
www.elsevier.com/locate/chemgeo
Chemical Geology 21
A review of the stable-isotope geochemistry of sulfate minerals in

selected igneous environments and related hydrothermal systems

Robert O. Rye*

U.S. Geological Survey, P.O. Box 25046, MS 963, Denver, CO 80225, USA

Accepted 1 June 2004
Abstract

The stable-isotope geochemistry of sulfate minerals that form principally in I-type igneous rocks and in the various related

hydrothermal systems that develop from their magmas and evolved fluids is reviewed with respect to the degree of approach to

isotope equilibrium between minerals and their parental aqueous species. Examples illustrate classical stable-isotope

systematics and principles of interpretation in terms of fundamental processes that occur in these systems to produce (1) sulfate

in igneous apatite, (2) igneous anhydrite, (3) anhydrite in porphyry-type deposits, (4) magmatic-hydrothermal alunite and

closely related barites in high-sulfidation mineral deposits, (5) coarse-banded alunite in magmatic-steam systems, (6) alunite

and jarosite in steam-heated systems, (7) barite in low-sulfidation systems, (8) all of the above minerals, as well as soluble Al

and Fe hydroxysulfates, in the shallow levels and surface of active stratovolcanoes. Although exceptions are easily recognized,

frequently, the sulfur in these systems is derived from magmas that evolve fluids with high H2S/SO2. In such cases, the y34S
values of the igneous and hydrothermal sulfides vary much less than those of sulfate minerals that precipitate from magmas and

from their evolved fluids as they interact with igneous host rocks, meteoric water, oxygen in the atmosphere, and bacteria in

surface waters.

Hydrogen isotopic equilibrium between alunite and water and jarosite and water is always initially attained, thus permitting

reconstruction of fluid history and paleoclimates. However, complications may arise in interpretation of yD values of magmatic-

hydrothermal alunite in high-sulfidation gold deposits because later fluids may effect a postdepositional retrograde hydrogen–

isotope exchange in the OH site of the alunite. This retrograde exchange also affects the reliability of the SO4–OH oxygen–

isotope fractionations in alunite for use as a geothermometer in this environment. In contrast, retrograde exchange with later

fluids is not significant in the lower temperature steam-heated environment, for which SO4–OH oxygen–isotope fractionations

in alunite and jarosite can be an excellent geothermometer. Sulfur isotopic disequilibrium between coexisting (but

noncontemporaneous) igneous anhydrite and sulfide may occur because of loss of fluid, assimilation of country-rock sulfur

during crystallization of these minerals from a magma, disequilibrium effects related to reactions between sulfur species during

fluid exsolution from magma, or because of retrograde isotope exchange in the sulfides. Anhydrite and coexisting sulfide from

porphyry deposits commonly closely approach sulfur–isotope equilibrium, as is indicated by the general agreement of sulfur–

isotope and filling temperatures (315 to 730 8C) in quartz. The data from anhydrite and coexisting sulfides also record a
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significant range in H2S/SO4
2� and y34SPS among deposits and even during the course of mineralization at a single deposit.

Sulfur isotopic disequilibrium among aqueous sulfur species may occur in any hydrothermal environment except the relatively

high-temperature (200–400 8C) low-pH (b3) magmatic-hydrothermal environment, in which SO4
2� forms along with H2S from

the disproportionation of SO2 during the condensation of a magmatic vapor plume. Magmatic-steam alunite forms from

expanding SO2-rich magmatic vapors that rise so rapidly that sulfur isotopic exchange between SO4
2� and H2S does not occur

during disproportionation of SO2. Such alunite has y34S values similar to that of the bulk sulfur in the magma. Residence times

of SO4
2� in steam-heated systems, although seldom long enough to permit more than partial sulfur–isotope exchange with

streaming H2S, often are long enough to permit oxygen–isotope equilibrium with water. In active stratovolcanoes, aqueous

sulfate derived from the disproportionation of SO2 and the oxidation of H2S can also mix with that derived from the oxidation

of pyrite near the surface. In the near-neutral low-sulfidation system at Creede, CO, isotopic exchange among hydrothermal

aqueous species was so slow that sulfur and even oxygen isotopic signatures derived from bacteriogenic and thermochemical

reduction of sulfate in moat sediments are observed in hydrothermal barite.

D 2004 Elsevier B.V. All rights reserved.
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1. Introduction

Studies of the stable isotopes of sulfate minerals,

especially when coupled with isotopic data on

coexisting minerals, have been exceptionally power-

ful tools in the study of hydrothermal and volcanic

systems for more than 40 years. A number of

comprehensive reviews of the controls of the oxygen–

and sulfur–isotope systematics of sulfur-bearing

minerals in ore deposits have been written (e.g.,

Ohmoto and Rye, 1979; Ohmoto, 1986; Ohmoto and

Goldhaber, 1997; Seal et al., 2000). The purpose of

this paper is to review the principles governing the

stable-isotope systematics of hydrothermal sulfate

minerals in a variety of geological and geochemical

environments involving typical convergent-margin I-
Fig. 1. Models showing (a) inferred relationships between the porphyry

brittle–ductile transition, and the location of sulfur-bearing minerals. The i

The carapace of the magma is typically at 2–6 km depth. The magmatic-h

assemblages results from the disproportionation of SO2, producing SO4
2�

dominant as it separates from brine at the brittle–ductile transition. The ma

results from expansion of rapidly rising SO2-dominant low-density magma

heated environment leading to aluniteFjarosite+kaolinite results from the

stratovolcano may be derived directly from magma as opposed to being

oxidized zone in this environment in stratovolcanoes may later und

sulfates+smectite. Magmatic-steam and magmatic-hydrothermal environ

envisioned as defined by Burnham (1979). (b) Steam-heated environment o

sericite-type mineralization driven by a deep heat source. AluniteFjarosit

boiling hydrothermal fluids, and barite may be produced in a more neutral

fluid flow. Modified from Henley and Ellis (1983), Rye et al. (1992), and R

a distal extension of the system in panel (a) (Hedenquist and Lowenstern
type magmas (Chappell and White, 1974) and

continental equivalents and their evolved fluids as

they interact with igneous host rocks, meteoric water,

and the atmosphere and biosphere. One of the

characteristics of sulfate minerals in nearly all

environments is their tendency to reflect sulfur

isotopic disequilibrium between reduced and oxidized

sulfur species and, in some cases, to reflect oxygen

isotopic disequilibrium between SO4
2� and water. This

paper reviews some of the major processes that

operate in selected magmatic and related hydro-

thermal systems and discusses what stable-isotope

equilibrium or disequilibrium, as observed in the

minerals of representative examples, reveals about the

processes (and their rates) that operate in different

environments within these systems.
and acid sulfate environments to magma, water-rich carapace, the

nferred process of parent aqueous sulfate formation is also indicated.

ydrothermal environment leading to alunite+pyrite+quartz+kaolinite

and H2S in a magmatic vapor plume that typically is initially H2S-

gmatic-steam environment leading to coarse-grained banded alunite

tic vapor that is probably derived directly from a magma. The steam-

oxidation of H2S by atmospheric oxygen at shallow levels. H2S in a

boiled off of deeper hydrothermal fluids. Pyrite formed below the

ergo supergene oxidation, resulting in jarosite+gypsum+soluble

ments are separated for clarity. The water-saturated carapace is

verlying a boiling near-neutral hydrothermal system with dadulariaT–
e may be produced in the acid steam-heated environment overlying

zone of mixing with meteoric water. The curved bold arrows indicate

ye (1993). The system portrayed in panel (b) could also be drawn as

, 1994).
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2. Models of magmatic and hydrothermal systems

Two major types of hydrothermal systems are

commonly related to I-type magmas (Henley and Ellis,

1983; Heald et al., 1987). One system may give rise to

porphyry- and high-sulfidation-type mineralization as a

direct result of the evolution, neutralization, andmeteoric

watermixing of fluids that separate from sourcemagmas.
Another system may give rise to low-sulfidation

mineralization, but the influence of magmas may be

more indirect and limited largely to heat and gases.

2.1. Stratovolcano or silicic dome-related systems

Depicted in Fig. 1 are the possible relationships

among magmas, volcanic–plutonic systems, and
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hydrothermal environments that may develop in

association with calc-alkaline stratovolcanoes and

silicic volcanic domes that are typical of the Pacific

Rim and adjoining continental terrane. Not all of these

features may be developed in a given volcano or dome

nor do they necessarily develop at the same time.

Many investigators (e.g., Sillitoe, 1973; Henley and

Ellis, 1983; Bethke, 1984; Rye et al., 1992; Rye,

1993; Hedenquist and Lowenstern, 1994; Arribas,

1995; Giggenbach, 1997; Hedenquist and Arribas,

1999; Fournier, 1999; Hedenquist et al., 2000) have

contributed to the development of this and similar

schematic diagrams, and quantification of the pro-

cesses that operate in each environment is a subject of

ongoing research. Sulfate minerals may occur in each

of the environments that develop in these volcanic–

plutonic hydrothermal systems. In addition to the

igneous rocks that are derived from the magma,

sulfate minerals may form during the evolution of

exsolved magmatic fluids that produce porphyry-type

deposits at deeper levels and three hydrothermal and

supergene acid sulfate environments at higher levels.

Moderate-salinity fluids that evolve from I-type

magmas typically undergo a second boiling and split

into a low-density vapor rich in acid volatiles and a

dense hypersaline liquid (Fournier, 1987). A critical

feature of these systems is the brittle–ductile transition

that occurs at about 400 8C, which limits the depth of

meteoric water penetration and allows the separation of

a buoyant magmatic vapor plume and dense hypersa-

line brine (Henley andMcNabb, 1978; Fournier, 1987).

Furthermore, in addition to temperature and pressure,

the H2S/SO4
2� of fluids migrating across the brittle–

ductile transition will depend on the rapidity of the

fluids’ release (Rye, 1993; Fournier, 1999).

The typical I-type magma that produces the system

depicted in Fig. 1a has oxidation states between those

near the quartz–fayalite–magnetite (QFM) buffer

(Ohmoto, 1986) and those that are several log fO2

units above the nickel–nickel oxide (NNO) buffer

(Rutherford and Devine, 1996). For most of these

magmas, sulfur will dissolve (b100 g t�1) in the

magma dominantly as HS� (Burnham, 1979) and will

precipitate as sulfide blebs in phenocrysts. The SO4
2�

in the magma may substitute for PO4
3� in apatite

phenocyrsts in igneous rocks in concentrations up to

1500 g t�1 (Banks, 1982). Under high oxidation states

above NNO, SO4
2� may become the dominant sulfur
species in the melt, and anhydrite may precipitate

directly in igneous rocks, as it did at El Chichón

Volcano, Mexico (Luhr et al., 1984) and Mount

Pinatubo, Philippines (McKibben et al., 1996).

Fluids that evolve from I-type magmas can be

initially rich in either SO2 or H2S, depending on the

oxidation state of the magma (Ohmoto, 1986). The

H2S/SO2 ratio of evolved magmatic fluid is a function

of oxidation state of the magma, temperature, and

pressure (e.g.,Whitney, 1984; Symonds et al., 1994).

The pressure effect on the speciation of sulfur gas in

magmatic fluids is such that high pressure favors H2S

and low pressure favors SO2 as the dominant gas

species. Thus, the fluids evolved from deep highly

oxidizing magmas, such as at El Chichón (Rye et al.,

1984; Luhr and Logan, 2002), may be H2S-rich,

whereas the fluids evolved from relatively reduced

shallow basalts are typically SO2-rich (Gerlach,

1993). Some magmas, however, such as the dacite

that erupted at Mount Pinatubo in 1991, were so

oxidizing that their fluids were SO2-rich even at great

depth (Gerlach et al., 1996). A range of H2S/SO2 in

magmatic fluids will be apparent during the discus-

sions of the data on porphyry deposits. Because low

pressure tends to favor SO2 in high-temperature

magmatic gases, a sudden pressure release during an

eruption, a tectonic event, or the edifice collapse of a

volcano will encourage the rapid ascent of SO2-rich

fluids (cf. Heald et al., 1963; Symonds et al., 1994).

In the brittle–ductile transition, high-fO2 magmatic

fluids may give rise to anhydrite-bearing porphyry Cu

deposits as SO2 disporportionates according to the

reaction 4SO2+4H2O=3H2SO4+H2S (Holland, 1965).

Thus, even a magmatic fluid that exsolves with all

sulfur initially present as SO2 will evolve to one with

an H2S/SO4
2� of 0.33. Magmatic fluids that rise

slowly through the brittle–ductile transition after

leaving the magma will have their oxidation state

buffered by reaction with Fe-bearing minerals in

crystalline igneous rocks, thus resulting in a further

increase in H2S/SO4
2� of the fluids (Ohmoto and Rye,

1979; Rye, 1993; Giggenbach, 1997). However, if

pressure on the magmatic fluids is suddenly released

before they equilibrate with lower temperature crys-

talline rocks, SO2-rich fluids may rise to high levels.

Above the brittle–ductile transition, alunite may

develop in three higher level hydrothermal environ-

ments that are defined by the method of sulfuric acid
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generation (Rye et al., 1992). At the deepest levels,

alunite, along with pyrite, kaolinite, and vuggy silica,

may develop in the magmatic-hydrothermal environ-

ment from sulfuric acid derived from the dispropor-

tionation of SO2 during the condensation of magmatic

vapor. The formation of copious amounts of H2SO4

and the ensuing rock alteration may overwhelm the

rock buffer such that H2S/SO4
2� will locally decrease

and the fluids may become SO4
2�-dominant (Giggen-

bach, 1997). The H2S that is derived directly from the

magma or via the disproportionation reaction of SO2

typically will react with Fe-bearing minerals in the

wallrocks to produce pyrite, or will be oxidized in a

steam-heated environment, or will vent to the surface.

Some authors (e.g., Hedenquist et al., 1998) believe

that the condensed magmatic vapor may also be the

source of later high-sulfidation gold mineralization

characterized by enargite and covellite. The base of

the vapor plume below the brittle–ductile transition

may contain the dense saline liquid derived from the

second boiling of exsolved magmatic fluids. In

addition to porphyry mineralization at depth, the

saline liquid may contribute to high-level epithermal

mineralization if it is entrained in meteoric water

(Rye, 1993; Arribas, 1995; Bethke et al., this volume).

Later or marginal barite, the product of mixing of

meteoric water with condensed magmatic vapor or

entrained brine may also be present.

At perhaps somewhat shallower levels, coarse-

grained monomineralic high-temperature alunite with-

out significant pyrite or host-rock alteration may form

in the magmatic-steam environment. This alunite is

believed to form during the decompression of rapidly

rising relatively dry SO2-dominant magmatic vapor

that contains disequilibrium amounts of reduced gases

and is derived directly from a shallow magma or from

the flashing of saline liquids below the brittle–ductile

transition (Rye, 1993; Landis and Rye, this volume).

Last, near the surface alunite and even jarosite may

form in a steam-heated environment from SO4
2�

produced by the (atmospheric) oxidation of H2S

degassed from deeper fluids in a hydrothermal system.

H2S oxidizes to SO4
2� according to the summary

reaction H2S+2O2=H2SO4. On active stratovolcanoes,

the H2S in the steam-heated environment may be

derived from the boiling of deeper fluids above or

below the brittle–ductile transition or directly from the

magma. Pyrite may also form at deeper levels in
propylitic or intermediate-argillic alteration assemb-

lages in the unoxidized zone of the steam-heated

environment. This pyrite may undergo supergene

oxidation while the magma for the volcano is still

degassing.

2.2. dAdulariaT–sericite systems

In a different or related setting (Fig. 1b) with a

deep heat source, a near-neutral meteoric water system

of the K-feldspar (dadulariaT)-sericite type may pro-

duce low-sulfidation mineralization, and barite may

precipitate in mixing zones. Should such a system also

degas at shallow levels, the oxidation of H2S by

atmospheric oxygen may lead to the formation of

steam-heated alunite and even jarosite in acid sulfate

alteration. The system shown in Fig. 1b can also be a

distal (lateral) extension of one that also produces

high-sulfidation mineralization (e.g., Hedenquist and

Lowenstern, 1994). In this paper, the typical stable-

isotope systematics in sulfate minerals that occur in

each environment, and their interpretation in terms of

processes and rates will be examined from examples

of selected published studies.
3. Stable-isotope equilibrium between aqueous

sulfate and fluid species

The isotopic data for minerals may indicate the

degree of approach to equilibrium that was obtained

among the dissolved species in parental solutions.

The concept of sulfur–isotope equilibrium between

sulfate and sulfide minerals can be examined from

the experimental fractionation curve (extrapolated to

magmatic temperatures) of Ohmoto and Lasaga

(1982) for aqueous sulfate and sulfide species

(Fig. 2). Also shown in Fig. 2 are the times

required to obtain equilibrium at pH 4–7 and pH

2 at various temperatures. At pH 4–7, the time to

obtain equilibrium is a simple log function of

temperature (Fig. 2). For example, at 350 8C, a

90% approach to equilibrium is reached in 17 days,

whereas, at 200 8C, 100 years are required. Because

the time to attain equilibrium at pH 2 is a more

complicated function of temperature, the times to

equilibrium (in days, months, and years) are shown

only for certain temperatures. Ohmoto and Lasaga



Fig. 2. Summary of sulfur isotopic fractionations versus depositional temperatures of sulfate minerals from fluids and magmas in various

environments compared to the experimental equilibrium curve (extrapolated to magmatic temperatures) for SO4
2� and H2S (Ohmoto and Lasaga,

1982). Also shown on the lower x axis is the log t (in years) to obtain 90% equilibrium between aqueous sulfate and sulfides at pH 4–7. At pH

4–7, the time to obtain equilibrium is a simple log function as shown in this figure. Because the time to obtain equilibrium at pH 2 is a more

complicated function, the times to equilibrium (in hours, days, and years) are shown (as indicated by arrows) only for certain temperatures. The

depositional temperatures for the summary data are constrained by fluid-inclusion filling or isotopically derived temperatures in individual

studies referenced in the text.
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(1982) demonstrated that the rate at which equilibrium

is attained between reduced and oxidized sulfur

species in fluids is a function of pH, temperature,

and the sulfur concentration of the fluids and that the

most important factor affecting the rate of sulfur–

isotope exchange is pH. At pH b3 and constant

temperature, exchange rates decrease proportionally

with increasing pH; from pH c4–7, the rates remain

fairly constant; at pH N7, the rates again decrease

proportionally with increasing pH. Ohmoto and

Lasaga (1982) proposed that the overall rate of

exchange is limited by exchange reactions involving

intermediate-valence thiosulfate species (S2O3
2�), the

abundance of which is dependent on pH. The rate-

limiting step was postulated to be an intramolecular

exchange between the nonequivalent sulfur sites

within thiosulfate. As can be seen from Fig. 2, the

time to obtain sulfur–isotope equilibrium between

aqueous sulfate and sulfide species in acid solutions
can range from years at 100 8C to minutes at 400 8C
and can be considerably longer at higher pH. Most

important, sulfur–isotope fractionations between sul-

fide and sulfate species are significant even at

magmatic temperatures, as is evident from the extrap-

olation of experimental curves of Ohmoto and Lasaga

(1982) and as has been done in Fig. 2. In the absence of

experimental data, one can therefore postulate that, at

magmatic temperatures, the times to reach equilibrium

among the sulfur species are important. Most of the

following discussion is about approaches to sulfur–

isotope equilibrium between SO4
2� and H2S, which are

the parental species for sulfate and sulfide minerals,

respectively. The rates of oxygen–isotope exchange

between SO4
2� and the water component of fluids are

not as well known, but, in general, the rates are

considerably faster than those for sulfur isotopic

exchange at acidic to neutral conditions because

sulfate–sulfur atoms are surrounded by oxygen atoms;
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thus, to exchange sulfur isotopes, S–O bounds must be

broken (see the discussion by Seal et al., 2000).

Hydrogen–isotope equilibrium between water and the

OH sites in jarosite and alunite is probably always

obtained during the deposition of these minerals. There

is little evidence of significant retrograde hydrogen–

isotope exchange between alunite and jarosite and the

low-temperature hydrothermal and supergene fluids in

ore deposits (Rye et al., 1992; Stoffregen et al., 1994).

Even argon is retained in fine-grained alunite (Itaya et

al., 1996). However, as will be discussed, the OH site

in relatively high-temperature magmatic-hydrothermal

alunite may be susceptible to retrograde hydrogen–

and oxygen–isotope exchange with later meteoric

water in hydrothermal fluids.

The easiest way to examine the degree of approach

to isotopic equilibrium between aqueous sulfate and

sulfide is to compare the observed sulfur–isotope

fractionations with the equilibrium values predicted

from experimental data and from independent esti-

mates of the temperature of deposition. Such estimates

are typically obtained from fluid-inclusion, isotopic,

or mineral-assemblage data. Examples discussed in

this paper are summarized in Fig. 2. In brief, the

available data suggest that sulfur–isotope disequili-

brium among the aqueous sulfur species can occur

everywhere except in the relatively high-temperature

(200 to 400 8C) and low-pH (b3) magmatic-hydro-

thermal environment.

Reasons for lack of isotope equilibrium between

minerals include the following: (1) insufficient time for

the aqueous species to reach equilibrium at the temper-

ature and pH of the parent fluids after an event such as

boiling, mixing, or wallrock alteration; (2) noncontem-

poraneous deposition of sulfide and sulfate minerals

from a fluid or magma of changing composition; and (3)

retrograde isotope exchange between one or both

minerals and later fluids with different temperatures

and compositions than those of the parent fluids.
4. Sulfate in igneous apatite

4.1. Geology and mineralogy of igneous rocks in the

Julcani district, Peru

The Julcani district (Fig. 3) contains a remarkable

well-dated sequence of igneous and magmatic-hydro-
thermal events that occurred at shallow levels (Noble

and Silberman, 1984; Deen, 1990; Deen et al., 1994).

The district is an exceptional area for the study of

sulfate minerals to investigate magmatic and related

hydrothermal fluid processes leading to the formation

of a major ore deposit. The district is in a late Miocene

dome field built on a thick section of Paleozoic

sedimentary rocks. Four igneous events occurred over

a span of less than 500,000 years. The eruption of

pyroclastics (stage 1) and the emplacement of about

30 domes (stage 2) produced the dome field.

Mineralization closely followed dome formation,

and the two last igneous events (stages 3 and 4) were

dike intrusions that span ore deposition. The postore

dike (stage 4) was anhydrite-bearing. All of the

igneous rocks contain pyrrhotite bleb inclusions in a

variety of phenocrysts and abundant apatite phenoc-

rysts. Drexler (1982) discovered that these apatite

phenocrysts contain up to 1500 g t�1 sulfate

substituting for phosphate, although the total amount

of sulfur in the rocks was less than 100 g t�1. Similar

concentrations of sulfate have been noted in apatite

from I-type igneous rocks from other areas, such as

Ray, AZ, and the ore-related porphyry at Summitville,

CO (Banks, 1982; Rye et al., 1990).

4.2. Stable-isotope systematics

The y34S data for coexisting sulfate in apatite and

pyrrhotite inclusions in various phenocrysts from

glassy samples collected from the chilled margins of

the various stages of volcanic rocks at Julcani are

summarized in a ysulfate–ysulfide diagram (Fig. 4) along

with data on vein minerals which will be discussed

later. The mathematics and interpretive uses of y–y
diagrams for oxygen data have been discussed by

Gregory and Criss (1986) and Criss et al. (1987) and,

for sulfur isotopes, by Fifarek and Rye (this volume).

In Fig. 4, y34S data of minerals proxy for y34SSO4 and
y34SH2S values of fluids and the ysulfate–ysulfide
diagram can portray inferred temperatures, the bulk

sulfur isotopic compositions, and the evolution of the

SO4
2�/H2S of the parent fluids if the following

conditions are met: (1) equilibrium was obtained

between sulfate and sulfide aqueous species; (2) the

mineral data approximate the y34SH2S and y34SSO4 of
fluids; (3) postdepositional retrograde exchange in

minerals did not occur; and (4) SO4
2�/H2S was



Fig. 3. Geology of the dome field at Julcani, Peru showing igneous stages and the outlines (dashed lines) of individual domes. Modified from

Deen (1990). Also shown is the line of section for Fig. 6. Chronology (in Ma) is from K/Ar dating of Noble and Silberman (1984).
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constant during mineral deposition. When these

conditions are met, the temperature of mineral pairs

can be determined from an array of lines with a 1

slope in Fig. 4, the aqueous sulfate/sulfide molar ratio

(R) can be determined from the absolute value of the

negative slopes through the data, and y34SPS can be

estimated from the intercept of the trend projection

with the line of 1 slope passing through the origin.

Even when these conditions are not met, the y–y
diagrams are still useful for illustrative purposes of

fluid evolution, including recognition of disequili-

brium relationships. Because fractionations of min-

eral–aqueous sulfur species are small (Ohmoto and

Rye, 1979), the y34S data for sulfide minerals are

usually plotted on these diagrams, but, for a more

correct usage, the sulfide data should be converted to

y34SH2S values by using the equations of Ohmoto and
Rye (1979). The sulfur–isotope fractionation between

minerals and aqueous sulfate is usually assumed to be

negligible and is ignored.

The y34S values of sulfate (concentrations of about

500 to 1000 g t�1, Deen, 1990) in apatite from Julcani

range from 2.2x to 10.8x, whereas values of coexist-

ing pyrrhotite blebs in magnetite phenocrysts show a

much narrower range from0.4x to 1.8x in stages 2 and

3 igneous rocks. Stage 4 igneous anhydrite and

pyrrhotite in magnetite in the postore dike have y34S
values of 5.3x and�2.1x, respectively. Sulfur–isotope

fractionations between igneous sulfate and pyrrhotite

from stages 2 and 3 range from about 9x to 1x
corresponding to a temperature range of about 600 to

N1100 8C. The stage 4 anhydrite–pyrrhotite sulfur–

isotope fractionations give a temperature of about 700

8C. The preeruption temperature of the magmas was



Fig. 4. Diagram of ysulfate–ysulfide showing y34S of sulfate in apatite and sulfide inclusions in phenocrysts in preore stages 2 to 3 glassy igneous

rocks and postore stage 4 dikes at Julcani (data from Deen, 1990). Also shown are the y34S values for early magmatic-hydrothermal alunite and

coexisting pyrite and for late-stage barite and coexisting sulfides. The nearly horizontal line through the hydrothermal and igneous data reflects a

combination of disequilibrium in the igneous system (possibly involving the oxidation of near-0x sulfide) and late hydrothermal systems

(involving the oxidation of near-0x H2S) and the average equilibrium values for magmatic-hydrothermal alunite in an overall H2S-dominant

system. The near-vertical line through the data for alunite and pyrite represents the local shift to a SO4
2�-dominant system during acid sulfate

alteration in the veins. Construction and use of the y–y diagram is discussed in the text. Note that, here, R is defined in terms of SO4
2�/H2S.

Temperatures were calculated from Ohmoto and Lasaga (1982).

R.O. Rye / Chemical Geology 215 (2005) 5–36 13
860F30 8C on the basis of Fe–Ti oxide data (Drexler,

1982). Therefore, the isotope data for coexisting sulfate

and sulfide in Fig. 4 reflect sulfur–isotope disequili-

brium. The data for the minerals in preore stages 2 and 3

rocks fall on a linear trend that does not include the data

for the anhydrite–pyrrhotite in the postore stage 4 dike.

This difference reflects a change in the sulfur–isotope

composition of igneous sulfur, from about 2x to about

5x, between stages 3 and 4 igneous rocks, and reflects a

change from H2S- to SO2-dominant exsolved magmatic

fluids (Deen, 1990). When the sulfur–isotope fractiona-

tions for anhydrite and sulfate in apatite and the

pyrrhotite blebs are plotted against the temperature of

themagma, the data span the equilibrium curve in Fig. 2.

The lack of isotopic equilibrium between sulfate and

sulfide for some samples is not surprising considering

that the apatite and pyrrhotite did not precipitate
simultaneously. This disequilibrium most likely reflects

increasing oxidation of sulfide in the magma and a

changing isotopic composition of bulk sulfur in the

magma because of assimilation of sedimentary sulfur

during the precipitation of paragenetically distinct

sulfide and sulfate (Ohmoto, 1986; Deen, 1990). This

sulfur assimilation likely played an important role in the

development of a major ore deposit at Julcani.
5. Anhydrite in igneous environments

5.1. Sulfur minerals in the pumice of the 1982

eruption of El Chichón, Chiapas, Mexico

In 1982, El Chichón volcano erupted a relatively

small volume of trachyandesite in a rain forest.
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Fortunately, pumice from the eruption was collected

prior to the rainy season, and the pumice was

discovered to have a remarkably high sulfur content,

most of it occurring as anhydrite microphenocrysts

(Luhr et al., 1984). Although anhydrite clearly had

precipitated as the dominant sulfur mineral from the

El Chichón magma, the fluids in equilibrium with the

magma at a depth of 12–15 km had H2S/SO2 of 9:1

(Rye et al., 1984; Luhr and Logan, 2002). This high

ratio was demonstrated by the increase in SO2

attributed to the oxidation of H2S during the second

day of the eruption cloud (Rose et al., 2000).

Anhydrite has been discovered to be characteristic

of the pumices of other volcanoes that erupt oxidized

hydrous sulfur-rich magmas (cf. Fournelle, 1990;

Bernard et al., 1991; McKibben et al., 1996), and

experimental studies have demonstrated the relatively

high solubility of dissolved sulfate in oxidized melts

(Carroll and Rutherford, 1987; Luhr, 1990). Primary

igneous anhydrite has also been observed in intrusions

exposed by mining of ore deposits, such as at Julcani

(Deen, 1990). Because of preservation issues related

to its high solubility in water, primary anhydrite may

be more common in igneous rocks than is generally

recognized.

Anhydrite forms subhedral to euhedral micro-

phenocrysts in glass and occurs as inclusions within

the outer zones of major phenocrystic minerals, such

as plagioclase and augite in El Chichón pumice. Much

smaller amounts (b0.1 wt.%) of pyrrhotite are also

present as tiny inclusions in a variety of phenocrysts.

Textural evidence indicates that the anhydrite and

pyrrhotite did not precipitate simultaneously.

5.2. Stable-isotope systematics

The oxygen– and sulfur–isotope fractionations

among various pairs of silicate, oxide, sulfate, and
Table 1

Oxygen– and sulfur–isotope temperatures of mineral pairs in pumice from

(Rye et al., 1984)

Eruption D18O plagioclase–

dtitanomagnetiteT
D18O anhy

plagioclase

4 April, 1982 820 825

3 April, 1982 790 n.d.

28 March, 1982 780 760

Average of all isotope temperatures is 809F42 8C.
sulfide minerals indicate that the stable-isotope

systematics of the pumice from the 1982 eruption of

El Chichón reflect magmatic conditions. Table 1

summarizes the temperatures of anhydrite formation

based on the oxygen–isotope compositions of various

coexisting minerals and on the sulfur–isotope compo-

sitions of coexisting anhydrite and pyrrhotite (Rye et

al., 1984). Temperatures range from about 760 to 855

8C. The mean of all isotopic temperatures, about 810

8C, agrees with the mean temperature of 785F23 8C
derived from the coupled exchange of Ti and Fe2+ in

El Chichón biotite (Luhr et al., 1984). The consistency

of the three isotopic temperature determinations

involving anhydrite is remarkable. The temperature

data indicate a high degree of approach to oxygen and

sulfur isotopic equilibrium in the bulk magma–

crystal–vapor system, a fact that was first used in

1982 to support the interpretation, based on textural

evidence, that anhydrite crystallized from the melt.

The sulfur isotopic fractionations of Rye et al.

(1984) for coexisting anhydrite and pyrrhotite range

from 6.5x to 5.4x, corresponding to a temperature

range of 770–870 8C. These fractionations, when

plotted against the isotopic temperature data, fall on

the equilibrium curve in Fig. 2. The anhydrite and

pyrrhotite did not precipitate simultaneously from the

magma. The likely reason that anhydrite and pyr-

rhotite are in sulfur isotopic equilibrium and give such

dgoodT temperatures is that they crystallized from a

relatively small body of magma with a high gas

pressure at 10 to 15 km depth (Rye et al., 1984) in

what was a closed system. In other words, it seems

that the isotopic composition of the bulk sulfur of the

magma (y34SPS) did not change with time.

Recent ion-probe studies of El Chichón samples by

Luhr and Logan (2002), however, indicate that,

although individual crystals are isotopically homoge-

neous, the crystal-to-crystal variation of y34S for both
the three 1982 eruptions of El Chichón Volcano, Chiapas, Mexico

drite– D18O anhydrite–

dtitanomagnetiteT
D34S anhydrite–

pyrrhotite

855 840

n.d. n.d.

795 770
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anhydrite and pyrrhotite is about 6x. They also

obtained mean y34S values for both sulfides and

sulfate that were about 3x lower than those obtained

by Rye et al. (1984) for bulk analyses. The possible

causes of these different results are discussed by Luhr

and Logan (2002). It is clear, however, that the

apparent equilibrium between bulk sulfide and sulfate

mentioned above does not extend to the scale of

individual crystals. Similar results were obtained by

McKibben et al. (1996) in their study of pumice from

the 1991 eruption of Mount Pinatubo, Philippines.

The microcrystal-to-crystal variations may be related

to the sluggish nature of the sulfur–isotope exchange

between sulfate and sulfide species in a degassing

magma. Fig. 2 shows that the sulfur–isotope fractio-

nation between sulfate and sulfide species at mag-

matic temperatures and the half-life to attain sulfur

isotopic equilibrium probably remains finite even at

magmatic temperatures. The gas phase at El Chichón

was mostly isotopically light H2S, with H2S/SO2 of

9:1 and y34SPS of about 6x. The magma, however,

had largely isotopically heavy sulfate according to

experimental studies (Carroll and Rutherford, 1987;

Luhr, 1990). Thus, a redox reaction involving sulfate

in the melt occurred when sulfur-bearing fluids

evolved from the melt. Furthermore, a sulfite pre-

cursor may be involved in the precipitation of

anhydrite (Ohmoto, 1986). Given possible finite

exchange rates and fractionations between oxidized

and reduced sulfur species in the crystal–melt–fluid

magmatic system, micrometer-scale isotopic varia-

tions may be possible as H2S exsolves preferentially

and sulfate precipitates from a viscous degassing melt.
6. Anhydrite in porphyry environments

6.1. Mineralogy of anhydrite-bearing lithic fragments

in the El Chichón pumices

In the pumices from the eruption at El Chichón are

lithic fragments that contain disseminated Cu-rich

pyrrhotite and anhydrite veinlets about 1 mm in width

in potassically altered rock such as typically occurs in

porphyry copper-type mineralization. Pyrrhotite is not

a common mineral in porphyry deposits, and the

fragments probably only represent incipient or the

distal portion of a porphyry-type mineralization. The
following discussion, however, includes examples of

the sulfur–isotope systematics of typical porphyry

deposits from other areas. Hydrothermal anhydrite

occurs in about half of the studied porphyry-type Cu

deposits (Field, C.W., 2003, personal communica-

tion). Some deposits, e.g., Bingham, UT (Field,

1966), do not contain anhydrite. In others, e.g., pre-

Main Stage mineralization at Butte (Field et al., this

volume), more than half of the sulfur in the deposit

may occur as anhydrite.

6.2. Stable-isotope systematics

Rye et al. (1984) determined that anhydrite in the

lithic fragments from El Chichón has a significantly

larger y34S value than that of anhydrite in the pumice

(13.3x versus 9.0x). In contrast, the y34S values of

the disseminated sulfides (1.6x to 2.9x) are similar

to those of the pyrrhotite (2.7x to 3.6x) in the

pumice. The average sulfur–isotope temperature for

coexisting pyrrhotite and anhydrite in the lithic

fragments is 510 8C (Fig. 5). The data are consistent

with the predicted isotopic evolution during the

development of an incipient porphyry system over-

lying the El Chichón magma prior to the 1982

eruption.

In Fig. 5, a line through the data for the El Chichón

pumice and lithic fragment projects to a y34SPS value

of about 5x, consistent with the value calculated by

Rye et al. (1984). The line also has a flat slope which

indicates that, as temperature dropped from the

magmatic to the hydrothermal environment, most of

the change in sulfur–isotope composition was in the

aqueous sulfate. This observation is consistent with

the high H2S/SO2 in the gas phase of the El Chichón

magma (Rye et al., 1984; Luhr and Logan, 2002) and

with a high H2S/SO4
2� in the ensuing hydrothermal

fluids.

Also plotted in Fig. 5 are sulfur–isotope data of

anhydrite and sulfides from porphyry-type deposits,

including El Salvador, Chile (Field and Gustafson,

1976), Gaspé, Quebec (Shelton and Rye, 1982),

Frieda and Panguna, Papua New Guinea (Eastoe,

1983), and Butte, MT (Field et al., this volume). The

total range of temperatures is 315–730 8C. These

temperatures are in reasonable agreement with fluid-

inclusion temperatures in quartz from the various

deposits, but it is very difficult to correlate fluid-



Fig. 5. Diagram of ysulfate–ysulfide showing y34S of anhydrite from pumice of the 1982 eruptions of El Chichón for coexisting sulfide bleb

inclusions in phenocrysts and for these minerals in accidental lithic fragments in the pumice (Rye et al., 1984). Also shown are data for

coexisting anhydrite–sulfide from porphyry copper deposits at El Salvador, Chile (Field and Gustafson, 1976), Gaspé, Quebec (Shelton and

Rye, 1982), Frieda and Panguna, Papua New Guinea (Eastoe, 1983), and Butte, MT (Field et al., this volume). Open symbols—chalcopyrite,

solid symbols—pyrite for porphyry data. Slope of trend lines (dashed gray) drawn through data sets can be interpreted to reflect SO4
2�/H2S of

parent fluids in different deposits.
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inclusion populations in quartz with the deposition of

sulfide minerals. Not all of the data for a given deposit

fall on linear trends, indicating that not all of the

above conditions were met for the entire data set of a

given deposit. For these deposits, changes in y34SPS,

H2S/SO4
2�, disequilibrium in sulfur species in the

fluid, or retrograde exchange in minerals occurred.

For example, in some deposits, the trends of the

anhydrite–pyrite data differ from those of the anhy-

drite–chalcopyrite data, suggesting retrograde ex-

change in the chalcopyrite. The important point is

that the linear trends that can be recognized for a

portion of the data set for each deposit show that the

fluids likely varied from sulfide- to sulfate-rich, with

y34SPS ranging from about 0x to 10x. This wide

range in aqueous sulfate-to-sulfide ratio in the

porphyry fluids reflects the range of oxidation states

of their I-type source magmas, whereas the range in
y34SPS reflects various igneous and sedimentary

sulfur sources in the magmas (Ohmoto, 1986; Ohmoto

and Goldhaber, 1997). Presumably, because of high

H2S/SO4
2�, many major porphyry deposits (e.g.,

Bingham; Field, 1966) do not have anhydrite. The

issues regarding the interpretation of anhydrite–

sulfide sulfur–isotope data from porphyry deposits

have been reviewed by Ohmoto (1986) and Seal et al.

(2000). Porphyry mineralization is complicated. It

occurs in the brittle–ductile environment at variable

depths. Episodic magma emplacement and prolonged

structural events are common, and different gener-

ations of fluids may boil and separate into brine and

vapor. The boiling of fluids, as well as assimilation of

wallrock sulfur and loss of sulfur during magma

ascent, may result in significant changes in the H2S/

SO4
2� and y34SPS of the parental fluids of the sulfate

minerals (Field et al., this volume).
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7. Alunite and barite in magmatic-hydrothermal

acid sulfate environments

The stability of alunite is a function of temperature,

pH, fO2,
P

S, and
P

K+ (Stoffregen, 1987). Under all

reasonable conditions, alunite occurs in low-pH (3)

environments. Because it provides yD and y18O data

from the OH site and y34S and y18O data from the SO4

site (Wasserman et al., 1992), alunite can provide an

exceptional amount of information on the isotopic

composition of water and sulfur species in preore

parental fluids; as well, the temperature of deposition

can be obtained when data on coexisting pyrite are

available. Barite, which forms in more neutral

environments, provides information on late-stage

and postore processes in the magmatic-hydrothermal

environment.

7.1. Geology and mineralogy of the Julcani Ag–Cu–

Pb–W–Bi and Au deposits, Peru

A generalized cross-section of the Julcani district is

given in Fig. 6. Mineralization at Julcani reached

within a few hundred meters of the paleosurface, and

magmatic water dominated the main-stage hydro-

thermal fluids (Deen et al., 1994). The ores are

strongly zoned and reflect mixing between magmatic

fluids and meteoric water. Of special interest is the

preore alunite that occurs in the center of the district

as part of an acid sulfate alteration assemblage and

barite that occurs late in the paragenesis and on the

margins of the district. The important point is that

these sulfate minerals were deposited at the beginning

and the end of mineralization.
Fig. 6. Cross-section of the Julcani mining district at the time of ore depos

zoning, location of alunite and barite, and inferred flow of hydrothermal fl

Fig. 3. Abbreviations: En—enargite, Gal—galena, Py—pyrite, Qtz—quar
The preore alunite at Julcani is part of an acid

sulfate alteration sequence that typically shows alunite

replacement of feldspar phenocrysts in a thin zone

between vuggy silica and kaolinitic alteration in the

host rock, as was first described from Goldfield

(Nevada) by Ransome (1909) and is classically

developed at Summitville, CO (Steven and Ratté,

1960). This type of alunite almost always has

coexisting pyrite.

7.2. Stable-isotope systematics

The sulfur–isotope data of coexisting pyrite and

alunite in the early acid sulfate alteration zone in the

center of the district and late barite in the margins of

the district are also summarized in Fig. 4. Temper-

atures indicated by the fractionations between alunite

and pyrite range from 210 to 260 8C and agree well

with fluid-inclusion filling temperatures of associated

quartz (Deen, 1990). When combined with fluid-

inclusion temperatures (Deen, 1990), the alunite–

pyrite sulfur–isotope fractionations plot on the equi-

librium curve in Fig. 2. Alunite and pyrite from this

environment seem to be always in sulfur isotopic

equilibrium. This is because their aqueous sulfur

species formed from the disproportionation of SO2

during the condensation of a relatively slowly rising

or long-standing low-pH magmatic vapor plume (Rye,

1993). The time required to reach equilibrium values

in Fig. 2 indicates that, at pH b3, the aqueous sulfur

species had at least several months to equilibrate in

the vapor plume. Coexisting pyrite was formed from

the H2S in the fluids as they reacted with Fe in the

rocks. The sulfur–isotope data on this alunite–pyrite
ition showing projected location of orebodies, district-wide mineral

uids. Modified from Deen (1990). Patterns from rock units are as in

tz, Tet—tetrahedrite, Wo—wolframite.
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pair of minerals produce one of the best isotope

geothermometers for epithermal systems in the

temperature range 200–400 8C.
In contrast, in Fig. 4, most of the barite–sulfide

temperatures agree with filling temperatures in asso-

ciated minerals, but others are as much as 150 8C
higher, suggesting that the parental SO4

2� and H2S did

not reach sulfur–isotope equilibrium. The y34S and

y18O data of the alunite and the late barite from

Julcani are summarized in Fig. 7. The positive slope

of the sulfur and oxygen–isotope data for barite is

interpreted to represent mixing of SO4
2� derived from

the disproportionation of magmatic SO2 at depth

(magmatic-hydrothermal) with sulfate formed during

the oxidation of H2S near the surface (steam-heated).

The slight vertical component in the trend of the data

for alunite indicates that SO2 condensed in fluids that

had a small component of meteoric water. These

systematics for alunite and barite are more dramati-

cally developed in other deposits, such as at Summit-

ville, CO (Rye et al., 1990; Bethke et al., this volume)

and are recognized at almost every magmatic-hydro-

thermal acid sulfate system associated with high-
Fig. 7. Summary of y34S and y18OSO4 data on alunite and barite from Julc

with meteoric water in alunite and steam-heated (with composition indica
sulfidation mineralization (see summaries by Rye et

al., 1992; Arribas, 1995; Cooke and Simmons, 2000;

Fifarek and Rye, this volume). The systematics are an

expression of the fact that magmatic vapor condenses

and eventually interacts with meteoric water or, in

exceptionally dry areas, with condensed magmatic

vapor (cf. Deyell et al., this volume). Such mixing is a

powerful depositional mechanism for barite (Holland

and Malinin, 1979). This mixing leads to rapid

deposition of SO4
2�, and, because of the slower

exchange rates at the more neutral pH in the late-

stage fluids at Julcani, sulfur–isotope equilibrium was

not obtained between parent aqueous sulfur species

for some barite–sulfide samples.

In Fig. 4, the y34S values for sulfate and sulfide in

the igneous rocks and hydrothermal alunite and pyrite

from Julcani are entirely different, but the whole

hydrothermal data set plots as an extension of the

trend through the data for igneous sulfate. Deen

(1990) calculated that the sulfur–isotope composition

of the bulk sulfur of all the igneous stages and

hydrothermal fluids was between 2x and 5x. The

largest change in y34S of the sulfur-bearing minerals at
 

ani, with arrows showing mixing of magmatic-hydrothermal sulfate

ted) sulfate in barite. Data from Deen (1990).
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Julcani occurs in the hydrothermal sulfates (Fig. 4).

This relationship indicates, regardless of the oxidation

state of the magma and initial H2S/SO2 of the

magmatic fluids, that the high-level hydrothermal

fluids were initially H2S-dominant, as is almost

always the case for this type of magmatic-hydro-

thermal system (Rye, 1993; Arribas, 1995). The

reason is that the sulfur–isotope chemistry of the

magmatic fluids below the brittle–ductile transition is

controlled by equilibration with iron-bearing minerals

in the igneous rocks (Ohmoto and Rye, 1979; Rye,

1993). However, the variation of y34S values of pyrite

in the acid sulfate alteration zone is actually larger

than the variation in coexisting alunite, such that the

data fall on a vertical trend in Fig. 4. These system-

atics have been recognized in other deposits, such as

Summitville (Bethke et al., this volume). This reversal

in the degree of variation of the y34S data for

hydrothermal alunite and pyrite at shallow levels

reflects the local destruction of the buffering capacity

of the rocks during their reaction with sulfuric acid
Fig. 8. Values of D34SSO4–OH for individual samples of magmatic-hydrother

(Rye et al., 1992; Arribas et al., 1995), and Tapajós, Brazil (Juliani et al., th

on sulfur–isotope fractionations in the coexisting alunite and pyrite. Equilib

et al. (1994).
and H2S derived from the disproportionation of SO2.

Under these conditions, the oxidation state of the

fluids may leave the rock buffer and may locally

become sulfate-dominant (Giggenbach, 1997).

Indeed, often, the alunite contains inclusions of

hematite whose formation requires high-fO2 fluids.

The H2S-dominant nature of the shallow Julcani

system is further indicated by the large y34S values

of some of the late-stage barites; the values, like those

for earlier alunite, reflect sulfur–isotope equilibrium

of SO4
2� with H2S in fluids with high H2S/SO4

2� in a

rock-buffered environment below the brittle–ductile

transition.

In Fig. 8, the D18OSO4–OH of a single sample of

magmatic-hydrothermal alunite from Julcani is plotted

versus the value predicted from temperatures based on

sulfur–isotope fractionations in coexisting pyrite. The

temperature calculated from the D18OSO4–OH by using

the experimental curve of Stoffregen et al. (1994) is

N600 8C, whereas the alunite–pyrite sulfur–isotope

temperature is 250 8C. Also shown in Fig. 8 are
mal alunite from Julcani, Peru, Summitville, CO, Rodalquilar, Spain

is volume) plotted versus predicted equilibrium values based on data

rium temperatures are based on the empirical equations of Stoffregen
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D18OSO4–OH data of magmatic-hydrothermal alunite

from Rodalquilar, Spain, Summitville, CO, and

Tapajós, Brazil. Except for the unmetamorphosed

1.87-Ga alunite at Tapajós, magmatic-hydrothermal

alunite typically gives D18OSO4–OH temperatures that

are too high, thus indicating that the y18OOH values in

the alunite are too large (Rye et al., 1992). This

disequilibrium is most likely caused by effects on the

OH site of alunite, which undergoes retrograde

exchange with meteoric–magmatic water in the

hydrothermal fluids during later high-sulfidation

mineralization (cf. Bethke et al., this volume).
8. Alunite in magmatic-steam acid sulfate

environments

A limited number of high-sulfidation ore deposits

contain small veins of coarsely banded alunite that can

be established as having developed late in the life of

the hydrothermal system (Rye et al., 1992). Such
Fig. 9. Geology of the Deer Trail Mountain–Alunite Ridge area showing

(1984). Mz—Mesozoic, Pz—Paleozoic.
veins of alunite in these ore deposits are much less

abundant than magmatic-hydrothermal alunite. At

Marysvale (Utah), however, the veins are spectacu-

larly developed as the only alunite occurrence in huge

sulfide-barren veins.

8.1. Geology and mineralogy of the Alunite Ridge

deposits at Marysvale

The alunite occurrences at Alunite Ridge near

Marysvale are among the largest, purest, most coarsely

crystalline alunite veins in the world (Cunningham et

al., 1984). Two 14-Ma cupolas were injected so

forcefully at Marysvale that they produced classical

radial and concentric fracture patterns and central uplift

in the overlying volcanic rocks (Figs. 9, 10). The cross-

section in Fig. 10 indicates that the deeper buried

cupola in the east is related to the coeval Deer Trail

Mountain manto Ag deposit studied by Beaty et al.

(1986). The other western cupola is related to the

steeply dipping veins containing coarse alunite at
the line of section for Fig. 10. Modified from Cunningham et al.



Fig. 10. Cross-section of Deer Trail Mountain–Alunite Ridge showing the alteration, postulated cupolas below each area, and Deer Trail

mineralization. Modified from Beaty et al. (1986). Mz—Mesozoic, Pz—Paleozoic. Volcanic rocks are shown as undivided.
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Alunite Ridge. The stock underlying Alunite Ridge is

thought to contain porphyry mineralization (Cunning-

ham et al., 1984). Although much of the wallrock

adjacent to the alunite veins is unaltered, some is

weakly alunitized and has an outer zone of kaolini-

tization that contains small amounts of pyrite. Locally,

aplite veinlets crosscut alunite veins. The depth of

formation is thought to be no more than several

hundred meters. Similar types of alunite have been

documented at Cactus, CA and Red Mountain, CO

(Rye et al., 1992; Bove et al., 1990) and for the El

Indio district, Chile (Jannas et al., 1999; Deyell et al.,

this volume).

The coarse-grained alunite at Alunite Ridge is

present as open-space fillings in extensional fractures

as much as 20 m wide and which have been mined

continuously for more than 100 m. The alunite contains

minute amounts of fine-grained hematite and occurs

with almost no coeval vein quartz, kaolinite, or pyrite.

The veins are beautifully banded, and broken layers

show that parts of the vein slabbed off the walls during

deposition in a high-energy environment possibly held

open by concurrent structural deformation. Fluid

inclusions are gas-rich, indicating formation from
low-density vapor (Cunningham et al., 1984). The

hydrogen isotopic data indicate the vapor to be of

magmatic origin (Rye et al., 1992). Recent quadrupole

gas data show the vapor also to be both H2- and SO2-

rich (Landis and Rye, this volume).

Microprobe traverses across the banding (Cunning-

ham et al., 1996) show sawtooth patterns for some

elements, such as P and Sr, and somewhat inverse

patterns for Ba (Fig. 11). Although the meaning of

these patterns in terms of magma chemistry and the

precipitation dynamics for alunite remains uncertain,

the data most likely reflect episodic degassing of an

underlying magma.

8.2. Stable-isotope systematics

The Alunite Ridge alunite is isotopically very

different from those at Julcani, although, at both

localities, the alunite was derived from fluids of

similar gas chemistry (Landis and Rye, this volume)

and isotopically similar bulk sulfur. The y34S values of

50-Am-thick samples (shown along the top of Fig. 11)

are almost constant and are tightly clustered near 1x,

close to the value for bulk sulfur as indicated by the



Fig. 11. Microprobe scans for P2O3, SrO, and BaO in Alunite Ridge banded alunite (Cunningham et al., 1996). The y34S values along the top are

results from bands ~50 Am in width that were drilled by Amelia Logan from a section sawn from approximately the same location as the section

used for the microprobe analyses.
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sulfur–isotope data for minerals in the nearby Deer

Trail Mountain deposit (Beaty et al., 1986). Ion-probe

isotope studies are needed to see if the constant y34S
extends to an even finer scale.

For a hydrothermal system with a y34SPS of 1x,

alunite typically would have y34S values of 15x to

30x, depending on the temperature of deposition and

the H2S/SO4
2� ratio of the system. The sulfur–isotope

data for the coarse-grained alunite at Marysvale are

characterized by disequilibrium, which indicates

either that (1) there was little H2S in the fluids

because disproportionation of SO2 did not occur or

that (2) there was no sulfur–isotope exchange between

H2S and SO4
2� during the disproportionation of SO2.

Data for fluid-inclusion gas (Landis and Rye, this

volume) indicate that the parental fluids were SO2-

rich, as would be expected for volcanic gases released

from high-temperature low-pressure magmas (Ger-

lach, 1993). The fluid-inclusion gases have high H2,

He, HF, and HCl contents (Landis and Rye, this

volume), consistent with a magmatic origin for the

magmatic-steam fluids. The loss of hydrogen may

have been important in the oxidation of SO2 to SO4
2�,

although the presence of variable amounts of H2S in

the fluid-inclusion gas data suggest that disproportio-

nation of SO2 probably did occur. The sulfur–isotope

data for Marysvale alunite clearly represent a case of

sulfur isotopic disequilibrium among the parental
aqueous sulfur species. This type of alunite has been

observed only in open tension fractures and breccias,

indicating depressurization of the hydrothermal sys-

tem. At Marysvale, the depth to the magma may have

been as shallow as 1 km (Cunningham, C.G., personal

communication). The alunite precipitated during the

expansion of rapidly rising magmatic steam in the

open fractures. The sulfur isotopic disequilibrium in

alunite indicates that the fluids ascended much faster

than the rate of sulfur isotopic exchange among the

aqueous sulfur species. From the Ohmoto and Lasaga

(1982) rates of sulfur isotopic exchange between

sulfate and sulfide species in Fig. 2, the fluids would

have had to have traveled from their source to the site

of deposition in less than a few minutes. The alunite

precipitated from rapidly ascending low-density vapor

that, in contrast to the slower rising condensing vapor

for magmatic-hydrothermal alunite, did not equili-

brate with the host rocks. Magmatic-steam fluids that

form alunite may be derived directly from a suddenly

degassing magma, such as that at Alunite Ridge, or

from the flashing of saline liquids below the brittle–

ductile transition, such as that at Tambo, Chile (Deyell

et al., this volume). The quantitative aspects of

magmatic-steam evolution at Alunite Ridge have been

discussed by Fournier (1999). At other deposits,

where magmas may have been deeper than at

Marysvale or where fluid flow may been impeded,
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longer residence times during fluid transport may

have permitted intermediate or even equilibrium y34S
values in magmatic-steam alunite (Fifarek and Rye,

this volume).
9. Alunite and jarosite in the steam-heated acid

sulfate environment

Alunite and, much less commonly, jarosite may be

present in the steam-heated environment in the upper

portions of hydrothermal systems in which sulfuric

acid is created at or above the water table by the

oxidation of H2S distilled off the underlying hydro-

thermal system. The H2S can also come directly from

the magma. This environment can be the near-surface

expression of a deeper magmatic-hydrothermal system

in a dome or stratovolcano or of a distal dadulariaT–
sericite system. Jarosite precipitates at lower pH and

higher fO2 (high Fe
3+ activity) values than does alunite

over the entire temperature range of its stability

(Stoffregen, 1993). These extreme values limit hydro-

thermal jarosite formation to the vadose zone or to

shallow environments (such as silicified rocks that

have little acid-neutralizing capacity) where fluids
Fig. 12. Simplified cross-section through the Crofoot–Lewis deposit from

mineralized aluniteFjarosite acid sulfate alteration (black). The Au previous

leached from the blanket leach and was deposited in the steeply dipping ve

dominantly of conglomerates and breccias. o Indicate boiling and H2S se
with high fO2 and low pH values can occur. These

same limits make the formation of jarosite in the

magmatic-hydrothermal or magmatic-steam environ-

ments unlikely (Stoffregen, 1993; Rye and Alpers,

1997). Because jarosite forms at lower pH and higher

fO2 than alunite, it is almost always observed to have

replaced alunite where the two minerals occur

together. The steam-heated environment with both

alunite and jarosite was especially well-developed at

the Crofoot–Lewis low-sulfidation hot spring gold

deposit in the Sulphur district of Nevada, at which that

environment played a major role in secondary gold

enrichment (Ebert and Rye, 1997).

9.1. Geology and mineralogy of the Crofoot–Lewis

deposit, Nevada

The cross-section of the mineralized area given in

Fig. 12 shows the paleosurface and has been interpreted

to show that mineralization at the Crofoot–Lewis

deposit was a two-stage process (Ebert and Rye,

1997). The first event occurred when the water table

was high and a 4-Ma dadulariaT–sericite system hydro-

thermal system deposited about 240 t of gold over a

large area. About 3 my later, when the water table
Ebert and Rye (1997) showing the blanket leach area (white) and

ly dispersed in the area (gray) when the water table was shallow was

ins when the water table was deep. Rock types (not shown) consist

paration in the steam-heated environment.
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dropped by as much as 100 m, a steam-heated system

developed above the water table. At that time, about 60

t of Au were leached from the sparsely mineralized

opaline zone, and the gold was precipitated along with

alunite below the water table in near-vertical fractures.

The hydrothermal system responsible for the mineral-

ization seems to have been driven by a high geothermal

gradient related to rapid uplift along range-front faults

rather than by an intrusion. The lowering of the water

table that led to the formation of the gold-concentrating

steam-heated system was caused by climate change

(Ebert and Rye, 1997). Furthermore, the sulfur for the

system was derived from sediments in the basin

adjacent the ore deposit, resulting in an unusual

sulfur–isotope signature for a volcanic-hosted ore

deposit in the Great Basin.

Steam-heated aluniteFjarosite has been studied

isotopically for ore deposits and geothermal fields in

Nevada, Utah, Italy, New Zealand, and elsewhere

(Rye et al., 1992; Rye and Alpers, 1997) and in active

stratovolcanoes, as reviewed in the next section.
Fig. 13. The D8OSO4–OH–y
34S values of alunite showing increasing sulfur i

isotope equilibrium, as indicated by temperatures from the Crofoot–Lewi

pyrite. Data from Ebert and Rye (1997). Temperatures calculated from St

presumed starting sulfate.
These minerals have also been studied in steam-

heated environments that occur in high-sulfidation

deposits such as those of Pierina, Peru (Fifarek and

Rye, this volume), Tambo (Deyell et al., this volume)

and Pascua, Chile, and Argentina (Deyell et al., in

press). The steam-heated acid sulfate environment in

the Pierina deposit seems to have played a substantial

role in the enrichment of the deposit, as it did at

Crofoot–Lewis (Fifarek and Rye, this volume).

9.2. Stable-isotope systematics

The y34S values of alunite are plotted in Fig. 13

versus the oxygen isotopic fractionations between the

SO4 and OH sites in alunite. At these temperatures (Fig.

13), the oxygen isotopic fractionations in alunite and

jarosite can be used as a single-mineral thermometer by

employing the experimental curves of Stoffregen et al.

(1994) and Rye and Stoffregen (1995). The SO4–OH

oxygen isotopic fractionations show a correlation with

the y34S values of alunite. The temperature range for the
sotopic exchange between SO4
2� and H2S with approach to oxygen–

s deposit. Also shown outside the diagram is the range of y34S for

offregen et al. (1994). Curve shows schematic exchange path from
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steam-heated environment is typically 70–180 8C (Rye

et al., 1992). The oxygen isotopic temperatures calcu-

lated from the SO4–OH values of individual samples of

alunite become closer to this range as the y34S value of

the alunite increases. Oxygen isotopic equilibrium, as

indicated by the reasonable temperatures calculated

from SO4–OH oxygen isotopic fractionations, was

apparently obtained between SO4
2� and water for some

alunites. These sulfur and oxygen isotopic systematics

indicate that, after the parental SO4
2� formed from the

oxidation of H2S, the SO4
2� continued to exchange with

water and streaming H2S in the fluids prior to the

precipitation of alunite. At equilibrium with a dominant

amount of H2S with a y34S of �14x at 100 8C, the
SO4

2� would have a y34S value of about 32x. The

highest y34S values of alunite reach only about �5x.

Thus, the data in Fig. 13 demonstrate the different rates

of sulfur and oxygen isotopic exchange between SO4
2�

and fluid species predicted by experimental studies

(Cole and Ohmoto, 1986). The D18OSO4–OH value of a

single jarosite crystal from this deposit gave a calculated

oxygen isotopic temperature of 70 8C compared to a

fluid-inclusion filling temperature of 87 8C. However,
D18OSO4–OH data for steam-heated jarosite from one of

the replacement-alunite deposits at the Central mining

area ofMarysvale, UT (Cunningham et al., 1984) gave a

temperature of 210 8C (Rye andAlpers, 1997) compared

to 110 8C (Rye et al., 1992) for steam-heated alunite

from the same deposit.

Data portrayed in Fig. 2 indicate that only partial

sulfur isotopic exchange was attained between aque-

ous sulfide and sulfate at Crofoot–Lewis prior to the

precipitation of alunite and jarosite. Thus far, sulfur

isotopic equilibrium has been observed for alunite and

H2S in the steam-heated environment only at Pierina,

Peru (Fifarek and Rye, this volume). Apparently, the

residence time of SO4
2� after the oxidation of H2S is

less than several years prior to the precipitation of

alunite or jarosite. However, this seems to be enough

time to attain oxygen isotopic equilibrium between

SO4
2� and water in some geothermal settings.
10. Barite in an dadulariaT–sericite system

Barite is a common late-stage mineral in both high-

and low-sulfidation systems. Its solubility increases

with increasing salinity between 100 and 250 8C, and
the mineral has prograde solubility for solutions that

contain more than 1 mol NaCl (Holland and Malinin,

1979). Thus, barite is commonly precipitated during

cooling and especially during the mixing of late-stage

hydrothermal fluids and meteoric water. For this

reason, barite occurs principally on the margins and

in the late stages of ore deposits. The stable-isotope

systematics of the barite at Creede, CO, although not

typical of an dadulariaT–sericite low-sulfidation deposit,
are discussed here because the systematics provide an

extraordinary example of the information that isotope

data on barite can provide on hydrothermal processes.

10.1. Geology and mineralogy of the Creede Ag base

metal deposit, Colorado

The ores at the southern end of the Creede Ag

district in the central San Juan Mountains of Colorado

contain abundant hydrothermal barite. The minerali-

zation occurs as open-space fillings in N–S faults

north of the Creede caldera (Fig. 14). The resurgence

of the caldera produced a moat that hosted a deep

evaporative lake. A thick section of lake sediments

eventually filled this moat and covered much of the

southern end of the district.

A hydrologic model (Fig. 15) has been developed

from years of geological, hydrological, and stable-

isotope studies (Bethke and Rye, 1979; Rye et al.,

1988; Hayba, 1997; Bethke and Hay, 2000; Barton et

al., 2000). The ore-forming fluids originated within

the ancient lake and sediments of the Creede

Formation at the southern end of the district. This

lake had a long evaporative history and was saline

throughout much of its existence (Rye et al., 2000).

The connate brines from the lake sediments circulated

10 km northward to the vicinity of an unexposed

pluton, whereupon the brines mixed with magmatic

gases and convected upward. Zoned orebodies were

formed as the fluids boiled and mixed with condensed

steam and meteoric water from the north. As they

flowed southward, the hydrothermal fluids eventually

mixed with residual pore fluids in the lake sediments

and deposited exceptionally large amounts of barite in

the southern part of the district. Sulfate for this barite

was derived from (1) the poorly understood oxidation

of H2S in the northern part of the district in the

shallow steam-heated environment and (2) the pore

fluids in the sediments of the Creede Formation.



Fig. 14. Simplified geological map of the Creede district showing the major structures and predominant mineralized areas (modified from

Hayba, 1997). Arrows with N–S, the latter near Creede, show the line of section for Fig. 15.
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The barite at Creede occurs as beautiful crystals in vugs

and interbanded with sulfides. It was from interbanded

samples such as that shown in Fig. 16 that sulfur isotopic

disequilibrium between dcontemporaneousT hydrothermal
sulfate and sulfide minerals in epithermal ore deposits was

first recognized (Bethke et al., 1973; Rye et al., 1988).

10.2. Stable-isotope systematics

The main-stage sulfides in the veins at Creede are

characterized by a narrow range of y34S values typical
of volcanic or magmatic sulfur in a Tertiary volcanic

environment (Fig. 17). The vein barite, however, has a

large range of values from about 4x to 44x, atypical

of magmatic sulfate (Rye et al., 1988) and clearly

reflecting stable isotopic disequilibrium with coexist-

ing sulfide minerals.

In the summary of the sulfur and oxygen isotopic

data on the hydrothermal barite in Fig. 18, the data

plot in a triangle can best be interpreted as a mixture

of three components (Rye et al., 1988; Barton et al.,

2000). The sulfate at the lower apex was produced by



Fig. 15. Model of the hydrothermal system responsible for formation of epithermal Ag and base metal ores of the Creede mining district. Solid

arrows indicate deeply circulating waters; dashed arrows indicate surrounding waters mixing into the circulating system. A pluton heated the

waters, which were joined by magmatic gases (H2S) and mixed in the upwelling plume. Fluids boiled on ascent and moved laterally southward

on nearing the surface. Along the top of system, the deeply circulating fluids mixed with overlying groundwaters, which, at the southern end,

were saline pore fluids in the Creede Formation. Location of section is indicated in Fig. 14. Modified from Bethke (1988). Ore deposits—dark

gray; hydrothermal plume—light gray; Mi—inferred Miocene intrusion; Cft—Creede Formation travertine facies; Cfc—Creede Formation

fluvial facies; Cfl—Creede Formation lacustrine facies.
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the oxidation of magmatic H2S in the northern part of

the hydrothermal system. The steam-heated environ-

ment formed a clay cap in the southern ore deposits

but did not produce acid sulfate alteration because that
Fig. 16. Interbanded barite (white) and sulfides (dark)
part of the system was not open to the oxidation of

H2S by atmospheric oxygen. The combination of high

sulfur and oxygen isotopic values observed at the

right apex of Fig. 18 requires that the sulfate under-
from Creede district. Scale bar in centimeters.



Fig. 17. Sulfur isotopic composition of Creede barite and sulfides. Data from Rye et al. (1988).
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went a bacteriogenic reducing cycle in the sedimen-

tary environment of the Creede Formation. Studies of

the Creede Formation indicate that sulfate was

initially derived from volcanic tuffs that were periodi-

cally added to this sedimentary unit (Bethke et al.,

2000). During bacteriogenic reduction, the volcanic

sulfate evolved isotopically along an approximately

2:1 slope. The sulfate of the top apex in Fig. 18 was
Fig. 18. Sulfur and oxygen isotopic data of Creede hydrothermal barite sh

al. (1988).
produced when SO4
2� in the sediments underwent

further evolution by oxygen isotopic exchange with

the water in the ore fluids and by sulfur isotopic

fractionation during thermochemical reduction of

sulfate when the hydrothermal fluids mixed with the

pore fluids of the organic-rich Creede Formation. The

unusual isotopic data for the Creede hydrothermal

barite link the origin of the ore fluids in the district to
owing the evolution of end member compositions. Data from Rye et
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the stratified saline lake that had developed in the

moat of the Creede caldera (Rye et al., 2000). This

linkage was a major factor leading to the choice by the

Continental Scientific Drilling Program to drill the

Creede Formation (Bethke and Hay, 2000).

Plotting of the Creede data on the equilibrium

curve in Fig. 2 constrains the residence time of SO4
2�

and the flow rates in various parts of the system. This

information in turn can be inserted into the hydrologic

model (Rye et al., 1988; Hayba, 1997). Sulfur isotopic

equilibrium between reduced and oxidized sulfur

species in solution at 250 8C and near-neutral pH

should be reached in less than 5 years. Because

equilibrium was not obtained, this is the maximum

residence time for increments of admixed SO4
2� and

hydrothermal H2S prior to precipitation of barite

throughout the district. Similar applications of iso-

topic data for barite may be useful in the study of

sedimentary-exhalative (SEDEX) and Mississippi-

Valley-type (MVT) ore deposits that contain sulfate

derived from oceanic or evaporite sources.
11. Secondary sulfate minerals in stratovolcanoes

Because of edifice collapse that may be facilitated

by hydrothermal alteration, on active stratovolcanoes,

the sulfate minerals at different depths relative to

paleosurfaces can be studied by examination of old

collapse surfaces and the contents of debris flows.

Because hydrothermal pyrite is commonly exposed

near the surfaces of stratovolcanoes, overlapping

steam-heated processes involving the oxidation of

H2S and supergene processes involving the oxidation

of pyrite can also be studied. Thus, active strato-

volcanoes offer the opportunity to study the sulfur–

isotope geochemistry of secondary sulfate minerals

over a wide range of hydrothermal and supergene

environments. The hydrothermal environments that

occur in and on active stratovolcanoes are similar, in a

broad sense, to the magmatic-hydrothermal, mag-

matic–steam, steam-heated, and supergene environ-

ments recognized from the study of ore deposits. (e.g.,

Rye et al., 1992; Rye and Alpers, 1997; Arribas,

1995). However, the highly variable surface environ-

ments involving H2S-rich fumaroles and supergene

oxidation of pyrite in areas that are variably exposed

to the atmosphere, glacial ice, and volcanic gases in
highly elevated stratovolcano summits are normally

not preserved in shallow hydrothermal ore deposits. In

addition, the H2S/SO2 of the volcanic fluids may vary

considerably at a given place as the volcano goes

through eruptive cycles. During rapid degassing, the

magmatic fluids of a given volcano may become more

SO2-rich (Heald et al., 1963). However, at high

degassing rates, the fluids are also more likely to

escape to the atmosphere without forming sulfate

minerals.

11.1. Mineralogy

All of the sulfate minerals discussed in this paper

occur in active andesite stratovolcanoes (Zimbelman

et al., this volume). The minerals occur on altered

surfaces, around fumaroles, and deep in volcano

interiors that have been exposed by edifice collapse.

Highly soluble Al and Fe sulfates and hydroxysul-

fates, such as potassium alum, alunogen, and copia-

pite, are also common. These types of minerals have

also been observed as precipitates from acid mine-

waters, and the minerals go through repeated cycles of

formation, dissolution, and reprecipitation (Bigham

and Nordstrom, 2000). These soluble sulfates may

dissolve, and the sulfate may reprecipitate as gypsum

in veinlets deeper in the volcanoes.

Fresh andesitic rocks contain less than 100 g t�1

sulfur, mainly as sulfide blebs in phenocrysts (Ohmoto,

1986). Thus, almost all secondary sulfur-bearing

minerals on stratovolcanoes are derived from sulfur

that is introduced from degassing magmas. Recent

studies on Mount Rainier (Rye et al., 2003) indicate

that a surprising amount of shallow hydrothermal

pyrite formed by the sulfidation of andesite by H2S.

This pyrite is susceptible to oxidation by atmospheric

oxygen entrained in either meteoric water or magmatic

vapor. Oxidation of the pyrite and subsequent reactions

by the resulting acidic solutions produces soluble Al

and Fe hydroxysulfates and jarosite (Zimbelman et al.,

this volume). Furthermore, in an active volcano, the

SO4
2� produced by supergene oxidation of pyrite may

mix with hydrothermal sulfate.

11.2. Stable-isotope systematics

The sulfur isotopic data for sulfates, native sulfur,

and pyrite from Mount Adams, Mount Rainier, and
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Mount Shasta in the Cascades and from Citlaltépetl in

Mexico are summarized in Fig. 19. The range for the

reduced-sulfur minerals (native sulfur and pyrite) is

much less than the combined range for sulfate

minerals (alunite, jarosite, gypsum, and soluble

sulfates). This observation indicates that H2S was

the dominant sulfur species in the volcanic fluids,

which is consistent with their derivation at N6 km

from magmas whose oxidation state is close to the

NNO buffer (Gerlach and Casadevall, 1983; Symonds

et al., 1994). Although detailed interpretations in

terms of y34SPS and H2S/SO4
2� of fluids cannot be

made without more detailed studies, as indicated in

Fig. 19, the data are consistent with the possibility that

most of the volcanic fluids were sulfide-rich, with an

average y34SPS of 2F2x. At any given time in the

life of a volcano, the y34SPS value could be higher or
Fig. 19. Summary of y4S values of sulfur, sulfide, and sulfates on Citlalté

and interpreted method of acid sulfate generation (black arrows) and depos

sulfur minerals (open symbols), including supergene jarosite (gray symb

minerals (other symbols). All data can be generated from aqueous sulfate d

of SO2 degassed from magma with presumed average value (shaded rectan

prior SO2 or H2S loss from the magma (as indicated by arrows on rectang
lower, depending on the amount of H2S relative to

SO2 lost during prior degassing from a given batch of

magma (Rye et al., 1984; Taylor, 1986). All of the

y34S values for sulfate minerals can be interpreted to

indicate that parent SO4
2� was generated largely in

steam-heated (oxidation of H2S) and magmatic-hydro-

thermal (disproportionation of SO2) environments,

and with a superimposed contribution from the

supergene oxidation of pyrite.

In Fig. 20, the correlation between the y18O and y34S
values of sulfate minerals for Citlaltépetl, Mount

Rainier, and possibly Mount Adams, mainly reflects

the influence of both SO2 disproportionation and the

oxidation of pyrite and (or) H2S (Rye et al., 1990; Seal

et al., 2000) in the formation of parental SO4
2�. The

different environments for the formation of the aqueous

sulfate can be recognized by comparing the isotopic
petl, Mount Hood, Mount Ranier, Mount Shasta, and Mount Adams

itional environment (gray arrows). The range of values for reduced-

ol) derived from pyrite, is much less than for hydrothermal sulfate

erived from either oxidation of H2S or pyrite and disproportionation

gle) of 2F2x for y34SPS. The y
34SPS can be larger or smaller with

le). Data from Zimbelman et al. (this volume) and Rye et al. (2003).



Fig. 20. Summary of y34S–y18OSO4 data for alunite, jarosite, gypsum, and Al–Fe hydroxysulfates from Cascade volcanoes and Citlaltépetl

relative to magmatic-hydrothermal, magmatic-steam, steam-heated, and supergene sulfate fields (Rye et al., 1992; Rye and Alpers, 1997). The

fields permit interpretation of data in terms of environments for the generation of parent sulfuric acid and modifications by exchange with H2S

and (or) 18O-enriched meteoric and magmatic water prior to precipitation as minerals. Open symbols—Citlaltépetl; solid symbols—Mt. Rainier;

faded symbols—Mt. Adams; outlined faded symbols—Mt. Shasta. Data from Zimbelman et al. (this volume) and Rye et al. (2003).
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compositions of sulfate minerals and the data fields

defined in the study of ore deposits (Rye et al., 1992;

Rye and Alpers, 1997). Only samples of alunite from

the collapsed interiors of Mount Rainier and Citlalté-

petl have isotopic values consistent with a magmatic-

hydrothermal origin. Most samples of alunite have

isotopic compositions typical of those formed either in

lower temperature magmaticQsteam or in steam-heated

environments, wherein only limited sulfur–isotope

exchange between the SO4
2� and H2S took place. The

lack of exchange is especially likely if (1) SO4
2� forms

from the disproportionation of SO2 that is scrubbed out

(Symonds et al., 2001) by low-temperature meteoric

water or if (2) SO4
2� forms from the surfical oxidation

of H2S. The lower unoxidized portion of this steam-

heated environment may be strongly sulfidized, such as

occurred in the eroded andesitic stratovolcano at

Marysvale, UT (Cunningham et al., 1984, this volume).

The y18OSO4 values for jarosite in Fig. 20 are the lowest

recorded (Rye and Alpers, 1997) and indicate that the

oxygen in the SO4
2�was derived from isotopically light
meteoric water, as is consistent with the presence of

abundant snow and ice on volcano summits. The

jarosite typically occurs with smectite and seems to

have formed from SO4
2� generated by the oxidation of

hydrothermal pyrite (Zimbelman et al., this volume).

Oxygen and sulfur isotopic exchange also may take

place between SO4
2� and fluids prior to the deposition

of sulfate minerals. The very high y18OSO4 values for

some samples of Al hydroxysulfates and gypsum

from Mount Shasta (Fig. 20) indicate that their parent

SO4
2� exchanged oxygen with isotopically heavy

magmatic or meteoric water (exchanged or evapo-

rated) at 50 to 100 8C in low-pH fumarolic environ-

ments. Sulfur–isotope exchange with H2S would

increase the y34S values of SO4
2�, as was discussed

in Section 9.2.

The hydrogen and sulfate–oxygen isotopic data for

alunite and jarosite and the calculated compositions of

parental fluids for alunite are summarized in Fig. 21.

The overall trend of the alunite data reflects the

involvement of both magmatic and meteoric waters in



Fig. 21. Summary of yD–y18OSO4 data for alunite and jarosite from Citlaltépetl (open), Mount Rainier (solid), Mount Adams (faded), and Mt.

Shasta (outlined faded). Compositions of water in alunite parental fluids are calculated for the temperature range of 150 to 350 8C from the

equation of Stoffregen et al. (1994). The y18OH2O of the jarosite supergene fluids could not be calculated because the y18OOH values required to

make the calculation were not determined; the low y18OSO4 values of jarosite, however, require a supergene origin for the parental aqueous

sulfate (Rye and Alpers, 1997). The predicted meteoric water compositions for stratovolcano summits are based on a decrease of 65x km�1 in

the yD of precipitation with elevation on stratovolcanoes (Frank, 1995). Data from Zimbelman et al. (this volume) and Rye et al. (2003).

PMW—primary magmatic water and VW—volcanic water are reference fields of Taylor (1979) and Giggenbach (1997), respectively. Kaolinite

line from Savin and Epstein (1970). Jarosite line from Rye and Alpers (1997). MWL—meteoric water line from Craig (1961). SJSF (dashed

polygon)—supergene jarosite sulfate field (Rye and Alpers, 1997), showing air-dominant and water-dominant boundaries for aqueous sulfate.
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the formation of the fine-grained alunite. The large

range of yDH2O values of alunite parental fluids may

reflect, in part, Rayleigh isotope effects from degass-

ing of different batches of magma on the various

volcanoes (Taylor, 1986, 1988, 1991). As mentioned

above, the low y18OSO4 values for jarosite require that

parent SO4
2� was derived from the supergene oxida-

tion of pyrite. The isotopic composition of meteoric

water on the summits (N3500 m) of the volcanoes can

be estimated by assuming a yD precipitation gradient

of 65x km�1 of elevation, such as that existing on

Mount Rainier (Frank, 1995).
12. Conclusion

Processes that occur in I-type magmas and their

evolved fluids as they interact with igneous host
rocks, meteoric water, the atmosphere, and bacteria in

surface waters can be reviewed with respect to the

evolution of H2S/SO4
2� and attainment of isotopic

equilibrium in the parental fluids of sulfate minerals.

The sulfur–isotope data of coexisting anhydrite and

pyrite in porphyry-type systems indicate a range of

SO2- to H2S-dominant hydrothermal fluids that likely

reflect the range in oxidation states of their parent

magmas. At shallower levels, the sulfur–isotope data

of magmatic-hydrothermal alunite reflect fluids that

are typically H2S-dominant as a result of equilibration

with crystalline rocks below the brittle–ductile tran-

sition. The sulfur–isotope data of this alunite and of

coexisting pyrite may also track the local shift from

H2S to SO4
2�-dominant parent fluids as the rock buffer

is destroyed during the disproportionation of SO2 to

produce large amounts of sulfuric acid in the

magmatic-hydrothermal environment. At all temper-
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atures in volcanic and hydrothermal environments,

there is a significant sulfur–isotope fractionation

between sulfide and sulfate. Thus, because of the

insufficient time for isotopic equilibration among

aqueous species that follows events such as boiling,

fluid mixing, and mineral precipitation or dissolution,

disequilibrium between minerals is always a possi-

bility. The degree of approach to equilibrium can be

used to constrain the nature and rates of processes.

Where equilibrium is attained and preserved, the

sulfur isotopic data for sulfate and sulfide mineral

pairs may give excellent temperature estimates for

environments that range from high-temperature igne-

ous to low-temperature steam-heated. However, in

magmas, equilibrium may or may not occur between

sulfide and noncontemporaneous igneous anhydrite

and sulfate-rich apatite, depending on the rate at

which a viscous magma exsolves fluid, assimilates

sulfur from the country rock, or loses sulfur-rich

gases. Sulfur isotopic equilibrium is almost always

attained and maintained between the alunite and pyrite

that crystallize in the magmatic-hydrothermal envi-

ronment from SO4
2� and H2S formed by the dis-

proportionation of SO2 in condensing magmatic vapor

plumes. Consequently, alunite–pyrite sulfur–isotope

fractionations make an excellent geothermometer.

However, sulfur isotopic equilibrium is probably

seldom attained between H2S and the parent SO4
2�

for alunite precipitated at high temperatures from

rapidly rising and expanding SO2-dominant magmatic

steam nor is it attained for alunite derived from the

SO2 that is scrubbed out at low temperature by

groundwater in stratovolcanoes. Furthermore, sulfur–

isotope equilibrium between parent SO4
2� and H2S

has only rarely been observed from data on alunite

and jarosite in the steam-heated environment. Finally,

oxygen–isotope equilibrium between SO4
2� and water

may be obtained in steam-heated environments, such

that D18OSO4–OH for alunite and jarosite often is a

reliable single-mineral geothermometer. However,

most of the temperatures obtained from D18OSO4–OH

values from higher temperature magmatic-hydrother-

mal alunite are not reliable because of retrograde

exchange in the OH site with later magmatic–meteoric

water in the hydrothermal fluids. At the low pH of

fluids on the summits of active stratovolcanoes, even

aqueous sulfate from the supergene oxidation of pyrite

is susceptible to oxygen–isotope exchange with
hydrothermal fluids and sulfur–isotope exchange with

H2S prior to the precipitation of sulfate minerals.
Acknowledgements

This paper has benefited from many years of

collaborative work with colleagues and students

whose names appear as coauthors on cited papers. I

am particularly grateful for innumerable discussions

with Phil Bethke, who introduced me to the study of

acid sulfate systems and who, along with Paul Barton,

introduced me to Creede. This paper has also

benefited from discussions over the years with Terry

Gerlach about the nature of volcanic fluids and from

reviews by Antonio Arribas, Jr., Phil Bethke, Cy

Field, Al Hofstra, and Bob Seal. [PD]
References

Arribas Jr., A., 1995. Characteristics of high-sulfidation epithermal

deposits and their relation to magmatic fluid. In: Thompson,

J.F.H. (Ed.), Magmas, Fluids, and Ore Deposits, Mineral. Assoc.

Can. Short Course, vol. 23, pp. 419–454.

Arribas Jr., A., Cunningham, C.G., Rytuba, J.J., Rye, R.O., Kelly,

W.C., Podwysocki, M.H., McKee, E.H., Tosdal, R.M., 1995.

Geology, geochronology, fluid inclusions and isotope geo-

chemistry of the Rodalquilar Au–alunite deposit, Spain. Econ.

Geol. 90, 795–822.

Banks, N.G., 1982. Sulfur and copper in magmas and rocks. In:

Titley, S.R. (Ed.), Advances in the Geology of the Porphyry

Copper Deposits in Southwestern North America. Univ. Arizona

Press, Tucson, Arizona, pp. 227–258.

Barton, P.B., Rye, R.O., Bethke, P.M., 2000. The evolution of the

Creede caldera and its relation to mineralization in the Creede

mining district, Colorado. In: Bethke, P.M., Hay, R. (Eds.),

Ancient Lake Creede: Its Volcano–Tectonic Setting, History of

Sedimentation, and Relation to Mineralization in the Creede

Mining District, Geol. Soc. Am. Spec. Pub., pp. 301–326.

Beaty, D.W., Cunningham, C.G., Rye, R.O., Steven, T.A.,

Gonzalez-Urien, E., 1986. Geology and geochemistry of the

Deer Trail Pb–Zn–Ag–Au–Cu manto deposits, Marysvale

district, west-central Utah. Econ. Geol. 81, 1932–1952.

Bernard, A., Demaiffe, D., Mattielli, N., Punongbayan, R.S., 1991.

Anhydrite-bearing pumices from Mount Pinatubo: further

evidence for the existence of sulphur-rich silicic magmas.

Nature 354, 139–140.

Bethke, P.M., 1984. Controls on base- and precious-metal miner-

alization in deeper epithermal environments. U. S. Geol. Surv.

Open-File, 84–890.

Bethke, P.M., 1988. The Creede, Colorado, ore-forming system: a

summary model. U.S. Geol. Surv. Open-File, 88–403.



R.O. Rye / Chemical Geology 215 (2005) 5–3634
Bethke, P.M., Hay, R.L., 2000. Overview, ancient Lake Creede. In:

Bethke, P.M., Hay, R.L. (Eds.), Ancient Lake Creede: Its

Volcano–Tectonic Setting, History of Sedimentation, and

Relation to Mineralization in the Creede Mining District, Geol.

Soc. Am. Spec. Pub., pp. 1–8.

Bethke, P.M., Rye, R.O., 1979. Environment of ore deposition in the

Creede mining district, San Juan mountains, Colorado: Part IV.

Source of fluids, from oxygen, hydrogen, and carbon isotope

studies. Econ. Geol. 74, 1832–1851.

Bethke, P.M., Rye, R.O., Barton, P.B., 1973. Hydrogen, oxy-

gen and sulfur isotopic compositions of ore fluids in the

Creede District, Mineral County, Colorado. Econ. Geol. 68,

1205.

Bethke, P.M., Rye, R.O., Finkelstein, D.B., 2000. Isotopic studies of

vein carbonates and diagenetic sulfides, carbonates and silicates.

In: Bethke, P.M., Hay, R.L. (Eds.), Ancient Lake Creede: Its

Volcano–Tectonic Setting, History of Sedimentation, and

Relation to Mineralization in the Creede Mining District, Geol.

Soc. Am. Spec. Pub., pp. 267–286.

Bethke, P.M., Rye, R.O., Stoffregen, R.E., Vikre, P., 2005.

Evolution of the magmatic-hydrothermal acid-sulfate system at

Summitville, Colorado: integration of geological, stable-isotope,

and fluid-inclusion evidences. Chem. Geol. 215, 281–315 (this

volume).

Bigham, J.M., Nordstrom, D.K., 2000. Iron and aluminum

hydroxysulfates from acid sulfate waters. In: Alpers, C.N.,

Jambor, J.L., Nordstrom, D.K. (Eds.), Sulfate Minerals—

Crystallography, Geochemistry, and Environmental Signifi-

cance, Rev. Mineral. Geochem., vol. 40, pp. 351–403.

Bove, D., Rye, RO., Hon, K., 1990. Evolution of the Red Mountain

alunite deposits, Lake City, Colo. U.S. Geol. Surv. Open-File,

90–235.

Burnham, C.W., 1979. Magmas and hydrothermal fluids. In:

Barnes, H.L. (Ed.), Geochemistry of Hydrothermal Ore Depos-

its. Wiley, New York, pp. 236–277.

Carroll, M.R., Rutherford, M.J., 1987. The stability of igneous

anhydrite: experimental results and implications for sulfur

behavior in the 1982 El Chichón trachyandesite and other

evolved magmas. J. Petrol. 28, 781–801.

Chappell, B.W., White, A.J.R., 1974. Two contrasting granite types.

Pac. Geol. 8, 173–174.

Cole, D.R., Ohmoto, H., 1986. Kinetics of isotope exchange at

elevated temperatures and pressures. In: Valley, J.W., Taylor,

H.P., O’Neil, J.R. (Eds.), Stable Isotopes in High Temperature

Geological Processes, Rev. Mineral., vol. 16, pp. 41–90.

Cooke, D.R., Simmons, S.F., 2000. Characteristic and genesis of

epithermal gold deposits. In: Hagemann, S.G., Brown, P.E.

(Eds.), Gold in 2000, Rev. Econ. Geol., vol. 13, pp. 221–244.

Craig, H., 1961. Isotopic variations in meteoric waters. Science 133,

1702–1703.

Criss, R.E., Gregory, R.T., Taylor Jr., H.P., 1987. Kinetic theory of

oxygen isotope exchange between minerals and water. Geo-

chim. Cosmochim. Acta 51, 1099–1108.

Cunningham, C.G., Rye, R.O., Steven, T.A., Mehnert, H.H., 1984.

Origins and exploration significance of replacement and vein-

type alunite deposits in the Marysvale volcanic field, west

central Utah. Econ. Geol. 79, 50–71.
Cunningham, C.G., Rye, R.O., Bethke, P.M., Logan, M.A.V., 1996.

Formation of coarse-grained vein alunite by degassing of an

epizonal stock. Chapman Conference on Crater Lakes, Terres-

trial Degassing and Hyper-Acid Fluids in the Environment.

Extended Abstracts, Sept., 4–9, 1996, Crater Lake, OR. Am.

Geophys. Union, Washington, DC, p. 27.

Cunningham, C.G., Rye, R.O., Rockwell, B.W., Kunk, M.J.,

Councell, T.B., 2005. Supergene destruction of a hydrothermal

replacement alunite deposit at Big Rock Candy Mountain, Utah;

mineralogy spectroscopic remote sensing, stable isotope, and

argon age evidences. Chem. Geol. 215, 317–337 (this issue).

Deen, J.A., 1990. Hydrothermal ore deposition related to high-level

igneous activity: a stable-isotopic study of the Julcani mining

district, Peru. Ph.D thesis, Univ. Colorado, Boulder.

Deen, J.A., Rye, R.O., Munoz, J.L., Drexler, J.W., 1994. The

magmatic hydrothermal system at Julcani, Peru: evidence from

fluid inclusions and hydrogen and oxygen isotopes. Econ. Geol.

89, 1924–1938.

Deyell, C., Rye, R.O., Landis, G.P., Bissig, T., 2005. Alunite and

the role of magmatic fluids in the Tambo high-sulfidation

deposit, El Indio–Pascua belt, Chile. Chem. Geol. 215, 185–

218 (this volume).

Deyell, C.L., Leonardson, R., Rye, R.O., Thompson, J.F.H., Bissig,

T., Cooke, D., in press. Alunite in the Pascua–Lama high-

sulfidation system: constraints on alteration and ore-fluid

chemistry. Econ. Geol.

Drexler, J.W., 1982. Mineralogy and geochemistry of Miocene

volcanic rocks genetically associated with the Julcani Ag–Cu–

Bi–Pb–Au–W district, Peru: physicochemical conditions of a

productive magma body. Ph.D thesis, Michigan Technological

Univ., Houghton.

Eastoe, C.J., 1983. Sulfur isotope data and the nature of

the hydrothermal systems at the Panguna and Frieda

porphyry copper deposits, Papua New Guinea. Econ. Geol.

78, 201–213.

Ebert, S.W., Rye, R.O., 1997. Origin of the Crofoot–Lewis hot

spring gold–silver deposit, Sulphur, Nevada and significance

of paleoclimate in secondary precious-metal enrichment

related to steam-heated acid-sulfate alteration. Econ. Geol.

92, 578–600.

Field, C.W., 1966. Sulfur isotope abundance data, Bingham District,

Utah. Econ. Geol. 61, 850–871.

Field, C.W., Gustafson, L.B., 1976. Sulfur isotopes in the porphyry

copper deposit at El Salvador. Chile Econ. Geol. 71, 1533–1548.

Field, C.W., Zhang, L., Dilles, J.H., Rye, R.O., Reed, M.H., 2005.

Sulfur and oxygen isotopic record in sulfate and sulfide minerals

of early, deep, pre-Main Stage porphyry Cu–Mo and late,

shallow Main Stage base-metal mineral deposits, Butte district,

Montana. Chem. Geol. 215, 61–93 (this volume).

Fifarek, R.H., Rye, R.O., 2005. Stable-isotope geochemistry of the

Pierina high-sulfidation Au–Ag deposit, Peru: influence of

hydrodynamics on SO4
2�–H2S sulfur–isotope exchange in

magmatic-steam and steam-heated environments. Chem. Geol.

215, 253–279 (this volume).

Fournelle, J., 1990. Anhydrite in Nevado del Ruiz November

pumice: relevance to the sulfur problem. J. Volcanol. Geotherm.

Res. 42, 189–201.

http://dx.doi.org/doi:10.1016/j.chemgeo.2004.06.055


R.O. Rye / Chemical Geology 215 (2005) 5–36 35
Fournier, R.O., 1987. Conceptual models of brine evolution in

magmatic-hydrothermal systems. U.S. Geol. Surv. Prof. Pap.

1350 (2), 1487–1506.

Fournier, R.O., 1999. Hydrothermal processes related to movement

of fluid from plastic into brittle rock in the magmatic-hydro-

thermal environment. Econ. Geol. 94, 1193–1212.

Frank, D., 1995. Surfical extent and conceptional model of

hydrothermal system at Mount Rainier, Washington. J. Volca-

nol. Geotherm. Res. 65, 51–80.

Gerlach, T.E., 1993. Oxygen buffering of Kilauea volcanic gases

and the oxygen fugacity of Kilauea basalt. Geochim. Cosmo-

chim. Acta 57, 795–814.

Gerlach, T.E., Casadevall, T.J., 1983. Fumarole emissions at Mount

St. Helens volcano, June 1980 to October 1981. Degassing of a

magma–hydrothermal system. J. Volcanol. Geotherm. Res. 28,

141–160.

Gerlach, T.M., Westrich, H.R., Symonds, R.B., 1996. Preeruption

vapor in magma of the climactic Mount Pinatubo eruption:

source of the giant stratospheric sulfur dioxide cloud. In:

Newhall, C.G., Punongbayan, R.S. (Eds.), Fire and mud-

eruptions and lahars of Mount Pinatubo. PHIVOLCS and Univ.

Washington Press, Philippines, pp. 415–433.

Giggenbach, W.F., 1997. The origin and evolution of fluids in

magmatic-hydrothermal systems. In: Barnes, H.L. (Ed.), Geo-

chemistry of Hydrothermal Ore Deposits, 3rd ed. Wiley, New

York, pp. 737–796.

Gregory, R.T., Criss, R.E., 1986. Isotopic exchange in open and

closed systems. In: Valley, J.W., Taylor Jr., H.P., O’Neil, J.R.

(Eds.), Stable Isotopes in High Temperature Geological Pro-

cesses, Rev. Mineral., vol. 16, pp. 91–127.

Hayba, D.O., 1997. Environment of ore deposition, San Juan

Mountains, Colorado: Part V. Epithermal mineralization from

fluid mixing in the OH vein. Econ. Geol. 92, 29–44.

Heald, E.F., Naughton, J.J., Barnes Jr., H.L., 1963. The chemistry of

volcanic gases: Pt. 2. Use of equilibrium calculations in the

interpretation of volcanic gas samples. J. Geophys. Res. 68,

545–557.

Heald, P., Foley, N.K., Hayba, D.O., 1987. Comparative anatomy of

volcanic-hosted epithermal deposits: acid-sulfate and adularia–

sericite types. Econ. Geol. 82, 1–26.

Hedenquist, J.W., Arribas Jr., A., 1999. Epithermal gold deposits: I.

Hydrothermal processes in intrusion-related systems, and II.

Characteristics, examples, and origin of epithermal gold

deposits. In: Molnar, F., Lexa, J., Hedenquist, J.W. (Eds.),

Epithermal Mineralization of the Western Carpathians, Soc.

Econ. Geol. Guidebook Ser., vol. 31, pp. 13–63.

Hedenquist, J.W., Lowenstern, J.B., 1994. The role of magmas in the

formation of hydrothermal ore deposits. Nature 370, 519–527.

Hedenquist, J.W., Arribas Jr., A., Reynolds, T.J., 1998. Evolution of

an intrusion-centered hydrothermal system: far southeast—

Lepanto porphyry and epithermal Cu–Au deposits, Philippines.

Econ. Geol. 93, 373–404.

Hedenquist, J.W., Arribas, A.R., Gonzalez-Urien, E., 2000. Explo-

ration for epithermal gold deposits. In: Hagemann, S.G., Brown,

P.E. (Eds.), Gold in 2000, Rev. Econ. Geol., 13, pp. 245–277.

Henley, R.W., Ellis, A.J., 1983. Geothermal systems, ancient and

modern: a geochemical review. Earth-Sci. Rev. 19, 1–50.
Henley, R.W., McNabb, A., 1978. Magmatic vapor plumes and

groundwater interaction in porphyry Cu emplacement. Econ.

Geol. 73, 1–22.

Holland, H.D., 1965. Some applications of thermochemical data to

problems of ore deposits: II. Mineral assemblages and the

compositions of ore-forming fluids. Econ. Geol. 60,

1101–1166.

Holland, H.D., Malinin, S.D., 1979. Oxygen and hydrogen isotope

relationships in hydrothermal mineral deposits. In: Barnes, H.L.

(Ed.), Geochemistry of Hydrothermal Ore Deposits, 2nd ed.

Wiley, New York, pp. 461–508.

Itaya, T., Arribas Jr., A., Okada, T., 1996. Argon release systematics

of alunite based on stepwise heating experiments from 100 to

1000 8C. Geochim. Cosmochim. Acta 60, 4525–4535.

Jannas, R.R., Bowers, T.S., Petersen, U., Beane, R.E., 1999. High-

sulfidation deposit types in the El Indio District, Chile. In:

Skinner, B.J. (Ed.), Geology and Ore Deposits of the Central

Andes, Soc. Econ. Geol. Spec. Pub., vol. 7, pp. 27–59.

Juliani, C., Rye, R.O., Nunes, Carmen, M.D., Snee, L.W., Silva,

R.H., Monteiro, Lena, V.S., Bettencourt, J, S., Neumann, R.,

Neto, A.A., 2005. Paleoproterozic high-sulfidation mineraliza-

tion in the Tapajós gold province, Amazonian craton, Brazil:

geology, mineralogy, alunite argon age, and stable-isotope

constraints. Chem. Geol. 215, 95–125 (this volume).

Landis, G.P., Rye, R.O., 2005. Characterization of gas chemistry and

noble-gas isotope ratios of inclusion fluids in magmatic-hydro-

thermal and magmatic-steam alunite. Chem. Geol. 215, 155–184

(this volume).

Luhr, J.F., 1990. Experimental phase relations of water- and sulfur-

saturated arc magmas and the 1982 eruptions of El Chichón

volcano. J. Petrol. 31, 1071–1114.

Luhr, J.F., Logan, M.A.V., 2002. Sulfur isotope systematics of the

1982 El Chichón trachyandesite: an ion microprobe study.

Geochim. Cosmochim. Acta 66, 3303–3316.

Luhr, J.F., Carmichael, I.S.E., Varenkamp, J.C., 1984. The 1982

eruptions of El Chichón volcano, Chiapas, Mexico: mineralogy

and petrology of the anhydrite-bearing pumices. J. Volcanol.

Geotherm. Res. 23, 69–108.

McKibben, M.A., Eldridge, S.C., Reyes, A.G., 1996. Sulfur isotopic

systematics of the June 1991 Mount Pinatubo eruptions: a

SHRIMP ion microprobe study. In: Newhall, C.G., Punong-

bayan, R.S. (Eds.), Fire and Mud-Eruptions and Lahars of

Mount Pinatubo, Philippines. PHIVOLCS and Univ. Washing-

ton Press, pp. 825–843.

Noble, D.C., Silberman, M.L., 1984. Evolution volcanica e hidroter-

mal y cronologica de K–Ar del districto minero de Julcani, Peru.

Soc. Geol. Peru, Vol. Jubilar, 60th Anniv., vol. 5, pp. 1–35.

Ohmoto, H., 1986. Stable isotope geochemistry of ore deposits. In:

Valley, J.W., Taylor Jr., H.P., O’Neil, J.R. (Eds.), Stable Isotopes

in High Temperature Geological Processes, Rev. Mineral., vol.

16, pp. 491–559.

Ohmoto, H., Goldhaber, M.B., 1997. Sulfur and carbon isotopes. In:

Barnes, H.L. (Ed.), Geochemistry of Hydrothermal Ore Depos-

its, 3rd ed. Wiley, New York, pp. 517–611.

Ohmoto, H., Lasaga, A.C., 1982. Kinetics of reactions between

aqueous sulfates and sulfides in hydrothermal systems. Geo-

chim. Cosmochim. Acta 46, 1727–1745.



R.O. Rye / Chemical Geology 215 (2005) 5–3636
Ohmoto, H., Rye, R.O., 1979. Isotopes of sulfur and carbon. In:

Barnes, H.L. (Ed.), Geochemistry of Hydrothermal Ore Depos-

its, 2nd ed. Wiley, New York, pp. 509–567.

Ransome, F.L., 1909. Geology and ore deposits of Goldfield,

Nevada. U.S. Geol. Surv. Prof. 66. 258 pp.

Rose, W.I., Bluth, G.J.S., Ernst, G.G.J., 2000. Integrating retrievals

of volcanic cloud characteristics from satellite remote sensors; a

summary. In: Francis, P., Neuberg, J., Sparks, R., Stephen, J.

(Eds.), The Causes and Consequences of Eruptions of Andesite

Volcanoes; Papers of a Discussion Meeting, Philos. Trans. R.

Soc. Ser. B, vol. 358, pp. 1585–1606.

Rutherford, M.J., Devine, J.D., 1996. Preeruption pressure–temper-

ature conditions and volatiles in the 1991 dacitic magma of Mount

Pinatubo. In: Newhall, C.G., Punongbayan, R.S. (Eds.), Fire and

Mud-Eruptions and Lahars of Mount Pinatubo, Philippines.

PHIVOLCS and Univ. Washington Press, pp. 751–766.

Rye, R.O., 1993. The evolution of magmatic fluids in the epithermal

environment: the stable isotope perspective. Econ. Geol. 88,

733–753.

Rye, R.O., Alpers, C.N., 1997. The stable isotope geochemistry of

jarosite. U.S. Geol. Surv. Open-File, 88–97.

Rye, R.O., Stoffregen, R.E., 1995. Jarosite–water oxygen and

hydrogen isotope fractionations: preliminary experimental data.

Econ. Geol. 90, 2336–2342.

Rye, R.O., Luhr, J.F., Wasserman, M.D., 1984. Sulfur and oxygen

isotope systematics of the 1982 eruptions of El Chichón

volcano, Chiapas, Mexico. J. Volcanol. Geotherm. Res. 23,

109–123.

Rye, R.O., Plumlee, G.S., Bethke, P.M., Barton, P.B., 1988. Stable

isotope geochemistry of the Creede, Colorado, hydrothermal

system. U.S. Geol. Surv. Open-File, 88–356.

Rye, R.O., Stoffregen, R.E., Bethke, P.M., 1990. Stable isotope

systematics and magmatic hydrothermal processes in the

Summitville, Colorado, gold deposit. U.S. Geol. Surv. Open-

File, 90–626.

Rye, R.O., Bethke, P.M., Wasserman, M.D., 1992. The stable

isotope geochemistry of acid sulfate alteration. Econ. Geol. 87,

225–262.

Rye, R.O., Bethke, P.M., Finkelstein, D.B., 2000. Stable isotope

evolution and paleolimnology of Ancient Lake Creede. In:

Bethke, P.M., Hay, R.L. (Eds.), Ancient Lake Creede: Its

Volcano–Tectonic Setting, History of Sedimentation, and

Relation to Mineralization in the Creede Mining District, Geol.

Soc. Am. Spec. Pub., pp. 223–266.

Rye, R.O., Breit, G., Zimbelman, D.R., 2003. Preliminary

mineralogic and stable isotope studies of altered summit and

flank rocks and Osceola Mudflow deposits on Mount Rainier,

Washington. US. Geol. Surv. Open-File, 3–464.

Savin, S.M., Epstein, S., 1970. The oxygen and hydrogen isotope

geochemistry of clay minerals. Geochim. Cosmochim. Acta 34,

24–42.

Seal II, R.R., Alpers, C.N., Rye, R.O., 2000. Stable isotope

systematics in sulfate minerals. In: Alpers, C.N., Jambor, J.L.,
Nordstrom, D.K. (Eds.), Sulfate Minerals—Crystallography,

Geochemistry, and Environmental Significance, Rev. Mineral.

Geochem., vol. 40, pp. 541–602.

Shelton, K.L., Rye, D.M., 1982. Sulfur isotopic compositions of
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Steven, T.A., Ratté, J.C., 1960. Geology and ore deposits of the

Summitville district, San Juan Mountains, Colorado. U.S. Geol.

Surv. Prof., 343.

Stoffregen, R.E., 1987. Genesis of acid-sulfate alteration and Au–

Cu–Ag mineralization at Summitville, Colorado. Econ. Geol.

82, 1575–1591.

Stoffregen, R.E., 1993. Stability relations of jarosite and natrojarosite

at 100–250 8C. Geochim. Cosmochim. Acta 57, 2417–2429.

Stoffregen, R.E., Rye, R.O., Wasserman, M.D., 1994. Experimental

studies of alunite: I. 18O–16O and D–H fractionation factors

between alunite and water at 250–450 8C. Geochim. Cosmo-

chim. Acta 58, 903–916.

Symonds, R.B., Rose, W.I., Bluth, G.J.S., Gerlach, T.M., 1994.

Volcanic-gas studies: methods, results, and applications. In:

Carroll, M.R., Holloway, J.R. (Eds.), Volatiles in Magmas, Rev.

Mineral., vol. 30, pp. 1–66.

Symonds, R.B., Gerlach, T.M., Reed, M.H., 2001. Magmatic gas

scrubbing: implications for volcanic monitoring. J. Volcanol.

Geotherm. Res., vol. 108. Giggenbach Memorial, pp. 303–341.

Taylor Jr., H.P., 1979. Oxygen and hydrogen isotope relationships in

hydrothermal mineral deposits. In: Barnes, H.L. (Ed.), Geo-

chemistry of Hydrothermal Ore Deposits, 2nd ed. Wiley, New

York, pp. 236–318.

Taylor, B.E., 1986. Magmatic volatiles: isotopic variation of C, H,

and S. In: Valley, J.W., Taylor Jr., H.P., O’Neil, J.R. (Eds.),

Stable Isotopes in High Temperature Geological Processes, Rev.

Mineral., vol. 16, pp. 185–225.

Taylor, B.E., 1988. Degassing of rhyolitic magmas: hydrogen

isotope evidence and implications for magmatic-hydrothermal

ore deposits. Can. Inst. Min. Metall. Spec. Vol. 39, 33–49.

Taylor, B.E., 1991. Degassing of Obsidian Dome rhyolite, Inyo volcanic

chain, California. In: Taylor Jr., H.P., O’Neil, J.R., Kaplan, I.R.

(Eds.), Stable Isotope Geochemistry: A Tribute to Samuel

Epstein, Geochem. Soc., Spec. Publ., vol. 3, pp. 339–353.

Wasserman, M.D., Rye, R.O., Bethke, P.M., Arribas Jr., A., 1992.

Methods for separation and total stable isotope analysis of

alunite. U. S. Geol. Surv. Open-File Rep., 92–99.

Whitney, J.A., 1984. Volatiles in magmatic systems. In: Robertson,

J.M. (Ed.), Fluid–Mineral Equilibria in Hydrothermal Systems,

Rev. Econ. Geol., vol. 1, pp. 155–175.

Zimbelman, D.R., Rye, R.O., Breit, G., 2005. Origin of secondary

sulfate minerals in active andesitic stratovolcanoes. Chem. Geol.

215, 37–60 (this volume).


	A review of the stable-isotope geochemistry of sulfate minerals in selected igneous environments and related hydrothermal systems
	Introduction
	Models of magmatic and hydrothermal systems
	Stratovolcano or silicic dome-related systems
	Adularia-sericite systems

	Stable-isotope equilibrium between aqueous sulfate and fluid species
	Sulfate in igneous apatite
	Geology and mineralogy of igneous rocks in the Julcani district, Peru
	Stable-isotope systematics

	Anhydrite in igneous environments
	Sulfur minerals in the pumice of the 1982 eruption of El Chichn, Chiapas, Mexico
	Stable-isotope systematics

	Anhydrite in porphyry environments
	Mineralogy of anhydrite-bearing lithic fragments in the El Chichn pumices
	Stable-isotope systematics

	Alunite and barite in magmatic-hydrothermal acid sulfate environments
	Geology and mineralogy of the Julcani Ag-Cu-Pb-W-Bi and Au deposits, Peru
	Stable-isotope systematics

	Alunite in magmatic-steam acid sulfate environments
	Geology and mineralogy of the Alunite Ridge deposits at Marysvale
	Stable-isotope systematics

	Alunite and jarosite in the steam-heated acid sulfate environment
	Geology and mineralogy of the Crofoot-Lewis deposit, Nevada
	Stable-isotope systematics

	Barite in an adularia-sericite system
	Geology and mineralogy of the Creede Ag base metal deposit, Colorado
	Stable-isotope systematics

	Secondary sulfate minerals in stratovolcanoes
	Mineralogy
	Stable-isotope systematics

	Conclusion
	Acknowledgements
	References


