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13.3.1 Introduction

“. . .metal isotopes received little attention because conven-

tional wisdom argued they were too heavy to fractionate. As

is often the case, this conventional wisdom was distilled from a

more complex reality.” Anbar and Rouxel (2007).

Stable isotope studies utilizing H, Li, B, C, N, O, and S

isotopes comprise a mature field that has played a major role

in advancing the understanding of mineralizing systems. More-

over, new technological and theoretical developments since

1995 have spurred a remarkable renaissance in stable isotope

geochemistry. The renaissance is focused on nontraditional

isotopes of elements, such as Mg, Cl, Ca, Cr, Fe, Cu, Zn, Se,

Mo, Cd, W, Hg, and Tl (Johnson et al., 2004a).

The emerging studies of nontraditional stable isotope sys-

tems have added powerful new tools for assessing the origin of

elements and fractionation in many geochemical and biogeo-

chemical processes. The addition of many metal and semi-

metal isotope ratios to the researcher’s toolbox is especially

important for the studies of mineral deposits. The field of

nontraditional stable isotopes has been driven largely by new

analytical developments, especially the maturation of multi-

collector inductively coupled plasma mass spectrometers (MC-

ICP-MS) (Albarède et al., 2004).

Aswith any recently emergent scientific approach, the field of

nontraditional stable isotopes is rich with opportunities and

challenges. In some ways, field and analytical studies using non-

traditional isotopes are currently outpacing the theoretical and

experimental basis for rigorous interpretation that is needed to

fully realize the potential of the approach. Adhoc interpretations

of results are rampant in published studies, with possible expla-

nations of variations in natural data being attributed to processes
atise on Geochemistry 2nd Edition http://dx.doi.org/10.1016/B978-0-08-095975
such as kinetic isotope effects or metabolic fractionation, even

though these effects have not been explicitly demonstrated.

In this chapter, the intent is to summarize the results of

traditional stable isotope studies (mainly H, B, O, C, and S)

that have greatly contributed to the understanding of ore-

forming processes over the last 60 years (Huston, 1999;

Ohmoto, 1986; Ohmoto and Goldhaber, 1997; Seal, 2006;

Shanks, 2001; Slack and Trumbull, 2011; Taylor, 1997; Tomas-

cak, 2004) and to provide an up-to-date assessment of the appli-

cation of new nontraditional isotope systems.
13.3.2 Fundamental Aspects of Stable
Isotope Geochemistry

The power of the stable isotope technique resides in the fact

that the most commonly studied elements (H, C, O, and S)

also constitute the major components of Earth reservoirs

(water, air, lithosphere, and organic matter). For example,

hydrogen and oxygen isotopic studies of natural waters have

a distinct advantage over studies using other chemical indica-

tors because hydrogen and oxygen are the principal constitu-

ents of aqueous solutions. Oxygen is the principal constituent

of most rocks and is the most abundant element in Earth’s

crust. Carbon is the 12th most abundant element having an

average of 940 ppm in the crust; sulfur is the 14th most abun-

dant at 520 ppm. Among the new, nontraditional isotope

systems, many elements have important crustal abundance

(Fe – 4th; Ca – 5th; and Mg – 8th), and other elements with

demonstrated stable isotope variations are critically important

in mineralizing systems (Cr, Fe, Cu, Zn, Mo, Cd, W, and Hg).
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Figure 1 Graphical representation of equilibrium isotope exchange
versus reservoir effects controlled by Rayleigh distillation. Modified from
Shanks WC III, Böhlke JK, and Seal RR II (1995) Stable isotopes in
mid-ocean ridge hydrothermal systems: Interactions between fluids,
minerals, and organisms. Geophysical Monograph 91: 194–221. See text
for discussion. Symbols : a is the fractionation factor between phases x
and y, R is the stable isotope ratio of interest, Ro is the initial ratio of the
phase or specie, and f is the fraction of that phase or specie remaining.
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13.3.3 Stable Isotope Systematics

13.3.3.1 Delta Notation

Stable isotope research is based on the study of elements

having more than one stable isotope due to a variable number

of neutrons occurring in the nucleus. Isotopes of the same

element have nearly identical chemical and physical proper-

ties, but small mass differences may result in partial separation,

or fractionation, of isotopes during chemical reactions or phys-

ical processes. Ratios of isotopes of a given element are usually

chosen with the isotope of major abundance in the denomi-

nator and one of the less abundant isotopes in the numerator.

Rather than comparing the third or fourth decimal place in

such ratios, the delta (d) scale has been defined to represent the

ratios as small whole numbers with 1–2 decimals. For oxygen

isotope studies, 18O/16O ratios are transformed to the delta

system as follows:

d18O ¼
18O=16O sample�18O=16O reference

18O=16O reference
þ 1000 [1]

Application of the delta scale converts very small variations

in isotope ratios to delta values in per mill (%) that represent

deviation from a standard. Positive delta values indicate sam-

ples that are isotopically heavier (have higher heavy/light

ratios) than the standard. Similarly, negative values indicate

samples that are isotopically lighter than the standard.
13.3.3.2 Fractionation Equations

Fractionation is the partitioning of isotopes among phases,

components, aqueous species, or organisms that have different

isotope ratios. If two substances are in isotopic equilibrium,

then the distribution of isotopes between substances is con-

trolled by energy considerations, such as bond strength. In

general, molecules that preferentially concentrate the heavier

isotope are those having stronger bonds.

Equilibrium isotopic partitioning can be described using

the fractionation factor, a (Figure 1). By definition, a is

aA�B ¼ RA

RB
[2]

where R is the isotope ratio of interest in substance A or B. The

value of a is usually very close to 1 and, commonly, has the

form of 1.00XX. In practice, a can be related to d values using

the approximation:

DA�B ¼ dA � dB ffi 1000 ln aA�B [3]

The exact relation between d and a is

aA�B ¼ 1þ dA=1000ð Þ
1þ dB=1000ð Þ ¼

1000þ dA
1000þ dB

[4]

Experimental studies of stable isotopic fractionation

between coexisting phases generally show an empirical corre-

lation between 1000 ln a and inverse temperature (Figure 1).

These relations commonly are linear, or at least smooth curves,

and form the basis of stable isotope geochemical interpreta-

tions. Geothermometry, which utilizes measured isotope

values and fractionation data between coexisting phases to

calculate temperatures of equilibration, is a very important
tool in understanding the conditions of mineralizing systems.

Geothermometry relies on the assumptions that coexisting

phases form in isotopic equilibrium and that isotope exchange

is insignificant after the minerals are precipitated. In practice,

this often works well for mineralizing systems that form at

higher temperatures where reaction kinetics are faster and are

then cooled to lower temperatures with very much slower

reaction progress.

Equilibrium fractionation factors for light isotope systems

(H, Li, B, C, N, O, and S) have been obtained over many

decades, mostly by careful isotope-exchange experiments. Use-

ful compilations of stable isotopic fractionation data are avail-

able (Beaudoin and Therrien, 2009; Chacko et al., 2001; Faure

and Mensing, 2004; Friedman and O’Neil, 1977; Hoefs, 2009;

Johnson et al., 2004a).

Fractionation factors are generally determined by three

methods: (1) empirical evidence based on isotopic analysis of

natural phases where the temperature of formation is known

or estimated by another method and geologic evidence indi-

cates probable equilibrium between the phases, (2) experimen-

tal isotopic exchange studies, and (3) theoretical calculations

based on first principles. In general, empirical data are used

when experimental or theoretical data are not available or

easily obtained, and in some cases provide excellent fraction-

ation estimates, but uncertainty is generally high. A secondary

method of empirical estimates involves summing bond

strengths in a mineral, and this has been used to advantage in

a number of applications, especially in derivation of phyllosi-

licate oxygen isotope fractionation data (Savin and Lee, 1988).

Fractionation factors between coexisting minerals or

mineral–water pairs can be determined by isotope-exchange

experiments. The most reliable data come from experiments

where equilibrium is approached from two directions

Figure&nbsp;1
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(reversed experiments); principles and formulation of this

approach have been described by Northrop and Clayton

(1966). More recently, especially with the advent of new instru-

ments capable of measuring multiple isotopes, experimental

studies have favored the three-isotope approach as defined by

Matsuhisa et al. (1978). In this elegant and powerful approach,

isotopic equilibrium is simultaneously approached from differ-

ent directions. Materials are chosen such that beginning isotope

values (e.g., d17O and d18O) start on differentmass fractionation

lines and, as experimental exchange proceeds, a new intermedi-

ate equilibrium fractionation line is approached from opposite

directions.

Theoretical calculation of isotopic fractionation, based on

statistical mechanics, has been applied from the earliest days of

stable isotope geochemistry (Urey, 1947) and has been suc-

cessfully applied to estimate fractionation factors (e.g., Kieffer,

1982; O’Neil, 1986). With the advent of new isotope systems,

theoretical calculations have moved to the forefront because

they provide a timely way to estimate fractionation and, more

importantly, because of advances in theoretical capabilities.

Schauble (2004) reviewed theoretical calculations of fraction-

ation factors for nontraditional isotope systems.

To date, there is still a very strong need for experimental

data because theoretical estimates are imperfect, especially

when estimating fractionation between fluid species and solid

phases. For example, Polyakov and Soultanov (2011) stated

(p. 1963) “. . .that good agreement can be attained between

experimental and theoretical estimations of equilibrium isotope

fractionation factors for aqueous Fe3þ and Fe2þ. . .. However,

serious inconsistencies were observed when combinations of Fe

b-factors for solids and aqueous Fe were compared with appro-

priate experimental isotope-exchange studies, whereas a good

agreement was attained between experiment and theory for Fe

isotope fractionations involving either only solid minerals or

only aqueous Fe species. . ..”
13.3.3.3 Reservoir Effects and Mass Balance Calculations

At complete isotopic equilibrium, the isotopic differences

between and among substances in different reservoirs are

governed entirely by equilibrium fractionation factors. How-

ever, portions of the overall system typically behave as open

systems. In an open system, substances may leave the system

and, therefore, not respond to later changes in the system.

A more common open-system effect is the precipitation of a

mineral, which then behaves inertly after precipitation and

does not continue to reequilibrate if the system evolves or

conditions change.

Reservoir effects involve the transfer of substances among

different portions of the system and the degree to which the

substances maintain isotopic communication. A special type of

reservoir effect is called Rayleigh distillation, which models

equilibrium fractionation in a special type of open system

R ¼ Rof
a�1 [5]

where R is the isotopic ratio of interest, Ro is the initial isotopic

ratio of the substance, f is the fraction of that substance remain-

ing as Rayleigh distillation proceeds, and a is the fractionation

factor between the two coexisting phases. Fractionation occurs
instantaneously according to the equilibrium or kinetic frac-

tionation factor, a, and the product phase is removed immedi-

ately as it is formed. The d values of both reactants and

products change dramatically (Figure 1) as the fraction f of

the reactant remaining is depleted.

A common Rayleigh distillation application involves the

reduction of sulfate to sulfide in pore waters of marine sedi-

ments (Ohmoto and Goldhaber, 1997), followed by batch

precipitation of a highly insoluble and unreactive solid, such

as iron monosulfide or pyrite. In this case, the isotopic

exchange reaction can be represented as

32SO2�
4 þH2

34S ¼ H2
32Sþ34SO2�

4 [6]

and this can be split into two unidirectional equations:

32SO2�
4 )k1 H2

32S [7]

34SO2�
4 )k2 H2

34S [8]

where k1 and k2 are the rate constants for the reactions. The

ratio of the rate constants, k1/k2, is equal to the kinetic isotope

effect or a. For example, if the kinetic isotope effect is 1.040,

then sulfate reduction involving 32S is faster than the reduction

of 34S by 4%.

If the produced sulfide is removed by precipitation of iron

sulfide minerals, as H2S is formed by bacterial reduction of

pore water SO4, then the Rayleigh distillation process can be

represented in terms of d34S values as follows:

d34S ¼ d34So þ 1000
� �

f a�1ð Þ � 1000 [9]

Rayleigh distillation processes tend to produce a large range

of isotopic values (Figure 1). For example, marine iron sulfide

minerals of bacteriogenic origin commonly show ranges of

d34S from �45% to �10% (Ohmoto and Goldhaber, 1997).

Kinetic isotope effects occur principally because molecules of

different masses move and dissociate at different velocities.

Molecules that contain the lighter isotope diffuse faster, often

preferentially partition into the lower density phase, and tend

to have faster reaction rates. Kinetic fractionations may be

either larger or smaller than equilibrium fractionations. In

the case of bacterial sulfate reduction (BSR) in marine pore

water, the equilibrium aSO4
�H2S

at low temperature is 1.074,

yet the calculated instantaneous fractionation values produced

by unidirectional bacterial kinetic isotope effects are 1.035–

1.060 (Goldhaber and Kaplan, 1974).

Detailed interpretations of Rayleigh processes, and the

range of isotopic values produced, require careful calculation

of isotopic mass balances of reactants and products. Mass

balance equations can be written for any isotopic system, and

the rules are the same as for a chemical system. Moles or mole

fractions should be used in mass balance equations, and stoi-

chiometry should be included if a substance contains more

than one atom of the element of interest. All phases, minerals,

aqueous species, or organisms that contain the element of

interest must be included in the mass balance, and the isotopic

composition of the entire system must be known or calculated

for the effective application of mass balance equations.

In the sulfur system where H2S and SO4 are considered to

be the only two species present, the mass balance consists of



62 Stable Isotope Geochemistry of Mineral Deposits
only three terms, the final (f) or total term, the initial (i) H2S

term, and the initial SO4 term

mH2Sf d
34SH2Sf ¼ mH2Sid

34SH2Si þmSO4id
34SSO4i [10]

where m indicates moles or moles/kg.
S-rich, Ni–Cu–(PGE) deposits Mantle sulfide
13.3.3.4 Water/Rock Ratio

A particularly useful application of the isotopic mass balance

equation is in the calculation of water/rock ratio (w/r). Water/

rock ratios typically have extreme variations within a hydro-

thermal system and with time. Hence, one must carefully

define w/r regarding units of measurement, elements used,

and instantaneous versus time-integrated values (Ohmoto,

1986; Taylor, 1974). The w/r ratio is dimensionless, but it is

important to state whether the ratio is calculated on an atomic,

molecular, or mass basis. Equilibrium is usually assumed in

w/r calculations; hence, nonreactive portions of the rock are

not included. Thus, w/r ratios are defined as the ratio of the

total amount of water to the total amount of altered rock

mwdwiþmrdri ¼ mwdwf þmrdrf

w

r
¼ drf � dri

dwi� dwf
� Cr

Cw
[11]

where m¼moles, C¼concentration, i¼initia1, f¼final, r¼
rock, and w¼water. Basically, the initial and final isotope

values of the fluid and rock must be known in order to calcu-

late w/r ratio, but one of the isotope values can be calculated

from fractionation equations if temperature is known or can be

reasonably estimated.
d34S (‰) VCDT
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Figure 2 Representative d34S data from several magmatic Cu–Ni–PGE
deposits and kimberlites. Modified from Ripley EM and Li C (2003) Sulfur
isotope exchange and metal enrichment in the formation of magmatic
Cu–Ni–(PGE) deposits. Economic Geology 98:635–641.
13.3.4 Analytical Methods

A detailed review of analytical methods is beyond the scope

and focus of this chapter; hence, this discussion will be limited

to very brief comments and some useful references. For over

60 years, since Nier (1947), the gas-source isotope ratio mass

spectrometer has been the instrument of choice for most stable

isotope studies (H, C, N, O, and S), but some isotopes, like

those of Li (Chan, 1987) and B (Spivack and Edmond, 1987),

have been analyzed successfully by thermal ionization mass

spectrometry. Additional information can be found in Faure

and Mensing (2004), Sharp (2007), and Hoefs (2009). Today,

analysis of metal and other nontraditional isotopes on multi-

collector induction-coupled plasma instruments (Albarède

et al., 2004; Halliday et al., 1998) has become the standard.

Further, tunable laser spectrographs are providing alternative

analytical methods for H, C, and O with great potential

(Berman et al., 2009; Gupta et al., 2009; O’Keefe et al.,

1999). In addition, microanalysis using a laser to volatilize

material for mass spectrometry (Craddock and Bach, 2010;

Craddock et al., 2008; Crowe, 1994; Crowe et al., 1990; Shanks

et al., 1998; Sharp, 1990; Spicuzza et al., 1998) or an ion beam

to produce secondary ions for mass spectrometry (Valley and

Kita, 2009) is leading to great advances in stable isotope studies

of mineral zonation, diffusion processes, geothermometry,

and time-series analysis of grain development.
13.3.5 Ore Deposit Types

13.3.5.1 Magmatic Sulfide and PGE Deposits

Magmatic sulfide Cu–Ni–PGE deposits are a principal source

of Ni in the world and are important sources of Cu, Co, and

PGEs (see Chapter 13.8). Deposits occur as magmatic segrega-

tions at the base of, or marginal to, mafic and ultramafic bodies

of intrusive or extrusive origin. The weight of evidence is that

the generation of magmatic sulfide deposits requires the for-

mation of sulfur-rich, mantle-derived melts or assimilation of

sulfur-rich country rock (Barnes and Lightfoot, 2005). Thus,

d34S studies are of particular importance in tracking sulfur

sources for this deposit type. Ripley and Li (2003) summarized

sulfur isotope data for magmatic sulfide deposits and showed

(Figure 2) that many of the deposits have d34S values outside

the normal magmatic range (0�2%). In many cases, espe-

cially in the Noril’sk deposit, the Duluth Complex, and the

Voisey’s Bay, d34S evidence demonstrated assimilation of

country rocks that provided increased sulfur to the magmas.

For example, Ripley et al. (2002) analyzed country rock at

Voisey’s Bay and found that stable isotope values for minerals

in the Tasiuyak Gneiss (d34Ssulfide¼�17.0% to þ18.3% and

d13Cgraphite¼�18.3% to �24.8%) are consistent with an

assimilation model. Ripley et al. (2003) demonstrated that

the sulfur system at Noril’sk is controlled by the assimilation

of a small amount of evaporite sulfur with d34Ssulfate�
16–20%. Similarly, Ripley et al. (2007) showed that the basal

portion of the Partridge River Intrusion in the Duluth Complex

Figure&nbsp;2
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is lithologically heterogeneous having d34Ssulfide values

from �1.4% to þ10.5%. The higher values are due to the

assimilation of sulfide-bearing metasedimentary wall rocks,

which includes the Virginia Formation with d34S values rang-

ing from 0% to 30% (Ripley, 1981).

In contrast, the Jinchuan deposits in China have surround-

ing wall rock lithologies with very low S contents, indicating

that they cannot be the source of increased sulfur in the magma

(Song et al., 2011). Sulfur sources at Jinchuan are deep-seated

magmas that were injected into the host intrusions.

O and H isotope studies of magmatic sulfide deposits have

shown that wall rock assimilation is consistent with O isotope

systematics of magmatic rocks, but in general, these studies do

not provide compelling evidence for this process (Ripley et al.,

2000, 2007). Significant hydrothermal alteration has been

demonstrated in some deposits (Somarin et al., 2009), but

this is typically ancillary to the main ore-forming processes.

Nontraditional isotopes (Cu and Fe) have not yet been

studied in detail within these deposits, perhaps because of

the high temperatures and expected small or nonexistent frac-

tionations. However, significant fractionation of Fe isotopes

(0.26–0.39%) found by Shahar et al. (2008) between fayalite

and magnetite in experimental studies at magmatic conditions

(600–800 �C) suggests that this isotope system should be con-

sidered in future studies.

Larson et al. (2003) analyzed copper isotopes in a few

samples from Sudbury and the Stillwater Complex and

reported that chalcopyrite values from mafic intrusions lie

within a narrow range of d65Cu from �1.25% to 0.5%, with

most samples clustering between �0.10% and �0.20%. These

data suggest that deep-seated mantle copper has d65Cu values

near 0 per mill and that magmatic sulfides segregate from the

melt with little copper isotope fractionation. The possible

influence of crustal contamination on copper isotopes in mag-

matic sulfide deposits is yet to be investigated.
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13.3.5.2 Porphyry Deposits

Porphyry deposits are very important sources of copper,

molybdenum, and gold worldwide and have been intensively

studied for over 50 years (Seedorff et al., 2005).

Porphyry copper and molybdenum deposits are among the

most thoroughly studied deposit types using stable isotopes.

Sheppard et al. (1969, 1971) carried out the first comprehen-

sive studies of dD and d18O variations in alteration minerals.

Analyses of clay minerals from argillic alteration zones

(Figure 3) showed that clays form due to reaction with circu-

lating meteoric waters at temperatures below about 350 �C.
Sheppard et al. (1971) extended stable isotope studies to alter-

ation minerals in the higher-temperature potassic and sericitic

alteration zones. Results showed that biotite from potassic

alteration zones from three porphyry deposits (Ely, Bingham,

and Santa Rita) from widely different latitudes (with differing

dD values of meteoric waters) has roughly the same dD values

(�65% to �85%) due to reaction with magmatic fluid or a

fluid with a significant magmatic component. These conclu-

sions have survived the test of time and are confirmed by more

recent studies.

Oxygen and hydrogen isotopes have also been widely applied

to determine the composition of mineralizing fluids. This is typ-

ically accomplished by (1) analyzing dD and d18O in alteration

minerals, (2) calculating temperatures from mineral–mineral

d18O fractionation or filling temperatures of fluid inclusions

in alteration or gangue minerals (see Chapter 13.5), and (3)

calculating water dD and d18O values from known mineral–

H2O fractionation at the temperature of formation (Khashgerel

et al., 2009). In some cases, dD values of water are analyzed

directly on waters extracted from fluid inclusions.

Recent studies of porphyry deposit hydrothermal fluids

have been summarized by John et al. (2010) (Figure 4). The

results show clearly that hydrothermal fluids in equilibrium
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with muscovite, biotite, and, in some cases, pyrophyllite and

alunite have isotope values close to known magmatic water

values. These studies further establish the importance of mag-

matic water in forming the potassic and sericitic alteration

assemblages. Recent ICP-MS analyses of S and metal concen-

trations in fluid inclusions have shown that metal transport

may be closely tied to the presence of magmatic vapors (Seo

et al., 2009).

Field et al. (2005) and Rye (2005) thoroughly summarized

processes of sulfur isotope variation in porphyry and related

environments. Rye (2005) also reviewed sulfur isotope varia-

tions of sulfide and sulfate minerals from a variety of porphyry

deposits (Figure 5). In general, despite their close magmatic

association, these types of deposits are distinguished by a large

range of d34S values. Variations may reflect assimilation of wall

rocks having diverse d34S values in sulfide or sulfate minerals or

to postmagmatic processes, such as degassing of SO2 and sub-

sequent disproportionation to sulfate and sulfide species. Pyrite/

chalcopyrite and anhydrite d34S data for porphyry deposits

(Figure 5) fall along linear arrays due to variations in tempera-

tures of equilibration, which generally include a range from 350

to 700 �C. The slope of the arrays for individual deposits or

districts is controlled by the SO4/H2S ratio (R); extrapolation

to the d34SSS lines gives the approximate d34S value of the total

sulfur component. For example, data from the Butte deposit

extrapolate to a value of �10%, which led Field et al. (2005)

to suggest that the magma assimilated isotopically heavy sulfate-

bearing evaporites. Data from most porphyry Cu deposits

extrapolate to typical magmatic sulfur values of 0–5%.
Rye (2005) fully explored the use of stable isotopes in

alunite, which occurs commonly in advanced argillic alteration

assemblages. Alunite (KAl3SO4�OH) is unique in providing

stable isotope information from the SO4 site (d34S and d18O)

and from the OH site (dD and d18O), which together can

provide constraints on water, sulfur species, and temperature

of magmatic/hydrothermal processes (Figure 6). In addition,

alunite forms in acid sulfate environments where sulfur and

oxygen isotopic equilibration is much more rapid than in

barite or anhydrite assemblages that typically form at near-

neutral pH (Ohmoto and Lasaga, 1982). Sulfur isotope differ-

ences between alunite and pyrite in magmatic/hydrothermal

systems, where SO4
2� and H2S form due to disproportionation

of magmatic SO2, usually show equilibrium fractionation

and can be used as a geothermometer. In acid steam systems,

D18Oalunite SO4�alunite OH provides a reliable single-mineral

geothermometer. Alunite hydroxyl isotope relationships

(dD–d18O) can yield reliable estimates of fluid sources and

mixing processes (Figure 6), assuming that original isotope

values were not reequilibrated with postmineralization fluids.

Porphyry copper and molybdenum deposits are a poten-

tially fertile area for nontraditional stable isotope studies.

Larson et al. (2003) surveyed d65Cu values in porphyry Cu

and related skarn deposits and found a relatively large range

from �0.80% to 1.39%, but the significance of the variations

is obscure because there is minimal information on source

d65Cu values and on fractionation between Cu species and

solids at relevant temperatures. Li et al. (2010) measured Cu,

Fe, and S isotopes in the Northparkes (Australia) porphyry
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copper deposit and found significant variation in d65Cu from

�1.67% to 0.85%. In contrast, d57Fe in one drill core varies

only from about �0.4% to 0.2% and does not correlate with

d65Cu. Several authors have argued that deep-seated Cu source

material has d65Cu values close to 0%, which means processes

that produce negative and positive fractionations are required,

but currently are not well understood.

Mathur et al. (2010)measured 97Mo/95Mo isotope ratios in a

variety of hydrothermal deposits (Figure 7) and found d97Mo

values in molybdenite from porphyry Cu–Mo deposits averaged

0.07% with a range from �0.26% to 0.55%. Mo isotope varia-

tions do not correlatewith ageor location of deposits, but do vary

betweendifferingmineralizing eventswithin a deposit. Porphyry-

type deposits show the largest variation among the deposit types

analyzed (Figure 7(a)) and also the lowest d97Mo values.

Experimental data do not exist for fractionation of molyb-

denum isotopes between molybdenite and Mo species in

fluids, but Tossell (2005) has calculated fractionation between

molybdate ion (MoO4
2�) and MoO3 or MoS4

2� from 0 to

175 �C using quantum mechanics. These calculations indicate

fractionation of�1.5% for 100Mo/92Mo at 175 �C for exchange

between MoO4
2� and MoS4

2�. This means a fractionation of

about 0.4% for d97Mo (2 amu), but the calculations were not

done relative to solid MoS2. Given the uncertainties of fluid–

solid fractionation values, and the higher-temperature range of

formation of molybdenite in porphyry systems, Hannah et al.

(2007) estimated fractionation of �1% and constructed

Rayleigh fractionation curves to infer conditions that might

replicate the measured fractionations (Figure 7). Note that

conversion of 60–80% of the molybdate ion to MoS2 could
produce d97Mo values in the measured range. This conclusion

provides a possible explanation of the available data, but full

understanding of this system awaits experimental and addi-

tional theoretical studies of Mo isotopic fractionation in mag-

matic and hydrothermal systems.

Baker et al. (2010) measured Tl isotope values (expressed as

e205Tl, which is identical to a d value except the deviation of
205Tl/203Tl from the standard is measured in parts per 104) and

variation from �5.1 to 0.1 for altered intrusion and volcanic

rocks in the Collahuasi Formation of northern Chile. Data

from unaltered dacites fall in a range from �3.5 to �0.5,

suggesting significant variation in Tl source. Propylitically

altered rocks have e205Tl values of 	�2.8 and more strongly

altered sericitic and argillic rocks have values of 
�2.3. Five

pervasively altered and mineralized porphyry samples display

nearly identical values of �1.9, suggesting a common source.

More detailed interpretations await a better understanding of

fractionation in the Tl isotope system.
13.3.5.3 Skarn Deposits

Skarn deposits form in a wide variety of host rocks of any

geologic age. Most skarns occur in carbonate rocks adjacent

to intrusions, but skarns can also form in more distal settings.

Skarns are calc-silicate assemblages that form by metasomatic

processes involving magmatic, metamorphic, and meteoric

fluids. Typical silicate minerals are ubiquitous quartz and

feldspar and variable amounts of garnet, pyroxene, pyroxe-

noids (such as wollastonite), olivine, amphibole, and epidote.

Skarns have been mined for Fe, W, Sn, Cu, Pb, Zn, Mo, Ag, Au,
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U, REE, F, and B. Skarns are classified descriptively based

on predominant ore metal. Metal endowments, calc-silicate

assemblages, tectonic settings, and igneous associations are

discussed in detail by Meinert et al. (2005).

Most skarns form adjacent to plutons where the geometry

of metasomatic zones is controlled by fluid flow and structural

controls on fluid movement (Figure 8). Exoskarn (external to

pluton) formation is concentrated on reaction fronts in marble

country rock, but endoskarn can form within the pluton.

Processes of skarn formation are extremely varied due to the

broad variety of host rocks and fluids that may be involved.

Fluid inclusion studies (Kwak, 1986) have shown that most

mineralized skarns formed near an igneous contact at temper-

atures of 500 to>700 �C; Pb–Zn skarns and more distal skarns

form at lower temperatures (150–400 �C). Fluid inclusion

chemistry shows evidence of phase separation with the pres-

ence of very high-salinity brines (>40 wt.% NaCl) and conju-

gate low-salinity vapors.
The Fe–W skarn at the Ulsan mine, Republic of South Korea

(Choi et al., 2003), occurs in a Cretaceous volcano–sedimentary

terrane that is intruded by early Tertiary granitic rocks. Stable

isotope studies of this deposit provide constraints on conditions

and sources of metasomatic alteration during skarn mineraliza-

tion (Figure 9). The Fe–W skarn occurs as a vertical, pipelike,

magnetite-rich body with minor scheelite in a small roof pen-

dant of carbonates and serpentinized ultramafic rocks. Skarn

mineralization forms along reaction fronts related to the margin

of the granitic intrusion and is divided into four stages by Choi

et al. (2003): stage I – early anhydrous Ca–Al–Mg skarn forma-

tion at the granite limestone contact; stage II – main prograde

skarn stage with massive magnetite; stage III – late skarn stage

Figure&nbsp;6
Figure&nbsp;7
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with scheelite and hydrous calc-silicates; and stage IV – fissure

veins with Pb–Zn sulfides and Ag sulfosalts.

Stable isotope studies, particularly d13C and d18O
(Figure 9(a)), show that metasomatism of the marine lime-

stone host rock (d13C¼4.1–4.6% and d18O¼22.0%) results in

a very substantial shift in isotope values of carbonate minerals

with increasing metasomatism (d13C¼�10.5% to �5.6% and

d18O¼9.3% to 11.1%). Data for stage II–III skarns were sub-

ject to very high fluid flux as evidenced by computed (see

eqn [7]) w/r ratios from 12 to 26. Stage II–III skarn calcites

follow a very consistent d13C–d18O trend due to mineraliza-

tion occurring at 350–450 �C by a fluid having d13C of �7.7%
and d18O of 6.8%. Both d18O and d13C values are within the

range of magmatic fluids; dD–d18O values of the ore fluids

determined from fluid inclusion studies also plot within the

magmatic water box (�78% to �42% and 6–8%, respec-

tively). Distal, later mineralization formed stage IV carbonate

minerals along fissure veins at much lower temperatures

(Figure 9(b)). In contrast, many other skarn-forming systems

show evidence of meteoric or metamorphic fluid entrainment,

especially in distal mineralization.

Sulfur isotope studies of sulfide minerals from a variety of

skarn deposits show that most d34S values fall into narrow

ranges between 0% and 5%, strongly suggesting that sulfur

was derived frommagmatic volatiles (Ault andWilliams-Jones,

2004; Shimazaki and Yamamoto, 1979; Zhaoa et al., 2003).

In some cases, however, and especially in distal skarn and

replacement deposits, the influence of sulfur derived from

wall rocks is substantial (Megaw et al., 1988).

Maher and Larson (2007) measured copper isotope ratios in

the copper skarn deposits at Coroccohuayco and Tintaya, Peru.

They found a range in d65Cu values of �1.29% to 2.98% for a

broad variety of samples from skarn, porphyry, sedimentary

Figure&nbsp;8
Figure&nbsp;9
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host rocks, and late veins in skarn (Figure 10). In general, higher

d65Cu values occur further from the skarn-forming intrusions.

Maher and Larson (2007) suggested that this patternmay be due

to Rayleigh fractionation along the flow path, with isotopically

light Cu minerals being precipitated closer to the source. Repro-

ducible Cu isotope-exchange data between fluid and sulfide
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minerals at hydrothermal conditions are not yet available,

but Maher et al. (2011) suggested that fractionation of Cu

isotopes related to phase separation and Cu partitioning

between vapor and liquid may be an important mechanism

to produce significant fractionation in hypogene systems.

In experimental studies, Maher et al. (2011) found neg-

ative fractionation into the vapor, meaning lower d65Cu
values. In contrast, Seo et al. (2007) calculated fractionation

using quantum mechanics and predicted a large positive

fractionation between vapor and brine at 600 �C. A better

understanding of Cu isotope systematics awaits additional

experimental and theoretical fractionation studies that dem-

onstrate consistency between the two approaches, or at least

demonstrate reversal in experimental studies.

Wang et al. (2011) presented iron isotope data from the

Xinqiao Cu–S–Fe–Au skarn deposit in Tongling district, China.

Mineralization at Xinqiao includes skarn at the margin of a

140 Ma quartz monzonite intrusion and a large stratiform ore

body of colloform pyrite with minor granular pyrite, chalco-

pyrite, and magnetite. Wang et al. (2011) interpreted this ore

body as an epigenetic manto deposit related to the skarn

mineralization.

Fe isotope studies show systematic variations with both

paragenesis and distance from the intrusion (Figure 11). d57Fe
variations with paragenesis are interpreted as recording fraction-

ation between FeII and FeIII aqueous species and minerals, as

indicated by low-temperature experimental studies and quantum

mechanical approximations over a range of temperature (Anbar

et al., 2005; Johnson et al., 2002). Wang et al. (2011) suggested

that early magnetite precipitation produced 57Fe-depleted

fluids (Figure 11(a)) and that magnetite with 2/3 FeIII concen-

trated 57Fe in the precipitate. Heimann et al. (2008) demon-

strated a similar fractionation between exsolved fluids and

magnetite-bearing high-silica rhyolites or granites, with the

magnetite-bearing rocks having d56Fe values as high as 0.31%.

Wang et al. (2011) suggested that subsequent precipitation of

FeII-rich pyrite and other sulfide minerals that are inferred to be
57Fe-depleted causes the mineralizing fluid to gradually become
57Fe-enriched. Similarly, d57Fe increases with distance from the

intrusion (Figure 11(b)); the isotopically lightest pyrite occurs in

endoskarn, whereas pyrite in the ore body has intermediate

values, and the isotopically heaviest pyrite occurs in exoskarn.

Polyakov and Soultanov (2011) estimated 57Fe/54Fe frac-

tionation using quantummechanics, with comparison to exper-

imental data where possible. They concluded that, relative to FeII

aquo complexes in the fluid, chalcopyrite will have about 0.2–

0.3% higher d57Fe and pyrite will be about 2% higher than the

fluid at 350–450 �C. However, they estimate that FeSmarcasite will

be about 1% lower in d57Fe than the fluid at these temperatures.

If these fractionation estimates are valid, then the abundant

pyrite mineralization at Xinqiao cannot account for the increase

in d57Fe with paragenesis or distance from the intrusion, as

observed, unless the iron sulfides initially precipitated as mar-

casite or a monosulfide and subsequently were transformed to

pyrite without additional fractionation.
13.3.5.4 Volcanogenic Massive Sulfide Deposits

Volcanogenic massive sulfide (VMS) deposits are an important

source of base and precious metals, are one of the best-studied
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ore deposit types, and have benefitted greatly from the study of

modern analogs on the seafloor (see Chapter 13.18). Active

seafloor deposits offer direct information on chemical and

physical states of mineralizing fluids including magmatic

volatiles, allow sampling of pristine textures of mineraliz-

ation, and include a wide variety of deposit subtypes in well-

understood tectonic settings (Scott, 1997). In addition, seismic

reflection studies have in many cases clearly established spatial

relations between seafloor hydrothermal sites and underlying

magmatic systems. Ancient deposits, on the other hand,

offer much better three-dimensional access to mineralization,

gangue, alteration, and primary host lithologies. This access

includes local exposure of plutons that drove the hydrothermal

circulation to create the deposits (Galley, 2003).

VMS deposits are base-metal (Fe, Cu, Zn, �Pb, �Au, and

�Ag) sulfide accumulations that are generally stratiform, that

form at or just beneath the seafloor in marine settings. Recent

summaries of traditional stable isotope studies (dD, d13C,
d18O, and d34S) of ancient VMS deposits are provided by

Ohmoto (1986) and Huston (1999) and for modern seafloor
systems by Shanks (2001). Stable isotopes have been used to

establish the sources of ore fluids (H, C, O, and S), tempera-

tures of ore deposition (O and S), conditions of silicate alter-

ation (O), pathways of fluid movement (O), fluid origin (H, O,

and S), redox variations (C, S, and Fe), and fluid phase-

separation (O andH) processes. Nontraditional stable isotopes

(Ca, Fe, Cu, Zn, Se, and Hg) have been used to understand the

overall isotopic variability in modern VMS deposits, the causes

of isotopic fractionations, and the sources of metals (Amini

et al., 2008; John et al., 2008; Rouxel et al., 2004a,b, 2008;

Sherman et al., 2009).

There is a general agreement that VMS deposits form from

convective hydrothermal fluids that vent at seafloor sites. The

vast majority of chemical and isotopic studies of fluid compo-

sitions in modern and ancient VMS deposits indicate that

seawater or evolved seawater is the predominant mineralizing

fluid (Huston, 1999, 2010; Shanks, 2001; Shanks et al., 1995;

Woodruff and Shanks, 1988). Seawater circulation is driven by

magmatic heat. The resulting convection system produces

compositionally evolved seawater that has reacted with and

extracted heat from host rocks along the flow path, resulting in

Mg- and SO4-poor, and base-metal- and H2S-rich fluid having

maximum temperatures of 350–400 �C in feeder zones and

hydrothermal vent sites on the seafloor.

Stable isotope studies of modern seafloor deposits are sum-

marized by Shanks (2001) and Shanks et al. (1995). Fluid dD
and d18O values have been measured in a large variety of active

systems (d18O range 0.3–1.8% and dD range �2% to 3.5%).

Most of the measured values are consistent with water–rock

interaction (Figure 12), which systematically increases d18O of

the fluid due to high-temperature (small fractionation) reac-

tion with mid-ocean ridge basalt (MORB). Hydrogen isotope

values in the fluids also increase, but the relatively small

amount of isotopically light OH produced during alteration

dictates that significant dD increase does not occur except at

very low w/r ratios.

Shanks et al. (1995) reported on vent fluids on a modern

mid-ocean ridge (MOR) from the 1991MOR volcanic eruption

area at 9�450–9�520N EPR that have dD values as low as �2%.

These values, which are the only negative dD values found to

date for vent fluids from MOR sites, could result from either a

small component of magmatic water or an open-system, iso-

baric phase-separation process (Berndt et al., 1996). In back-

arc tectonic settings, vent fluids with highly negative dD values

(�8.1%) were discovered at the DESMOS vent field in Manus

Basin by Gamo et al. (1997). This hydrothermal field is hosted

by andesitic to rhyodacitic rocks, and the magmas that produce

them are significantly more water-rich than MORB. Recent

work (Bach et al., 2003; Craddock et al., 2008; Reeves et al.,

2011) indicates that vent fluids from the eastern Manus Basin

sites have chemistries consistent with a mixture of two-thirds

seawater and one-third magmatic water-rich volatiles, which

produce acidic fluids rich in SO4 and H2S (frommagmatic SO2

disproportionation), HCl, and HF.

Magmatic water and related volatiles are entrained in circu-

lating fluids and can, in some cases, be important in the ore-

transport process and may directly contribute metals. Fluid

inclusion, melt inclusion, and experimental evidence suggests

that magmatic vapors can have exceptionally high metal con-

tents (Williams-Jones and Heinrich, 2005; Yang and Scott,
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1996, 2006), thus raising the possibility that a short-term,

limited-volume, magmatic flux could be very important in

providing metals to the system.

Studies of hydrothermal alteration of ancient VMS deposits

(Large et al., 2001) yield critical information on the scales of

hydrothermal systems, zonation around deposits, and condi-

tions of the mineralizing fluids. Beaty and Taylor (1982) first

showed that O and H isotope studies are a powerful tool for

understanding subseafloor hydrothermal alteration related to

VMS deposits. Results from this and other VMS alteration

studies (Figure 13) show that host rocks have been altered to

significantly lower d18O values in the fluid-flow conduit,

which is usually centered under the massive sulfide body.

Hydrogen isotopes commonly display a different pattern in

which hydrous minerals in the central alteration zones have

higher values.

Simple models of d18O variation with w/r (Figure 14) serve

to illustrate the processes of fluid–rock isotopic exchange oper-

ative in VMS systems. The calculated isotopic evolution of the

fluid and rocks are based on the simplifying assumption that

oligoclase–water fractionation approximates bulk rock–water

fractionation in the systems under consideration. As the results

show (Figure 14), the d18ORf (final rock value) at any point on

these curves is a function of temperature and hence the frac-

tionation factor and d18O composition of the fluid and rock,

respectively. This model uses d18OW¼2% for the initial min-

eralizing fluid (evolved seawater) and 8% for the initial (unal-

tered) rock (typical felsic volcanic) and uses eqn [7] to calculate

variation with w/r. Results show that at low temperatures

where fractionation is large, the rocks evolve to higher d18O
values, and at high temperatures where fractionation is small,

isotopically lighter rocks are produced. These trends are accen-

tuated at higher w/r ratios. This simple model explains much of

the d18O variation observed in VMS deposits. More rigorous

models would include fractionation with individual minerals,
weighted for mineral abundance, and would consider

unreacted portions of the altered rocks, if any exist. Incremen-

tal reaction models that include stable isotope calculations

have been particularly useful in understanding hydrothermal

processes, especially in cases where stable isotope reactions

provide constraints to distinguish among equivocal geochem-

ical reaction pathways (Alt and Shanks, 2003; Böhlke and

Shanks, 1994; Bowers and Taylor, 1985; Janecky and Shanks,

1988).

The isotopic composition of evolving mineralizing fluids in

VMS deposits, plotted in dD–d18O space (Figure 15(a)), clus-

ter near seawater values and are significantly removed from

magmatic water values. Isotopic pathways produced by pro-

cesses such as w/r interaction, evaporation, boiling, andmixing

(Figure 15(b)) show that, using reasonable assumptions, mix-

ing is the only process that can link magmatic water to the

evolving fluids and mixing can only add a small amount of

magmatic water to the systems because magmatic water dD
values of about �40% to �80% (Sheppard et al., 1969) con-

trast sharply with those of seawater. However, a minor amount

of metal-rich magmatic fluid could contribute a major portion

of the metals if contents are sufficiently high (Yang and Scott,

2006). Arc and back-arc systems are somewhat different

(Giggenbach, 1992) because of water contributed by dehydra-

tion of the descending slab and, therefore, have higher esti-

mated magmatic water dD values of about �25�5%.

Sulfur isotopes have been studied extensively in VMS

deposits as summarized by Huston (1999) and Shanks

(2001). Sangster (1968) first recognized a fundamental corre-

lation between sulfur isotope values of stratiform sulfide

deposits (including SedEx deposits) and coeval seawater sul-

fate. Huston (1999) combined existing data for sulfide and

sulfate minerals from VMS deposits with the seawater sulfate

d34S data (Claypool et al., 1980; based on evaporite sulfate

minerals) over the last 1 b.y. (Figure 16). These data clearly
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confirm the conclusions of Sangster (1968) that sulfides in

VMS deposits have average d34S values that are 17.5% less

than that of coeval seawater. It is also clear from the data that

individual districts can have a large range of d34S values, but

the general correlations suggest a genetic link exists between

seawater sulfate incorporated in convective fluids and sulfide

derived by sulfate reduction in the hydrothermal systems.

In modern MOR black smoker vent fluids and associated

massive sulfide (chimney and mound) deposits, d34SH2S values

indicate consistently that some seawater-derived sulfate is

incorporated via sulfate-reduction reactions (Ono et al.,
2007; Shanks, 2001; Shanks et al., 1981), which produce

slightly positive d34S values (typically 1–5%) in sulfides. In

ancient deposits, this type of process yields the observed cor-

relations with contemporaneous seawater sulfate (Figure 16).

Ono et al. (2007) reported on the application of multiple

sulfur isotope studies to understanding sulfur isotope evolu-

tion of vent fluids at MORs. They showed that small mass-

independent fractionation (MIF) of 33S (and 36S, not presented

here) on the order of 0.0xx% can be measured precisely and

used to distinguish BSR from thermochemical sulfate reduc-

tion (TSR) in hydrothermal systems (Figure 17). In this

approach, D33S is a measure of the deviation from mass-

dependent 33S fractionation and is conventionally expressed as

D33S ¼
33S=32S
� �

sample

33S=32S
� �

reference

�
34S=32S
� �

sample

34S=32S
� �

reference

" #0:515

[12]

where 0.515 is the theoretically expected fractionation based

on mass difference between 33S and 34S. Ono et al. (2007)

developed a two-stage model that requires mixing between

basaltic sulfur and thermochemically reduced seawater sulfate

in subsurface hydrothermal fluids, similar to the models of

Woodruff and Shanks (1988) and Shanks et al. (1995). The

second stage involves isotope exchange with anhydrite in the

chimney or shallow environment and results in a significant

temperature-dependent shift in D33S to values above the mix-

ing line (Figure 17).

Many ancient deposits (Figure 16) and some modern

deposits (Shanks, 2001) show larger ranges than many of the

modern MOR deposits. In general, the range of d34S values of

modern seafloor sulfide deposits is extended in sediment-

covered ridges due to remobilization of bacterial sulfides or

enhanced sulfate reduction involving carbonaceous material in

sediments. In serpentinized ultramafic-hosted systems, Alt and

Shanks (1998) and Alt et al. (2008) demonstrated that BSR is a
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common process in seafloor serpentinization. In the case of

BSR during serpentinization, d34S values as low as �30% were

observed.

In modern island-arc and back-arc settings, d34S variability

is also significant, with some vent fluids having light d34S
(	0%), possibly due to the disproportionation of magmatic

SO2 as follows:

SO2 þ 2H2O ! H2Sþ SO2�
4 þ 2Hþ [13]

Felsic magmas tend to be more oxidizing, relative to mafic

magmas, so SO2 is the predominant magmatic sulfur gas.
Various investigators have concluded that SO2 disproportion-

ation produces negative d34S values (�3% to�18%) of sulfides

and lower-than-seawater d34SSO4
values (10–17%) of associated

SO4(aq) or sulfate minerals (Gamo et al., 1997; Herzig et al.,

1998; McMurtry et al., 1993; Reeves et al., 2011; Resing et al.,

2007).

Carbon, which is released in great quantities as CO2 from

crystallizing MORB, generally is unaffected by water–rock reac-

tions or isotopic exchange, because little nonmagmatic carbon

resides in the oceanic crust. As a result, CO2 in seafloor vent

fluids has d13C values identical to magmatic values (��7%),

except in cases where sediments are part of the alteration

package (Peter and Shanks, 1992) and oxidation of organic

matter produces d13C values as low as �25%.

Spivack and Edmond (1987) determined B concentrations

and d11B values in hydrothermal vent fluids in modern MOR

systems at 13� N and 21� N on the East Pacific Rise (EPR) and

concluded that boron was leached from basalts without frac-

tionation. Experimental studies by Spivack et al. (1990)

showed that d11B primarily reflects proportions of B derived

from seawater and crustal sources (Figure 18). Seyfried and

Shanks (2004) highlighted the usefulness of boron isotopes in

constraining seafloor alteration and water/rock ratios. Boron is

very soluble in high-temperature hydrothermal fluids and thus

provides a tracer for the amount of rock reacted during subsur-

face water–rock interaction. Fresh MORB analyzed from the

modern seafloor has d11B values from �2.2% to �3.8%
(Spivack and Edmond, 1987), which provides a strong contrast

to seawater B(OH)3 with a constant value of 39.5%.

Palmer and Slack (1989) reported d11B values from

�15.7% to �1.5% for tourmaline from 14 VMS deposits of

Archean to Ordovician age. Because seawater has uniform d11B
values of 39.5%, assuming no secular change in d11B, the VMS

values must represent substantial tourmaline–water fraction-

ation, or an additional source of B. Most B sources are host rocks

transited by ascending mineralizing fluids. For example, Taylor

et al. (1999) analyzed feeder zone and massive sulfide tour-

malines from the Kidd Creek (Ontario) deposit and found d11B
values from �13.6% to �7.8%. They suggested that the B

isotope data, together with O and H isotope data on tourma-

lines, imply fluid reaction with subsurface mafic and ultra-

mafic rocks that were previously altered at low temperatures.

Rouxel et al. (2004b) analyzed S, Se, and Fe isotopes in

seafloor hydrothermal sulfides in the ultramafic-rock-hosted

Lucky Strike hydrothermal field, Mid-Atlantic Ridge (MAR).

Results showed that hydrothermal vent fluids precipitated sul-

fides with Fe and Se isotopic values close to magmatic values

(about 0%). Rouxel et al. (2008) studied Fe and S isotopes in

sulfide minerals and vent H2S at 9–10�N on the East Pacific

Rise. Vent fluids and chalcopyrite there have d56Fe values from
0% to �0.5% and �0.5% to 0.5%, respectively. In contrast,

iron sulfide minerals (pyrite and marcasite) display d56Fe
values from 0% to �2.0%. Sulfur isotope analyses of the

same samples gave d34S values of 3.1–5.4% for vent fluid

H2S and �1.3% to 3.8% for sulfide minerals. At isotopic

equilibrium, sulfide minerals are expected to be somewhat

enriched in the heavy Fe or S isotopes relative to the fluid.

Rouxel et al. (2008) hypothesized a strong kinetic Fe isotope

effect during pyrite precipitation from the hydrothermal fluid,

with the lighter Fe isotope being preferentially incorporated
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into the precipitating solid. These results suggest the possibility

of discerning equilibrium versus nonequilibrium isotope frac-

tionation and relating it to precipitation rate variations with

cooling, mixing with bottom water, and composition of the

fluid. However, Polyakov and Soultanov (2011) proposed that

the iron sulfides precipitated originally as FeS, which has an

estimated�1.1% fractionation relative to aqueous ferrous iron

species. Replacement of FeS by pyrite without further fraction-

ation would give d57Fe values close to those observed, without

requiring a kinetic isotope fractionation. Pending experimental

fractionation and kinetic data at hydrothermal conditions, the

two hypotheses are not resolvable.

John et al. (2008) studied Zn isotopes from the 9–10� N
EPR sites and found little d66Zn fractionation during precipi-

tation of zinc sulfides but suggested that higher d66Zn values
develop in seafloor sulfides when isotopically light Zn is pre-

cipitated in sulfides that form in the subsurface.

Rouxel et al. (2004a) measured d65Cu values of sulfide min-

erals at the basalt-hosted Lucky Strike site and the ultramafic-

hosted Rainbow and Logatchev fields on the MAR. They found

little evidence for fractionation related to hydrothermal precip-

itation at the vent sites or in the subsurface but reported up to

3% variation associated with seafloor oxidation of copper-

bearing minerals. Mason et al. (2005) measured nearly uniform

d65Cu values of primary sulfides in the stockwork and massive

sulfide zones of the Devonian Alexandrinka VMS deposit in the

Urals, Russia, with d66Zn variations of 0.4% observed between

primary chalcopyrite and isotopically heavier primary sphaler-

ite. They speculated that this isotopic difference reflects equilib-

rium fractionation between the two phases.
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13.3.5.5 Sedimentary-Exhalative and Mississippi
Valley-Type Deposits

Sedimentary-exhalative (SedEx) and Mississippi valley-type

(MVT) deposits represent significant sources of Zn, Pb, and

Ag and, in some deposits, economically recoverable Au, Cd,

Cu, Ga, Ge, In, and Sn (Goodfellow and Lydon, 2007; Leach

and Taylor, 2009; see Chapter 13.9). SedEx and MVT deposits

have somewhat different deposit morphologies and lithologic

settings but are treated together here because both (1) are

related to sedimentary basins and highly saline basinal brines,

(2) form from moderate temperature fluids (75–200 �C), and
(3) have similar ore genesis and stable isotope characteristics.

The major differences between SedEx and MVT types are the

environment of deposition and timing of mineralization.

SedEx deposits occur in fine-grained, organic-rich clastic rocks

and are deposited on the seafloor as stratiform deposits or in

the very shallow subsurface by replacement of host rocks. MVT

deposits occur in platform carbonate rocks and are deposited

in open space, such as karst or veins, or by replacement in

some cases. Irish-type Zn–Pb deposits fall in this general cate-

gory and are unusual in hosting major mineralization in both

platform carbonates and fine-grained clastic units. Geologic

relationships between SedEx and MVT deposits (Figure 19)

show the salient differences and similarities.

Fluid inclusion studies of MVT deposits and, to a lesser

extent, of SedEx deposits have indicated that mineralization

typically forms from highly saline brines (15–30 wt.% NaCl) at

moderate temperatures (75–200 �C) (Leach et al., 2005; see

Chapter 13.5). Studies of deep basinal brines in continental
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basins show similar characteristics, providing an excellent analog

ore fluid (Hanor, 1994). Oxygen and hydrogen isotope system-

atics have been particularly important in linking basinal brines

to the formation of MVT/SedEx deposits. Data for MVT deposits

show thatmodern basinal brines plot close to themeteoric water

line and just below seawater dD–d18O values (Figure 20(a)).

High salinity in the basinal brines is achieved either by seawater

evaporation followed by reflux into the deep basinal aquifers or

by dissolution of evaporites within the basin. Br/Cl studies of the

fluids present in fluid inclusions distinguish these two processes:

Br� is generally excluded from chloride minerals and, therefore,

dissolution of evaporate minerals leads to much lower Br/Cl

ratios than evapo-concentration during the formation of basinal

brines (Carpenter, 1978; Hanor, 1994).

Oxygen and hydrogen isotopic compositions of fluid inclu-

sions from ore and gangue minerals in MVT deposits

(Figure 20(b)) cover a larger dD–d18O range than modern

basinal brines, and individual districts have characteristic

ranges of isotope values. Kesler et al. (1997) emphasized the

general position of the fluid inclusion data within an array

between seawater and fluids that reacted with organic matter

(or methane) producing strongly negative dD values. They

further suggest that secondary variations in d18O that broaden

the arrays are due to water–rock interaction causing a shift to

higher d18O values and to dilution by meteoric water that

causes a shift to lower d18O values.

The oxygen and hydrogen isotope data for basinal brines

and MVT deposits (Figure 20) are inconclusive regarding the

seawater evaporation versus evaporite dissolution models.

Reaction of basinal fluids with silicates and possibly organic
100 km
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Large shallow platform (>105 km2)
Seawater evaporation (dolomite and salt)
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rite and shale
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matter and mixing with meteoric water are critical aspects of

fluid evolution. Ore metals are extracted from country rocks

during water–rock interaction, and sulfate is predominant over

sulfide in the mineralizing fluids, which means that sulfide

must be provided or generated by reduction at the site of

deposition (Ohmoto and Goldhaber, 1997). Similar fluid

inclusion data and interpretations are available for some

SedEx deposits (Ansdell et al., 1989; Leach et al., 2004; Samson

and Russell, 1987; Wilkinson, 2010), and when adequate data

are evaluated, the similarity of ore-forming fluids is striking.
Large et al. (2001) documented a significant carbonate alter-

ation halo around the HYC SedEx deposit at McArthur River,

Australia. Altered rocks are delineated by low d13C and high

d18O values relative to unaltered host rocks, due to exchange

with hydrothermal fluids. The alteration halo extends as two

separated lenses up to 15 km from the HYC ore body

(Figure 21(a)). Calculation of possible isotope reactions sug-

gests that the hydrothermal fluid had d18O¼5% and

d13C¼�6%. Temperature is an important control on the resul-

tant isotope values of the altered dolomites (Figure 21(b));

reaction calculations suggest that the halo was produced at a

temperature of about 50–120 �C and w/r ratios up to 10. Large

et al. (2001) proposed that this halo formed beneath a brine

pool similar to the Atlantis II Deep in the Red Sea (Bischoff,

1969; Shanks and Bischoff, 1980; Zierenberg and Shanks, 1986).

The d18O value of 5% for the hydrothermal fluid is consistent

with fluid inclusion data for MVT deposits (Figure 20(b)) but is

not consistent with the Red Sea brine, which has a d18O value of

1.2% and a dD value of 7.4%; both values are lower than Red

Sea deep water, and thus, the inflowing brine in the Atlantis II

Deep is unlikely to have higher d18O values. However, the

postulated brine pool atMcArthur River could have been derived

strictly frombasinal brineswith isotope values similar to those of

MVT fluid inclusions.

Leach et al. (2005) compiled d34S data that show significant

differences and important similarities among the sulfur isotope

composition of sphalerite in SedEx and MVT ores (Figure 22).

Both SedEx and MVT d34Ssphalerite compositions tend to spread

over ranges of 20–30%. Such large ranges are typical of situa-

tions where Rayleigh distillation occurs in partially closed

(restricted) systems where sulfate supply is the limiting factor.

BSR in marine sediments or anoxic basins (Goldhaber, 2003;

Goldhaber and Kaplan, 1974) is the most commonmechanism

that creates a large range of d34Ssulfide values, involving kinetic

isotope fractionations of�45% that commonly produce ranges

centered about �25%. Both MVT and SedEx deposits display

large ranges of d34Ssulfide values, but some deposits/districts have

mostly positive values, whereas others have mostly negative

values. Positive values can result from a large fraction of sulfate

reduction that might be driven by BSR in very organic-rich

settings or reflect TSR with a smaller kinetic isotope fraction-

ation (�15%; Goldhaber and Orr, 1995) in the subsurface, at

the site of deposition, or in a restricted anoxic basin.

Kelley et al. (2004) and Johnson et al. (2004a) have thor-

oughly studied d34S variations in the Red Dog SedEx Zn–Pb–

Ag deposits, Brooks Range, Alaska, documenting the complex-

ities of sulfur isotope interpretations in a very important ore

system (Figure 23). They defined a paragenetic sequence that

involves early, low-temperature deposition of barite having

d34S values close to that of ambient seawater sulfate and asso-

ciated brown sphalerite and pyrite with negative d34S values

spanning a large range from �45% to �5%. These values are

typical of BSR that progressively used sulfate from early barite

or ambient seawater. Later ore-stage mineralization (Figure 23

(a)) occurred at 100–200 �C (Leach et al., 2004) accompanied

by fracturing and deposition of yellow-brown and red-brown

sphalerite, galena, and pyrite and/or marcasite in veins with

banded and crustiform habits suggesting open-space deposi-

tion and reductive replacement of barite. Ore-stage sulfide

minerals have d34S values from about �5% to 12.3%, with a
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mean of about 3% (Figure 23(b)). These values and the tem-

perature of the ore fluids suggest that TSR having a fraction-

ation of about 15% during reductive dissolution of barite

controlled the isotope values of the ore-stage sulfides.

Kelley et al. (2009) have tested the application of Zn iso-

topes in the well-characterized Red Dog deposit (Figure 24).

Zn isotope values (d66Zn) range from 0% to 0.6% and lack

significant variation with paragenetic stage in any of the

deposits. However, a well-defined trend to higher d66Zn values

in a progression from the vein breccias to overlying massive

sulfide is observed. Massive sulfide is structurally displaced

from the vein breccias that are interpreted to be feeder zones

for the ascending hydrothermal fluids. The progression of

deposits from south to north (Figures 24(b) and 23(a)) is

considered increasingly distal. Kelley et al. (2009) suggested

that isotopically light Zn is incorporated in sphalerite of vein

breccias and early formed sulfides and that d66Zn values

increase due to a kinetic isotope effect during precipitation

and Rayleigh fractionation as the fluids migrated to upper or

more distal ore zones. Wilkinson et al. (2005) found an almost
identical pattern of d66Zn variation in MVT deposits from the

Irish Midlands. Kelley et al. (2009) noted that d66Zn variations

are completely decoupled from d34S variations, which suggests

that Zn is provided by the hydrothermal fluid, whereas H2S is

largely generated by TSR at the site of mineral deposition.

Further understanding of d66Zn systematics requires experi-

mental and theoretical studies of Zn fractionation between

fluids and sulfide mineral.
13.3.5.6 Precious-Metal Deposits: Epithermal,
Carlin-Type, and Orogenic Au

Precious-metal deposits have been studied widely for decades

using stable isotope techniques (Cline et al., 2005; Goldfarb

et al., 2005; Simmons et al., 2005; Taylor, 2007). In this

section, a diverse group of deposits, including orogenic Au

deposits, epithermal precious- and base-metal deposits, and

Carlin-type and volcanic-hosted disseminated Au deposits

(see Chapter 13.15), are treated together because, in some

respects, they have similar stable isotope characteristics. All of

these deposit types display highly variable dD, d18O, and d34S
values that show variable contributions of meteoric water and

magmatic water-rich volatiles and are very strongly affected by

w/r reaction with country rocks. Orogenic gold deposits differ in

deriving someormost of their ore fluid frommetamorphicwaters.

Epithermal deposits form in relatively near-surface

(<1.5 km) settings and generally are strongly affected by mag-

matism that drives meteoric water circulation (Henley and

Ellis, 1983; Taylor, 2007). Magmatic volatiles and boiling on

ascent are important factors that control stable isotope charac-

teristics. Oxygen and hydrogen isotope systematics of epither-

mal deposits (Figure 25) show a huge range of values, with

meteoric and magmatic waters playing major roles. Many

deposits display evidence of mixing between magmatic waters

and meteoric waters, whereas others are dominated by one of

the end-members. In particular, data for El Indio, McLaughlin,

Summitville, Hishikari, and Ladolam overlap the magmatic

water fields. Nansatsu and Ladolam show distinct mixing

trends from local meteoric water to magmatic water. The

Ladolam deposit on Lihir Island, Papua New Guinea, is a

world-class gold deposit in a still-active geothermal system.

Simmons and Brown (2006) have shown that downhole fluid

samples from a deep drill hole have nearly 100% magmatic

water containing �15 ppm Au, which is enough to deposit the

�1300 tons of gold in the deposit in only �55000 years. The

Summitville data display a classic water–rock interaction tra-

jectory (Taylor, 1997) wherein meteoric waters exchange with

rocks during hydrothermal alteration, causing a shift to higher

d18O values followed by mixing with magmatic water and a

shift to higher dD and d18O values in the magmatic water field.

Volcanic-hosted and Carlin-type disseminated gold deposits

represent two other major classes of epithermal precious-metal

deposits. These types of deposits are best-known in the western

United States and southwest China and are characterized by

having subtle alteration of fine-grained carbonaceous clastic or

carbonate rocks or volcanic rocks and finely disseminated gold

deposited with pyrite. Oxygen and hydrogen isotope studies of

alteration and gangueminerals and of fluid inclusions in Carlin-

type deposits generally show meteoric water signatures

(Figure 25) with most calculated fluids shifted to higher d18O
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values due to water–rock interaction. However, some deposits

have fluid isotope values that suggest mixing of evolved mete-

oric water with magmatic or metamorphic waters.

Sulfur isotope studies of Carlin-type deposits have a large

range of values for syngenetic and diagenetic pyrite in the host

rocks (Cline et al., 2005). Calculated values of d34SH2S in the

mineralizing fluids also show large variability, with fluids fall-

ing in the range of 5–10%. The Getchell deposit stands as a

sole exception, with d34SH2S values close to magmatic values.

In general, sulfur is derived from host rocks. Similar conclu-

sions can be reached for most epithermal deposits and oro-

genic gold deposits.

Orogenic gold deposits (Goldfarb et al., 2005) generally

occur in metamorphic terranes within or adjacent to deep

crustal faults. Mineralizing fluids are believed to be driven

along pressure gradients related to seismic and orogenic events.

Gold mineralization typically occurs at 250–400 �C. Oxygen

and hydrogen isotope studies of fluid inclusions and hydrous

silicate minerals in the deposits indicate that mineralizing

fluids typically are metamorphic waters (Figure 26). But oro-

genic gold deposits have formed from ore fluids with very

diverse sources: some deposits have magmatic water compo-

nents and some clearly include a meteoric water component.

Sulfur isotope values of sulfides generally cluster between
0% and 10%, but many higher and lower values are observed,

suggesting the dominance of crustal rather than magmatic

sulfur (Goldfarb et al., 2005).
13.3.5.7 Banded Iron Formation

Banded iron formation (BIF) consists of finely interstratified

chemical sediments rich in iron oxides, carbonates, and/or

silicates that are precursor deposits to the world’s largest iron

ore bodies (see Chapter 13.13). The second class of deposits,

granular iron formations (GIF), comprises iron oxide- and

silicate-rich granular material deposited in high-energy envi-

ronments on broad continental shelves. Enrichment of BIF and

GIF to create higher-grade ore deposits is variously attributed

to supergene and hydrothermal processes. Deposition of iron

formation was most prevalent between 2.65 and 1.85 Ga and

was closely tied to the evolution of atmospheric oxygen, but

causes and effects of ocean oxidation are still widely debated

(Bekker et al., 2010; Clout and Simonson, 2005).

One of the great discoveries regarding early atmosphere

evolution resulted from the study of multiple sulfur isotopes

by Farquhar et al. (2000), especially 33S relative to the more

familiar 34S, with the former showing large and remarkable

MIF in samples older than 2450 Ma (Figure 27). Deviation
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frommass-dependent S isotope fractionation is conventionally

expressed as D33S (see eqn [12]).

Further, Farquhar et al. (2001) showed experimentally that

SO2 photolysis with UV light induces strong MIF in end prod-

ucts (H2SO4, So, and residual SO2). They suggested that pho-

tolysis of SO2 in the Archean troposphere is a potential cause of

the large MIF observed and that the rise of atmospheric oxygen,

which controls the level of UV-absorbing ozone in the strato-

sphere, led to the transition to normal mass-dependent sulfur

isotope fractionation. Concordant geologic evidence places the

beginning of the global rise of atmospheric oxygen, termed the

great oxidation event (GOE), between 2.45 and 2.32 Ga

(Bekker et al., 2004; Farquhar et al., 2011; Holland, 2006).
Most researchers now consider seafloor hydrothermal activ-

ity as the most important source for iron and silica in the

oceans (Bekker et al., 2010; Holland, 2007). Rouxel et al.

(2005) accordingly studied the geologic history of iron iso-

topes to help discern Fe sources for BIF deposits and processes

involved in their formation (Figure 28). Rouxel et al. (2005)

argued that low d56Fe values indicated by diagenetic pyrite in

black shales formed from the Archean oceans indicate an Fe-

rich ocean supplied by hydrothermal activity (having

d56Fe�0% to �0.5%) and punctuated by the deposition of

iron oxides including BIF. They further suggested that the

isotopically light d56Fe values in the Archean ocean may reflect

precipitation of 56Fe-rich iron oxide minerals or sorption of

Fe2þ onto Fe oxide particles. Magnetite and hematite in BIFs

(Figure 28) are characterized by positive d56Fe values (Johnson
et al., 2003, 2008). Thus, the precipitation of 56Fe-enriched BIF

may have led to an Archean ocean with 56Fe-depleted iron that

was then incorporated into diagenetic sulfide minerals.

After the rise of atmospheric oxygen by about 2.3 Ga, the

Paleoproterozoic ocean became stratified with increased sul-

fide precipitation relative to Fe oxide precipitation. BIFs were

likely deposited from upwelling Fe(II)-rich plumes and
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subsequent rapid oxidation in the oxygenated surface layer of

the ocean. Conducting Fe isotope analyses of sedimentary

sulfides in conjunction with S isotope analyses should enable

a more refined understanding of the origin of the positive Fe
isotope excursion and the biogeochemical cycles of Fe and S

during the Paleoproterozoic Era.

Following the GOE at 2.45 Ga until the end of major BIF

formation at 1.85 Ga (Figure 28, stage II), diagenetic pyrites

have positive d56Fe values that may indicate formation from an

ocean with d56Fe of 0% to�0.5% and FeII–pyrite fractionation

of about 1% as estimated by Polyakov and Soultanov (2011).

Thorne et al. (2009) studied d18O of magnetite and hema-

tite from BIF, from hydrothermal alteration assemblages, and

from high-grade iron ore of Hamersley Province, Western

Australia, in order to understand the transformation of BIF

into high-grade martite–hematite iron ore. The d18O values

(Figure 29) of magnetite and hematite from hydrothermal

alteration assemblages and high-grade iron ore range from

�9.0% to �2.9%, a depletion of 5–15% relative to original

BIF values. Hydrothermal fluids that interacted with the iron

deposits, based on fluid inclusion filling temperatures (61–

325 �C) and calculated equilibrium with the appropriate

phases, indicate that isotopically light fluids with d18O
from �11.8% to �1.8% were involved in the hydrothermal

transformation to high-grade ore, suggesting mixtures of

basinal brines and meteoric waters (Thorne et al., 2009).
13.3.6 Summary and Conclusions

Stable isotope studies have proven enormously powerful and

diverse tools that enable detailed understanding of source

rocks, mineralizing fluids, altered rocks, gangue minerals, and
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ore deposits. Stable isotope variations in mineralizing systems

are complex and are best understood in the context of the total

geologic framework and in conjunction with other tools, such

as fluid inclusion studies and geochemical studies of elemental

variations. Newer metal and metalloid nontraditional stable

isotope studies show great promise for better understanding

mineralizing systems, as do studies of multiple isotopes of a
single element that are increasingly revealing MIF processes of

great usefulness in understanding mineralization. Non-

traditional and multi-isotope approaches are developing rap-

idly and will probably dominate the stable isotope field in

coming years. However, a key requirement in better applying

stable isotopes is the need for more experimental isotope-

exchange experiments. Quantum mechanical approaches to

Figure&nbsp;28
Figure&nbsp;29
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calculating isotope fractionation have made great progress, but

additional experiments are necessary to ground truth the the-

oretical calculations and to allow further refinements of the

basic data needed to make meaningful interpretations. None-

theless, studies utilizing Cu, Fe, Mo, 33S, Tl, and Zn have

provided striking new insights into mineralization processes

and metal sources.
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