to produce the D 
enrichment observed in these hydrothermal systems; 
it is not yet established whether such low W /R ratios 
«0.01) are plausible in actual advective or convective 
hydrothermal systems. Given these severe constraints 
on W /R ratios, it is almost certain that any such fluid­
rock exchange would take place at depth in the hy­
drothermal systems, below the exposed levels of al­
teration. This is because even the minimum abun­
dance of alteration and quartz veining observed in 
either propylitic or phyllic alteration of Tintic is much 
gr~ater than would be expected . from the very low 
W IH ratios required to produce the necessary D en­
richment in local meteoric water. 

Fluid-rock exchange can explain the hydrogen and 
oxygen isotope characteristics of both the phyllic al­
teration fluids and those responsible for earlier actin­
olite zone alteration at Tintic. However, this process 
alone cannot explain the full range of hydrogen and 
oxygen isotope compositions recorded by the zoned 
propylitic alteration. In the Bingham Canyon por­
phyry system, the trends of D enrichment and 180 
depletion th.at characterize the zoned array of early 
potassic and propylitic alteration could be explained 
by fluid-rock exchange operating at different tem­
peratures; higher temperatures (>500°C) to explain 
higher 0180 and lower oD values in the potassic zone, 
lower temperatures «450°C) to explain the lower 
0180 and higher oD values in the propylitic zone 
(Bowman et aI., 1987). However at Tintic, fluid~rock 

. interaction over the measured range of temperatures 

from 200° to 350°C can produce only about a 3-per 
mil decrease in the 0180 values of hydrothermal fluids. 
This decrease is only a small fraction of the total de­
crease in 0180 value for hydrothermal fluids recorded 
across the propylitic zone at Tintic. Clearly, fluid­
rock exchange alone cannot explain the full range of 
hydrogen and oxygen isotope variations in the pro­
pylitic hydrothermal fluids at Tintic; fluid mixing in:­
volving an additional fluid type must also occur. These 
two fluid components may be meteoric waters that 
have circulated at different depths and exchanged 
with significantly different amounts of rock (and 
therefore attained very different isotopic composi­
tions) or alternatively the mixing may involve mag­
matic fluids. 

Possible significance of the Old Susan vein as a 
record of a fluid-mixing interface 

As noted above, the location of the Old Susan vein 
and the actinolite-epidote subzone boundary in the 
propylitic zone are also marked by significant changes 
in the isotopic compositions and salinities of the hy­
drothermal fluids. North of this location, the alteration 
fluids are significantly enriched in both 180 and D 
and are noticeably more saline, relative to alteration 
fluids to the south. These decreases indicate a signif­
icant increase in the amount of unevolved, less saline 
meteoric water component in the hydrothermal fluids 
to the south of these features. 

The Old Susan vein is a major vein feature in the 
Tintic hydrothermal system, is up to 1.3 m thick, and 
extends from Sunrise Peak west-southwest to the edge 
of Tintic Valley where it is cut by Basin and Range 
faulting and buried by alluvium, a distance of over 2 
km. The Old Susan vein is mineralized (copper, lead, 
zinc, silver); south of the vein, in the epidote and 
chlorite subzones, there is a noticeable increase in 
the abundance of quartz veins and igneous dikes. 
These geolo'gic and geochemical features suggest that 
the Old Susan vein marks a discontinuity or boundary 
between hotter, isotopically more evolved and more 
saline fluids to the north and cooler, more dilute fluids 
dominated by little-evolved meteoric waters to the 
south. Further, the greater degree of 180 depletion 
and more abundant veins and dikes to the south sug­
gest both greater permeability and higher fluid fluxes 
in the outer propylitic zone. The deposition of the 
Old Susan vein and its ·base metal mineralization could 
well be in response to mixing of these two chemically, 
physically, and isotopically distinct fluids. 

If two fluids of different salinities and temperatures 
mix, it is possible to precipitate quartz. An estimate 
of how much quartz would precipitate is provided by 
using quartz solubility and an estimate of temperature 
from fluid inclusions. If two equal amounts of liquids 
mix, one at 150°C and the other at 400°C and both 
are saturated with respect to silica, then 7.2 X 10-8 
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moles quartz/g of water will precipitate at the resul­
tant 275°C. The Old Susan quartz vein has 3.3 X 1010 

moles of quartz (using an estimated depth of 300 m, 
width of 1.3 m, and length 2 km) which would require 
a minimum of 4.6 X 1017 g of water. A minimum es­
timate of 5 X 1017 g of water is required to alter the 
rock at southwest Tintic, based on conventional cal­
culations ofW/R (Taylor, 1971) and on the observed 
1BO depletion in the volcanic rocks in the vicinity of 
the Old Susan vein; significant amounts of water were 
channeled into the southwest Tintic system at this 
location to precipitate quartz in the Old Susan vein. 
Therefore, mixing a higher salinity, higher tempera­
ture fluid with a low-salinity, lower temperature fluid 
could produce ore deposition and precipitation of 
quartz by lowering the temperature. 

The size and physical extent of the Old Susan vein 
may reflect the persistence of this mixing and fluid 
flow interface at this location over much of the du­
ration of hydrothermal alteration and fluid circulation­
advection in the Tintic district. Recent numerical 
modeling studies of fluid advection in intrusive-vol­
canic systems . predict the existence of long-term 
boundaries between shallower and deeper circulation 
systems (Birch and Forster, 1989). The Old Susan vein 
may represent such an interface, which in this par­
ticular case separates a shallow circulation system 
dominated by relatively cooler, less saline, and une­
volved meteoric water from a relatively deeper cir­
culation system characterized by hotter, more saline, 
and much more isotopically evolved meteoric waters. 

Summary of Geological-Geochemical Evolution 

and aFe+2/a~+ with decreasing temperature. Mg de­
creases in chlorite and calcite with distance from the 
secondary biotite zone and Fe increases. In epidote, 
ferric iron decreases with distance from the secondary 
biotite zone. This is the expected elemental variation 
that is observed in chlorite, calcite, and epidote. 

Propylitic alteration is also zoned isotopically with 
respect to the central zone of secondary biotite. The 
calculated OlBO and oD values of water in isotopic 
exchange equilibrium with whole-rock samples, min­
eral separates, and vein quartz all decrease system­
atically outward, from relatively heavy values (6 to 
8, -50 to -60) in the actinolite subzone to very much 
more depleted values (-8 to -15, -105 to -120) in 
the outermost chlorite subzone. The heavy fluids in 
the actinolite subzone are compatible with equilibra­
tion with the igneous rocks in the Tintic system at the 
temperatures estimated for alteration (300°-350°C). 
The fluids in the outer chlorite subzone are virtually 
identical with local meteoric water. In addition, the 
measured salinities of fluid inclusions from quartz 
veins decrease systematically outward through the 
propylitic alteration from about 7 percent (equiv wt 
% NaCI) to near zero. These large and systematic iso­
topic and salinity variations across propylitic alteration 
can be explained by the progressive mixture of une­
volved, low-salinity local meteoric water with a much 
more D- and lBO-enriched, higher salinity fluid. There 
is a large decrease in the 0180 values of the hydro­
thermal fluids across a relatively short interval cor­
responding to the location of the Old Susan vein and 
the boundary between actinolite and epidote altera­
tion subzones. This interval may represent a mixing 

A simplified outline of the sequence of events at interface between dominantly unevQlved meteoric 
southwest Tintic is (1) the deposition of the Paleozoic waters to the south and much more evolved meteoric 
sedimentary section, (2) folding and faulting during waters or magmatic waters to the north. The miner­
the Sevier orogeny, (3) the intrusion of Copperopolis alized Old Susan vein may represent the depositional 
Latite dikes and the stock at Sunrise Peak with equiv- response to this mixing interface. The later phyllic 
alent extrusion of tuffs at 32 Ma, (4) the emplacement alteration, superimposed on potassic alteration inside 
of a quartz monzonite stock near the center of the the peripheral propylitic zone, also formed from a 
secondary biotite zone, (5) early-stage potassic and . fluid similar in hydrogen and oxygen isotope com­
zoned propylitic alteration resulting from varying - positions to those enriched fluids responsible for ac­
mixtures of either highly evolved meteoric or mag- tinolite alteration. 
matic water and unevolved meteoric fluids, (6) for- The origin of this 180_ and D-enriched fluid is not 
mation of the Old Susan vein at the mixing interface completely clear. The hydrogen isotope compqsition 
between highly saline, high 0180 and oD water and of this fluid (-55) is indistinguishable from magmatic 
low olBO and oD, low-salinity meteoric water, (7) the water, but the low temperatures «350°C) of alter­
formation oElate-stage phyllic alteration, and (8) sub- 'ation suggest that a direct connection via evolution 
sequent faulting and erosion to the present level. from crystallizing magma is unlikely. We suggest that 

The mineral subzones of propylitic alteration at this fluid evolved from local meteoric water, which 
southwest Tintic are at increasing distances from the became significantly enriched not only in 1BO but D 
intrusive center: (1) the actinolite subzone, (2) the as well through extensive exchange with the igneous 
epidote subzone, and (3) the chlorite subzone. These rocks at depth in this system. The temperatm:es re­
subzones are significant for exploration. At southwest quired by the fluid-rock exchange calculations to pro­
Tintic the zones are a function of temperature, pres- duce the 1BO values observed in the actinolite and 
sure, and composition of the fluids that altered the phyllic alteration zones agree well with those sug­
volcanics. Altering fluids are increasing in aMg+2/a~+ gested for the alteration by the fluid inclusion data, 
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lending support to this fluid-rock exchange model. 
These ·fluids must exchange at very low water (W)/ 
rock (R) ratios «0.01) at depth in the hydrothermal 
system in order to produce significant D enrichment. 
These highly exchanged fluids subsequently would 
be focused upward into higher levels now represented 
by the observed actinolite and phyllic zones of alter­
ation~ producing extensive alteration at locally high 
W/R ratios. This type of fluid-rock exchange model 
distinguishes between locally high W /R ratios in the 
exposed alteration zones and the very low W /R ratios 
characteristic of cumulative exchange along the entire 
pathlength of fluid flow lines at deeper levels in the 
hydrothermal system (Bowman et aI., 1987). It is this 
latter region of dispersed flow and rock-dominated 
exchange which acts as a source or exchange zone 
and which determines in large part the isotopic and 
chemical characteristics of the discharging hydro­
thermal fluids. 

Most previous studies of later stages of alteration 
in . porphyry systems have demonstrated or inter­
preted propylitic and phyllic alteration to result dom­
inantly from the incursion of relatively unevolved 
meteoric water (Sheppard et aI., 1971; Taylor, 1974; 
Gustafson and Hunt, 1975; Gustafson, 1978). In par­
ticular, Taylor (1974) has proposed that phyllic al­
teration represents the inward incursion of meteoric 
or possibly formation water hydrothermal convection 
cells during the waning stages of hydrothermal alter­
ation; the so-called "meteoric collapse." The stable 
isotope data from the southwest Tintic system dem­
onstrate that the hydrothermal fluids responsible for 
the inner (e.g., actinolite) propylitic alteration and 
later phyllic alteration are not relatively unevolved 
meteoric water. In addition, the participation of 180_ 
and D-enriched fluids in phyllic alteration after the 
incursion of relatively un evolved local meteoric wa­
ters during development of the zoned propylitic · al­
teration indicates that the thermal collapse of such 
hydrothermal systems (e.g.; recorded by the incursion 
of unevolved meteoric water) is not always an irre­
versible, single-stage process. The participation of 
180_ and D-enriched fluids in latest phyllic alteration 
suggests either a return to much more highly evolved 
meteoric waters which have circulated to much 
greater depths and exchanged isotopically with much 
greater quantities of rock. or an influx of magmatic 
water. Such a change implies significant changes in 
the fluid flow geometries and paleo-plumbing system 
at southwest Tintic during the waning stages of hy­
drothermal alteration. 

Acknowledgments 

A Chevron graduate fellowship provided financial 
support for DKN. Acknowledgment is made to the 

. donors of the Petroleum Research Fund, administered 
by the American Chemical Society for partial support 

of this research to ]RB. Ray Lambert assisted with 
isotope analyses. Reviews by two Economic Geology 
reviewers improved the manuscript. 

November 2, 1989; November 2, 1990 

REFERENCES 

Ahmad, S. N., and Rose, A. W. , 1980, Fluid inclusions in porphyry 
and skarn ore at Santa Rita, New Mexico: ECON. GEOL. , v. 75 , 
p . 229-250. 

Albee, A. L., and Ray, L., 1970, Correction factors for electron 
microanalysis of silicates, oxides, and carbonates, phosphates, 

/ and sulphates: Anal. Chemistry, v. 42, p. 1408-1414. 
Anovitz, L. M., and Essene, E. J., 1982, Phase equilibria in the 

system Fe-AI-Si-O-H labs .]: GeoI. Soc. America Abstracts with 
Programs, v. 14, p. 434. 

Ballantyne, G. H ., 19&1, Chemical and mineralogical variations 
in propylitic zones surrounding porphyry copper deposits : Un­
pub. Ph.D. thesis , Univ. Utah, 191 p. 

Bence, A. E. , and Albee, A. L. , 1968, Empirical correction factors 
for the electron microanalysis of silicates and·. oxides: Jour. 
Geology, v. 7, p . 382-403. 

Birch, M. U., and Forster, C. B., 1989, Modeling transient hy­
drothermal systems in mountainous terrain- implications for 
geneses of epithermal ore deposits labs.l: Am. Geophy. Union 
Trans. , v. 70, p . 495. 

Bird, D . K. , and Helgeson , H . C., 1980, Chemical interaction of 
aqueous solutions with epidote-feldspar mineral assemblages 
in geologic systems. 1. Thermodynamic analysis of phase re­
lations in the system CaO-FeO-Fez03-Alz03-SiOz-H20-C02: 
Am. Jour. Sci. , v. 280, p. 907-941. 

Bowers, T. S. , and Taylor, H. P., Jr. , 1985, An integrated chemical 
and stable isotope model oJ the origin of mid-ocean ridge hot 
springs systems: Jour. Geophys. Research, v. 90, p . 12583-
12606. 

Bowman, J. R. , Parry, W . T., Kropp, W. P ., and Kruer, S. A., 
1987, Chemical and isotopic evolution of hydrothermal solu­
tions at Bingham, Utah: ECON. GEOL., v. 82, p . 395--;428. 

Campbell, A., Rye, D ., and Petersen, J., 1984, A hydrogen and 
oxygen isotope study of the San Cristobal mine, Peru: Impli­
cations of the role of water to rock ratio for the genesis of wol­
framite deposits: ECON. GEOL., v. 79, p. 1818-1832. 

Clayton, R. N., and Mayeda, T. K., 1963, The use of bromine 
pentafluoride in the extraction of oxygen from oxides and sili­
cates for isotopic analysis : Geochim. et Cosmochim. Acta, v. 
27, p . 43-.52 . 

Clayton, R. M., Muffier, L. P. J ., and White, D. E., 1968, Oxygen 
isotope study of calcite and silicates of the River Ranch no. 1 
well, Salton Sea geothermal field, California: Am. Jour. Sci., v. 
266, p . 968- 979. 

Clayton, R. N., Goldsmith, J. R. , and Mayeda, T. K. , 1989, Oxygen 
isotope fractionation in quartz, albite, anorthite, and calcite: 
Geochim. et Cosmochim. Acta, v. 53, p . 725-733. 

Cole, D. R., and Ohmoto, H. , 1986, Kinetics of isotopic exchange 
at elevated temperatures and pressures: Mineralogy, v .. 16, p. 
41-90. 

Craig, H., 1957, Isotopic standards for carbon and oxygen and 
correction factors for mass-spectrometric analysis of carbon 

. dioxide: Geochim. et Cosmochim. Acta, v. 12, p. 133-149. 
- - 1961a, Isotopic variations in meteoric waters : Science, v. 

133, p . 1702-1703. 
--1961b, Standard for reporting concentrations of deuterium 

and oxygen-18 in natural waters; Science, v. 133, p . 1833-
1834. 

Deines, P. , 1970, The carbon and oxygen isotopic composition 
of carbomltes from the Oka carbonatite complex, Quebec, Can­
ada: Geochim. et Cosmochim. Acta, v. 34, p . 1199-1209 . 

Friedman,!., 1953, Deuterium content of natural water and other 
substances: Geochim . et Cosmochim. Acta, v. 4, p . 89- 103. 



28 NORMAN, PARRY, AND BOWMAN 

Gustafson, L. B., 1978, Some major factors of porphyry copper 
genesis: ECON. GEOL., v. 73, p. 600-607. 

Gustafson, L. B., and Hunt, J. P., 1975, The porphyry copper 
deposit at EI Salvador, Chile: ECON. GEOL., v. 70, p. 857-912. 

Haas, J. L., Jr, 1971, The effect of salinity on the maximum thermal 
gradient of a hydrothermal system at hydrostatic pressure: 
ECON. GEOL. , v. 66, p. 940-946. 

Harper, G. D. , Bowman, J. R,and Kuhns, R., 1988, A field chem­
ical, and stable .isotope study of subseafloor metamorphism of 
the Josephine Ophiolite, California-Oregon: Jour. Geophys. 
Research, v. 93, p. 4625-4656. 

Helgeson, H. C ., and Kirkham, D. H ., 1974a, Theoretical pre­
diction of the thermodynamic behavior of aqueous electrolytes 
at high pressures and temperatures. I. Summary of the ther­
modynamic/electrostatic properties of the solvent: Am; Jour. 
Sci., v. 274, p. 1089-1198. 

--1974b, Theoretical prediction of the thermodynamic be­
havior of aqueous electrolytes at high pressures and tempera­
tures. II. Debye-Hyckel parameters for activity coefficients and 
relative partial molal properties: Am. Jour. Sci., v. 274, p. 1199-
1261. 

--1976, Theoretical prediction of the thermodynamic behavior 
of aqueous electrolytes at high pressures and temperatures. III. 
Equations of state for aqueous species at infinite dilution: Am. 
Jour. Sci., v. 276, p . 97-240. 

Helgeson, H . C ., Delany, J . M., Nesbitt, H. W., and Bird, D . K. , 
1978, Summary and critique of the thermodynamic properties 
of rock-forming minerals: Am. Jour. Sci., v. 278-A, p. 1-229. 

Helgeson, H. C. , Kirkham, D . H., and Flowers, G. c. , 1981 , 
Theoretical. prediction of the thermodynamic behavior of 
aqueous electrolytes at high pressures and temperatures. IV. 
Calculation of activity coefficients, osmotic coefficients , and 
apparent molal, and standard and relative partial molal prop­
erties to 600°C and 5 kb: Am. Jour. Sci. , v. 281, p . 1249-1516. 

Hitchon, B., and Friedman, I., 1969, Geochemistry and origin of 
formation waters in the western Canada sedimentary basin­
I. Stable isotopes of hydrogen and oxygen: Geochim. et Cos­
mochim. Acta,v. 33, p . 1321-1349. 

Jordan, E. T. , and Douglass, R C., 1980, Paleogeography and 
structural development of the Late Pennsylvanian to Early 
Permian Oquirrh basin, northwestern Utah, in Fouch, T. D., 
and Magathan, E. R, eds., Paleozoic paleogeography of the 
west-central United States: Rocky Mountain Sec., Soc. Econ. 
Paleontologists Mineralogists West-Central U. S. Paleogeog­
raphy Symposium, Denver, Colorado, June 1980, Proc., p. 217-
238 . 

Laughlin, A. W. , Lovering, T. S., and Mauger, R L., 1969, Age 
of some Tertiary igneous rocks from the East Tintic district, 
Utah: ECON. GEOL., v. 64, p. 915- 918. 

Lindgren, W., and Loughlin, G. F., 1919, Geology and ore deposits 
of the Tintic mining district, Utah: U.S. Geoi. Survey Prof. Paper 
107, 282 p. 

Liu, K.-K., and Epstein, S., 1984, The hydrogen isotope fraction­
ation between kaolinite and water: Isotope Geosci., v. 2, p . 
335-350. 

Mathews, A., Goldsmith, J. R, and Clayton, R N., 1983, Oxygen 
isotope fractionation between zoisite and water: Geochim. et 
Cosmochim. Acta, v. 47, p. 645-654. 

McCrea, J. M., 1950, On the isotope chemistry of carbonates and 
a paleotemperature scale: Jour. Chemistry Physics, v. 18, p. 
849-857. 

Morris, H. T ., 1975, Geologic map and sections of the Tintic 
Mountain quadrangle arid adjacent part of the McIntyre quad­
rangle, Juab and Utah counties, Utah: U.S. Geoi. Survey Misc . . 
Inv. Series map 1-883, 1:24,000. 

Morris, H. T. , and Lovering, T . S. , 1979, General geology and 
mines of the East Tintic mining district, Utah and Juab Counties, 
Utah: U.s. Geoi. Survey Prof. Paper 1024, 203 p . 

Parry, W. T., and Downey, L. N., 1982, Geochemistry of hydro­
thermal chlorite replacing igneous biotite: Clays and Clay Min­
erals, v. 30, p . 81-90. 

Parry, W. T., Ballantyne, J. M., and Jacobs, D . C., 1984, Geo­
chemistry of hydrothermal sericite from Roosevelt Hot Springs 
and the Tintic and Santa Rita porphyry copper systems: ECON. 
GEOL., v. 79, p. 72-86. 

Ramboz, C. , 1979, A fluid inclusion study of the copper miner­
alization in southwest Tintic (Utah): Bull . Mineralogie, v. 102, 
p . 622-632. 

Roedder, E., 1979, Fluid inclusions as samples of ore fluids, in 
Barnes, H. L. , ed., Geochemistry of hydrothermal ore deposits, 
2nd ed.: New York, Wiley Intersci., p. 684-737. 

Sheppard, S. M. F ., Nielsen, R L. , and Taylor, H . P ., Jr., 1971, 
Hydrogen and oxygen isotope ratios in minerals from porphyry 
copper deposits: ECON. GEOL., v. 66, p. 515-542. 

Suzuoki, T., and Epstein, S., 1976, Hydrogen isotope fractionation 
between OH bearing minerals and water: Geochim. et Cos~ 
mochim. Acta, v. 40, p. 1229-1240. 

Taylor, H. P ., Jr. , 1971, Oxygen isotope evidence for large scale 
interaction between meteoric groundwaters and Tertiary 
granodiorite intrusions, western Cascade Range, Oregon: Jour. 
Geophys. Research, v. 76, p . 7855-7874. 

--1974, The application of oxygen and hydrogen isotope stud­
ies to problems of hydrothermal alteration and ore deposition: 
ECON. CEOL., v. 69, p . 843-883. 

--1977, Water/rock interactions and the origin of H20 in 
granite batholiths: Geoi. Soc. London Jour., v. 133, p. 509-
558 . 

--1979, Oxygen and hydrogen isotope relationships in hydro­
thermal ore deposits, in Barnes, H. L., ed. , Geochemistry of 
hydrothermal ore deposits, 2nd ed.: New York, Wiley Intersci., 
p. 501-567. 

Taylor, H. P., Jr., and Epstein, S., 1962, The relationship between 
180jI60 ratios in coexisting minerals of igneous and metamor­
phic rocks: Geol. Soc. America Bull., v. 73, p . 461-480. 

Titley, S. R., and Beane, R E. , 1981 , Porphyry copper deposits. 
Part II. Hydrothermal alteration and mineralization: ECON. 
GEOL. 75TH ANNIV. VOL. , p. 235-269. 

Veizer, J., and Hoefs, J. , 1976, The nature of 180jI60 and 13C/ 
12C secular trends in sedimentary carbonate rocks: Geochim. 
et Cosmochim. Acta, v. 40, p . 1387-1395. 

Walshe, J. L., 1986, A six-component chlorite solid solution model 
and the conditions of chlorite formation in hydrothermal and 
geothermal systems: ECON. GEOL., v. 81, p . 681-703. 

Walther, J . V., and Helgeson, H . C., 1977, Calculation of the 
thermodynamic properties of aqueous silica and the solubility 
of quartz and its polymorphs at high pressures and temperatures: 
Am. Jour. Sci., v. 277 , p. 1315-1351. 

Wenner, D. , and Taylor, H. P. , Jr., 1971, Temperatures of ser­
pentinization of ultramafic rocks based on 180j160 fractionation 
between coexisting serpentine and magnetite: Contr. Miner­
alogy Petrology, v. 32, p. 165-185. 


